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Development of a Universal Anti-Adalimumab Antibody
Standard for Interlaboratory Harmonization
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Background: Therapeutic drug monitoring of adalimumab (ADM)
has been introduced recently. When no detectable ADM serum
concentrations can be found, the formation of antidrug antibodies
(ADA) should be investigated. A variety of assays to measure the
occurrence of ADA have been developed. Results are expressed as
arbitrary units or as a titration value. The aim was to develop
a monoclonal antibody (MA) that could serve as a universal
calibrator to quantify the amount of ADA in ADM-treated patients.

Methods: Hybridoma technology was used to generate a MA
toward ADM. The functionality of the MA was tested in a bridging
enzyme linked immunosorbent assay (ELISA) setup and in a cell-
based assay. Sera from 25 anti-tumor necrosis factor naive patients
with inflammatory bowel disease were used to determine the cutoff
values. Sera from 9 ADM-treated patients with inflammatory bowel
disease, with undetectable serum concentrations of ADM were used
to quantify the ADA response.

Results: In this study, MA-ADM6A10, an IgG1 that can be used as
a calibrator in both an ELISA to quantify the amount of binding
antibodies and in a cell-based assay to quantify the amount of
neutralizing antibodies, was generated. Combining the results of
both assays showed that the sera with high concentrations of anti-
ADM binding antibodies also had the highest neutralizing capacity.
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Conclusions: The availability of a universal calibrator could
facilitate the interlaboratory harmonization of antibody titers in
patients who develop anti-adalimumab antibodies.
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INTRODUCTION

The introduction of therapeutic monoclonal antibod-
ies targeting tumor necrosis factor (TNF) has revolutionized
the treatment of chronic inflammatory diseases (eg, rheu-
matoid arthritis and Crohn disease). However, the downside
is that patients can develop an antibody response toward
foreign elements inherent to the therapeutic antibodies.
Binding of both nonneutralizing and neutralizing antibodies
result in the formation of immune complexes that are
cleared from the circulation. In addition, neutralizing anti-
bodies obstruct the TNF binding site of these therapeutic
antibodies, thereby reducing their ability to scavenge TNF,
leading to loss of response.

Adalimumab (ADM, NDC:0074-3799, Humira; Abbott
Laboratories, Chicago, IL) is a human recombinant IgGl
antibody that is administered subcutaneously to treat patients
suffering from either Crohn disease, ulcerative colitis, plaque
psoriasis, rheumatoid arthritis, ankylosing spondylitis, psori-
atic arthritis, or juvenile idiopathic arthritis. The estimated
elimination half-life is 15-19 days.! Because of the full
human nature of ADM, the majority of the antibodies devel-
oped in response to this antibody are expected to target the
hypervariable region of ADM.

Recently, therapeutic drug monitoring of anti-TNF
drugs has been introduced. Several retrospective trials have
shown that better clinical outcome is associated with detect-
able trough concentrations.” Prospective studies to evaluate
the efficacy of trough concentration—based dosing are ongo-
ing.>®* When no detectable ADM serum concentrations can be
found, the formation of antidrug antibodies (ADA) should be
investigated.

A variety of assays (bridging ELISA,” antigen binding
assay,'® pH-shift-anti-idiotype binding assay,'' ELISA
including an acid-dissociation step,'? cell-based assay
(CBA),"” homogeneous mobility shift assay," fluid-phase
radio immunoassay'’) to measure the occurrence of ADA
have been developed. Unfortunately, because of the lack of
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a universal calibrator, results are either defined as arbitrary
units toward (purified) (monospecific) polyclonal rabbit anti-
bodies”'*'> or as some form of titration value.'>'® In this
study, we aimed to develop a monoclonal antibody that could
serve as a universal calibrator to quantify the amount of ADA
in serum samples.

MATERIALS AND METHODS

Through hybridoma technology,'” a mouse MA was
generated toward ADM (MA-ADMG6A10). MA-ADMG6A10
was produced on a large scale using a CL350 CELLine sys-
tem (Integra Biosciences) and purified using ProSep Ultra
Plus Affinity Chromatography (Millipore). The concentration
was determined by spectrophotometry using 1.35 (280 nm,
1 mg/mL) as the extinction coefficient. MA-ADM6A10 was
stored in phosphate-buffered saline solution pH 7.4 at —20°C
in aliquots ready to use. On storage at —20°C for more than 6
months, the concentration was 95%—105% of the original
concentration (n = 2 on 2 different batches of MA-
ADMG6AT10). The isotype of MA-ADM6A10 was determined
using Isostrip (Roche Applied Science, Indianapolis, IN).
Binding of purified MA-ADM6A10 to ADM and lack of
binding to infliximab (IFX, Remicade; Janssen Biotech Inc,
Great Valley Park Malvern, PA) was confirmed in ELISA
setting using ADM- and IFX-coated plates and through affin-
ity measurement using surface plasmon resonance analysis
(data not shown).

To determine if MA-ADMG6A10 could cross-link ADM
coated on a plate with soluble biotinylated ADM, a dose—
response curve of the selected MA was applied, and bound
biotinylated ADM was quantified using streptavidin-labeled
horseradish peroxidase (R&D systems, Minneapolis, MN)
(n = 3). The dose—response curve was fitted using “one site-
specific binding” nonlinear regression (Graphpad Prism 5.0)
(Fig. 1). Two different batches of MA-ADM6A10 were com-
pared (n = 3), revealing a Pearson correlation of 0.99 between
batches. To determine the cutoff value of the assay, sera from
25 anti-TNF naive patients with inflammatory bowel disease
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FIGURE 1. Dose-response curve of MA-ADM6A10 in bridging
assay. MA-ADMG6A10 is able to cross-link ADM coated on

a plate with soluble biotinylated ADM. A dose-response curve
(mean = SD, n = 3) ranging from 0 to 15 ng/mL is shown.
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(IBD) were applied on the ADM/ADM-biotin bridging assay
using MA-ADMO6A10 as a calibrator (n = 1). All patients gave
written consent to participate in the institutional review board—
approved Vlaamse Erfelijkheidsstudie Crohn en Colitis ulcer-
osa (VLECC) registry (B322201213950/S53684).

To detect and quantify the amount of neutralizing ADA
in sera of ADM-treated patients, we developed a functional
CBA. HT1080 (CCL-121; ATCC) is a human fibrosarcoma
cell line that expresses interleukin-6 (IL-6), which is stimu-
lated on addition of TNF.'® HT1080 cells were plated in
96-well plates at a density of 4 x 10* cells per well at 5%
CO, and 37°C humidified atmosphere using 200 p.L Dulbec-
co’s modified Eagle’s medium (DMEM), supplemented with
10% fetal bovine serum, 2 mM glutamine, 50 mcg/mL strepto-
mycin, and 50 U/mL penicillin per well. After 24 hours, DMEM
medium was removed and replaced by 200 wL of supplemented
DMEM, to which 2.5% human control serum preincubated for
30 minutes at 37°C with different concentrations (0—120 ng/mL)
of TNF (Pepro Tech, London, United Kingdom) was added. IL-6
was measured after an additional 48 hours using the Human IL-6
ELISA Max Deluxe kit (Biolegend, San Diego, CA) according
to the manufacturer’s protocol. The TNF ECs, and ECgy (n = 2)
were determined using nonlinear regression (log agonist ver-
sus response; Graphpad Prism 5.0), whereas the ADM ICsy
and ICgy (n = 2) and the MA-ADMG6A10 ICso (n = 5) were
determined using nonlinear regression (log inhibitor versus
response; Graphpad Prism 5.0). Two different batches of
MA-ADMG6A10 were compared (n = 4), revealing a Pearson
correlation of 0.92 between batches. To determine the cutoff
value of the CBA, 25 anti-TNF naive serum samples (see
above) were applied on the assay under the same conditions
as described above (n = 1).

In addition, the ADA response in sera from 9
ADM-treated patients with IBD with undetectable serum
concentrations of ADM was determined using both the ADM/
ADM-biotin bridging assay (n = 3) and the CBA using 2.5%
and 0.5% serum (n = 3) with MA-ADMG6A10 for calibration.

The serum concentration of ADM was determined with
an ADM assay developed in-house.” Using anti-TNF naive
samples, the cutoff was determined to be 0.34 mcg/mL. The
accuracy and precision for 3 spiked serum samples (3, 7, and
11.25 mcg/mL) was determined to be 97%, 97%, 95% and
10%, 12%, 13%, respectively.

RESULTS

The generated MA, MA-ADMG6A10, was an IgG1 with
a kappa light chain. Binding of purified MA-ADM6A10 to
ADM and lack of binding to IFX was confirmed in ELISA
setting using an ADM- and IFX-coated plate and through
affinity measurement using surface plasmon resonance anal-
ysis (data not shown).

Using a bridging assay setup, a nonlinear dose—
response curve was obtained in a concentration range
between 0.23 and 15 ng/mL MA-ADMG6A10 (Fig. 1). Taking
into account the 1:20 serum dilution that was applied, the
limit of detection was set at 5 ng/mL. To determine the cutoff
value of the assay, sera from 25 anti-TNF naive patients with
IBD were applied, which all revealed values below the limit
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of detection. Therefore, the cutoff value of the assay was set
at 5 ng/mL.

HT1080 cells, a human fibrosarcoma cell line that
expresses IL-6, was used to develop a functional CBA. Basal
IL-6 concentrations [2.2 = 1.5 ng/mL (mean *= SD), n = 6]
were set at 0%. IL-6 concentrations increased on addition of
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FIGURE 2. Dose-response curve of TNF (A), ADM (B), and
MA-ADMG6AT10 (C) in CBA. HT1080 cells were incubated with
TNF. A, IL-6 was measured and expressed as log TNF con-
centration versus IL-6 response (mean = SD, n = 2). B, Inhi-
bition of TNF by ADM was determined using 7.5 ng/mL TNF
(441.2 pmol/L) and ADM (0-240 ng/mL) (mean = SD, n = 2).
C, To determine the inhibitory effect of MA-ADM6A10, dif-
ferent doses (0-240 ng/mL) of MA-ADM6A10 were added to
sera supplemented with 7.5 ng/mL TNF (441.2 pmol/L) and
15 ng/mL ADM (100 pmol/L) (mean = SD, n = 5).
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TNF (maximum response was set at 100%), revealing an
ECs¢ of 3.78 = 0.02 ng/mL (217.7 = 1.2 pmol/L) and an
ECgg of 11.1 = 0.02 ng/mL (637.7 = 1.3 pmol/L) (Fig. 2A).
Based on the obtained TNF ECsqg0, a concentration of
7.5 ng/mL TNF (441.2 pmol/L) was chosen to determine
the reduced IL-6 production because of the inhibition of
TNF by ADM. ADM was able to neutralize 7.5 ng/mL
TNF with an ICsy of 8.07 = 0.18 ng/mL (53.8 =
1.2 pmol/L) and an ICgy of 21.2 = 0.2 ng/mL (141.9 =
1.4 pmol/L) (Fig. 2B). To determine if MA-ADMO6AI10 is
able to inhibit the inhibitory effect of ADM on TNF, different
doses of MA-ADMG6A10 were added to sera supplemented
with 7.5 ng/mL TNF (441.2 pmol/L) and 15 ng/mL ADM
(100 pmol/L) to HT1080 cells using a similar setup as described
above. On addition of 7.5 ng/mL TNF and 15 ng/mL ADM, an
ICs50 0f9.1 £ 0.20 ng/mL (61.0 = 1.3 pmol/L) was determined
for MA-ADM6A10 (Fig. 2C).

The cutoff value of the CBA was determined by
applying 25 anti-TNF naive serum samples on the assay
under the same conditions as described above at a final serum
concentration of 2.5%. Basal IL-6 concentrations (0 ng/mL
TNF, 0 ng/mL ADM) were 0.9 £ 0.17 ng/mL. On addition
of 7.5 ng/mL TNF to each individual serum sample, the
increased IL-6 production was set at 100% for each sample
separately, and IL-6 production determined on addition
of 15 ng/mL ADM was calculated versus this 100%. For
the 25 anti-TNF naive samples, addition of 15 ng/mL
ADM reduced the IL-6 response to 58% = 5.2% (mean =
SD, n = 25). Allowing a 0.1% chance of a type 1 error
revealed a cutoff value of 74% corresponding with
a 3.3 ng/mL MA-ADMG6A10 (22 pmol/L) equivalence. Tak-
ing into account the 1:40 dilution, the cutoff of the CBA
using MA-ADMO6AL10 as a calibrator was set at 132 ng/mL
(880 pmol/L).

Subsequently, ADA in sera from 9 ADM-treated
patients with IBD with undetectable serum concentrations
of ADM was quantified using both the ADM/ADM-biotin
bridging assay and the CBA. Five of the 9 sera had
detectable ADA concentrations in the bridging assay with
values between 10 ng/mL and >8 mcg/mL. All sera had
detectable ADA concentrations in the CBA with values
between 158 ng/mL and 4.1 mcg/mL. The 2 samples that
gave the highest ADA values in the bridging assay also
showed the highest amount of neutralizing ADA in the
CBA with comparable values (8.0 and 2.4 mcg/mL in the
bridging assay versus 4.1 and 3.3 mcg/mL in CBA for sam-
ples 5 and 7, respectively; Table 1).

DISCUSSION

Loss of response to anti-TNF drugs can be because of
the production of ADA. Currently, there is a large heteroge-
neity in the reported outcome measures of ADA assays. The
availability of a universal calibrator could facilitate clinical
research on the impact of immunogenicity on clinical
outcomes.

MA-ADMG6A10, generated in this study, was able to
cross-link ADM coated on a plate with soluble biotinylated
ADM and could be used in a bridging assay format. The
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TABLE 1. ADA Concentrations of 9 ADM-Treated Patients With IBD

Concentration, ng/mL

Sample Number 1 2 3 4 5 6 7 8 9
Bridging assay <5 <5 <5 63 £ 15 8025 = 177 10£0 2365 = 757 <5 155 = 21
CBA 158 £40 178 £ 61 566 + 596 376 = 142 4122 = 2078 424 £ 270 3287 + 2111 747 = 788 595 * 402

ADA concentration in 9 ADM-treated patients with IBD with no detectable ADM serum concentrations was determined using both a bridging assay (mean = SD, n = 2-3) and
a CBA (mean * SD, n = 3). In both the bridging assay and the CBA, the ADA response was expressed in nanograms per milliliters toward MA-ADM6A 10 used as calibrator.

bridging assay was very convenient and easy to perform, but
it should be noted that it was less sensitive toward low-
affinity antibodies, could not detect IgG4, and it could not
distinguish neutralizing from nonneutralizing antibodies. In
addition, MA-ADMG6A10 efficiently inhibited ADM from
binding to TNF in a CBA. The CBA was labor intensive and
showed a large interassay variability, but the advantage of the
technique was that both low- and high-affinity neutralizing
antibodies of different subtypes (including IgG4) could be
measured in the assay.

The generated MA was used to quantify the ADA
response in sera of 9 ADM-treated patients IBD with no
detectable ADM trough concentration. Five of the 9 samples
were positive for ADA in the bridging assay, and 2 of the 9
revealed a high titer of antibodies. All sera were positive in
the CBA assay.

Van Schouwenburg et al'®*° have shown recently that
a substantial portion of ADA is of the IgG4 isotype and that at
least 98% of the ADM-specific ADA are neutralizing anti-
bodies. The presence of IgG4 and the underestimation of
IgG4 in a bridging assay can explain the (higher) ADA values
measured in some samples using the CBA. Moreover,
because of the washing procedure, the bridging assay is less
sensitive to low-affinity antibodies. The 2 samples that re-
vealed the highest values in the CBA also revealed the highest
values in the bridging assay, suggesting that in patients with
IBD who develop a substantial ADA response, high-affinity
antibodies of the IgGl subtype are generated. From this
study, it can also be concluded that when high antibody titers
are measured in a bridging assay, this should be considered as
a substantial immunogenic reaction with an impact on further
treatment.

The affinity of the ADA developed in ADM-treated
patients can be of a different nature to that developed in
a mouse, and therefore, the affinity of MA-ADM6A10 does
not necessarily reflect the affinity of the human ADA.
However, the purpose of this study was to generate an
antibody that could be produced easily and reproducibly on
a large scale and that could be used as a universal calibrator.

CONCLUSIONS

In this study, a highly specific and inhibitory MA
toward ADM was generated that could be used as a calibrator
in ADA assays to determine the binding and the neutralizing
effect of the ADA. The availability of a universal calibrator
could contribute to the harmonization of ADA concentrations
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reported by different laboratories using different methods to
analyze the ADA response in ADM-treated patients. Sub-
sequently, this may also facilitate correlations between the
magnitude of the ADA response and clinical outcome of
ADM therapy.
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