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a b s t r a c t

Current state of the art bridging ELISA technologies for detection of anti-drug antibodies (ADAs) against
therapeutic antibodies bear the risk of false-negative results due to interference by circulating drug.
Methods to remove the drug in the sample or sample pre-treatment techniques such as acid dissociation
of the immune complexes are limited, laborious and may destroy ADAs resulting again in false-negative
results. The immune complex ELISA described in this publication provides a simple solution. It is designed
to analyze samples from cynomolgus monkeys dosed with human antibodies; it can be used for all
human antibodies since it is independent of the specific antibody and its target. The generic applicability
of the ADA assay is enabled by the use of (1) a murine anti-human Fc monoclonal antibody (MAb) as
capture reagent; (2) a murine anti-cynomolgus monkey IgG MAb as detection reagent; and (3) an ADA
positive control conjugate consisting of cynomolgus IgG complexed with human IgG. In its basic version,
the generic ADA ELISA specifically detects only immune complexes formed in vivo. Validation of the
ADA assay revealed a lower limit of quantitation of 15.6 ng/mL in serum samples. Intra-assay and inter-
assay precision was characterized by a coefficient of variation of less than 10% and accuracy was within
8%. Matrix effects were low as evidenced by a mean recovery of 95%. In vitro pre-incubation of the

serum samples with drug makes also the free ADA in the sample amenable to measurement by the
immune complex ELISA as demonstrated by analysis of ADAs from two cynomolgus monkey studies
with two different antibodies. The generic and versatile nature of this ADA assay favors its use in pilot
pharmacokinetic and safety studies in cynomolgus monkeys during candidate selection of antibodies.
The assay can help to explain unexpected drug clearance profiles, loss of efficacy or safety events caused

d gu
by immune complexes an

. Introduction

Monoclonal antibodies have become an increasingly important
lass of drugs in a variety of diseases and represent the major-
ty of protein candidates currently in clinical development [1]. It
s accepted standard practice and expected under current regu-
atory guidance that potential antibody formation to therapeutic
iologics is being evaluated during non-clinical safety studies to
escribe and assess its impact on the toxicity profile [2]. Assay
ethodologies currently available to study the immune response
gainst therapeutic biologics include enzyme linked immunoassays
ELISA), surface plasmon resonance (SPR), chemiluminescence and
ow cytometry assays for binding antibodies and cell-based assays
o assess the neutralizing potential of anti-drug antibodies (ADAs)

∗ Corresponding author. Tel.: +49 8856 60 7869; fax: +49 8856 60 79 7869.
E-mail address: kay-gunnar.stubenrauch@roche.com (K. Stubenrauch).

731-7085/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2009.12.029
ide further development.
© 2010 Elsevier B.V. All rights reserved.

[3]. In non-clinical studies, ADAs can affect drug exposure, thereby
complicating the interpretation of the toxicity, pharmacokinetic
and pharmacodynamic data [4]. In addition, immune complexes of
drug and ADAs may cause toxic effects. Non-clinical safety and effi-
cacy studies very often are conducted in cynomolgus monkeys, due
to insufficient target cross-reactivity of human-specific antibodies
with rodent or non-rodent laboratory animals, such as mouse, rat,
rabbit and dog.

Despite the emergence of novel technologies to measure ADAs
such as SPR, microtiter plate-based ELISAs are still the most widely
used format for testing ADAs due to their high-throughput effi-
ciency, relative simplicity and high sensitivity [5]. ADA ELISAs are
most often designed in a bridge format which provides high selec-

tivity and pan-species ADA detection capability, making it feasible
to implement a single assay format for both non-clinical and clinical
studies. In the double-antigen bridging ELISAs, the drug is immo-
bilized on the surface of microtiter plates allowing specific binding
of ADAs in the sample which in turn are recognized by the drug

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:kay-gunnar.stubenrauch@roche.com
dx.doi.org/10.1016/j.jpba.2009.12.029
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abelled with a detection system. An apparent disadvantage of the
ridging ELISA using drug for capture and detection of ADAs is
he possible interference of free drug present in the sample. Free
rug may compete with solid phase drug for capture of the ADA
nd lead to a false-negative result [6]. In addition, bridging ELISAs
re incapable to detect drug–ADA complexes. Considerable efforts
re underway to dissociate the drug–ADA complex to detect ADA
espite the presence of bound drug or to enable detection of the
omplex [5].

The present work describes an ELISA to measure ADAs in serum
amples from cynomolgus monkeys exposed to human antibod-
es despite drug interference and to measure drug–ADA immune
omplexes. The ELISA uses a murine monoclonal antibody directed
gainst the constant part (Fc) of human immunoglobulin (Ig) to cap-
ure the antibody (drug) of the drug–ADA complex, and a murine

onoclonal antibody specifically directed against cynomolgus
onkey IgG to detect cynomolgus monkey ADA. The antibody

pecific for cynomolgus monkey IgG was successfully generated
n our lab despite the high sequence homology of cynomolgus
mmunoglobulins and human immunoglobulins of 85–98% [7].

This assay principle, thereby, provides a versatile generic for-
at for measurement of ADAs in serum of cynomolgus monkey

ndependent of the drug and the drug target. In its basic version,
he generic ADA ELISA specifically measures immune complexes
ormed in vivo and, by definition, does not detect unbound ADAs.
y introducing a simple pre-incubation step in which the serum
ample is spiked with drug to form immune complexes, the generic
DA ELISA can be used to measure total ADA levels.

Other methods have been reported to reduce drug interference
y sample pre-treatment techniques such as acid dissociation of
rug–ADA complexes, or drug removal [8]. However, drug removal
ight also lead to removal of the drug–ADA complex. Acid dissoci-

tion to destroy the immune complexes is limited for high affinity
DAs, in addition ADA may be irreversibly denatured by acid pre-

reatment resulting in false-negative samples [3].
The generic ADA assay format described here is a novel and ver-

atile method to generically detect immune complexes of human
ntibodies with ADAs from cynomolgus monkeys, or to analyze
otal ADA levels in the presence of high levels of circulating drug.

. Experimental

.1. Chemicals and reagents

The monoclonal antibodies used in the experiments were
ecombinant fully human monoclonal IgG antibodies directed
gainst the human insulin-like growth factor-1 receptor (anti-
GF-1R) and against a human cellular surface target (MAb 2),
espectively. The antibodies were produced at Roche Diagnostics
mbH, Penzberg, Germany.

The murine IgG1 monoclonal antibody R10Z8E9 was produced
y Roche Diagnostics GmbH, Penzberg, Germany. This antibody

s directed against a conformation epitope on the CH2 domain of
ll four subclasses of human Fc gamma [9]. To prepare biotiny-
ated anti-human Fc�-pan R10Z8E9, 10 mg/mL of the purified

Ab were incubated at pH 8.5 in a molar ratio of 1:5 with
-biotinoyl-aminocaproic acid-N-hydroxysuccinimide ester dis-
olved in DMSO. The reaction was stopped after 60 min by addition
f l-lysine and the surplus of the labeling reagent was removed by
ialysis against 50 mM potassium phosphate buffer, with 150 mM

aCl, pH 7.5.

The murine monoclonal antibody against cynomolgus monkey
gG was generated from mice immunized with purified cynomol-
us monkey IgG. Antibodies from hybridoma supernatants were
urified by protein A chromatography. This anti-cynomolgus mon-
nd Biomedical Analysis 52 (2010) 249–254

key IgG MAb (anti-cyno IgG) was digoxigenylated by incubating
2 mg/mL of the purified MAb at pH 8.1 in a molar ratio of
1:5 with digoxigenin-3-O-methylcarbonyl-�-aminocaproic acid-
N-hydroxysuccinimide ester dissolved in DMSO. The reaction was
stopped after 60 min by addition of l-lysine and the surplus of the
labeling reagent was removed by dialysis against 50 mM potassium
phosphate buffer, with 150 mM NaCl, pH 7.5.

Serum samples from chimpanzee, rhesus macaque, marmoset
monkey and baboon were obtained by standard methods from
individual zoo animals. Serum samples of 10 different individ-
ual cynomolgus monkeys were provided by Covance, Muenster,
Germany. Batches of pooled cynomolgus monkey sera for use as
matrix in the ELISA for calibration standards and quality control
samples as well as for dilution of analyte samples were from Cov-
ance, Muenster, Germany, and from Bioreclamation Inc., Hicksville,
NY, USA. Serum from dog, rat, CD-1 and NMRI mice was obtained
from commercial sources (Charles River, Wilmington, MA, USA).
The polyclonal antibody against human Fc� (PAb anti-human Fc�)
was purchased from Dianova GmbH, Hamburg, Germany. The poly-
clonal anti-digoxigenin-horse radish peroxidase (HRP) conjugate
(Fab fragments) was from Roche Diagnostics GmbH, Mannheim,
Germany (cat. no. 11633716-001). The following reagents were
obtained from Roche Diagnostics GmbH, Mannheim, Germany:
2,2′-azino-bis-3-ethylbenzthiazoline-6-sulfonic acid (ABTS) sub-
strate (cat. no. 11684302-001) and the wash buffer for the ELISA:
phosphate-buffered saline (PBS; 50 mM K3PO4; 150 mM NaCl; pH
7.5)/0.05% polysorbate 20 (Tween 20) (cat. no. 11332465-001).
Ready to use LowCross buffer (order no. 100500) was obtained
from Candor Bioscience GmbH, Weissensberg, Germany, and was
used as dilution and assay buffer in the ELISA. All chemicals were
of analytical grade.

2.2. Biacore assay for determination of specificity of binding

The specificity of the murine anti-cynomolgus monkey IgG MAb
was evaluated by surface plasmon resonance (SPR) technology with
the Biacore® 2000 instrument (Biacore, Uppsala, Sweden) using a
CM5 sensor chip (BR-1000-14; Biacore, Uppsala, Sweden). Coating
of an antibody to this chip was achieved by standard amine cou-
pling. Unless otherwise stated, all incubations were performed in
HBS buffer (HEPES, NaCl, pH 7.4) at 25 ◦C. A saturating amount of
anti-cyno IgG and PAb anti-human Fc�, respectively, was immo-
bilized by amine coupling on different flow cells of the same
CM5-chip. All animal and human sera were diluted in HBS buffer
containing 1 mg/mL CM-dextran at a final concentration of 1%.
Binding was analyzed by injection of the 1 in 100 diluted sera
and incubation for 60 s. Dissociation was measured by washing the
chip surface with HBS buffer for 180 s. Using BIAevaluation soft-
ware V4.1 from Biacore, Sweden, the dissociation constant values
(=KDiss) were calculated with a 1:1 Langmuir fitting model. For all
animal sera this calculation was based on the assumption that the
IgG level was 15 mg/mL. The signal values 80 s after start of the
injection of the test antibody have been chosen for the comparison
of the amount of bound IgG (resonance signal units (RU) in Table 1).

2.3. Preparation of calibration standards and quality control
samples

Conjugates of cynomolgus monkey IgG (Cyno IgG) with
human IgG (H-IgG) were prepared for use as calibration
standards (CS) and quality control (QC) samples. N-succinimidyl-3-

acetylthiopropionate (SATP) was added to Cyno IgG purified from
cynomolgus serum by ion exchange chromatography and gel filtra-
tion in a molar ratio of 1:5 (IgG:SATP). The mixture was incubated
for 60 min at 25 ◦C at pH 7.1. The reaction was stopped by adding
l-lysine and the surplus of SATP was removed by dialysis. In par-
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Table 1
Binding signals (RU) and the corresponding dissociation constants (KDiss) of sera
from rodent and non-rodent animals, non-human primates and human for binding
to a monoclonal anti-cynomolgus IgG and a polyclonal anti-human-Fc� antibody in
the Biacore system.

Sample (Serum) Anti-cyno IgG MAb Anti-human Fc� PAb

RU KDiss (M) RU KDiss (M)

Human −26 No binding 1572 4.56 × 10−12

Chimpanzee −28 No binding 1918 0.37 × 10−12

Rhesus macaque 2363 5.09 × 10−10 1172 0.8 × 10−12

Cynomolgus 2279 2.03 × 10−9 1345 7.17 × 10−12

Baboon 2039 0.94 × 10−12 1405 6.37 × 10−11

Marmoset −31 No binding 532 1.41 × 10−8

Dog −36 No binding 564 1.15 × 10−8

a
a
m
i
b
M

l
fi
7
w
T
m
7
b
n

u
s
−
(
w
1
c
r
1
t
7
p

2

f
t
s
5
3

Rat −21 No binding 48 No binding
CD1-mouse −40 No binding −30 No binding
NMRI mouse −16 No binding −23 No binding

llel, maleimidohexanoyl-N-hydroxysuccinimide ester (MHS) was
dded to H-IgG purified from human serum by ion exchange chro-
atography in a molar ratio of 1:6 (IgG:MHS). The mixture was

ncubated for 60 min at 25 ◦C at pH 7.1. The reaction was stopped
y adding l-lysine, the pH was adjusted to 6.1, and the surplus of
HS was removed by dialysis.
Cyno IgG-SATP was deacetylated to Cyno IgG-SH. The deacety-

ated antibody was mixed with H-IgG-MH (molar ratio 1:1) to a
nal concentration of 7 mg/mL of total IgG. The pH was adjusted to
.1 and the mixture was incubated at 25◦C. The conjugation process
as monitored with an analytical gel filtration column (TSK 3000).

he conjugation was stopped by adding cysteine. After 30 min, N-
ethylmaleimide (NMM) was added and the pH was adjusted to

.5. After 60 min incubation at 25 ◦C the conjugate was separated
y gel filtration chromatography with Sephacryl S-300 to remove
on-conjugated antibodies.

Stock solutions for CS and QC were prepared separately. For
se as calibration standards and QC samples, the conjugates were
piked in 100% pooled cynomolgus monkey serum and stored at
80 ◦C until use. A single use aliquot of the CS stock solution

320 �g/mL) was thawed at the time of analysis and diluted step-
ise 1:2 to yield calibrator concentrations of 200; 100; 50; 25;

2.5; 6.25; 3.13; 1.56; 0.78; 0.39; 0.20; and 0.00 ng/mL in 5% pooled
ynomolgus monkey serum. The standard concentration range for
outine use after validation was 80–0 ng/mL (80; 40; 20; 10; 5; 2.5;
.25 ng/mL and blank). The four QC stock samples had concentra-
ions of 60 ng/mL (high QC, HQC), 32 ng/mL (medium QC, MQC),
.5 ng/mL (low CQ, LQC) and 2.5 ng/mL (lower limit QC, LLQC) in 5%
ooled cynomolgus serum.

.4. Immune complex ELISA assay set-up

The ELISA was evaluated in a 96-well microtiter plate (MTP)

ormat (Fig. 1). In this generic immune complex assay, all solu-
ions were prepared in dilution (assay) buffer. All incubation
teps were performed at room temperature on a MTP shaker at
00 rpm and all wash steps were performed three times with
00 �L each of wash buffer and subsequent removal of resid-

Fig. 1. Schematically illustrated assay principle
nd Biomedical Analysis 52 (2010) 249–254 251

ual fluid. Biotinylated MAb anti-human Fc�-pan R10Z8E9 was
bound to streptavidin-coated microtiter plates (SA-MTP), obtained
from Roche Diagnostics GmbH, Penzberg, Germany (article no.
11645692001) at a concentration of 0.5 �g/mL and incubated for
1 h. The assay did not require specific blocking steps for reduc-
tion of unspecific binding because it used SA-MTP microtiterplates
and the LowCross buffer which were specially designed to mini-
mize unspecific binding. Furthermore, the use of purified, highly
specific monoclonal capture and detection antibody reagents also
contributed to reduce unspecific binding. Samples and standards
were diluted with assay buffer to 5% cynomolgus monkey serum
and 100 �L added to each well of the coated SA-MTP after washing
and incubated for 1 h. After washing, 100 �L of the digoxigeny-
lated anti-cyno IgG at 0.05 �g/mL were added to the cavities of
the MTP and incubated for 1 h. After washing, 100 �L of the poly-
clonal anti-digoxigenin-HRP conjugate at 50 mU/mL were added
and incubated for 1 h. The HRP of the antibody-enzyme conjugate
catalyzed the colour reaction after addition of the substrate solution
ABTS to the MTP. Absorption was measured by an ELISA reader at
405 nm wavelength (reference wavelength: 490 nm). The highest
standard concentration had to reach an optical density (OD) value
of 1.8–2.2 AU. Absorbance values of each serum sample were deter-
mined in triplicates. The obtained data was used for generating the
standard calibration curve for calculating the sample concentra-
tion.

2.5. Validation of the analytical method

For validation, four independent calibration curve preparations
with eleven calibrator points ranging from 200 to 0.20 ng/mL
and one blank sample were measured in duplicates on one plate
to define a suitable range for accurate measurement. Four inde-
pendent assays were performed to take into account a potential
variability by dilution of the calibrators. The lower limit of quantita-
tion (LLOQ) was determined as the calibration point which fulfilled
the criteria that its OD − 1.64 × standard deviation (SD) was higher
than the blank OD + 1.64 × standard deviation (SD). The cut-point of
the immune complex assay in the format for screening of samples
was evaluated by analysis of 25 individual blank serum samples
from cynomolgus monkeys of either sex in duplicates in two inde-
pendent test runs. The cut-point was calculated using a parametric
approach and defined as mean value (MV) of duplicates of all blank
individual serum samples +1.645 × SD.

One vial of each QC sample was freshly thawed and diluted
with assay buffer to 5% serum content to yield final concentrations
of 60; 32; 7.5; and 2.5 ng/mL, to determine intra-assay precision
and accuracy. Five separate vials of each QC were measured on
one plate in duplicates. Results were calculated as percent recov-
ery from target concentration (accuracy) and percent coefficient
of variation (CV) (precision). Inter-assay precision and accuracy

was calculated by separate analysis of QCs in nine independent
assay runs. Matrix effects (variability) in individual serum sam-
ples were evaluated by spiking 10 individual neat serum samples
with the CS at high concentrations (60 ng/mL) and compared to
the respective unspiked (blank) and QC samples. Dilutional lin-

of the drug–ADA immune complex ELISA.
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arity was assessed by using a cynomolgus monkey study sample
hich was tested positive in the immune complex assay. The

ample was initially diluted at the minimum of 1:10 in assay dilu-
nt, followed by increasing dilutions of 1:20, 1:30, 1:40, 1:50 and
:100. A possible hook effect was evaluated by preparing a pos-

tive control antibody sample in cynomolgus monkey serum at
20 �g/mL which is 400-fold higher than the highest standard con-
entration. The 320 �g/mL concentration was serially diluted to
everal intermediate concentrations which were measured in the
ssay.

.6. Evaluation of the drug-spiked immune complex assay variant

Serum samples of cynomolgus monkeys containing ADAs were
btained from a single-dose pharmacokinetic study of anti-IGF-
R. The therapeutic antibody was administered intravenously at
dose of 3 mg/kg and blood samples for preparation of serum
ere taken repeatedly over 7 weeks after administration. In vivo

ormed immune complexes of ADAs with anti-IGF-1R were mea-
ured in the immune complex ELISA. To measure total ADA levels
ith the immune complex ELISA described in Section 2.4, the sam-
les were diluted with PBS and spiked and pre-incubated with
nti-IGF-1R for 30 min before analysis. To determine the optimal
rug concentration for pre-incubation, a pooled sample prepared
f samples taken at time points after drug wash-out, was incu-
ated with increasing concentrations (range: 10 ng/mL to 1 mg/mL)
f anti-IGF-1R. This experiment was conducted at three different
DA concentrations obtained by dilution of the sample with PBS at
atios of 1:5000 (high titre response); 1:40,000 and 1:60,000 (both
ow titre responses), respectively. The results of the immune com-
lex ELISA were compared with a state of the art bridging ELISA
or measurement of ADAs in the same cynomolgus monkey serum
amples [3] in which drug is used for capture and detection of the
DA.

Serum concentrations of anti-IGF-1R were measured in an ELISA
ormat which used the target antigen (recombinant human IGF-1R)
s coating and a digoxigenylated anti-human Fc MAb as detection
gent. The Dig-labeled antigens were detected by an anti-Dig-HRP
ntibody. The HRP enzyme reacted with its substrate ABTS and
bsorbance was measured at 405 nm.

.7. Application of the ADA ELISA to serum samples of
ynomolgus monkeys

In a pharmacokinetic study, three adult male cynomolgus mon-
eys received a single i.v. dose of MAb 2 at 1 mg/kg. Blood samples
ere taken from the femoral vein into a test tube at 13 time points

ver 4 weeks after administration of the antibody and serum was
repared and stored at −80 ◦C. Samples were analyzed for serum

oncentration of the antibody as described in Section 2.6. Samples
t days 13, 17, 21, and 27 were analyzed for immune complexes
s described in Section 2.4. Total ADAs (immune complexed and
ree) were analyzed after in vitro pre-incubation of samples with
�g/mL of the antibody as described in Section 2.6.

able 2
etermination of the lower limit of quantitation (LLOQ) in the generic immune complex EL
onkey serum (four different calibration runs with duplicate measurements each).

Calibrators (ng/mL)

200 100 50 25 12.5 6

Mean OD 3.046 2.811 2.118 1.362 0.825 0
SD 0.0707 0.0995 0.0498 0.0385 0.0214 0
CV (%) 2 4 2 3 3 3
OD − 1.64 × SD 2.930 2.648 2.036 1.299 0.790 0

a OD + 1.64 × SD.
nd Biomedical Analysis 52 (2010) 249–254

3. Results and discussion

3.1. Specificity of binding of anti-cyno IgG in the Biacore assay

The species cross-reactivity of the murine monoclonal antibody
against cynomolgus monkey IgG was evaluated by SPR technol-
ogy with the Biacore instrument and compared with that of a
polyclonal antibody against human Fc�. Table 1 summarizes the
results. The murine anti-cyno IgG MAb showed a nanomolar dis-
sociation constant for cynomolgus monkey serum (IgG) and no
measurable binding for human, chimpanzee, marmoset and the
rodent and non-rodent animal species. In contrast, samples of the
rhesus macaque and baboon also bound the anti-cyno IgG MAb
and showed even lower dissociation constants, suggesting that the
generic immune complex assay can also be used for analysis of
serum samples of baboon and rhesus monkey studies. Importantly,
the anti-cyno IgG did not bind to human serum, thereby confirming
the specificity of the immune complex ELISA for cynomolgus mon-
keys dosed with human antibodies. A polyclonal anti-human Fc�
antibody was used as a positive control for binding to human IgG.

3.2. Validation of the generic immune complex ELISA

As the assay principle of the generic immune complex ELISA
is independent of a target specific antigen and antibody, the cal-
ibrators and quality controls were made of generic conjugates
consisting of cynomolgus monkey IgG fused to human IgG. Exper-
iments for determination of the lower limit of quantitation (LLOQ)
resulted in 0.78 ng/mL which fulfilled the definition of the LLOQ,
i.e. that its OD − 1.64 × SD (=0.227) was higher than the blank
OD + 1.64 × SD (=0.208) (Table 2). As the measurements were per-
formed in 5% serum after dilution, the corresponding serum LLOQ
was 15.6 ng/mL. The screening cut-point of the immune complex
assay was calculated to be 41.7 ng/mL, which is within the assay
range. Intra-assay and inter-assay precision and accuracy data are
summarized in Table 3. Intra-assay and inter-assay precision for
high, medium and low QC concentrations showed mean CV val-
ues of less than 10%. Intra-assay and inter-assay accuracy for high,
medium and low QC concentrations showed mean recovery val-
ues of 93.4–107.2%. Matrix effects for the measurement of high
QC concentrations (60 ng/mL) in 10 different individual cynomol-
gus serum samples was low: In neat sera of the 10 individuals,
mean recovery was 94.5% with a range of 81.0–107.9%. All tested
blank samples were below the limit of quantitation (data not
shown). Dilutional linearity was evidenced by recovery of 91–105%
of expected concentrations in the measurement range of the assay.
There was no hook effect observed. At concentrations higher than
the upper limit of quantitation the measurement signals remained
constant.
3.3. Analysis of immune complexes and total ADA in study serum
samples

Serial serum samples from an individual cynomolgus monkey
dosed with the anti-IGF-1R antibody were analyzed for ADA–drug

ISA assay for ADA conjugates (complex of cyno IgG with human IgG) in cynomolgus

.25 3.13 1.56 0.78 0.39 0.20 0.00

.512 0.358 0.277 0.234 0.211 0.203 0.198

.0167 0.0081 0.0060 0.0046 0.0059 0.0055 0.0058
2 2 2 3 3 3

.484 0.344 0.267 0.227 0.201 0.194 0.208a
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Table 3
Determination of intra-assay and inter-assay precision and accuracy in the generic immune complex ELISA for ADA conjugates (cyno IgG–human IgG complex) in cynomolgus
monkey serum.

ADA conjugate (ng/mL)

Intra-assay (n = 5) Inter-assay (n = 9)

High QC Mid QC Low QC LLOQ High QC Mid QC Low QC LLOQ

Spiked (expected concentration) 60 32 7.5 2.5 60 32 7.5 2.5
Mean of measured concentration 57.78 30.78 8.04 2.63 58.15 29.89 7.70 2.62
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other two cynomolgus monkeys developed ADA–drug complexes
measurable by the immune complex ELISA as long as the drug
was present in serum (Fig. 7). Pre-incubation of the serum sam-
SD of measured concentration 2.10 0.70 0.2
Precision (% CV) 3.63 2.26 2.5
Accuracy (% recovery) 96.3 96.2 107.2
Accuracy range (% recovery) 90.8–100.2 93.1–98.8 104–110.7

omplexes. The generic immune complex assay showed an increase
f the assay signal at day 14, with a peak of signal intensity at day 21
nd subsequent decline to pre-treatment values at day 35 (Fig. 2).
his profile suggests that immune complexes in serum samples
rom cynomolgus monkeys dosed with anti-IGF-1R are detected
s long as the antibody is present in serum, but escape detection
nce serum concentrations of the antibody have fallen below the
etection limit. Typically, ADA formation starts between day 10 and
0 and persists for weeks or even months. When the same serum
amples were pre-incubated with anti-IGF-1R to allow the in vitro
ormation of immune complexes, analysis of these spiked samples
hows persistence of ADAs up to week 7 post-dose (Fig. 3).

The experiments to determine optimal conditions of the
re-incubation step suggested a concentration of 1 �g/mL of anti-
GF-1R for the tested serum samples (Fig. 4). Fig. 5 illustrates the
elationship between the antibody level in serum and the measure-
ent of immune complexes in the two variants of the ELISA. The

mmune complex ELISA without in vitro drug spiking was able to

ig. 2. Time course of in vivo drug–ADA immune complex formation in cynomolgus
onkey serum after administration of anti-IGF-1R analyzed by the immune complex

LISA.

ig. 3. Time course of in vivo ADA formation in cynomolgus monkey serum after
dministration of anti-IGF-1R analyzed by the immune complex ELISA after in vitro
rug spiking.
0.25 3.30 2.00 0.50 0.29
9.40 5.68 6.69 6.50 11.09

105.2 96.9 93.4 102.7 104.8
88–116 90–104.9 86.1–103.4 94.8–111.1 79.6–118.4

detect immune complexes formed in vivo as long as the drug was
present in serum. In contrast, in vitro drug spiking led additionally
to the detection of free ADAs.

The interference of drug for the analysis of ADAs by a state-of-
the-art bridging ELISA without sample pre-treatment is illustrated
in Fig. 6. The bridging ELISA detects ADAs once the drug level
decreased to baseline values whereas the immune complex assay
in combination with in vitro drug spiking detects total ADA. The
generic immune complex ELISA was used to analyze serum sam-
ples from cynomolgus monkeys dosed with MAb 2. One of the three
animals did not develop ADAs during the study time course. The
ples with drug prior to analysis additionally detected ADAs at later
time points when in vivo drug levels dropped to baseline levels.

Fig. 4. Determination of the optimal drug concentration for in vitro drug spiking for
the immune complex ELISA by dilution of a study serum sample by 1:5000, 1:40,000
and 1:60,000.

Fig. 5. Relationship between the serum concentration–time profiles of anti-IGF-1R,
in vivo immune complexes and in vitro formed immune complexes of samples after
a single i.v. dose of 3 mg/kg of anti-IGF-1R in a cynomolgus monkey.
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ig. 6. Comparison of the time course of total ADA levels in one individual cynomol-
us monkey after a single i.v. dose of 3 mg/kg analyzed in the immune complex ELISA
ith in vitro drug spiking and a state-of-the art bridging ELISA (drug used for capture

nd detection).

The two cynomolgus monkey studies show that the immune
omplex ELISA described in this publication can be used as a
eneric assay. It is possible to detect ADA–drug immune complexes
n vivo. Pre-incubation of samples with drug allows detection of
otal ADA levels. The assay might also find up-side use for deter-

ination of the specificity of ADAs. A drug-unspecific immune
esponse could be assumed if pre-incubation of the sample with
on-related antibodies directed against other targets also lead to a
ositive signal. On the contrary, a negative signal would indicate a
rug-specific immune reaction against the complementarity deter-

ining regions (CDR) of the antibody. The generic applicability of

he assay is based on the use of human and cynomolgus mon-
ey specific MAbs as capture and detection reagents, respectively.
n ADA standard conjugate consisting of cynomolgus monkey IgG

ig. 7. Relationship between serum concentration-time profiles of MAb 2, in vivo
mmune complexes and immune complexes after in vitro drug spiking in cynomol-
us monkey 2-18 (a) and 16-1 (b) after a single i.v. dose of 1 mg/kg of MAb 2.
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fused to human IgG was used as a positive control to demonstrate
assay validation parameters.

The advantage of using a generic assay allows availability in
early drug discovery and development of therapeutic antibodies.
By definition it is developed for the cynomolgus monkey which
is the most common species for pilot pharmacokinetic and safety
studies of therapeutic antibodies. The basic version of the immune
complex assay may help to explain unexpectedly occurring short
half-life values or safety events of a drug candidate by specifically
demonstrating the presence of immune complexes.

4. Conclusions

Current state-of-the-art bridging ELISA technologies for detec-
tion of anti-drug antibodies (ADAs) against therapeutic monoclonal
antibodies are prone to false-negative results due to interference
by circulating drug. Methods to remove the drug from the sam-
ple or sample pre-treatment techniques such as acid dissociation
of the immune complexes are laborious and bear disadvantages
such as denaturation of ADAs. The immune complex ELISA charac-
terized in the present work provides a simple solution for serum
samples from cynomolgus monkeys dosed with human therapeu-
tic antibodies. It can be used generically due to its independency
of the specific human antibody and its target. This is achieved by
the use of (1) a murine anti-human Fc MAb as capture reagent; (2)
a murine anti-cynomolgus monkey IgG MAb as detection reagent;
and (3) an ADA standard conjugate as positive control consisting of
cynomolgus monkey IgG fused to human IgG to mimic an immune
complex. In its basic version, the generic ADA ELISA specifically
detects ADA–drug immune complexes formed in vivo. In vitro pre-
incubation of the serum samples with drug allows detection of
total ADAs. The generic and versatile nature of this ADA assays
favors its use during early pilot pharmacokinetic and safety studies
in cynomolgus monkeys during candidate selection of therapeutic
antibodies where it helps to explain unexpected clearance profiles,
loss of efficacy or safety events caused by immune complexes.
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