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ABSTRACT: Over the past decade, the treatment of a variety of
immune-mediated diseases has improved greatly due to the introduc-
tion of biologics for therapies in cases that are nonresponsive to
traditional treatments. However, a side effect not encountered in
traditional treatments is the immunogenicity of the biologics them-
selves. Our aim was to investigate the anti-infliximab-antibody re-
sponse in pediatric patients receiving infliximab for juvenile idio-
pathic arthritis and other pediatric rheumatic diseases, with a focus on
an analysis of the binding sites of these antibodies. We show that
anti-infliximab antibodies developed in 43% of patients receiving
infliximab therapy. Neutralization studies showed that in all these
patients, the antibodies were directed toward the variable domains of
infliximab, as they inhibited binding of infliximab to TNF. A more
precise determination of the antibody epitopes using synthetic pep-
tides was not achieved, indicating that all the antibody binding sites
were composed of discontinuous segments of infliximab. (Pediatr
Res 69: 243–248, 2011)

Juvenile idiopathic arthritis (JIA) is the umbrella term for a
heterogeneous group of inflammatory arthropathies that

can affect children and young adults. As the name suggests,
the cause and pathogenesis of JIA are still largely unknown
but are thought to include both genetic and environmental
factors. Although none of the drugs available for treatment of
JIA provides a cure, disease prognosis has improved greatly in
recent years due to improved disease management and with
the introduction of biologics that can provide an efficient
alternative for patients who are nonresponsive to other treat-
ments (1). Infliximab is one such biological agent, which acts
by blocking the activity of TNF in the inflammatory response.
Although infliximab is not formally approved for use in JIA,
it is commonly used and its efficacy has been documented in
several studies (2–5).
Infliximab is a chimeric MAb composed of variable do-

mains of murine origin and constant domains of human origin
(6,7). Although it is usually well tolerated and safe for JIA
therapy (8), an important aspect for consideration is its im-

munogenicity. It has become clear in recent years that all
biologics have some degree of immunogenicity, even fully
humanized ones. This can lead to the development of so-called
antidrug antibodies (9), which can lead to loss of efficacy of
treatment and higher incidence of adverse events (10).
The generation and specificity of anti-infliximab antibodies

has not been well studied in pediatric patients. Therefore, in
this study, we analyzed the levels of infliximab and anti-
infliximab antibodies in patients with JIA and other pediatric
rheumatic diseases, from two European pediatric centers. We
also looked for possible epitopes of these antibodies, using
overlapping synthetic peptides that covered the amino acid
sequences of both of the infliximab variable domains.

METHODS

Patients and sera. Twenty-one pediatric patients receiving infliximab for
treatment of rheumatic diseases were included in this study. The patients were
from two European pediatric rheumatology centers (University Children’s
Hospital, Ljubljana, Slovenia, and Anna Meyer Children’s Hospital, Florence,
Italy). The study was approved by the Slovenian National Medical Ethics
Committee, and oral and written consent for study participation were obtained
from the patients or the legal guardians of the patients. Infliximab was
administered i.v. at a dose of 3–5 mg/kg at wk 0, 2, and 6 and then at 4- to
8-wk intervals. The concomitant immunomodulatory medications were meth-
otrexate in 19 patients, leflunomide in one patient, and cyclosporine A in one
patient. In all cases, sera were collected immediately before the next infusion
of infliximab. Sera were also collected from 50 healthy blood donors for
negative controls.

Infliximab. Infliximab (Schering Plough Central East AG, Luzern, Swit-
zerland) was obtained in powdered form and diluted to 10 mg/mL in saline
solution. To obtain the infliximab Fab fragment, infliximab was digested with
immobilized papain (Pierce, Rockford, IL), according to the manufacturer
instructions, and the Fab fragment was purified using HiTrap rProtein A FF A
columns (GE Healthcare, Uppsala, Sweden). Both infliximab and the inflix-
imab Fab fragment were biotinylated using the Sulfo-NHS-LCl-Biotin re-
agent (Pierce), according to the manufacturer instructions.

Immunoassays. ELISA experiments were performed by immobilizing the
required antigen overnight at 4°C in ELISA microplate wells (High Binding,
Corning Costar, NY) in carbonate/bicarbonate buffer, pH 9.6. Recombinant
human TNF (recHuTNF; PeproTech EC, Ltd., London, UK) was immobilized
at 0.3 �g/mL, and infliximab or the infliximab Fab fragment was diluted to 2
�g/mL, unless otherwise specified. The wells were then washed three times
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with microplate-washing buffer (10 mM sodium phosphate, 150 mM NaCl,
0.05% Tween-20, and pH 7.2) and blocked with blocking buffer (1% BSA in
microplate washing buffer) for 1 h at 37°C. Before addition to the wells, all
samples and reagents were diluted as required in blocking buffer and incu-
bated in the wells for 1.5 h at 37°C. Binding was visualized by adding 50 �L
3,3�,5,5�-tetramethylbenzidine substrate (Calbiochem, La Jolla, CA) to the
washed wells for 20 min at 37°C, and the reactions were stopped by adding
50 �L 2 M H2SO4.

Membrane-based immunoassay experiments were performed by applying
the antigen in a spot directly on the nitrocellulose membrane (Protran,
Whatman GmbH, Dassel, Germany) for 1 h at room temperature (RT). The
membranes were then blocked with 5% skimmed milk in membrane-washing
buffer (Tris-buffered saline, 0.1% Tween-20) overnight at 4°C. All samples
and reagents were diluted as required in 1% skimmed milk in membrane-
washing buffer and allowed to bind for 1.5 h at RT. The binding was
visualized using Amersham ECL Western blotting detection reagents and
analysis system (GE Healthcare).

Serum testing. The serum trough infliximab concentrations were measured
using indirect ELISA by immobilizing recHuTNF. The serum concentration
of infliximab was determined by adding serum samples to immobilized
recHuTNF and detecting the bound infliximab with a horse radish peroxidase
(HRP)-conjugated goat anti-human IgG (Fc-specific) polyclonal antibody
(Sigma Chemical Co. Aldrich, St. Luis, MO). Known concentrations of
infliximab were prepared and incubated in parallel with serum samples. Fifty
serum samples from infliximab-naïve donors were tested in parallel to deter-
mine assay specificity and cutoff for infliximab positivity.

Anti-infliximab antibody levels were assayed using a one-step, double-
antigen bridging ELISA, essentially as described by Bourdage et al. (11). To
microplate-immobilized infliximab, 25 �L of either biotinylated infliximab or
biotinylated Fab infliximab (both at 0.07 �g/mL in blocking buffer) were
added, followed immediately by 25 �L serially diluted serum samples. These
were incubated for 3 h at 37°C. Known concentrations of affinity-purified
anti-infliximab antibodies were serially diluted in blocking buffer and incu-
bated in parallel with the serum samples. HRP-conjugated avidin (Pierce) was
used to detect the bound complexes. The values were converted into equiv-
alence units per milliliter (EqU/mL), which were equivalent to nanogram per
milliliter of the reference serum. Fifty serum samples from infliximab-naïve
donors were also tested to determine assay specificity and cutoff for anti-
infliximab antibody positivity.

The ability of sera from anti-infliximab-antibody-positive patients to in-
hibit binding of infliximab to TNF was tested by competition ELISA.
RecHuTNF was immobilized to microplate wells. Biotinylated infliximab Fab
fragment (90 ng/mL) was incubated separately with serial dilutions of sera.
The complexes were then incubated with the microplate-immobilized re-
cHuTNF. HRP-conjugated avidin was used to detect the bound complexes.
Fifty serum samples from infliximab naïve donors were also tested to deter-
mine assay specificity. The serum dilution that still exceeded 50% inhibition,
compared with the signal obtained in the absence of serum, was taken as the
neutralizing titer.

Affinity purification of anti-infliximab antibodies. Infliximab (10 mg/mL
in saline solution) was immobilized on cyanogen-bromide-activated agarose
beads using the AminoLink Plus Coupling Resin (Pierce), according to the
manufacturer instructions. Anti-infliximab antibodies from sera of patients
that tested positive for high titers of these antibodies were purified according
to the manufacturer instructions. The fractions were collected and tested for
anti-infliximab antibody positivity using the one-step, double-antigen-
bridging ELISA test described earlier. Positive fractions were pooled and
concentrated using Amicon Ultra-4 centrifuge filter units (Millipore Corpo-
ration, Billerica, MA).

Two-dimensional PAGE (2D-PAGE) of anti-infliximab antibodies. Ap-
proximately 20 �g affinity-purified anti-infliximab antibodies from a patient
with a high concentration of anti-infliximab antibodies was analyzed by
2D-PAGE. The samples were subjected to isoelectric focusing (IEF) using an
Ettan IPGphor II IEF system (GE Healthcare) and 24-cm, nonlinear, pH 3–11
Immobiline DryStrips (GE Healthcare), according to the manufacturer in-
structions. The IEF conditions included rehydration loading of the immobi-
lized pH gradient strips for 12 h, 50 V for 2 h, 200 V for 1 h, 500 V for 1 h,
1000 V (gradient) for 1 h, 8000 V (gradient) for 3 h, and 8000 V for 4 h.

After IEF, the strips were equilibrated with equilibration buffer (50 mM
Tris-HCl, pH 8.8, 6 M urea, 30% glycerol, and 2% SDS), followed by
reduction and alkylation in equilibration buffer supplemented with 0.5% DTT
and 1.25% iodoacetamide. The strips were loaded onto 12% polyacrylamide
gels, and the second dimension was run using an Ettan DALTsix electro-
phoresis system (GE Healthcare) at 2 W/gel for 45 min, followed by 17 W/gel
until adequate separation was obtained. After separation, the gels were fixed
and silver stained, as described by Mortz et al. (12).

IgG subtype determination of anti-infliximab antibodies. The IgG sub-
types of anti-infliximab antibodies were determined using the PeliClass IgG
subclass ELISA kit (Sanquin Reagents, Amsterdam, The Netherlands), ac-
cording to the manufacturer instructions.

Epitope mapping. A set of 56 overlapping 15-mer peptides that encom-
passed the variable domain amino acid sequences of both the heavy and the
light chain of infliximab (7), along with two additional random 15-mer
peptides for negative controls, were synthesized commercially by Peptide 2.0
(Miami, FL). The peptides were 15 amino acid residues in length, with
sequential peptides overlapping by 11 residues (Table 1). These peptides were
dissolved in 50% acetonitrile to �10 mg/mL and stored at �80°C until use.
The exact concentrations were measured using BCA Protein Assay Reagent
(Pierce), with modifications as described by Kapoor et al. (13) for measure-
ment of peptide concentrations.

In experiments using membrane-immobilized peptides, the peptides were
immobilized as spots on a nitrocellulose membrane at �5 �g per spot. Ten
nanograms of infliximab Fab fragment was also spotted as positive control.
Binding of anti-infliximab antibodies to the immobilized peptides was as-
sayed by incubating the membranes with the various sera diluted from 1/100
to 1/500 and detecting bound antibodies using a HRP-conjugated goat anti-
human IgG (Fc-specific) polyclonal antibody.

Table 1. Synthetic overlapping peptides used for epitope mapping

No. Amino acid sequence No. Amino acid sequence No. Amino acid sequence

1 EVKLEESGGGLVQPG 21 VYLQMTDLRTEDTGV 41 RLLIKYASESMSGIP
2 EESGGGLVQPGGSMK 22 MTDLRTEDTGVYYCS 42 KYASESMSGIPSRFS
3 GGLVQPGGSMKLSCV 23 RTEDTGVYYCSRNYY 43 ESMSGIPSRFSGSGS
4 QPGGSMKLSCVASGF 24 TGVYYCSRNYYGSTY 44 GIPSRFSGSGSGTDF
5 SMKLSCVASGFIFSN 25 YCSRNYYGSTYDYWG 45 RFSGSGSGTDFTLSI
6 SCVASGFIFSNHWMN 26 NYYGSTYDYWGQGTT 46 SGSGTDFTLSINTVE
7 SGFIFSNHWMNWVRQ 27 STYDYWGQGTTLTVS 47 TDFTLSINTVESEDI
8 FSNHWMNWVRQSPEK 28 YWGQGTTLTVSSAST 48 LSINTVESEDIADYY
9 WMNWVRQSPEKGLEW 29 GTTLTVSSASTKGPS 49 TVESEDIADYYCQQS
10 VRQSPEKGLEWVAEI 30 DILLTQSPAILSVSP 50 EDIADYYCQQSHSWP
11 PEKGLEWVAEIRSKS 31 TQSPAILSVSPGERV 51 DYYCQQSHSWPFTFG
12 LEWVAEIRSKSINSA 32 AILSVSPGERVSFSC 52 QQSHSWPFTFGSGTN
13 AEIRSKSINSATHYA 33 VSPGERVSFSCRASQ 53 SWPFTFGSGTNLEVK
14 SKSINSATHYAESVK 34 ERVSFSCRASQFVGS 54 TFGSGTNLEVKRTVA
15 NSATHYAESVKGRFT 35 FSCRASQFVGSSIHW 55 GTNLEVKRTVAAPSV
16 HYAESVKGRFTISRD 36 ASQFVGSSIHWYQQR 56 EVKRTVAAPSVFIFP
17 SVKGRFTISRDDSKS 37 VGSSIHWYQQRTNGS 57 MRFGAKEGWTLDESA*
18 RFTISRDDSKSAVYL 38 IHWYQQRTNGSPRLL 58 ECGEITNEQVSLRSR*
19 SRDDSKSAVYLQMTD 39 QQRTNGSPRLLIKYA
20 SKSAVYLQMTDLRTE 40 NGSPRLLIKYASESM

* Negative control peptides.
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In experiments using indirect ELISA, the peptides were immobilized in
ELISA microplate wells at 1 �g/mL. Ten nanograms of infliximab was also
immobilized as positive control. Binding of anti-infliximab antibodies to the
immobilized peptides was assayed by incubating the membranes with the
various sera diluted 1/500 and detecting the bound antibodies using a HRP-
conjugated goat anti-human IgG (Fc-specific) polyclonal antibody.

In experiments using competitive ELISA, the synthesized peptides were
mixed in equivalent amounts for 120 �g/mL of each peptide and used to
inhibit binding of anti-infliximab antibodies to infliximab in solution. Inflix-
imab was immobilized in ELISA microplate wells, and anti-infliximab-
positive sera were diluted in blocking buffer, for a final ELISA signal without
inhibition of �0.5–1.0. Serial dilutions of the mixed peptides were added to
the various sera, and these were added to biotinylated infliximab and incu-
bated with the immobilized infliximab for 3 h at 37°C. HRP-conjugated avidin
was used to detect the bound complexes.

Immunodetection of membrane-immobilized infliximab Fab fragment.
Serial 2-fold dilutions of infliximab Fab fragment (1.0, 0.5, 0.25, 0.125,

0.0625, 0.03125, 0.015625, and 0.0078125 mg/mL) were prepared either in
PBS or in PBS supplemented with 2% SDS and 5% 2-mercaptoethanol
(heated to 95°C for 5 min to completely denature the Fab fragment). One
microliter spots were immobilized on nitrocellulose membranes for 1 h at RT.
The membranes were then incubated with affinity-purified anti-infliximab
antibodies diluted to 5 �g/mL, and the binding was detected using a HRP-
conjugated goat anti-human IgG (Fc-specific) polyclonal antibody.

RESULTS

Patients. A total of 111 serum samples were tested from 21
patients with rheumatic diseases from two European pediatric
centers. The number of sera samples tested per individual
patients ranged from 1 to 20 (mean � SD, 4.7 � 3.1). The
baseline demographic and clinical characteristics of the pa-
tients are summarized in Table 2. Two patients developed
infusion-related reactions during or within 1 h after comple-
tion of infliximab infusion. The first was a 7-y-old boy with
systemic JIA who developed urticarial rash, severe angio-
edema, and difficulty breathing after 24 mo of successful
therapy with infliximab. The second was a 4-y-old girl with
systemic JIA who experienced an acute allergic reaction with
chills, fever, and diffuse pain after the third infliximab infu-
sion. No patient in the study had a delayed-type hypersensi-
tivity reaction.

Serum levels of infliximab and anti-infliximab antibodies.
Serum trough infliximab levels were measured using a bridg-
ing ELISA. The cutoff value was based on the mean (�3�
SD) value in serum samples from the 50 negative control sera
and this was 0.140 �g/mL. Patient serum trough infliximab
levels ranged from negative to 58.4 �g/mL (mean � SD,
8.6 � 10.5). Similarly, the assay cutoff point for anti-
infliximab-antibody positivity was set at 5 EqU, and the
patient values ranged from negative to 421,458 EqU (mean �
SD, 20,845 � 74,436 EqU). In all, 43% (n � 9) of the patients
included in the study tested positive for anti-infliximab anti-
bodies in at least one serum sample. All of the serum samples
that tested positive for anti-infliximab antibodies (22/111;
20%) also tested negative for infliximab, indicating an inverse
relationship between trough serum levels of infliximab and
levels of anti-infliximab antibodies. Indeed, the measurements
of consecutive serum samples obtained from one patient on
different occasions showed a gradual decrease in trough serum
levels of infliximab (until negative), which was paralleled by
increasing serum levels of anti-infliximab antibodies (Fig.
1A). Taken together, these data suggest that formation of
anti-infliximab antibodies accelerates clearance of infliximab
from the serum, thereby reducing its efficacy considerably. We
also attempted to assess the time course of anti-infliximab
antibody development (Fig. 1B). The shortest time between
start of therapy and anti-infliximab antibody detection was
112 d, and the longest time without detectable anti-infliximab
antibodies was 1734 d. The majority of sera in which anti-
infliximab antibodies were detected for the first time (7/9,
78%) were taken between 26 and 69 wk from start of therapy.
Two-dimensional electrophoresis of affinity-purified anti-

infliximab antibodies. To analyze the different isotypes of the
purified anti-infliximab antibodies, we carried out 2D-PAGE
of purified anti-infliximab antibodies from a patient who
showed a high antibody concentration (Fig. 2). The antibodies

Table 2. Baseline demographic and clinical characteristics of the
patients (N � 21)

Characteristics Number of patients (%)*

Female gender 13 (62)
Mean age, range (y) 11 (4–18)
Rheumatic disease
Juvenile idiopathic arthritis 18 (86)
Systemic arthritis 6 (29)
Extended oligoarthritis 4 (19)
Polyarthritis 3 (14)
Enthesitis-related arthritis 2 (10)
Psoriatic arthritis 2 (10)
Persistent oligoarthritis � uveitis 1 (5)

Behçet’s disease 1 (5)
Sarcoidosis 1 (5)
Idiopathic uveitis 1 (5)

Concomitant immunosuppressive medication
Methotrexate 19 (90)
Leflunomide 1 (5)
Cyclosporine A 1 (5)

Anti-infliximab antibody positive 9 (43)
Serious adverse events 2 (10)

* Unless otherwise indicated.

Figure 1. Serum levels of infliximab and anti-infliximab antibodies. (A)
Trough serum infliximab levels (E) and anti-infliximab-antibody levels (F)
from consecutive samples from the same patient over time. (B) Cumulative
frequency of duration of therapy before detection of anti-infliximab antibodies.
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were predominantly IgG isotype, although a few spots that
corresponded to antibodies of IgA and IgM isotypes were seen.
IgG subtype determination of anti-infliximab antibodies.

After concluding that the anti-infliximab antibodies were pre-
dominantly of the IgG isotype, we determined the IgG sub-
classes of the affinity purified anti-infliximab antibodies from
patients with high concentrations of these antibodies. The
majority of the isolated IgG antibodies were subtypes IgG1
(36–65%) and IgG4 (20–55%), with the IgG2 and IgG3 as
lesser fractions of the antibodies isolated (8–11% and 1–13%,
respectively).
Fab neutralization assay. As infliximab is a chimeric MAb

with variable domains of murine origin, we would assume that
anti-infliximab antibodies will be directed against the amino
acid residues of infliximab that are foreign to the human body;
i.e. the variable domains. We investigated this by measuring
the ability of anti-infliximab antibodies to inhibit (neutralize)
binding of infliximab Fab fragment to immobilized TNF. All
serum samples that tested positive for anti-infliximab antibod-
ies (n � 22) showed neutralizing antibodies, while none of the
anti-infliximab-negative sera (n � 89) and none of the nega-
tive control sera (n � 50) showed inhibition of infliximab
binding. This alone cannot exclude a priori the possibility that
among the polyclonal population of anti-infliximab antibodies
there were some that bind to sites other than the variable
domains; however, this showed that anti-infliximab-antibody
formation is invariably associated with formation of neutral-
izing antibodies that bind to the variable domains of inflix-
imab and inhibit infliximab binding to TNF.
Epitope mapping. After confirmation that the anti-

infliximab antibodies were directed toward the variable do-
mains of infliximab, we wanted to map the epitopes of these
antibodies more precisely, using overlapping synthetic pep-
tides that covered the amino acid sequences of both the heavy
and light chains of the infliximab variable domains (7). These
peptides were synthesized commercially as 15 amino acid
residues in length, with successive peptides overlapping by 11
residues. Using a number of complementary approaches, i.e.
immobilizing the peptides on nitrocellulose membranes (Fig.
3A) and in microplate wells (Fig. 3B) and using the peptides
in solution (data not shown), we were not able to show binding

of anti-infliximab antibodies to any of the peptides. We there-
fore reasoned that the anti-infliximab antibodies bind exclu-
sively to discontinuous epitopes on the surface of infliximab.
Anti-infliximab antibodies bind to infliximab in its native

conformation. To confirm that the anti-infliximab antibodies
required infliximab in its native conformation for binding, we
immobilized serial dilutions of nondenatured and denatured
infliximab Fab fragment, and immunostained them with affin-
ity-purified anti-infliximab antibodies. The antibodies bound
infliximab Fab fragment with a 32-fold higher affinity when it
was in its native, rather that denatured, form (Fig. 4). A faint
signal for binding of the antibodies to the denatured form was
also seen; however, this was most likely the result of either
noncomplete denaturation or refolding of infliximab Fab frag-
ment after immobilization on the membrane.

DISCUSSION

The use of cytokine-blocking biologics for treatment of
connective tissue disorders has proven to be an efficient
alternative for patients who are nonresponsive to traditional
treatments. Infliximab has been at the forefront of biologic
therapies and has shown positive results in both adults and
pediatric patients (14,15). The formation of anti-infliximab
antibodies has, however, become one of the foremost reasons
for drug discontinuation (16). Blocking infliximab binding to
its target or accelerating its clearance from serum lead to a loss
in efficacy (17,18), while anti-infliximab antibodies also in-
crease the risk of infusion reactions (10).

Figure 2. Two-dimensional electrophoresis of affinity-purified anti-
infliximab antibodies. �, IgM heavy chain; �, IgA heavy chain; �, IgG heavy
chain; �, �, IgL light chains (see Methods for details).

Figure 3. Epitope mapping using overlapping synthetic peptides. (A)
Epitope mapping using nitrocellulose-membrane-immobilized peptides. Pep-
tides were spotted onto a nitrocellulose membrane and immunostained with
either anti-infliximab-positive serum (upper half) or -negative serum (lower
half). (B) Epitope mapping using indirect ELISA. Peptides were immobilized
in microplate wells and immunostained with anti-infliximab-positive serum
(f) or -negative serum (�). The cutoff for serum positivity [0.079] (dashed
line) was determined as 3� mean A (450 nm) of the signals obtained with
negative control sera. *Negative control peptides.
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The data in this study agree with these concepts. We
observed an inverse relationship between trough serum inflix-
imab levels and levels of anti-infliximab antibodies, with none
of the sera tested showing concurrent positive levels of both
infliximab and anti-infliximab antibodies. The most likely
explanation for this is clearance of immune complexes in the
liver and spleen (18). We also observed that formation of
anti-infliximab antibodies was invariably associated with for-
mation of neutralizing, also called anti-idiotypic, antibodies
that block infliximab binding to its target. Taken together,
these data explain the decrease in infliximab efficacy seen in
patients not responding to treatment. Finckh et al. (19) re-
cently reported that either high anti-infliximab antibody levels
or low residual infliximab concentrations was strongly asso-
ciated with acquired therapeutic resistance to infliximab in
adult patients with rheumatoid arthritis; however, this was not
the sole reason for loss of efficacy of infliximab. It seems
plausible that the same is true for pediatric patients. In turn,
several studies have shown that higher doses of infliximab
correlate with lower incidence of anti-infliximab-antibody
formation and improved infliximab effectiveness both in
adults and children (2,20). The monitoring of serum inflix-
imab levels and formation of anti-infliximab antibodies can
therefore explain the loss of therapeutic response to infliximab
in a number of patients and can help with decisions for future
treatments, either by increasing the dose or switching to a
different TNF-blocking biologic (17,21).
The exact time course of first appearance of anti-infliximab

antibodies are difficult to determine experimentally. There-
fore, we can only approximate this from the assay time points.
We observed that the majority of samples where anti-
infliximab antibodies were detected for the first time were
between wk 26 and 69 from start of therapy. In one patient, we
detected these antibodies as few as 16 wk from start of
therapy. This is very similar to results obtained in the
ATTRACT study by St. Clair et al. (22) for adult patients with
rheumatoid arthritis: from wk 22 to 54, 22–30% of patients
(depending on dosing regimen) had serum infliximab trough
levels below the quantifiable limit of the serum infliximab

assay. Although they did not measure anti-infliximab antibod-
ies directly, they reasoned that these antibodies were the cause
of these results.
To date, there have been very few reports on the nature of

anti-infliximab antibodies and their antigenic determinants
(epitopes), especially in pediatric patients. Understanding
where these anti-infliximab antibodies bind would provide a
wealth of information for both researchers and physicians.
Most efforts to decrease immunogenicities of therapeutic an-
tibodies have so far been directed at the determination of T
cell epitopes, with the aim of “deimmunization” of the protein
drug (23). B-cell epitopes have so far been largely overlooked,
most likely due to the associated experimental difficulties.
However, deciphering of the actual binding residues would
allow much more direct approaches to drug reengineering
(24). In this study, we focused on determination of the binding
sites of the anti-infliximab antibodies using immunoassays
and epitope-mapping techniques. As the variable domains of
infliximab are murine in origin, formation of anti-infliximab
antibodies that are directed to these regions is not surprising.
However, not all amino acid residues are equally immuno-
genic, and therefore, the elucidation of immunodominant
epitopes will provide insight into why anti-infliximab antibod-
ies form only in certain patients treated with infliximab, while
in others they do not. We examined this using overlapping
15-mer peptides that covered the entire variable domains of
both the heavy and light chains of infliximab. This approach
has succeeded in the past, although it is limited to determina-
tion of linear epitopes on surfaces of antigen molecules
(25,26). We could not, however, reveal any anti-infliximab-
antibody binding to any of the synthetic peptides under vari-
ous assay conditions; this indicates that none of these epitopes
are linear, i.e. they are all discontinuous. This finding was also
confirmed by the significant decrease in binding of the anti-
infliximab antibodies to the denatured form of the infliximab
Fab fragment.
Most epitope-mapping techniques available today are lim-

ited to detection of linear epitopes. The determination of
discontinuous epitopes is not as straightforward; hence, this
will require much greater investments of time and resources,
and ultimately some luck (27). However, mapping of anti-
infliximab-antibody epitopes remains a worthwhile pursuit, as
this could ultimately lead to an understanding of the reasons
governing the immunogenicity of infliximab.
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