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Quantitative LC-MS/MS method for nivolumab in
human serum using IgG puriﬁcation and
immobilized tryptic digestion†
Kazuki Abe,a Kaito Shibata,a Takafumi Naito, *a Masato Karayama,b
Etsuko Hamada,c Masato Maekawa,c Yasuhide Yamada,b Takafumi Sudad
and Junichi Kawakamia
A liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) method is a novel approach
for the quantiﬁcation of therapeutic monoclonal antibody. However, this method has severe ionization
suppression and time-consuming sample preparation. In the present study, we developed a simple and
rapid LC-MS/MS method for quantifying serum nivolumab with good analytical performance using
immunoglobulin G (IgG) puriﬁcation and immobilized tryptic digestion. Surrogate peptide derived from
nivolumab was identiﬁed by a hybrid quadrupole-Orbitrap mass spectrometer. IgG puriﬁcation and
immobilized tryptic digestion were completed within 25 minutes. The chromatographic separation was
completed in 10 minutes with stepwise-gradient elution. Chromatographic peaks interfering with the
surrogate peptide and its stable isotope-labeled peptide as an internal standard were not observed from
serum digests. The dynamic range of the calibration curve was 2–200 mg mL1. The intra- and interassay accuracies and imprecisions were 92.2–104.5% and less than 10.0%, respectively. Serum nivolumab
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concentrations ranged from 12–112 mg mL1 in 14 cancer patients. The measured concentrations in the
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conclusion, a simple and rapid LC-MS/MS method for quantifying serum nivolumab using immobilized
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tryptic digestion coupled to IgG puriﬁcation was found to be acceptable for clinical settings.

LC-MS/MS method were strongly correlated with those in the ELISA method (r ¼ 0.92, P < 0.01). In

1. Introduction
Nivolumab, a fully human IgG4 monoclonal antibody (mAb), is
used for the treatment of various cancers including malignant
melanomas, non-small cell lung cancer (NSCLC), and renal cell
cancer. Nivolumab binds programmed cell death-1 (PD-1)
expressed on T cells and reactivates T cell antitumor immunity. The reactivation of T cells causes immune-related adverse
events (irAEs) such as colitis, interstitial lung disease, and
thyroid functional disorder.1 Cancer patients treated with
nivolumab can potentially have these irAEs at an unexpected
time, and thus the nivolumab therapy must be interrupted or
delayed. Although a large interindividual variation in serum
a
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nivolumab concentration may aﬀect the incidences of irAEs,
their relationships are unclear.
The common quantitative method currently used for therapeutic mAb in human serum is an enzyme-linked immunosorbent assay (ELISA). This method performs a sensitive and highthroughput analysis of target mAb using antigen–antibody
reaction. However, the ELISA method has potential problems
including cross-reaction with endogenous substances and assay
interference by diﬀerent formats of antigen immobilization.2,3
Recently, a liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) strategy has been applied to mAb
quantication.4–9 This method determines surrogate peptide
derived from target mAb and shows no cross-reaction, unlike
ELISA methods.
Although an LC-MS/MS method can overcome ELISA problems, it has not been applied to clinical settings because of
serious problems with respect to peptide-based analysis. One of
the problems is how to select a surrogate peptide from among
numerous mAb-derived peptides. Several earlier methods predicted surrogate peptides using amino acid sequence information of the target mAb in silico analysis.10,11 However, this in
silico approach provides too many candidates for a surrogate
peptide and cannot evaluate the uniqueness of a surrogate
peptide. These candidate peptides potentially have the same
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amino acid sequences as endogenous protein-derived peptides.
Conrmation of a surrogate peptide peak in LC-MS/MS is
essential for quantifying target mAb in a biological sample.
The other problems of LC-MS/MS methods are the timeconsuming sample preparation process and severe ionization
suppression. Although trypsin solution is commonly used for
protein digestion, this digestion takes a long time to be
completed. In addition, trypsin solution undergoes selfdigestion leading to a decrease in the digestive eﬃciency of
target mAb.12,13 An immobilized enzyme has the potential to
overcome these problems.14,15 A protein-removal approach
including immunopurication was combined with the LC-MS/
MS method to overcome severe ionization suppression caused
by a large amount of digests derived from endogenous
proteins.4,5,7,9 Sample preparation for mAb quantication using
LC-MS/MS could be simplied and speeded up by using an
immobilized enzyme and immunopurication.
In this study, a quantitative LC-MS/MS method for nivolumab in human serum using IgG purication and immobilized
tryptic digestion was developed. This analytical method was
applied to cancer patients treated with nivolumab.

2.

Experimental

2.1. Chemicals and materials
Nivolumab was obtained from Ono Pharmaceutical Co. (Osaka,
Japan). Three candidate peptides derived from nivolumab and
a stable isotope labeled surrogate peptide as internal standard
(IS) were synthesized by Scrum Inc. (Tokyo, Japan). RapiGest SF
surfactant was provided by Waters (Milford, MA, USA). Dithiothreitol and iodoacetamide were purchased from Thermo
Fisher Scientic K.K. (Waltham, MA) and Sigma Aldrich (St.
Louis, MO, USA), respectively. HPLC-grade methanol, acetic
acid, and hydrochloric acid were obtained from Fujilm Wako
Pure Chemical Industries (Osaka). Drug-free pooled normal
human serum (catalog number, 12181201) was obtained from
Kohjin-Bio Co., Ltd (Saitama, Japan). A Protein G column
(MonoSpin ProG) and an immobilized trypsin column (MonoSpin Trypsin) were purchased from GL Science (Tokyo). The
sizes of through pores and meso pores of the monolithic silica
solid-phase were 2 mm and 60 nm for MonoSpin ProG and 5 mm
and 10 nm for MonoSpin Trypsin, respectively. The disc size
(i.d.) and length of the columns were 4.6 mm and 1.5 mm,
respectively. The binding capacity of human IgG for MonoSpin
ProG was 400 mg, and the trypsin amount of MonoSpin Trypsin
was 100 mg. The columns were stored at 4  C until use.
2.2. Surrogate peptide selection
Nivolumab (800 ng) was solubilized by RapiGest SF surfactant
and then reduction and alkylation were performed by dithiothreitol and iodoacetamide, respectively. The reduced-alkylated
nivolumab was digested by immobilized trypsin. The digestion
products were extracted using a Pierce C18 Spin Column
(Thermo Fisher Scientic K.K.) and then 40 mL of eluent was
evaporated to dryness. The residues were reconstituted with 20
mL of 0.1% formic acid and a 15 mL aliquot of sample was
This journal is © The Royal Society of Chemistry 2020

injected into a nano LC system connected to a hybrid
quadrupole-Orbitrap mass spectrometer (Q Exactive, Thermo
Fisher Scientic K.K.). Candidate peptides for surrogate peptide
were searched using Proteome Discoverer soware version 1.4
(Thermo Fisher Scientic K.K.) based on the FASTA database
including the amino acid sequences of nivolumab digested by
trypsin. The raw data obtained from the mass spectrometer
were compared to the sequence information of nivolumab from
the FASTA database, and then the nivolumab-derived peptides
were identied from the mass spectra of digested fragments. A
surrogate peptide was selected from among the candidate
peptides using the following criteria: (1) the candidate peptide
is derived from the variable region of nivolumab, (2) the peak of
the candidate peptide is separated from serum digests peaks,
and (3) the surrogate peptide has the highest peak areas among
the candidate peptides meeting criteria (1) and (2).
2.3. Optimization of IgG purication and immobilized
tryptic digestion
Ionization suppression was examined by comparing the peak
areas of surrogate peptide in serum digests between with and
without a Protein G column. The recovery rate of IgG purication was evaluated by comparing the peak areas of surrogate
peptide derived from serum nivolumab between with and
without IgG purication. The number of passages through an
immobilized trypsin column was optimized by comparing the
peak areas of surrogate peptide passing through the column
once, twice, and three times. The digestion eﬃcacy rate was
evaluated by comparing the peak areas of digested-nivolumabderived surrogate peptide with those of spiked surrogate
peptide in serum digests.
2.4. Sample preparation
A summary of the present sample preparation is presented in
Fig. 1. The Protein G column was equilibrated by passing
a mixture of 500 mL of 50 mmol L1 sodium phosphate150 mmol L1 sodium chloride at pH 7.0 through the column.
Two hundred microliters of 10-fold diluted human serum with
50 mmol L1 sodium phosphate-150 mmol L1 sodium chloride at pH 7.0 was loaded on the Protein G column. Next, the
column was washed with 500 mL of 50 mM sodium phosphate1 mol L1 sodium chloride at pH 7.0. The IgG fraction was
eluted with 350 mL of 100 mmol L1 glycine-hydrochloric acid
at pH 2.5. To the eluents, 50 mL of 1 mol L1 Tris buﬀer at pH
8.5 and 100 mL of 50 mmol L1 ammonium bicarbonate was
added. Fiy microliters of 10 mg mL1 RapiGest SF surfactant
solution was added and the mixture incubated at 80  C for 10
minutes. Thirty microliters of 500 mmol L1 dithiothreitol was
added and the mixture incubated at 80  C for 1 hour. Next, 50
mL of 500 mmol L1 iodoacetamide and 15 mL of 1 mg mL1 IS
were added, followed by incubation at room temperature for 30
minutes under light shielding. Reduced-alkylated IgG solution
was passed through an immobilized trypsin column by
centrifugation at 100g at 37  C for 10 minutes twice. Aer
a second centrifugal digestion, 300 mL of 50 mmol L1
ammonium bicarbonate was passed through the column to
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Flow chart of sample preparation for nivolumab quantiﬁcation.

collect the residual digests remaining in the column. To the
products, 30 mL of 2 mol L1 hydrochloric acid was added and
the mixture centrifuged at 15 000g at 37  C for 30 minutes.
The supernatants were puried with a solid-phase extraction
cartridge (Oasis HLB, 3 cc, 60 mg sorbent, 30 mm particle size,
Waters). Polymeric solid-phases in the cartridge were activated
using 1 mL of methanol and then equilibrated using 1 mL of
water containing 4% acetic acid. The supernatants of serum
digests were loaded on the cartridge, and then 1 mL of water
containing 4% acetic acid was passed through the cartridge for
washing. One milliliter of 80% methanol containing 0.5%
acetic acid was passed through the cartridge and the eluents
were evaporated to dryness at 35  C. The residues were reconstituted with 150 mL of 28% methanol containing 0.1% acetic
acid and then centrifuged at 15 000g at 4  C for 5 minutes.
The supernatants were ltrated and a 10 mL aliquot of sample
was injected into the LC-MS/MS system.

2.5. Instrument conditions
2.5.1. LC system. The UFLCXR HPLC system consisted of
a CBM-20A system controller, DGU-20A5R degasser, LC-20ADXR
pumps, SIL-20ACXR autoinjector, and a CTO-20AC column oven
(Shimadzu Corporation, Kyoto, Japan). An Aeris Peptide C18
(3.0 mm i.d.  150 mm, 2.6 mm, Phenomenex Inc., Torrance,
CA, USA) equipped with a SecurityGuard Ultra cartridge (3.0 mm
i.d., Phenomenex Inc.) was used as an analytical column. The
column was kept at 60  C, and a 10 mL aliquot of sample was
injected into the LC system. The mobile phases consisted of
0.1% acetic acid in water (A solution) and 0.1% acetic acid in
methanol (B solution). Initially, the mobile phase consisted of
28% B solution and 72% A solution for the rst 2 minutes,
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followed by 44% B solution/56% A solution from 2.1–4.5
minutes, 90% B solution/10% A solution from 4.6–7.0 minutes,
and 28% B solution/72% A solution from 7.1–9.9 minutes. The
ow rate was 0.4 mL min1 from 0 to 4.5 and 9.1 to 9.9 minutes,
and 0.5 mL min1 from 4.6 to 9.0 minutes. The position of the
switching valve was set to connect the MS/MS system from 4.0 to
5.0 and 6.5 to 9.9 minutes.
2.5.2. MS system. The column eﬄuent was analyzed using
a hybrid triple-quadrupole/linear ion-trap MS (3200 QTRAP, AB
Sciex, Foster City, CA) equipped with an electrospray ionization
interface in positive-ion multiple reaction monitoring mode.
The interface heater was maintained at 600  C, and the ion spray
voltage was 5500 V. Ion source gas 1, ion source gas 2, collision
gas, and curtain gas, were set at 60 psi, 50 psi, 4 psi, and 40 psi,
respectively. The amino acid sequence of surrogate peptide was
ASGITFSNSGMHWVR and that of IS was ASGITFSNSGMHWVR
[R(13C615N4)]. The triply protonated surrogate peptide and IS
were detected as precursor ions. The monitoring ions were
detected at m/z 550.8/661.4 for surrogate peptide and 554.2/666.4
for IS. Collision energies of surrogate peptide and IS were optimized at 30 V and 35 V, respectively. Dwell time was set at 500
milliseconds for surrogate peptide and IS. Data were analyzed
using Analyst soware version 1.6.1. (AB Sciex).

2.6. Method validation
Selectivity was conrmed by comparing the surrogate peptide
peak with serum digest peaks derived from NSCLC patients
without nivolumab treatment. Sensitivity was evaluated by the
lower limit of quantication (LLOQ) of serum nivolumab and its
accuracy and imprecision. Ten milligrams per milliliter of
nivolumab prepared with saline was diluted with drug-free

This journal is © The Royal Society of Chemistry 2020

View Article Online

Published on 25 November 2019. Downloaded on 1/1/2020 5:56:32 PM.

Paper

Analytical Methods

pooled serum. The calibration standards were 2, 5, 10, 20, 50,
100, 150, and 200 mg mL1 in human serum. The calibration
curve was constructed by plotting the peak area ratio of surrogate peptide to IS. The weighting coeﬃcient of the calibration
curve was the inverse of the concentration. Matrix factor and
solid-phase extraction recovery rate were evaluated using ve
healthy individual sera. Matrix factor was calculated by
comparing the peak areas of surrogate peptide in serum digests
and in mobile phase. The solid-phase extraction recovery rate
was observed by comparing the peak areas of surrogate peptide
between with and without being passed through the solid-phase
extraction cartridge. Carryover eﬀect was investigated by
comparing the peak areas of surrogate peptide in 2 mg mL1
nivolumab-spiked serum digests and in nivolumab-free mobile
phase aer injection of 200 mg mL1 nivolumab-spiked serum
digests. The stability of nivolumab in human serum was
investigated under three freeze–thaw cycles, storage at room
temperature for 24 hours, and storage at 80  C for 1 month.
The stability of surrogate peptide in mobile phase was investigated at 4  C in an autoinjector system for 24 hours. These
stabilities were evaluated by comparing the peak area ratios of
surrogate peptide in the above conditions to that in the
prepared condition. Intra- and inter-assay accuracies and
imprecisions were determined using quality controls (QCs) of 4,
40, and 160 mg mL1. Accuracy was determined by comparing
the calculated concentrations of QCs with the theoretical
concentrations of QCs. Imprecision was evaluated by calculating the relative standard deviation (RSD).
2.7. Clinical application
2.7.1. Ethics and serum specimens. The present study was
conducted in accordance with the ethical principles stated in the
Declaration of Helsinki and the study protocol was approved by
the Ethics Committee of Hamamatsu University School of Medicine. We obtained informed consent from all patients before
collecting serum samples. Fourteen serum samples were collected
from the NSCLC patients treated with nivolumab. These patients
received intravenous nivolumab (Opdivo intravenous infusion,

Table 1

Ono Pharmaceutical Co.) at 3 mg kg1 every 2 weeks. Blood
samples were gathered from a forearm vein into plain tubes just
before nivolumab administration at the 2nd administration or
later. The serum specimens were stored at 80  C until analysis.
2.7.2. Comparison between LC-MS/MS and ELISA. Quantication of serum nivolumab was performed by LC-MS/MS and
ELISA (SHIKARI Q-NIVO, Matriks Biotechnology Co., Ankara,
Turkey) in cancer patients treated with nivolumab. The Pearson
correlation coeﬃcient was used for evaluating the correlation
between LC-MS/MS and ELISA. The regression equation was
obtained by linear regression analysis using the ordinary least
squares method. The statistical bias between LC-MS/MS and
ELISA was evaluated by Bland–Altman analysis. All statistical
analyses were performed using IBM SPSS 24 soware (IBM Japan
Ltd, Tokyo). Statistical signicance was dened as a P < 0.05.

3.

Results

3.1. Surrogate peptide selection
Fourteen nivolumab-derived peptides were identied using
a hybrid quadrupole-Orbitrap mass spectrometer (Table 1). In
three candidate peptides derived from variable regions of nivolumab,
the
ASGITFSNSGMHWVR
peptide
contains
complementarity-determining region (CDR) 1. Peaks with the
same
retention
time
as
ASGITFSNSGMHWVR
or
QVQLVESGGGVVQPGR peptide were not observed from
nivolumab-free serum digests. In contrast, a peak with the same
retention time as the EIVLTQSPATLSLPGER peptide peak was
detected in nivolumab-free serum digests and was not separated
from the EIVLTQSPATLSLPGER peptide peak. The peak areas of 1
mg mL1 ASGITFSNSGMHWVR peptide were approximately 8
times higher than those of 1 mg mL1 QVQLVESGGGVVQPGR
peptide. Based on the above results, ASGITFSNSGMHWVR
peptide was selected as a surrogate peptide of nivolumab.
3.2. Optimization of IgG purication and trypsin digestion
The surrogate peptide peak areas in serum digests prepared
with a Protein G column were over 10 times higher than those in

Characteristics of nivolumab-derived peptides identiﬁed by a hybrid quadrupole-Orbitrap mass spectrometera

Peptides

Region

Chain

Charge

Mass of [M + H]+

ASGITFSNSGMHWVR
QVQLVESGGGVVQPGR
EIVLTQSPATLSLSPGER
WQEGNVFScSVMHEALHNHYTQK
GFYPSDIAVEWESNGQPENNYK
VVSVLTVLHQDWLNGK
TTPPVLDSDGSFFLYSR
AEDTAVYYcATNDDYWGQGTLVTVSSASTK
ASQSVSSYLAWYQQKPGQAPR
SGTASVVcLLNNFYPR
HKVYAcEVTHQGLSSPVTK
VYAcEVTHQGLSSPVTK
VDNALQSGNSQESVTEQDSK
TVAAPSVFIFPPSDEQLK

Variable region
Variable region
Variable region
Constant region
Constant region
Constant region
Constant region
Constant region
Constant region
Constant region
Constant region
Constant region
Constant region
Constant region

Heavy
Heavy
Light
Heavy
Heavy
Heavy
Heavy
Heavy
Light
Light
Light
Light
Light
Light

+3
+2
+2
+4
+2
+3
+3
+3
+3
+2
+4
+2
+2
+2

1649.78666
1609.86528
1898.02483
2802.25258
2544.13384
1808.00626
1901.92765
3273.45517
2352.17447
1797.89568
2141.08217
1875.92827
2135.97099
1946.02690

a

The c indicates cysteine with carbamidomethylation.
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serum digests prepared without one (ESI Fig. 1†). The IgG
purication recovery rate was calculated to be 90.1% (n ¼ 3;
RSD, 7.5%). Compared with the peak areas of surrogate peptide
passing through an immobilized trypsin column twice (n ¼ 4;
RSD, 12.9%), the peak areas of surrogate peptide passing
through once and three times were 75.9% (n ¼ 4; RSD, 33.6%)
and 82.4% (n ¼ 4; RSD, 21.6%), respectively. The digestion
eﬃcacy rate when passing through the trypsin column twice
was calculated to be 94.0% (n ¼ 5; RSD, 9.2%). The peak area
ratio of surrogate peptide to IS using the Protein G column and
immobilized trypsin column showed slight variation (RSD,
8.1%) using serum from 5 cancer patients (the range of serum
total globulin, 2.5–3.3 g dL1).
3.3. Chromatographic separation and selectivity
Fig. 2 shows the multiple reaction monitoring chromatograms
of surrogate peptide and IS in human serum. A specic peak of
surrogate peptide was detectable in serum digests spiked with
50 mg mL1 nivolumab. Surrogate peptide and IS peaks were
observed at 4.62 minutes and were separated from serumderived peaks. Peaks interfering with surrogate peptide and IS

Paper

were not detected from serum digests of 5 NSCLC patients
without nivolumab treatment.
3.4. Method validation
3.4.1. Calibration curve and sensitivity. The correlation
coeﬃcient of the calibration curve (range, 2–200 mg mL1) was
0.996. The LLOQ for serum nivolumab was 2 mg mL1 in the
present method. The intra- and inter-assay accuracies and
imprecisions of LLOQ were 106.6% and 99.2%, and 11.8% and
10.5%, respectively (n ¼ 5).
3.4.2. Matrix eﬀect and solid-phase extraction recovery.
The matrix factor of surrogate peptide and that corrected by IS in
serum digests of ve healthy subjects were 42.0% (RSD, 3.5%)
and 104.0% (RSD, 3.1%), respectively. The solid-phase extraction
recovery rate of surrogate peptide was 96.5% (n ¼ 5; RSD, 7.5%).
3.4.3. Carryover eﬀect. The peak of surrogate peptide was
undetected in nivolumab-free mobile phase aer injection of
200 mg mL1 nivolumab-spiked serum digests (ESI Fig. 2†). No
carryover eﬀect was observed in the present method.
3.4.4. Stability. The stability of nivolumab in human serum
under three freeze–thaw cycles was calculated to be 104.4%

Selective reaction monitoring chromatograms of surrogate peptide derived from nivolumab. (A) Nivolumab-free serum of NSCLC patient:
surrogate peptide (A1) and 1 mg mL1 internal standard (IS) (A2). (B) Human nivolumab-free serum digests spiked with 50 mg mL1 nivolumab:
surrogate peptide (B1) and IS (B2). (C) Serum of NSCLC patient treated with intravenous nivolumab: surrogate peptide (C1) and IS (C2). The
concentration of IS corresponds to surrogate peptide concentration derived from approximately 50 mg mL1 nivolumab.
Fig. 2
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(n ¼ 3; RSD, 3.0%). The stabilities of nivolumab in human
serum were 104.9% (n ¼ 3; RSD, 6.0%) at room temperature for
24 hours and 94.3% (n ¼ 3; RSD, 5.8%) at 80  C for 1 month.
The stability of surrogate peptide in mobile phase was calculated to be 104.9% at 4  C in an autoinjector system for 24 hours
(n ¼ 3; RSD, 6.0%).
3.4.5. Assay accuracy and imprecision. Table 2 shows the
intra- and inter-assay accuracies and imprecisions for analyzing
nivolumab in human serum. Intra-assay accuracy and imprecision
were 92.2–104.5% and 6.8–10.0%, respectively. Inter-assay accuracy
and imprecision were 96.9–103.4% and 0.9–5.0%, respectively.

Published on 25 November 2019. Downloaded on 1/1/2020 5:56:32 PM.

3.5. Clinical application
3.5.1. Quantication of serum nivolumab in cancer
patients. The enrolled patients received intravenous nivolumab
once (n ¼ 2), twice (n ¼ 4), and more than six times (n ¼ 8).
Serum nivolumab concentrations in 14 cancer patients were
measured within the calibration curve range and ranged from
12 to 112 mg mL1 (interquartile range, 24 to 72 mg mL1)
(Fig. 3). The mean serum nivolumab concentration was 73 mg
mL1 in 8 cancer patients aer the 6th nivolumab
administration.
3.5.2. Comparison between LC-MS/MS and ELISA. The
serum nivolumab concentrations measured by LC-MS/MS were
compared with those measured by ELISA in 14 cancer patients
treated with nivolumab (Fig. 4). The correlation between LC-MS/MS
and ELISA was expressed by the following equation: y ¼ 0.88x –
0.53 (r ¼ 0.92, P < 0.01) (Fig. 4A). The statistical bias between LCMS/MS and ELISA was evaluated by Bland–Altman analysis
(Fig. 4B). The mean bias between LC-MS/MS and ELISA was 16.8%
and its 95% condence interval ranged from 1.5% to 35.1%.

4. Discussion
In this study, we developed a simple and rapid LC-MS/MS
method for quantication of serum nivolumab using immobilized tryptic digestion coupled to IgG purication and applied it
to clinical settings. The IgG purication and immobilized
tryptic digestion were completed within 25 minutes. The calibration curve of serum nivolumab was linear over the concentration range of 2–200 mg mL1. The serum nivolumab

Table 2

Serum nivolumab concentrations in 14 non-small cell lung
cancer patients. The patients were treated with intravenous nivolumab
at 3 mg kg1 every 2 weeks. Blood samples were collected just before
nivolumab administration at the 2nd administration or later. Open
triangle, open circle and ﬁlled circle represent patients administered
nivolumab once, twice and more than six times, respectively.
Fig. 3

concentrations measured by LC-MS/MS were similar to those
measured by ELISA. The present method is the rst report to
determine human serum nivolumab using immobilized
trypsin.
Surrogate peptide selection using a high-resolution mass
spectrometer has an advantage in conrming the peptide
uniqueness.16,17 The reliability of surrogate peptide could be
conrmed by mass spectrometric evaluation with synthesized
peptide. The present method identied 14 actual peptides using
a hybrid quadrupole-Orbitrap mass spectrometer and synthesized 3 candidate peptides derived from variable regions of
nivolumab. Surrogate peptide was determined according to the
selection criteria.18,19 The ASGITFSNSGMHWVR peptide containing nivolumab CDR 1 was selected as a suitable surrogate
peptide for the present quantication.
A large amount of digested endogenous proteins generates
sample complexity. In an LC-MS/MS approach, pretreatment

Intra- and inter-assay accuracies and imprecisions of nivolumab in human seruma

Theoretical value (mg mL1)

Mean  SD (mg mL1)

Accuracy (%)

RSD (%)

Intra-assay (n ¼ 5)
4
40
160

3.69  0.41
37.4  3.8
167  11

92.2
93.5
104.5

9.4
10.0
6.8

Inter-assay (n ¼ 5)
4
40
160

4.01  0.04
38.7  1.9
166  8

99.8
96.9
103.4

0.9
5.0
4.6

a

SD, standard deviation and RSD, relative standard deviation.
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Correlation between the nivolumab concentrations determined by LC-MS/MS and by ELISA using serum from 14 non-small cell lung
cancer patients treated with nivolumab (A). Bland–Altman plot for the LC-MS/MS versus ELISA correlation data from 14 non-small cell lung
cancer patients (B). Solid line, heavy dotted line, and dotted line in the Bland–Altman plot are bias, zero, and 95% conﬁdence interval, respectively.

Fig. 4

minimizing non-targeted serum digests is required to avoid
ionization suppression. Immunopurication strategy using
antigen–antibody reaction or IgG-specic immunocapture
reduces ionization suppression by isolating target mAb. In
these strategies, selective extraction of human IgGs using
a spin-column type of Protein G is completed rapidly and simply
in a few centrifugation steps. In the present method, extraction
of IgG including nivolumab was achieved at a good recovery rate
and small variation within 5 minutes using the Protein G
column. Although endogenous IgGs in serum are not removed
by Protein G purication, the serum nivolumab concentration
was measurable with good analytical performance by reducing
ionization suppression.
The digestion process commonly takes 3–7 hours using
solution-phase trypsin or trypsin-binding nanoparticles.4,5,7
The time-consuming pretreatment is responsible for diﬃculty
in applying LC-MS/MS to therapeutic mAb monitoring in
clinical settings. In proteomics, an immobilized enzyme
reactor is employed to increase digestion eﬃciency and minimize trypsin autolysis.14,15 The present method employed an
immobilized trypsin spin column for rapid digestion. This
trypsin column has solid-phases in which trypsin is densely
immobilized on a monolithic silica surface. The density of
trypsin in the solid-phase is approximately 3.3 mg mL1, which
is markedly higher than the concentration of conventional
trypsin solution. This immobilized trypsin does not undergo
self-digestion because solid-phase-xed trypsin does not
interact with itself.20 Digestion conditions were optimized to
maximize the peak areas of nivolumab-derived surrogate
peptide. Digestion was completed within 20 minutes using the
immobilized trypsin column. In the present method, up to 40
serum samples can be handled by each analysis on each day.
The entire pretreatment procedure was completed within 5
hours.
The chromatographic analysis of surrogate peptide was
nished within 10 minutes. The surrogate peptide peak was
separated from the serum digest peaks by stepwise-gradient
elution. Residual peptides in the analytical column were
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washed out by elevating the ratio of methanol in the mobile
phase, thereby minimizing non-target peptide carryover from
repeated analyses. Column temperature was commonly kept at
40  C for chromatographic separation for therapeutic mAb
analysis.4,5,10 In the present method, a high temperature of 60  C
was selected to improve the analysis speed and separation
eﬃciency by decreasing the mobile phase viscosity and accelerating the molecular motion of the peptide.
The calibration curve was linear over the range of 2 to 200 mg
mL1 and its LLOQ was 2 mg mL1 in the present method. This
LLOQ was suﬃcient to quantify serum nivolumab in NSCLC
patients treated with nivolumab according to the earlier
studies.21,22 Although a matrix eﬀect of serum digests on
surrogate peptide was observed, this eﬀect was corrected by
a stable isotope labeled peptide that had similar chromatographic and mass spectrometric proles to the surrogate
peptide. Any special consideration for serum sample storage is
not required. Surrogate peptide in the mobile phase was stable
at 4  C for up to 24 hours. Accuracies and imprecisions for
repeated analyses of intra- and inter-assay were acceptable
according to the standards of an international guidance of
bioanalytical method validation.23
The present LC-MS/MS method was applied to NSCLC
patients. Serum nivolumab is reported to reach a steady state
aer the 6th administration.24 The present method was able to
quantify serum nivolumab in 14 NSCLC patients within the
calibration curve range, regardless of whether serum nivolumab
reached the steady state. A Japanese phase II trial reported that
the mean trough value of serum nivolumab at steady state was
73 mg mL1 in NSCLC patients.22 Our result for serum nivolumab
concentration was similar to this earlier report. The present
method did not evaluate serum nivolumab in cancer patients
treated with nivolumab at 240 mg every 2 weeks. However, an
earlier study reported that the serum trough of nivolumab was
2–200 mg mL1 in cancer patients receiving nivolumab at this
xed dose.25 Additionally, serum nivolumab in the present
cancer patient administered at approximately 240 mg nivolumab
was measured within the calibration curve range.
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The present study showed that serum nivolumab concentrations in LC-MS/MS were strongly correlated with those in ELISA
in NSCLC patients. In Bland–Altman plots, the mean bias was
16.8% and its 95% condence interval between LC-MS/MS and
ELISA ranged from 1.5% to 35.1%. The 95% condence
interval including zero means that a systematic error between
LC-MS/MS and ELISA was not observed, whereas the nivolumab
concentrations in ELISA were slightly lower than those in LC-MS/
MS. Soluble form of PD-1 was reported to be found in human
serum and have the ability to bind to anti-PD-1 antibody.26
Nivolumab bound to soluble PD-1 fails to bind to PD-1 on the
ELISA assay plate and therefore cannot be detected by ELISA.
Our present method has several limitations. First, we did not
evaluate serum IgG levels that could cause analytical variations
in IgG purication and tryptic digestion. However, the present
method was not aﬀected by serum total globulin values over the
range of 2.5–3.3 g dL1 in these patients. This result demonstrates that the present method is applicable to cancer patients
with normal levels of serum IgG. Second, the present method
used a stable isotope labeled peptide that could not correct the
pretreatment processes of IgG purication and tryptic digestion. In earlier reports, a stable isotope-labeled mAb or an
animal origin IgG was used as an IS for therapeutic mAb
quantication in human serum.27,28 In this method, the IgG
extraction recovery rate and digestion eﬃciency were nearly
100%. The stable isotope labeled peptide could correct
nonspecic adsorption of surrogate peptide to devices used for
tryptic digestion.

5.

Conclusions

In this study, we developed a quantitative LC-MS/MS method for
nivolumab in human serum using immobilized tryptic digestion coupled to IgG purication and applied it to clinical
settings. Our simple and rapid method with good analytical
reliability can be helpful for the evaluation of serum nivolumab
concentrations in cancer patients.
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