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Abstract Infliximab (IFX) is a chimeric monoclonal anti-
body targeting tumor necrosis factor-alpha. It is currently ap-
proved for the treatment of certain rheumatic diseases or in-
flammatory bowel diseases. Clinical studies have suggested
that monitoring IFX concentrations could improve treatment
response. However, in most studies, IFX was quantified using
ELISA assays, the resulting discrepancies of which raised
concerns about their reliability. Here, we describe the devel-
opment and validation of a liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method for IFX quantifica-
tion in human plasma. Full-length stable-isotope-labeled anti-
body (SIL-IFX) was added to plasma samples as internal stan-
dard. Samples were then prepared using Mass Spectrometry
Immuno Assay (MSIA™) followed by trypsin digestion and
submitted to multiple reaction monitoring (MRM) for quanti-
fication of IFX. The chromatographic run lasted 13 min. The

range of quantification was 1 to 26 mg/L. For two internal
quality controls spiked with 6 and 12mg/L of IFX, the method
was reproducible (coefficients of variation (CV%): 12.7 and
2.1), repeatable (intra-day CV%: 5.5 and 5.0), and accurate
(inter-day and intra-day deviations from nominal values: +6.4
to +3.7% and 5.5 to 9.2 %, respectively). There was no cross -
contamination effect. Samples from 45 patients treated with
IFX were retrospectively analyzed by LC-MS/MS and results
were compared to those obtained with an in-house ELISA
assay and the commercial Lisa Tracker®method. Good agree-
ment was found between LC-MS/MS and in-house ELISA
(mean underestimation of 13 % for in-house ELISA), but a
significant bias was found with commercial ELISA (mean
underestimation of 136% for commercial ELISA). This meth-
od will make it possible to standardize IFX quantification
between laboratories.
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Introduction

Infliximab (IFX) is a chimeric IgG1κ antibody targeting
tumor necrosis factor (TNFα), currently approved for the
treatment of certain rheumatic or inflammatory bowel
diseases (IBD).

Compelling evidence suggests a relationship between IFX
trough concentrations and clinical response, particularly in
patients with IBD [1–3]. These observations have led to the
recent emergence of therapeutic algorithms integrating IFX
trough concentrations and scheduled infusions [3]. Data sug-
gest that IFX therapeutic drug monitoring (TDM) may help to
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improve treatment response or mucosal healing. However, the
different methods currently used to quantify IFX, i.e., ELISA
assays [1, 3–5], fluid-phase radioimmunoassay, homogenous
shift mobility assay [6], or reporter gene assay [7], presented
discrepancies (differences in absolute concentration of IFX,
false positives) [5] that could be of major clinical concern.
Although most studies demonstrated higher IFX serum con-
centrations in patients with a clinical response compared to
patients with clinical relapse, the reference therapeutic ranges
have yet to be better determined at least in part to analytical
limitations, i.e., poor concordance between analytical
methods, interferences with circulating antidrug antibodies
(ADA) [8]. To overcome this issue, some authors have sug-
gested that IFX TDM should always be performed with the
same analytical technique to avoid inadequate therapeutic
changes [5, 7].

Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) is widely used in clinical pharmacology laboratories
to detect and/or to quantify small drug molecules with optimal
specificity [9, 10]. In contrast, LC-MS/MS-based quantifica-
tion of therapeutic monoclonal antibodies has been poorly
described and represents a new analytical challenge, in partic-
ular requiring the selection of signature peptides and an opti-
mized internal standard strategy [11–15]. To our knowledge,
only one study, published while we were developing our
method, reported LC-MS/MS-based quantification of IFX in
human plasma [16] by a LC-MS/MSmethod but used isotope-
labeled peptides as internal standards, while here we have
used a full-length stable-isotope-labeled antibody.

In this paper, we present the development and validation of
an immunoaffinity LC-MS/MS method to quantify IFX in
human plasma. A stable-isotope-labeled IFX was used as in-
ternal standard. After validation of the method with spiked
samples, serum concentrations from IBD patients treated with
IFXwere measured by our LC-MS/MSmethod and compared
to those obtained with an in-house ELISA method and the
Lisa Tracker® enzymatic immunoassay.

Materials and methods

Chemicals and reagents

IFX, Remicade® (Johnson and Johnson, New Brunswick, NJ,
USA), and its biosimilar Inflectra® (Hospira, Lake forest, IL,
USA) were obtained from the institutional pharmacy and
reconstituted in water to a concentration of 10 g/L in line with
the instructions for use. Biotinylated human TNFα was ob-
tained from Labomics (Nivelles, Belgium). Full-length stable-
isotope-labeled IFX (Arginine 13C6-

15N4 and Lysine
13C6-

15N2) (SIL-IFX) was purchased from Promise
Advanced Proteomics (Grenoble, France).

Sequencing-grade modified trypsin was purchased from
Promega (WI, USA). BioXtra urea, ammonium bicarbonate,
30 % hydrogen perox ide so lu t ion (H2O2) , and
trishydroxymethylaminomethan (TRIS) Trizma® base were
from Sigma Aldrich (MI, USA). LC-MS grade methanol
(MeOH), acetonitrile (ACN), and formic acid were from
Carlo Erba Reagents (Val de Reuil, France). Ammonia solu-
tion (25 %) was obtained fromMerck (Darmstadt, Germany).
Ultrapure water (H2O) with resistivity ≥18.0MΩ.cm was pro-
duced using a Milli-Q Plus® system (Millipore, Molsheim,
France). Dulbecco’s phosphate-buffered saline (PBS) solution
and Mass Spectrometry Immunoassay (MSIA®) D.A.R.T.’S
streptavidin tips were purchased fromThermo Scientific (MA,
USA). Drug-free batches of human plasmas from volunteers
were provided by the French National Blood Service
(Grenoble, France). Skirted 96-well PCR plates and a
Finnpipette Novus i Multichannel Electronic Pipette stand
were kindly provided for use during tests by Thermo
Scientific (MA, USA).

Infliximab proteomic study and preliminary workflow

Due to the high molecular weight of IFX (144,099.4 Da), a
bottom-up proteomics approach was applied. With this ap-
proach, the protein was first digested to obtain peptides of
masses compatible with the mass range and resolution of com-
mon bench-top tandem mass analyzers [17].

First we had to determine the amino acid sequence for IFX.
Partial amino acid sequences for the variable regions of IFX
heavy and light chains were available in the IMGT database
(http://www.imgt.org/3Dstructure-DB). In silico trypsin
digestion was used to allow selection of proteotypic or
signature peptides. These peptides should have a unique,
non-human sequence which is representative of the amino
acid sequence of the monoclonal antibody. Uniqueness of
the selected peptides was verified by performing online
BLAST searches (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Once proteotypic peptides had been selected, proteolytic
digests were analyzed on a Velos LC-ESI-Orbitrap (Thermo
Scientific, MA, USA) to identify the most abundant peptides
matching the in silico list, and to find the most abundant,
specific, and sensitive MS/MS fragments for multiple reaction
monitoring (MRM) analysis. MS/MS data were processed
using Skyline 2.5 to select the best MRM transitions for each
peptide selected. These MRM transitions were then exported
into Analyst 1.5.2 Software for triple-quadrupole MS/MS
quantification.

Preparation of working solutions, calibration standard,
and quality control samples

Stock solution of IFX was prepared in water at 10 g/L and
stored at +4 °C. Two batches of IFX stock solutions were
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made: one to use for calibration curves, and one for use as
internal quality control (IQC) samples. Two batches of work-
ing solutions were then prepared by successive dilutions in
drug-free plasma. Working solutions were prepared at
100 mg/L (WS1) and 10 mg/L (WS2).

A 50 mg/L stock solution of SIL-IFX was provided by
Promise Advanced Proteomics.

Appropriate volumes of each stock solution were added to
a series of low-binding Eppendorf centrifugation tubes. Drug-
free plasma was added to obtain a final volume of 50 μL in
each tube (see Table 1 for details). This process was repeated
for both IQC samples.

Sample preparation

Labeled and unlabeled IFX were extracted from sample by
immunoaffinity. Fifty microliters of plasma and 5 μL of
SIL-IFX were added to each well of a PCR plate and mixed
with a pipette for 30 s. After a 15-min equilibration period,
50 μL of 10 mM PBS was added. IFX and SIL-IFX were then
extracted by applying a specific affinity sample purification
protocol combining the use of biotinylated TNFα and
streptavidin-coated MSIA tips according to the manufac-
turer’s instructions [18]. After the MSIA step, the dried sam-
ples were reconstituted with 5 μL of 2 M urea + 0.5 μL of
20 mM TRIS base + 45 μL of 25 mM ammonium bicarbon-
ate. The pH of the resulting mixture was around 7, which is
compatible with optimal trypsin digestion. Following recon-
stitution, 1 μg trypsin was added to achieve an enzyme/
substrate ratio of 1/50. Samples were immediately vortexed
and then centrifuged at 8000×g for 1 min. Trypsin digestion as
allowed to proceed overnight (at least 12 h) in a 37 °C
incubator.

Trypsin digestion was stopped by adding 5.5 μL of 10 %
formic acid. After vortex and 1min centrifugation (10,500×g),
15.6 μL of 30 % H2O2 was added followed by vortex and a
15-min equilibration period at room temperature. Samples
were centrifuged for 1 min (10,500×g) before transferring
the supernatant to microinsert polypropylene HPLC vials.

LC-MS/MS quantification of infliximab

Two-dimensional liquid chromatography configuration

The LC system was composed of an Ultimate 3000 RS qua-
ternary pump (Pump A) and an Ultimate 3000 quaternary
pump (Pump B), equipped with an Ultimate 3000 RS
autosampler and a column compartment (Thermo Scientific,
Germering, Germany). Online sample clean-up was per-
formed on a μ-Precolumn (C18 PepMap100, 5 μm, 100 Å,
Thermo Scientific, MA, USA) in two steps: first, 20 μL of
extracted sample (at 4 °C thanks to the thermostat-controlled
autosampler) was injected into the system and transferred onto
the PepMap column. The peptides were retained, while poten-
tially interfering matrix compounds [19] were washed directly
into the waste by the mobile phase A (water/ACN 98/2 +
0.1 % formic acid) delivered at a flow rate of 0.05 mL/min
over 4 min (Fig. 1A). Next, the six-port valve was switched.
To obtain good chromatographic separation, the extract was
eluted in backflush mode and transferred to the analytical col-
umn, a C18 analytical column (Phenomenex Kinetex, 2.6 μm,
2.1 × 100 mm, Aschaffenburg, Germany). Column tempera-
ture was maintained at 60 °C. Elution from this column was
performed at 0.4 mL/min under the following conditions: mo-
bile phase B (same composition as mobile phase A) and mobile
phase C (water/ACN 20/80 + 0.1 % formic acid): 0–4 min, 8 %
C; 4–9 min, 8–60 % C; 9–9.1 min, 60–90 % C; 9.1–10 min,
90 % C; 10–10.1 min, 90–8 % C; and 10.1–13 min, 8 % C
(Fig. 1B). The valve was switched back to its original config-
uration at 10 min, allowing equilibration of the PepMap col-
umn with mobile phase A in preparation for the next run.

A supplemental diverter valve was set to the waste from 0 to
4 min, to the mass spectrometer from 4 to 10 min when the
analytes were eluted, and then to thewaste till the end of the run.

Mass spectrometric conditions

Measurements were performed on an API 4000 Tandem Mass
Spectrometer (Sciex, Toronto, Canada) equipped with a Turbo
V® ion source operated in positive electrospray ionizationmode
(ESI). Quantificationwas performed inMRMmode,monitoring
two ion transitions per peptide (one for quantification and one
for confirmation) and two ion transitions for all corresponding
SIL-IFX peptides. The ion transitions used for quantification
were doubly charged molecular ions [M+2H]2+ associated with
singly charged fragment ions [M+H]+. The confirmation transi-
tions were singly charged molecular ions [M+H]+ associated
with singly charged fragment ions [M+H]+, including the mass
contribution from the H2O2 treatment (during sample prepara-
tion) when peptides and fragments contained methionine resi-
dues. The source-dependent parameters were set as follows: ESI
voltage, 5500 V; ion source temperature, 600 °C; turbo heater
gas, 50 psi; nebulizer, 60 psi; and curtain gas, 10 psi. In

Table 1 Preparation of points of calibration (C1 to C5) and internal
quality controls (IQC) for infliximab. Concentrations of working
solutions prepared in plasma are 100 mg/L (WS1) and 10 mg/L (WS2),
respectively

Levels of concentrations for each point of the calibration curve and the
three internal quality controls

Calibration points and IQC C1 C2 C3 C4 C5 IQC1 IQC2

Concentrations (mg/L) 1 3 8 16 26 6 12

Volume of WS2 (μL) 5 15

Volume of WS1 (μL) 4 8 13 3 6

Volume of drug-free plasma (μL) 45 35 46 42 37 47 44

Infliximab quantitation in human plasma by LC-MS/MS 1197



preliminary experiments, six proteotypic peptides were studied.
A repeatability test (n = 6) on the two levels of IQCs (6 and
12 μg/L) was then performed to select the two best peptides.
Three performance indicators were evaluated on the most sen-
sitiveMRM ion transitions of each six peptides: bias, coefficient
of variation (CV), and chromatographic peak surface. For each
IQC level, a radar chart was done to plot these three performance
indicators (Fig. 2). The highest values, the best performances.
This resulted in the choice of the following peptides having the
best sensitivity associated with acceptable bias and CV:
SAVYLQM[2Ox]TDLR+2y8 and DILLTQSPAILSVSPGER+
2y11 for IFX, SAVYLQM[2Ox]TDLR+2y8 and
DILLTQSPAILSVSPGER+2y11 for SIL-IFX, the MRM set-
tings of which are listed in Table 2. The final quantification
of IFX was performed by calculating the mean of the
concentrations for the quantification ion transitions for
these two selected peptides.

Method validation

The method was validated in line with the Food and Drug
Administration’s (FDA) Guidelines for Industrial
Bioanalytical Method Validation [20]. Selectivity was tested
by analyzing six different batches of blank plasma samples, to
which SIL-IFX had been added (blank sample) or not (double
blank sample). This protocol was used to detect possible inter-
ference caused by SIL-IFX or endogenous compounds. The
calibration model (linearity) was examined for each peptide
by choosing a suitable regression model and the appropriate
weighting factor to compensate for heteroscedasticity. Within-
and between-day accuracy (bias) and precision were examined
by performing replicate analyses (n = 6) for both IQC standards.
Inter-day accuracy and precision were assessed with the same
IQCs by repeated injection (n = 6) over 6 days and by having
data analyzed by several analysts. Precision was calculated as

Step 1: deposit on purification column Step 2: elution and transfer to analytical
column and analysis by MS/MS

Fig. 1 Representation of the 2-D
LC system: A load the sample on
the purification column; B elution
of analytes and transfer to the
analytical column followed by the
analysis in the mass spectrometer

DILLTQSPAILSVSPGER.+3y7.light

YASESM[2Ox]SGIPSR.+2y10.light

HC.SAVYLQM[2Ox]TDLR.+2y8.light

HC.SINSATHYAESVK.+2y11.light

HC.LEESGGGLVQPGGSM[2Ox]K.+2y8.light

DILLTQSPAILSVSPGER.+2y11.light

DILLTQSPAILSVSPGER.+3y7.light

YASESM[2Ox]SGIPSR.+2y10.light

HC.SAVYLQM[2Ox]TDLR.+2y8.light

HC.SINSATHYAESVK.+2y11.light

HC.LEESGGGLVQPGGSM[2Ox]K.+2y8.light

DILLTQSPAILSVSPGER.+2y11.light

Bias performance

CV performance
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Internal Quality Control of  IFX 6 µg/L Internal Quality Control of IFX 12 µg/L
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Fig. 2 Radar chart plotting three performance indicators for the six
proteotypic peptides selected after the proteomic study. For bias and
CV (coefficient of variation), the highest values, the best performances.

Peak surface was used to express the sensitivity of the chromatographic
peaks (the highest peak surface, the highest sensitivity). Data are
expressed as arbitrary units. The two selected peptides are underlined
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the percentage deviation of the average calculated concentration
from the nominal concentration, it was expressed as the CV%.
The acceptance limits were <15 % for precision and within
±15 % of the nominal value for accuracy, except for the lower
limit of quantification (LLOQ), for which a CV <20 % for
precision and within ±20 % of the nominal value for accuracy
were accepted. The upper limit of quantification (ULOQ) was
detected and validated with the same criteria for precision and
accuracy criteria as those applied for the two IQC samples. A
dilution factor (fivefold) was tested by spiking blank plasma
(n = 5) with IFX at concentrations above the ULOQ.

Inter-sample carryover was studied to measure the persis-
tence of IFX from one injection to another: the highest cali-
brator was analyzed three times consecutively (H1, H2, H3),
and the mean calculated (Ħ). The lowest calibrator (LLOQ)
was then analyzed three times (B1, B2, B3). The percentages
of contamination were calculated as follows:

Contamination %ð Þ ¼ B1−B3ð Þ
H

� 100

Qualitative matrix effects were studied by analyzing ion
suppression and enhancement phenomenon. Extracted double
blank plasma samples were injected into the LC system while
a trypsin-digested solution of IFX 20 mg/L was continuously
post-column infused in the ionization source through a tee
[21]. The stability of the prepared samples in the injection
vials was evaluated for both levels of IQCs (n = 5) to test the
conditions that are likely to be encountered during sample

transfer, handling, and analysis. The effect of sample storage
at 4 °C for 4 days was studied.

Finally, our method was tested for compatibility with quan-
tification of IFX biosimilar (Inflectra®). A calibration curve
was developed as indicated in Table 1 with drug-free plasma
spiked with fixed concentrations of Inflectra® biosimilar IFX
and assessed by comparison with IQC drug-free plasma
spiked with known concentrations of Remicade® IFX.

Infliximab quantification in human plasma

Blood samples from 45 patients treated with IFX for IBDwere
collected immediately before infusion of a new IFX dose be-
tween July 2014 and June 2015 for TDM in a clinical setting.
Samples were centrifuged at 2000×g for 10 min and stored at
−80 °C in a biobank (DC-2013-1983) after measuring IFX
concentration using the Lisa Tracker® immunoassay.

Clinical status information including age, gender, body
weight, disease (Crohn’s disease or ulcerative colitis), IFX
concentrations determined using Lisa Tracker® assay, and
anti-IFX antibody (ADA) levels were collected from patient
medical records completed by consultants when patients
attended their outpatient appointment.

The concentrations of IFX obtained with our LC-MS/MS
method were compared to those obtained with two ELISA
methods (an in-house method and the Lisa Tracker® assay;
see flow diagram in Fig. 3). The in-house ELISA method
(quantification range 0.1–60 mg/L) was adapted from a pre-
viously published method [22] (see Electronic Supplementary

Table 2 MRM transitions, voltage settings declustering potential (DP),
entrance potential (EP), collision energy (CE), and collision cell exit
potential (CXP) for each analyte. The collision gas (CAD) was set to
10 psi. Dwell times were set automatically by the Scheduled MRMmode

of the software to obtain at least 15 points per peak. Scheduled MRM
detection window was set at 35 s and target scan time was fixed at 1 s.
Italicize ions were used as quantifiers. Quantification was performed by
the calculation of the mean of the two quantifier peptide ions transitions

Analyte Q1 m/z Q3 m/z DP (V) EP (V) CE (V) CXP (V)

Infliximab light chain peptide
SAVYLQM[2Ox]TDLR

+2y8 664.8 1071.5 55 12 33 19

+2y5 664.8 667.3 45 12 35 10

SIL-infliximab light chain peptide
13C6-

15N4 SAVYLQM[2Ox]TDLR
13C6-

15N4+2y8 669.8 1081.5 55 12 33 19
13C6-

15N4+2y5 669.8 677.3 45 12 35 10

Infliximab light chain peptide
DILLTQSPAILSVSPGER

+2y11 948.5 1125.6 55 12 43 19

+2y5 948.5 545.3 55 12 43 19

SIL-infliximab light chain peptide
13C6-

15N4 DILLTQSPAILSVSPGER
13C6-

15N4+2y11 953.5 1135.6 55 12 43 19
13C6-

15N4+2y5 953.5 545.3 55 12 43 19

Infliximab quantitation in human plasma by LC-MS/MS 1199



Material (ESM) for details of the protocol). The Lisa
Tracker® method (quantification range 0.1–8 mg/L) was used
according to the manufacturer’s instruction [23].

Statistical analysis

The concentrations of IFX measured by LC-MS/MS were
compared with those determined using the in-house ELISA
method and the Lisa Tracker® assay using non-parametric
Passing and Bablok analysis and Bland and Altman plotting
to assess method agreement between the three methods [24].
Statistical tests were performed using MedCalc® software
(version 12.5).

Results

Figure 4 shows representative chromatograms of six overlaid
double blanks (4a), blanks (4b), the first level of the calibra-
tion curve (4c) which was set as the LLOQ at 1 mg/L, and a
sample from a patient treated with IFX (4d) for which quan-
tification gave a result of 8.8 mg/L.

The signals measured in the double blanks (4a) showed no
interference due to signals from endogenous compounds over-
lapping with the selected ion transitions for the peptides se-
lected for SIL-IFX. The blanks (4b) also showed that, in drug-
free serum spiked only with SIL-IFX, the MRM signals mea-
sured for the transitions corresponding to unlabeled peptides
were at the level of the background noise. Thus, compared to
the level of signal obtained at the LLOQ (4c), these levels of
interference were not significant.

The within-day and between-day precision and accuracy
for the two IQC are presented in Table 3. All calculated con-
centrations were within the ranges stipulated in the FDA
guidelines: <15 % for CVand +/−15 % for bias.

The LLOQ and ULOQ were 1 mg/L (bias, −4 %;
CV = 12 %; n = 6) and 26 mg/L (bias, 3 %; CV = 5 %;
n = 6), respectively. The characteristics of both of these limits
complied with the FDA guidelines.

The ratios of IFX peptide peak areas and SIL-IFX peptide
peak areas (y-axis) were plotted against the ratios of IFX and
SIL-IFX concentrations (x-axis), and calibration curves were
calculated for a 1/x-weighted least-squares linear regression.
The regressions for the ion transitions for the two quantifica-
tion peptides were described by equations, the slope of which
was 0.28 ± 0.09 (correlation coefficient, 0.9961 ± 0.0022;
n = 6) for SAVYLQM[2Ox]TDLR+2y8 and 0.27 ± 0.08 (cor-
re la t ion coeff ic ien t , 0 .9981 ± 0.0020; n = 6) for
DILLTQSPAILSVSPGER+2y11.

The percent contamination was 0.01 %, suggesting that no
inter-sample contamination occurred and excluding the possi-
bility of an over-estimation of low IFX concentrations mea-
sured just after samples containing a very high concentration.

For the target concentration of 100 mg/L (n = 5), diluting
samples 1/5 was associated with a bias of 6.3 % and a CVof
5.7 %.

A chromatogram obtained for plasma spiked with IFX
Remicade® as compared to a chromatogram obtained from
plasma spiked with IFX biosimilar Inflectra® (Fig. 5) showed
no qualitative difference: the same MRM signal at the same
retention times for the signature peptides and their corre-
sponding internal standards, no additional chromatographic
peaks were generated apart from those monitored, and none
of the monitored peaks were missing.

Quantification of IFX Remicade®-spiked drug-free
plasma quality controls (6 and 12 mg/L) on the calibration
curve developed with drug-free plasma spiked with IFX
biosimilar Inflectra® showed that the concentrations mea-
sured for both IQC were between ±15 % of the target
values (data not shown).

Lisa Tracker® ELISA 
n = 45 

in house ELISA
n = 23

Among the 42 plasma samples, 22 were in insufficient
quantity

LC-MS/MS
n = 45

LC-MS/MS[1 - 100] mg/LVS Lisa Tracker
®

[0.1 – 8] mg/L ELISA

n = 32
Exclusion:
. 3 values LC-MS/MS < 1 mg/L
. 10 valuesLisa Tracker® > 8 mg/L

LC-MS/MS [1 - 100] mg/L VS in house ELISA [0.1 – 60] mg/L

n = 22
Exclusion:
. 1 valueLC-MS/MS < 1 mg/L

Method agreement

Method agreement

Fig. 3 Flow diagram of the
patient plasmas used for
comparison methods
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After storage of extracted samples in injection vials at 4 °C
for 4 days, IFX concentrations were within 85 to 115 % of the
original concentrations.

The characteristics of the 45 patients for whom serum IFX
concentrations were measured are presented in Table 4.

The IFX concentrations determined by the LC-MS/
MS method ranged from 1.0 to 37.9 mg/L. Over this
concentration range, they showed a good agreement
with the in-house ELISA. The Passing and Bablok re-
gression revealed no significant deviation from linearity
(Cusum test, P = 0.99) and the slope from the equation
for the linear regression (1.13) indicated that the LC-
MS/MS results overestimated concentrations by 13 %
compared to the in-house ELISA results (Fig. 6a). The
Bland and Altman plot showed that the mean bias of

the two methods was 25.9 %, but revealed a notable
discrepancy for one patient: 0.1 mg/L of IFX according
to in-house ELISA compared to 4.4 mg/L according to
LC-MS/MS (circled with a dotted line in Fig. 6b(1)).
Interestingly, this patient was the only one presenting
a high ADA concentration (1458 μg/L).

When compared to results obtained with the Lisa Tracker®
ELISA assay (n = 32), the results for the LC-MS/MS method
were about twofold higher. Thus, although the Passing and
Bablok regression (Fig. 6c) revealed no significant deviation
from linearity (Cusum test, P = 0.38), the slope of the regres-
sion line was 2.43, and the Bland and Altman plot (Fig. 6d)
indicated that the mean bias between the two methods was
−78.3 %. Both in LC-MS/MS and Lisa Tracker®, two sam-
ples had a concentration <1 mg/L and eight samples had a
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SAVYLQMTDLR+2y9heavy (IS) 
m/z 669.8/1081.5 (quantitation)

SAVYLQMTDLR+2y8 heavy(IS) 
m/z 669.8/677.3 (confirmation)

DILLTQSPAILSVSPGER+2y12 heavy (IS) 
m/z 953.5/1135.6 (quantitation)

DILLTQSPAILSVSPGER+2y11 light 
m/z 948.5/545.3 (confirmation)

DILLTQSPAILSVSPGER+2y12 light  
m/z 948.5/1125.6 (quantitation)

SAVYLQMTDLR+2y8 heavy(IS) 
m/z 953.5/545.3 (confirmation)

6.6 6.8 7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4 8.6 8.8 9.0 9.2 9.4 9.6 9.8 10.0 10.2 10.4

Time, min

0.0

5000.0

1.0e4

1.5e4

2.0e4

2.5e4

3.0e4

3.5e4

4.0e4

4.5e4

5.0e4

5.5e4

In
te
n
s
ity
, c
p
s

7.64

8.76

SAVYLQMTDLR+2y9 light  
m/z 664.8/1071.5 (quantitation)

SAVYLQMTDLR+2y8 light 
m/z 664.8/667.3 (confirmation)

SAVYLQMTDLR+2y9 heavy (IS) 
m/z 669.8/1081.5 (quantitation)

SAVYLQMTDLR+2y8 heavy (IS) 
m/z 669.8/677.3 (confirmation)

DILLTQSPAILSVSPGER+2y12 heavy (IS) 
m/z 953.5/1135.6 (quantitation)

SAVYLQMTDLR+2y8 heavy (IS) 
m/z 953.5/545.3 (confirmation)

DILLTQSPAILSVSPGER+2y12 light  
m/z 948.5/1125.6 (quantitation)

DILLTQSPAILSVSPGER+2y11 light 
m/z 948.5/545.3 (confirmation)

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0
Time, min

0

5

10

15

20

25

30

35

40

45

50

55

58

Intensity, cps 7.64

8.76

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0
Time, min

0.0

2000.0

4000.0

6000.0

8000.0

1.0e4

1.2e4

1.4e4

1.6e4

1.8e4

2.0e4

2.2e4

2.4e4

2.6e4

2.8e4

3.0e4

3.2e4

3.4e4

3.6e4

3.8e4

4.0e4

4.2e4

Intensity, cps

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0
Time, min

0
4

8
12

16
20

24

28
32

36
40

44

48

Intensity, cps

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.011.012.013.0
Time, min

0

4

8

12

16

20

24

28

32

36

Intensity, cps

SAVYLQMTDLR+2y9 light  
m/z 664.8/1071.5 
(quantitation)
SAVYLQMTDLR+2y8 light 
m/z 664.8/667.3 
(confirmation)

DILLTQSPAILSVSPGER+2y12 light  
m/z 948.5/1125.6 
(quantitation)
DILLTQSPAILSVSPGER+2y11 light 
m/z 948.5/545.3 
(confirmation)

SAVYLQMTDLR+2y9 heavy (IS) 
m/z 669.8/1081.5 (quantitation)

SAVYLQMTDLR+2y8 heavy (IS) 
m/z 669.8/677.3 (confirmation)

DILLTQSPAILSVSPGER+2y12 heavy (IS) 
m/z 953.5/1135.6 (quantitation)

SAVYLQMTDLR+2y8 heavy (IS) 
m/z 953.5/545.3 (confirmation)

7.66

8.79a b

c d

Fig. 4 Chromatograms illustrating the two selected prototypic peptides
of infliximab. aDouble blank revealing no interference on infliximab and
heavy labeled infliximab (IS); b blank revealing no interference on
infliximab MRM signals while monitoring heavy labeled infliximab
](internal standard); c first point of the calibration curve measured at the

LLOQ 1 mg/L; d sample from a patient treated by infliximab and
]quantified at 8.8 mg/L. (1) corresponds to the patient for whom both
ELISA method quantified a very low IFX concentration (0.1 mg/L)
]compared to the 4.37 mg/L measured by LC-MS/MS

Table 3 Within- and between-
day precisions (expressed as
coefficients of variation) and
accuracies (expressed as bias)

Nominal
concentration
(mg/L)

Intra-day precision and accuracy
(n = 6)

Inter-day precision and accuracy (n = 6)

MeanConcentration
(mg/L)

CV (%) Bias (%) MeanConcentration
(mg/L)

CV (%) Bias (%)

6 6.33 5.54 5.49 6.39 12.71 6.42

12 13.11 5.04 9.24 12.44 2.07 3.68
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concentration >8 mg/L, which are beyond the limits of linear-
ity for the Lisa Tracker® kit used.

The same outlier was observed with the Lisa Tracker®
ELISA assay (Fig. 6d(1)) as with the in-house ELISAmethod,
corresponding to the patient presenting very high concentra-
tion of ADA. Among the six remaining patients with ADA,
five had ADA concentrations ranging from 10 to 94 μg/L and
their IFX concentrations were measurable with the three ana-
lytical methods; the other patient had an IFX concentration
below the LLOQ with all the three methods associated with
an ADA concentration of 200 μg/L.

Discussion

The results presented here demonstrate that IFX can be quan-
tified in human serum by an LC-MS/MS method. The LLOQ
(1mg/L), ULOQ (26 mg/L, validated up to 100 mg/L after 1/5
dilution), precision, and accuracy were consistent with use of
this method for the TDM of IFX in patients presenting either
IBD or inflammatory rheumatic diseases. For example, in IBD

patients, a trough IFX concentration between 3 and 7 mg/L
[25] in the maintenance phase of treatment has been proposed
to be predictive of treatment efficacy, whereas a trough IFX
concentration of 21 mg/L at week 2 has been associated with a
favorable 14-week clinical activity index [26]. In rheumatoid
arthritis, trough concentrations lower than 2.5 mg/L, associated
or not with a clinical 28-day disease activity score >4.2 at week
6, are predictive for failing to achieve low disease activity [27].

The main challenges with the development of our method
were (i) the selection of IFX signature peptides that could
distinguish it from endogenous human immunoglobulins
and (ii) the selection of the most specific and sensitive signa-
ture peptide MRM ion transitions. The selectivity of the meth-
od was confirmed by the analysis of blank human plasma
samples. In these samples, no signal was detected which could
be confused with the signature peptide ion transitions selected
to monitor IFX concentration. This specificity was greatly
enhanced by the immunoaffinity step during which most of
the endogenous proteins except those bound to biotinylated
TNFα were eliminated.

The within-day and between-day accuracies of our method
were <15 %, meeting the FDAvalidation criteria. The CV for
the within-day and between-day precisions of our LC-MS/MS
method for a concentration of 6 mg/L was lower than those
obtained with Lisa Tracker® and Promonitor ELISA assays
for a concentration of 8 mg/L [28]. This level of precision was
possible thanks to the use of the SIL-IFX that was added
directly to the plasma. This addition of SIL-IFX at the first
step of the extraction procedure represents the main advantage
of our method over LC-MS/MS procedures based on the ad-
dition of isotope-labeled peptides after the trypsin digestion
step [16] as whole-protein standards can compensate for ma-
trix effects and technical problems occurring during the
immonocapture and enzymatic digestion steps [13].

The analysis of drug-free plasma samples spiked with ei-
ther IFX Remicade® or its biosimilar Inflectra® showed that

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0
Time, min

0.0

1000.0

2000.0

3000.0

4000.0

5000.0

6000.0

7000.0

8000.0

9000.0

1.0e4

1.1e4

1.2e4

1.3e4

1.4e4

1.5e4

1.6e4

1.7e4

1.8e4

Intensity, cps

7.68

8.81

Overlaid ion trasitions for peptide
SAVYLQMTDLR

Overlaid ion trasitions for peptide
DILLTQSPAILSVSPGER

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0
0.0

1000.0

2000.0

3000.0

4000.0

5000.0

6000.0

7000.0

8000.0

9000.0

1.0e4

1.1e4

1.2e4

1.3e4

1.4e4

1.5e4

Intensity, cps

7.66

8.79

13.0
Time, min

Overlaid ion trasitions for peptide
SAVYLQMTDLR

Overlaid ion trasitions for peptide
DILLTQSPAILSVSPGER

a b

Fig. 5 Infliximab biosimilar comparison: chromatograms obtained from
a a calibration point (8 mg/L) spiked with Inflectra® and B a calibration
point (8 mg/L) spiked with Remicade®. In a and b, the peaks
corresponded to the ion transitions of the peptide selected for

quantitation: SAVYLQMTDLR (light and heavy) at the first retention
time, DILLTQSPAILSVSPGER (low and heavy) at the second
retention time

Table 4 Characteristics of the study population. Continuous data are
presented as medians (25th–75th percentiles); qualitative data are
presented as numbers (percents)

Age, year 35 (27–47)

Males (%) 27 (60 %)

Body weight, kg 68 (57–81)

Number of patients with Crohn’s disease (%) 26 (58 %)

Number of patients with ulcerative colitis 19 (42 %)

Infliximab doses, mg/kg 5 (5–10)

Number of perfusions per patient 21 (9–39)

Interval between 2 injections, weeks 8 (7–8)

Patients with antidrug antibodies (%) 7 (16 %)
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the proteotypic peptides selected for quantification were pres-
ent in both therapeutic antibodies. Therefore, our method is
fully specific for IFX, whatever its origin. This finding is
of major importance as the differences between two
biosimilar therapeutic monoclonal antibodies are located
at the level of the glycosylation patterns and/or of
microvariations in the primary amino acid sequences
[29, 30]. With respect to the MS/MS selectivity, any
changes to amino acid sequences would change the
mass/charge ratio of the peptides, making them undetect-
able. Thus, a biosimilarity study should be performed
whenever a new biosimilar drug becomes available.

Storage of extracted samples in injection vials at 4 °C for
4 days induced no significant change of IFX concentration,
suggesting that significant degradation of IFX during analysis
appears unlikely.

The concentrations of IFX measured by LC-MS/MS corre-
lated with those determined using an in-house ELISA (Cusum
test, P = 0.99) and with the Lisa Tracker® results (Cusum test,

P = 0.38). The LC-MS/MS showed good agreement with the
in-house assay (slope of 1.13 and an intercept of 0.77). Good
agreement between an LC-MS/MS-based method and ECLIA
methods was also recently described with a slope of 0.967 and
an intercept of 0.488 [16]. All these data suggest that LC-MS/
MS is a suitable analytical approach for the quantification of
IFX. Since the concentrations of IFX measured by LC-MS/
MS are similar to those measured with the in-house ELISA
assay, it is possible that the therapeutic ranges proposed by
clinical studies in which an in-house ELISA assay was used
could be transposable to IFX TDMwith an LC-MS/MSmeth-
od [25, 31]. Obviously, further clinical studies will be required
to better determine the therapeutic index for IFX when quan-
tified by an LC-MS/MS method.

Unexpectedly based on comparisons with the in-house
ELISA, when results from our LC-MS/MSmethod were com-
pared to those obtained with a Lisa Tracker® assay, a system-
atic bias was found, indicating a twofold difference in plasma
concentration between the two methods. A similar degree of

Fig. 6 Interassay comparison of the three methods: LC-MS/MS vs in-
house ELISA assay or vs Lisa Tracker® ELISA assays, Passing &
Bablok (a) and Bland & Altman (b) for the comparison of LC-MS/MS

vs in-house ELISA assay; Passing & Bablok (c); d Bland & Altman (d)
for the comparison LC-MS/MS vs Lisa Tracker® ELISA assay
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underestimation (slope of 0.61 and intercept of −0.44) was
reported when the Lisa Tracker® assay was compared with
the Sanquin biological level assay [5] and this bias was con-
firmed with the in-house assay used here (slope of 0.45).
Discrepancies between ELISA kit assays have been widely
reported [5, 32–34] and could be partly explained by non-
specific binding. In this study, the underestimation of the con-
centration by the Lisa Tracker® assay could be due either to
the presence of interfering proteins or to an orientation of IFX
that would prevent the anti-human Fc antibody from binding.
However, the anti-human IgG used as secondary antibody to
reveal the presence of IFX in ELISA assays is the most prob-
able cause of the discrepancies reported here as LC-MS/MS-
based assays can directly detect IFX bound to TNF without
requiring a secondary antibody.

Sterically hindered IFX, inappropriate orientation of
the IFX Fc domain, or binding of ADA could all partly
explain the discrepancy observed for the patient present-
ing very high ADA concentration (1458 μg/L) (see
Fig. 4b(1) and D(1)). In the serum from this patient, the
IFX concentration was less than 0.1 mg/L when measured
by both ELISA assays, whereas the LC-MS/MS assay
indicated a concentration of 4.37 mg/L. This type of case
caused by the presence of high-affinity ADA interferences
[8] can occur frequently in a clinical setting; it reveals
another weakness of immunoassays due to their lack of
specificity, as discussed above.

In the present study, the LC-MS/MS and in-housemeasure-
ments were performed around 12 months later than the Lisa
Tracker assays. Although it is unlikely that IFX was degraded
during storage at −80 °C, we acknowledge that this interval
between assays could be a limitation in the comparison with
the Lisa Tracker results.

The present study validated the proof of concept that IFX
could be reliably quantified in human plasma by an LC-MS/
MS method using a SIL-IFX. The precision and accuracy of
our method is consistent with its use for IFX TDM. Since LC-
MS/MS has become a cornerstone technology in clinical phar-
macology laboratories, the proposed method could help to
standardize IFX quantification.
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