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A cell-based assay has been developed for the quantification of the activity of TNFα antagonists
based on human erythroleukemic K562 cells transfected with a NFκB regulated firefly luciferase
reporter-gene construct. Both drug activity and anti-drug neutralizing antibodies can be quanti-
fied with a high degree of precision within 2 h, and without interference from cytokines and
other factors known to activate NFκB. The assay cells also contain the Renilla luciferase reporter
gene under the control of a constitutive promoter that allows TNFα-induced firefly luciferase ac-
tivity to be normalized relative to Renilla luciferase expression. Thus, results are independent of
cell number or differences in cell viability, resulting in intra and inter assay coefficients of varia-
tion of 10% or less. Normalization of results relative to the expression of an internal standard
also provides a means for correcting for serum matrix effects and allows residual drug levels or
anti-drug neutralizing antibodies to be quantified even in serum samples with a relatively high
degree of cytotoxicity.
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1. Introduction

Antagonists of tumor necrosis alpha (TNFα) are usedwidely
for the treatment of a number of chronic inflammatory or auto-
immune diseases such as rheumatoid arthritis (RA), psoriasis,
and Crohn's Disease (Lee and Fedorak, 2010; Scott et al., 2010;
Furst et al., 2011). Such antagonists include; infliximab (Remi-
cade®), a chimeric monoclonal antibody against TNFα, adali-
mumab (Humira®) and golimumab (Simponi®) fully human
monoclonal anti-TNFα antibodies, etanercept (Enbrel®) a fu-
sion protein comprising the p75 chain of the TNFα receptor
. Tovey).
logy, Hellenic Pasteur
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and the Fc moiety of human IgG1, and certolizumab (Cimzia®)
pegylated Fab fragments of a humanized anti-TNFα monoclo-
nal antibody (Lee and Fedorak, 2010; Scott et al., 2010; Furst
et al., 2011). Although TNFα antagonists are for the most part
well tolerated their safety and efficacy can be compromised,
however, by the development of an immune response against
the therapeutic protein (Baert et al., 2003; Wolbink et al.,
2006; Bendtzen et al., 2006, 2009; Aikawa et al., 2010). It is
widely accepted that injection of foreign proteins into humans
can elicit an immune reaction leading to the production of anti-
bodies, it is also clear, however, that repeated injection of fully
human proteins can result in a break in immune tolerance to
self-antigens leading to a humoral response against the protein
in some patients (Wadhwa and Thorpe, 2010). Although in
many cases the immune response to a therapeutic protein has
little or no clinical impact, anti-drug antibodies (ADAs) do,
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however, pose a number of potential risks for thepatient partic-
ularly in the case of a neutralizing antibody (NAb) response. An
ADA response can also adversely affect the safety of treatment
and cause immune complex disease, and allergic reactions
(Han and Cohen, 2004). Some cases of severe autoimmune re-
actions have also been reported where ADAs cross-react with
a non-redundant endogenous counterpart (Casadevall et al.,
2002).

Monitoring patients for the presence of ADAs capable of
neutralizing drug activity is therefore an important part of
drug safety evaluation since currently available techniques
do not permit one to predict with a sufficient degree of accu-
racy whether a product will be immunogenic in a particular
patient, and at what point during treatment an immune re-
sponse will occur (Buttel et al., 2011). Regulatory authorities
often recommend that cell-based assays be used to quantify
anti-drug neutralizing antibodies when an appropriate
assay is available (Kirshner, 2009; Thorpe, 2011). Cell-based
assays for NAbs against TNFα antagonists are for the most
part based on the ability of TNFα to induce cytotoxicity in
susceptible cell lines such as actinomycin D treated mouse
L929 cells or mouse WEHI cells (Ruff and Gifford, 1981; Ber-
sani et al., 1986; Lucas et al., 1990; Ebert et al., 2008; Mann
et al., 2008). Such assays are difficult to standardize, take 1
to 2 days to complete, and are subject to serummatrix effects
(Ruff and Gifford, 1981; Bersani et al., 1986; Lucas et al.,
1990; Meager, 2006; Gupta et al., 2007; Ebert et al., 2008;
Mann et al., 2008). These limitations have been overcome
by the development of a reporter-gene assay that allows
both the activity and anti-drug neutralizing antibody re-
sponse to TNFα antagonists to be quantified with a high de-
gree of precision within 2 h, independent of serum matrix
effects.
2. Materials and methods

2.1. Reporter cells

Human erythroleukemic K562 cells were transfected with
a NFκB regulated reporter-gene construct. Briefly, a synthetic
double-stranded oligonucleotide corresponding to a five
fold tandem repeat of the NFkB recognition sequence
(GGGGACTTTCCGCT), controlling a SV40 minimal promoter
was cloned upstream of the firefly luciferase (FL) reporter-
gene by insertion into the HindIII/XbaI site of the pGL2 vec-
tor (Promega, Madison, WI) and stable transfectants were
isolated and cloned. A stable cell line, KK-Luc, carrying the
FL reporter gene under the control of NFκB responsive chi-
meric promoter was thus established. These cells were
then transfected with the coding sequence of the Renilla lu-
ciferase (RL) gene under the control of a constitutive mini-
mal thymidine kinase promoter (Promega, Madison, WI).
The integrity of each construct was verified by sequencing.
Stable clones were isolated and tested for TNFα respon-
siveness. One such clone, KLJ-Luc was then characterized
further. Master and working cell banks of KLJ-Luc cells
were maintained in liquid nitrogen and vials were thawed
prior to use and maintained in cell culture in the presence
of 150 μg/ml of hygromycin B and 100 μg/ml of zeocine for
at least 50 passages without loss of performance.
2.2. Quantification of TNFα activity

Increasing concentrations (0.001 to 1000 ng/ml) of human
TNFα (R & D Systems, Minneapolis, MN) were prepared in
50 μl of RPMI 1640 medium +10% FBS in a white opaque 96-
well microtiter plate (Perkin Elmer, Waltham MA) and tested
in duplicate. KJL-Luc cells (10,000 cell/well) were added in a
total volume of 50 μl of RPMI 1640 medium+10% FBS and in-
cubated for 2 h at 37 °C in a CO2 incubator. Dual-Glo (Promega,
Medison WI) FL reagent was added (50 μl/well) and a first
reading taken in a luminometer (TriStar LB 941, Berthold,
Bad Wildbad, Germany). The Dual-Glo RL reagent
(50 μl/well) was then added and a second reading taken.
The readings were integrated into an Excel spread-sheet
and FL activity in relative luciferase units (RLU) or FL activity
normalized relative to constitutive RL activity were plotted
against TNFα concentration.
2.3. Quantification of the activity of TNFα antagonists

Increasing concentrations (5 ng/ml to 500 ng/ml) of the
TNFα antagonist (infliximab, adalimumab, or etanercept)
were prepared in 50 μl of RPMI 1640 medium +10% FBS
in a white opaque 96-well microtiter plate (Perkin Elmer,
Waltham MA) and then titrated in duplicate against a
fixed concentration of human TNFα (2.0 ng/ml). The
TNFα, antagonists were incubated with TNFα for 30 min
at 37 °C prior to the addition of KJL-Luc cells. Residual
TNFα activity was then quantified by interpolation of a
standard curve of FL/RL activity in a simultaneous titration
of TNFα activity as described above.
2.4. Quantification of neutralizing antibodies against
TNFα antagonists

Serial four fold dilutions (1/4 to 1/16,000) of patient sera
were prepared in a final volume of 50 μl of RPMI 1640 me-
dium +10% FBS in a white opaque 96-well microtiter
plate (Perkin Elmer, Waltham MA) and tested in duplicate.
Between two and three laboratory units:ml (LU/ml) of the
TNFα antagonist used to treat the patient was then added
to each well and incubated for 10 min at 37 °C. Two LU/ml
(2.0 ng/ml) of human of TNFα, was then added and incu-
bated for a further 30 min at 37 °C prior to the addition of
KJL-Luc cells and the quantification of residual TNFα activi-
ty as described above.

Neutralizing titer was determined from the ratio of the
FL/RL readings for a particular serum sample using the
Kawade methodology which determines the reciprocal of
the antibody dilution that reduces TNFα antagonist activity
from 10 to 1.0 LU/ml (EC50) according to the formula; t=f
(n−1)/9, where f = the reciprocal of the antibody dilution,
and n = TNFα antagonist concentration in LU/ml. Neutraliza-
tion titers were corrected for the actual number (between 2
and 3) of LU/ml of the TNFα antagonist used in the neutrali-
zation assay from the value obtained in the simultaneous titra-
tion, and are expressed as Ten Fold Reduction Units/ml or
TRU/ml (Grossberg et al., 2001a,b, 2009; Kawade et al.,
2003; Lallemand et al., 2008).
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Fig. 1. TNFα responsive reporter gene construction. κB: NFκB recognition sequence. TATA: TATA box. Firefly Luciferase: Coding region of the Firefly luciferase gene.
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of the Renilla luciferase gene.
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2.5. Patient sera

Archival samples of serum from patients with rheuma-
toid arthritis (RA) treated with infliximab, adalimumab, or
etanercept, or from patients with Crohn's disease treated
with infliximab, and monitored for the presence of anti-
drug neutralizing antibodies, were randomly selected for
evaluation in the present study.

3. Results

3.1. Establishment of a TNFα responsive reporter gene cell line

Human erythroleukemic K562 cells were transfected with a
NFκB regulated Firefly luciferase (FL) reporter-gene construct to-
gether with the Renilla luciferase (RL) reporter gene under the
control of a constitutive promoter (Fig. 1) as described in the
Materials and methods. Clones of stable transfectants were
A

Fig. 2. Response of KJL-Luc cells to treatment with TNFα. Duplicate samples of hum
Reference Reagent (NIBSC 88/786), at the concentrations indicated in the figure, wer
Dual Glo FL reagent (Promga, Medison WI) and determination of FL activity (Panel A
WI) and the sequential determination of FL and RL activities (Panel B) as described
isolated and tested sequentially for both FL induction in response
to treatment with TNFα and constitutive RL expression. A stable
cell line, KJL-Luc was thus established and characterized further.

3.2. Response of KJL-Luc cells to treatment with TNFα

The response of KJL-Luc cells to TNFα was determined by
treatment of reporter cells with varying concentrations of a
standard preparation of humanTNFα, or theWHOInternational
TNFα Reference Reagent (NIBSC 88/786), for 2 h at 37 °C prior
to addition of lysis buffer and determination of FL activity as de-
scribed in theMaterials andmethods. A typical sigmoid dose re-
sponse was obtained (Fig. 2A) with a standard error of +/−5%
over a wide range of TNFα concentrations (0.01 to 100 ng/ml).
As shown in Fig. 2 one laboratory unit (1.0 LU/ml) of the labora-
tory standard was equivalent to approximately 1 ng/ml or 46.5
international units/ml (IU/ml) and the lower limit of quantifica-
tion was 0.01 ng/ml or approximately 0.5 IU/ml (Fig. 2A). A
B

an TNFα (R & D Systems, Minneapolis, MN) or the WHO International TNFα
e incubated with KJL-Luc reporter cells or 2 h at 37 °C prior to addition of the
) and the subsequent addition of the Dual Glo RL reagent (Promga, Medison
in the Materials and methods.
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similar dose response curve was observed when TNFα induced
FL expression was normalized with respect to RL expression
(Fig. 2B).

The level of TNFα induced FL activity, expressed as relative
luciferase units (RLU), was found to increase with increasing
cell number as shown in Fig. 3A. Normalization of TNFα induced
FL expression relative to constitutive expression of RL activity
renders results independent of cell number as shown in Fig. 3B.

3.3. Specificity of the response of KJL-Luc cells to treatment with
TNFα

Numerous cytokines and other factors in addition to
TNFα can activate the NFκB pathway. Thus, a number of
such factors were tested for their ability to activate the
NFκB responsive FL reporter gene and hence potentially in-
terfere with the assay (Fig. 4). None of the factors tested in-
cluding IL-1β, TGF-β, and LPS was found to activate the
reporter gene over the concentration range of the assay
(0.01 to 100 ng/ml) either under standard assay conditions
(2 h incubation) or even after incubation overnight (Fig. 4).
Very high concentrations of LPS (5 to 10 μg/ml) were able,
however, to activate the reporter gene following incubation
overnight (data not shown).

3.4. Response of KJL-Luc cells to serum matrix effects

Cell-based assays are often subject to serum matrix effects
that can adversely affect the ability to detect drug activity or
an ADA response in the presence of low dilutions of serum, in
particular in serum from patients with autoimmune or inflam-
matory disease. To determine the effect of patient serum on
TNFα induced FL expression, KJL-Luc cells were incubated for
18 h at 37 °C with increasing concentrations of TNFα in the
presence of a 1/10 or 1/20 final dilution of a pool of sera from
A B

Fig. 3. Relationship between TNFα induced FL expression and cell number. Duplicate sa
indicated in the figure, were incubated with the number of KJL-Luc reporter cells indic
WI) and the sequential determination of FL and RL activities as described in the Mater
activity normalized relative to constitutive expression of RL activity.
patients with rheumatoid arthritis in RPMI 1640 medium
with 10% FBS, or with 1/10 dilution of a pool of normal
human serum, or withmedium alone (Fig. 5A). A marked inhi-
bition of TNFα induced FL expressionwas observed in the pres-
ence of serum from patients with rheumatoid arthritis over the
whole range of TNFα concentrations tested, relative to the level
of TNFα induced FL expression observed in the presence of ei-
ther normal human serum, ormediumalone (Fig. 5A). Normal-
ization of TNFα induced FL expression relative to the
constitutive expression of RL activity allowed results to be cor-
rected for non-specific serummatrix effects (Fig. 5B). To deter-
mine the frequency and extent of serum matrix effects,
individual samples of serum frompatientswith Crohn's disease
were spiked with 2.0 LU of TNFα and incubated at a 1/10 final
dilution with KJL-Luc cells for 2.0 h at 37 °C. FL expression
was determined and the results compared to those obtained
for samples containing the same dilution of a pool of normal
human serum or to a control sample without human serum.
As shown in Fig. 6A only 50 to 80% of the activity of added
TNFα was detected in a number of the samples when com-
pared to samples containing the same dilution of normal
human serum, or a control sample without human serum. In
contrast, full activity was obtained for the same samples fol-
lowing normalization of TNFα induced FL expression relative
to RL expression, regulated by a constitutive promoter
(Fig. 6A). Normalization of TNFα induced FL expression relative
to RL expression, for samples for which only 20% or less of the
activity of added TNFα could be recovered, also reduced
serummatrix effects even though the recovery of TNFα activity
remained lowmost probably reflecting the presence of residual
infliximab in these samples (Fig. 6A). Similar results were
obtained following normalization of TNFα induced FL expres-
sion relative to RL expression for samples from patients with
RA treated with adalimumab, infliximab, or etanercept (data
not shown). For some of the samples from patients with
mples of human TNFα (R & D Systems,Minneapolis, MN) at the concentrations
ated in the figure for 2 h at 37 °C prior to addition of DualGlo (Promga, Medison
ials and methods. Panel A: TNFα induced FL activity. Panel B: TNFα induced FL



Fig. 4. Specificity of the response of KJL-Luc cells to treatment with TNFα. Duplicate samples of either human TNFα (R & D Systems, Minneapolis, MN) or TGF-β,
EPO, IFNα, IFNβ, IFNγ, IL-1β, IL-2, IL-6, GM-CSF, or LPS at the concentrations indicated in the figure were incubated with KJL-Luc reporter cells for 18 h at 37 °C
prior to addition of DualGlo (Promga, MedisonWI) and the sequential determination of FL and RL activities as described in the Materials and methods. Results are
expressed as fold induction relative to the control sample containing RPMI 1640 medium with 10% FBS alone.
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Crohn's disease more than 100% of the activity of the TNFα
added could be recovered following normalization of TNFα in-
duced FL expression relative to RL expression (Fig. 6A). Further
investigation revealed that the activity detected in these
A B

Fig. 5. Response of KJL-Luc cells to serum matrix effects. Duplicate samples of huma
the figure, were incubated with KJL-Luc reporter cells in the presence of a 1/5 (20%),
arthritis, or a pool of normal human donor serum (Invitrogen, Carlsbad, CA), or medi
and the sequential determination of FL and RL activities as described in the Materia
activity normalized relative to constitutive expression of RL activity.
samples, in the absence of added TNFαwas markedly reduced
or abrogated following addition of 250 ng/ml of infliximab sug-
gesting that this activity reflected the presence of endogenous
TNFα in these samples (Fig. 7A). The presence of low levels of
n TNFα (R & D Systems, Minneapolis, MN) at the concentrations indicated in
or 1/10 (10%) final dilution of a pool of serum from patients with rheumatoid
um alone for 18 h at 37 °C prior to addition of DualGlo (Promga, MedisonWI)
ls and methods. Panel A: TNFα induced FL activity. Panel B: TNFα induced FL
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TNFα (5 to 50 pg/ml) in these samples was confirmed using an
ELISA for human TNFα (QuantiGlo, R & D Systems, Minneapo-
lis, MN) as shown in Fig. 7B.

3.5. Detection of circulating drug activity in serum from patients
with Crohn's disease treated with infliximab

KJL-Luc cells provide the basis for a sensitive screening
assay for the detection of circulating drug activity in patients
with autoimmune or inflammatory diseases treated with
TNFα antagonists. Thus, addition of 2 to 3 LU of TNFα to sam-
ples of serum from patients with Crohn's disease followed by
normalization of TNFα induced FL expression relative to RL
expression showed that the majority of samples segregated
into two groups. Those for which 80 to 100% or more of the
activity of added TNFα could be recovered, indicating the ab-
sence of circulating levels of active drug and most probably
the presence of neutralizing anti-drug antibodies (Fig. 6A),
and those for which 20% or less of the added TNFα activity
could be recovered, indicating the presence of residual drug
activity (Fig. 6A). Only 9 of 124 samples analyzed yielded in-
termediate results (Fig. 6A).
3.6. Quantification of the activity of TNFα antagonists

KJL-Luc cells can also be used to quantify the activity of dif-
ferent types of TNFα antagonists. Thus, increasing concentra-
tions of the chimeric anti-TNFα MAb infliximab, the fully
human MAb, adalimumab, and the TNFα receptor fusion pro-
tein etanercept were titrated against a fixed concentration of
TNF α (2.0 ng/ml) in the presence of the KJL-Luc reporter
cells as described in the Materials and methods (Fig. 8). In the
case of infliximab, for example (Fig. 8), the mid-point of the
dose response curve of % residual TNFα induced FL-activity
normalized with respect to constitutive RL expression, was
equivalent to a concentration of approximately 20 ng/ml or
1.0 LU/ml. The activity of TNFα antagonists present in sera
from patients with RA treated with infliximab, adalimumab,
or etanercept (Fig. 9A) and in sera from patients with Crohn's
disease treated with infliximab (Fig. 6B) was readily quantified
following normalization of FL activity relative to RL expression.
Drug levelswere determined from the activity of the dilution of
the sample falling upon the linear portion of the dose–response
curve of % residual TNFα activity against dilution in the pres-
ence of 2.0 ng/ml (2.0 LU/ml) of TNF α by interpolation of a
Fig. 6. A. Effect of sera from patients with Crohn's disease on the response of KJL-Luc
disease treated with infliximab were tested in duplicate at a 1/10 final dilution fo
2.0 ng/ml of human TNFα (R & D Systems, Minneapolis, MN). Following incubati
RL activities were determined sequentially in the same sample as described in the
of added TNFα relative to a control sample containing a 1/10 dilution of a pool
alone. : FL reading normalized with respect to RL expression. B. Quantificat
ten fold dilutions (1/10 to 1/100,000) of samples of serum from patients with Croh
TNFα activity depicted in Panel A were titrated in duplicate against a fixed concen
and methods. Infliximab concentration was determined by interpolation of the cur
tration. Results are expressed as infliximab concentration (ng/ml). C. Quantificatio
ples exhibiting N80% of FL/RL normalized TNFα activity depicted in Panel A were an
in the presence of 3.0 LU/ml of infliximab as described in the Materials and method
a particular serum sample using the Kawade methodology that determines the rec
10 to 1.0 LU/ml. Neutralization titers were corrected for the actual number of LU/
obtained in the simultaneous titration. Results expressed as TRU/ml (Grossberg e
standard curve of drug activity in a simultaneous titration
also in the presence of 2.0 ng/ml of TNFα.

3.7. Quantification of neutralizing antibodies against TNFα
antagonits in serum from patients with RA or Crohn's disease

Serial dilutions of serum from patients with RA treated with
infliximab, adalimumab, or etanercept or serial dilutions of
serum frompatientswithCrohn's disease treatedwith infliximab
were mixed with 3.0 LU/ml the TNFα antagonist used to treat
the patient, prior to the addition of 2.0 LU/ml of human of
TNFα and incubationwithKJL-Luc cells for 2 h at 37 °C. TheDual-
Glo reagent (Promega, Madison,WI) was then added and FL and
RL expressions were determined sequentially in the same sam-
ple as described in the Materials and methods. Neutralizing
titer was determined from the ratio of the FL/RL readings for a
particular serumsampleusing theKawademethodology that de-
termines the reciprocal of the antibody dilution that reduces
TNFα antagonist activity from 10 to 1.0 LU/ml (EC50). Results
are expressed as TRU/ml (Grossberg et al., 2001a,b; Kawade et
al., 2003; Grossberg et al., 2009). Thus, for each sample neutral-
izing titer was determined from the dilution that reduced the
activity of 3.0 LU/ml (60 ng/ml) of infliximab to 1.0 LU/ml
(20 ng/ml) in the presence of 2.0 LU/ml (2.0 ng/ml) of human
TNFα. For example, for sample #2 (Fig. 6C) a 1/200 dilution of
the sample was found to reduce the activity of 3.0 LU/ml of
infliximab to 1.0 LU/ml which when corrected for the actual
number of LU/ml of infliximab activity used in the neutralization
assay from the value obtained in the simultaneous titration of
infliximab activity according to the formula t=1/200∗(3–1)/9,
yielded a titer of 44 TRU/ml (Fig. 6C). The results obtained con-
firmed that those samples that appeared to contain neutral-
izing activity against TNFα antagonist in the screening
assay (Fig. 6A), did indeed contain anti-drug neutralizing
antibodies when titrated against a constant concentration
of the TNFα antagonist (infliximab) used to treat the patient
(Fig. 6C). Similarly, anti-drug NAbs could readily be detected
in sera from patients with RA treatedwith infliximab, or ada-
limumab (Fig. 9B). No anti-entanercept NAbs were detected
in the samples from patients with RA tested (Fig. 9B).

3.8. Determination of intra-assay and inter-assay coefficients of
variation

Sera from patients with Crohn's disease treated with inflix-
imab were tested for the presence of anti-infliximab NAbs as
cells to treatment with TNFα. Samples of serum from patients with Crohn's
r their effect on the activation of KJL-Luc reporter cells in the presence of
on for 2 h at 37 °C and addition of DualGlo (Promga, Medison WI), FL and
Materials and methods. Results are expressed as a percentage of the activity
of normal human serum (Invitrogen, Carlsbad, CA). : FL reading
ion of infliximab activity in serum from patients with Crohn's disease. Serial
n's disease treated with infliximab that exhibited b50% of FL/RL normalized
tration of TNFα (2.0 ng/ml) using KJL-Luc cells as described in the Materials
ve of the simultaneous titration of FL/RL activity against infliximab concen-
n of anti-infliximab NAbs in sera from patients with Crohn's disease. Sam-
alyzed for the presence of anti-infliximab NAbs using KJL-Luc reporter cells
s. Neutralizing titer was determined from the ratio of the FL/RL readings for
iprocal of the antibody dilution that reduces TNFα antagonist activity from
ml of the TNFα antagonist used in the neutralization assay from the value
t al., 2001a,b, 2009; Kawade et al., 2003).
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Fig. 7. Quantification of endogenous TNFα activity in sera from patients with Crohn's disease. Panel A. Samples of serum from patients with Crohn's disease trea-
ted with infliximab were tested in duplicate at a 1/5 final dilution for their effect on the activation of KJL-Luc reporter cells without the addition of exogenous
TNFα either alone ( ), or in the presence of 50 ng/ml of infliximab ( ). Panel B. Samples of serum from patients with Crohn's disease treated
with infliximab and tested in Panel A were analyzed in duplicate for the presence of TNFα using an ELISA specific for human TNFα (QuantiGlo, R & D Systems,
Minneapolis, MN). Results are expressed as pg of TNFα/ml.
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described in theMaterials andmethods. The intra-assay coeffi-
cient of variation was evaluated using four sera assayed four
times on the same day by two different operators. The intra-
assay coefficient of variation ranged from 2.1 to 7.6% when de-
termined from FL readings normalized with respect to RL
Fig. 8. Quantification of the activity of TNFα antagonists. Increasing concentrations
fixed concentration of TNF α (2.0 ng/ml) using KJL-Luc cells as described in the Mate
activity normalized with respect to constitutive expression of RL activity.
expression (Table 1). Inter-assay variability was evaluated
using four sera assayed four times on each of four separate
micro-titer plates following normalization of FL results relative
to RL expression. The inter-assay coefficient of variation ranged
from 6.6 to 9.4% (Table 1).
of infliximab, adalimumab, or etanercept were titrated in duplicate against a
rials and methods. Results were expressed as% of the initial TNFα induced FL
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Fig. 9. Quantification of the activity of TNFα antagonists and anti-TNFα antagonist NAbs in sera from patients with RA. Panel A. Samples of serum from patients
with RA treated with infliximab, adalimumab, or etanercept were tested in duplicate at a 1/10 final dilution for their effect on the activation of KJL-Luc reporter
cells in the presence of 2.0 ng/ml of human TNFα (R & D Systems, Minneapolis, MN). Following incubation for 2 h at 37 °C and addition of DualGlo (Promega,
Madison WI), FL and RL activities were determined sequentially in the same sample as described in the Materials and methods. Results are expressed as a per-
centage of the activity (FL/RL) of added TNFα relative to a control sample containing a 1/10 dilution of a pool of normal human serum (Invitrogen, Carlsbad, CA).
Panel B. Serial four fold dilutions (1/4 to 1/16,384) of samples of serum from patients with RA treated with infliximab, adalimumab, or etanercept were titrated
against a fixed concentration (3.0 LU/ml) of the TNF α antagonist used to treat the patient using KJL-Luc cells as described in the Materials and methods. Neutral-
izing titer was determined from the ratio of the FL/RL readings for a particular serum sample using the Kawade methodology and expressed as TRU/ml following
correction for the actual number of LU/ml of the TNFα antagonist used in the neutralization assay employing the Kawade formula (Grossberg et al., 2001a,b, 2009;
Kawade et al., 2003), and the value obtained in the simultaneous titration of drug activity as described in the Materials and methods.

Table 1
Intra-assay and inter-assay variation of neutralizing anti-infliximab antibody
titer of samples from patients with Crohn's disease.

Sample number Nab TRU/ml % CV intra-assay % CV inter-assay

119 8.94 3.6 6.6
190 63.8 2.1 7.2
445 3.8 7.3 8.3
587 70.0 7.6 9.4

Intra-assay and inter-assay variability was evaluated using sera from
patients with Crohn's disease treated with infliximab. Samples were
assayed four times on the same day by two different operators or four
times on each of four separate microtiter plates and the percentage
coefficients of variations calculated.
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3.9. Quantification of anti-infliximab neutralizing antibody
levels using frozen cells

We have shown previously that cells transfected with a
drug responsive reporter gene and treated with vinblastin
can be stored frozen for extended periods without loss of
drug responsiveness (Lallemand et al., 2008, 2010). In keep-
ing with these results, vinblastin treated frozen assay-ready
KJL-Luc cells were found to exhibit a similar degree of TNFα
sensitivity as untreated cells, as reflected by the detection of
similar levels of anti-infliximab NAbs in serum samples
from patients with Crohn's disease (Table 2).

4. Discussion

The reporter-gene assay for TNFα described herein allows
the activity and neutralizing antibody response to TNFα an-
tagonists to be quantified with a high degree of precision
within 2 h without interference from cytokines and other
factors known to activate NFκB. Thus, although the TNFα re-
sponsive reporter-gene construct used in this study is based
upon a tandem repeat of a NFκB recognition sequence, cyto-
kines such as IL-1β, TGF-β and IFNγ, and factors such as LPS



Table 2
Neutralizing antibody titer of anti-drug antibodies from patients with
Crohn's disease treated with infliximab.

Sample number Antibody titer (TRU/ml)

Untreated cells Vinblastin treated cells

418 400 600
438 3.8 7
580 70 250
617 15 25

Serial four fold dilutions (1/4 to 1/16,000) of each serum sample were
prepared in 50 μl of RMPI 1640 medium+10% FBS in a white opaque
luminometer 96-well microtiter plate and tested in duplicate. Three LU/ml
(60 ng/ml) of Infliximab was added to each sample and incubated for
10 min at 37 °C. Two LU/ml (2.0 ng/ml) of human TNFα was then added
and the samples incubated for a further 10 min at 37 °C. Untreated, or
freshly thawed vinblastin treated assay-ready frozen KJL-Luc cells were
then added to each well in a total volume of 50 μl of RMPI 1640 medium
+10% FBS and incubated for 2 h at 37 °C in a CO2 incubator. DualGlo
(Promega, Madison, WI) added to each well and FL and RL activities were
quantified in a luminometer as described in the Materials and methods.
The dilution that reduced the activity of 3.0 LU/ml (60 ng/ml) of infliximab
to 1.0 LU/ml (20 ng/ml) in the presence of 2.0 LU/ml (2.0 ng/ml) of human
TNFα was determined for each sample. The results presented in the Table
are the mean of two independent determinations.
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that can activate NFκB, were found not to interfere with the
assay at physiological levels over the time span and concen-
tration range of the assay. Prolonged treatment (N18 h) of
KJL-Luc reporter cells with a 100 fold higher concentration
of LPS (10 μg/ml) did, however, activate the transgene (data
not shown). Conventional cell-based assays for NAbs against
TNFα antagonists are based on the ability of TNFα to induce
cytotoxicity in susceptible cell lines such as actinomycin D
treated mouse L929 cells or mouse WEHI cells (Ruff and Gif-
ford, 1981; Bersani et al., 1986; Lucas et al., 1990; Ebert et al.,
2008; Mann et al., 2008). Such assays take 1 to 2 days to com-
plete, are difficult to standardize, and often give variable re-
sults (Meager, 2006; Gupta et al., 2007). In particular these
assays are limited by their specificity since numerous factors
present in serum from patients with inflammatory disease
can affect cellular cytotoxicity and potentially interfere with
the assay (Yucel et al., 2007). Furthermore, the sensitivity of
cell-based assays is limited by the amount of human serum
that cells can tolerate and hence the minimum sample dilu-
tion that can be employed (Yu et al., 2006; Wala et al.,
2007). In this study marked serum matrix effects were ob-
served with sera from both patients with RA and from pa-
tients with Crohn's disease as reflected by the inability to
recover in full, the activity of TNFα added to the sample.

Normalization of drug-induced FL expression relative to
RL expression, regulated by a constitutive promoter within
the same cells, provides a means for correcting for the
serum matrix effects observed when monitoring FL expres-
sion alone, most probably by compensating for non-specific
effects on transcription and/or translation. Furthermore,
since assay results are normalized relative to the expression
of an internal standard, results are independent of cell num-
ber or differences in cell viability, resulting in inter- and
intra-assay coefficients of variation of 10% or less. Most im-
portantly, normalization of results relative to the expression
of an internal standard allows residual drug levels or ADA
NAb levels to be determined even in serum samples with a
relatively high degree of cytotoxicity (unpublished results).

The ability to correct results for serum matrix effects al-
lows the KJL-Luc reporter cells to be used as the basis for a
sensitive screening assay for the detection of circulating
levels of drug activity in samples from patients with inflam-
matory disease treated with TNFα antagonists, simply by
adding 2.0 ng/ml of TNFα to the samples followed by addi-
tion of the reporter cells. The precise levels of drug activity
and neutralizing anti-drug antibodies present in a sample
can then be quantified subsequently using the KJL-Luc re-
porter cells if required. Thus, active drug levels could readily
be determined in sera from patients with RA treated with
infliximab, adalimumab, or etanercept, and in patients with
Crohn's disease treated with infliximab by interpolation of a
standard curve of drug activity against concentration in a si-
multaneous titration.

Similarly anti-drug NAbs could be quantified in the sera of
patients with RA treated with anfliximab or adalimumab or
in sera from patients with Crohn's disease treated with inflix-
imab. The Kawade methodology has been used extensively to
quantify neutralizing antibodies against type I interferons
and more recently NAbs against IL-6 (Grossberg et al.,
2001a,b, 2009; Kawade et al., 2003). To our knowledge this
is the first report of the use of the Kawade methodology to
quantify Nabs against drugs that neutralize TNFα activity. In
order to increase assay sensitivity, 3.0 LU/ml instead of
10 LU/ml of the drug was used in the neutralization assay,
and corrected for the actual number of LU/ml of the TNFα an-
tagonist employed from the value obtained in the simulta-
neous titration, using the Kawade formula. This simple
adjustment markedly increased the sensitivity of ADA detec-
tion obtained from interpolation of two neutralization
curves; TNFα activity by the TNFα antagonists, and TNFα an-
tagonist activity by anti-drug NAbs. The failure to detect anti-
etanercept NAbs in the samples tested from patients with RA
is in keeping with the low incidence of anti-etanercept NAbs
reported previously (Dore et al., 2007).

The reporter gene assay described herein is ideally suited
for high throughput quantification of residual drug activity
and anti-drug NAb levels in samples of serum from patients
with inflammatory disease treated with TNFα antagonists.
In addition, chemically treated cells can be manufactured in
a cGMP facility and assay-ready cells stored at −80 °C for ex-
tended periods without loss of sensitivity or the need for cell
culture (Lallemand et al., 2008, 2010). This assay is applicable
to the quantification of the activity or NAb response to a vari-
ety of different TNFα antagonists including innovator prod-
ucts and biosimilars. Furthermore, the availability of a
standardized assay format that can be used to assess the
NAb response to a variety of different drugs will facilitate
the comparison of immunogenicity data.
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