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ABSTRACT: Bevacizumab is a monoclonal antibody which targets vascular endothelial growth factor A (VEGF-A) and is used to
treat various cancers and recently COVID-19. The dosage recommendations for bevacizumab are determined on the basis of body
weight, and the drug is administered after defined time intervals, when it is presumed to still be above its minimum effective serum
concentration. Interindividual and disease-stage-related variations in bevacizumab catabolism, however, can affect the proper dosing
of patients, resulting in plasma concentrations which may not be within the optimal therapeutic window for the drug. Therapeutic
drug monitoring (TDM) enables the assessment of patients’ serum concentrations and allows personalized dosing which has the
potential to improve efficacy and reduce side effects. While TMD is often performed using ligand-based assays, mass spectrometry
(MS)-based TDM offers improved specificity. Here, we present a robust multiple reaction monitoring (MRM)-MS-based TDM
method for the precise quantification of bevacizumab plasma concentrations, based on the controlled oxidation of the methionine-
containing peptide, STAYLQMNSLR. The assay shows good linearity (r* = 0.9951), robustness, and precision (CVs < 20%) for the
quantification of bevacizumab, with a lower limit of quantification (S/N > 10) of 1.8 ug/mL of plasma, without the need for
enrichment and requiring less than 1 yL of plasma and less than 6 h from sampling to result.
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B evacizumab is a recombinant humanized monoclonal respiratory distress syndrome (ARDS). Bevacizumab is
antibody (mAb) that binds to vascular endothelial growth typically administered to patients in doses of 3—15 mg per
factor A (VEGF-A) and inhibits binding to the VEGFR1 and kg of body weight, every 2 or 3 weeks, depending on (i) the
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VEGFRZ receptors. VEGF—A 1S a potent anglogenlc factor type of cancer, (11) its stage’ and (111) treatment Wlth
that is up-regulated in many tumors, contributing to tumor concomitant drugs.l’lz’13 Bevacizumab’s mean clearance,
3-6 . L .
growth.” Bevacizumab was the first antiangiogenetic treat- defined as the volume of blood that gets cleared from the

ment approved by the US Food and Drug Administration
(FDA) as first line treatment of metastatic colorectal cancer,’”
and it remains an important option for patients with advanced
cancer.® So far, bevacizumab has been FDA-approved for the
treatment of cervical cancer, metastatic colorectal cancer,
glioblastoma, nonsquamous nonsmall cell lung cancer, ovarian,
fallopian tube or primary peritoneal cancer, and metastatic
renal cell carcinoma,’ and it has been commercialized under Received: = September 15, 2020
different brand names by different companies. Recently, Published: November 13, 2020
bevacizumab has been used in clinical trials of patients with
COVID-19."”"" Because VEGF is a potent vascular perme-
ability inducer, it is a therapeutic target in patients who exhibit
severe symptoms such as acute lung injury (ALI) and acute

drug per day, has been reported as 0.21 L/day."* Clearance can
be divided into specific and nonspecific clearance: specific
clearance depends on the interaction of the mAb with its target
and is a function of the internalization rate, the antigen density,
the binding affinity, and the turnover kinetics of the antigen,
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Figure 1. Bevacizumab quantitation using the Met-containing peptide STAYLQMNSLR. (A) Bevacizumab was digested using trypsin and analyzed
by data-dependent acquisition (DDA) to identify proteotypic peptide candidates that can be used for an MRM-based assay. The Met-containing
peptide STAYLQMNSLR showed the highest response during LC-MS. (B) STAYLQMNSLR either treated with (blue) or without H,O, (orange),
analyzed on a Sciex TripleTOF 6600 (AB Sciex). Extracted ion chromatograms of the oxidized (~7.5 min) and nonoxidized (~9.7 min) forms are
shown, indicating the presence of both variants in the nontreated sample, while the nonoxidized variant was completely absent upon treatment with
H,0,. (C) Bevacizumab was spiked at different concentrations into human plasma, followed by proteolytic digestion, addition of SIS peptide as
normalizer, and analysis by LC-MRM (left: no oxidation, right: oxidation with H,0,). (D) Non-Met-containing control peptides are not
significantly affected by H,O, treatment. Light (NAT) peptides representing various mAbs were spiked into plasma and treated with (blue) or
without H,0, (orange), followed by addition of SIS peptides and LC-MRM analysis. n = 3. H,O, oxidation did not considerably alter precision,
nor did it considerably change the peak area ratios of corresponding NAT/SIS pairs. These ratios are indicated above the respective NAT peptide
peak area bars. Error bars represent standard deviations. * = peak area X 10.

while nonspecific clearance relates to target-independent 19% faster in patients having low serum albumin levels, while
cellular uptake of mAbs via pinocytosis/proteolysis and being 23% faster in patients with high alkaline phosphatase
removal from circulation."” Finally, the formation of antidrug levels."*
antibodies (ADAs) can also contribute to accelerated Therapeutic drug monitoring (TDM), i.e., the measurement
clearance.'® The rate of clearance is an important determinant of a drug’s concentration in a patient’s blood, can assist in
of effective dosing and treatment. The “trough concentration”, adjusting the dose based on the pharmacokinetics of an
i.e., the serum concentration of the mAb at the end of the individual patient. This improved dosing has been associated
dosing interval, should be slightly above the minimum effective with increased therapeutic efficacy while reducing toxicity and
concentration to ensure that a patient is well within the concurrently avoiding unnecessary costs for the healthcare
optimal therapeutic range of the drug, but interpatient system, as mAbs are high-cost drugs.'"*™>° TDM is routinely
variation in antibody clearance can lead to a considerably done using enzyme-linked immunosorbent assays (ELISA),
variability in the trough concentration. It has been reported for but significant imprecision has been reported for this
advanced gastric cancer that bevacizumab clearance was higher method.”" Consequently, mass spectrometry (MS)-based
in patients with less-advanced disease,'” while low mAb trough TDM assays are increasingly being developed and
concentrations were associated with poor prognosis in a range used.'”””** In particular, multiple reaction monitoring
of solid and hematologic tumors.'® Clearance of mAb has (MRM) MS, combined with the use of stable isotope-labeled
generally been found to depend on multiple parameters, internal standard (SIS) peptides, enables the highly precise and
including (i) body weight, (ii) gender, (iii) tumor burden and sensitive determination of protein concentrations within
inflammatory activity, (iv) expression level of the target, (v) samples over a wide dynamic range and has been shown to
the levels of covariates of mAb-clearance in blood, and (vi) provide comparable results across different platforms and
immunogenicity leading to the formation of ADAs.'"® For laboratories.””** Compared to ELISA, MS (i) offers more
example, it has been reported that bevacizumab clearance is precise quantitation, (ii) offers a higher multiplexing capacity,
1305 https://dx.doi.org/10.1021/acsptsci.0c00134
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and (iii) is based on a more specific readout than antibody-
based detection methods.'”*™*" A variety of MS-based
methods to quantify mAbs have been introduced, most of
which require some type of enrichment of the drug, for
example, protein G enrichment,'”**** resin enrichment in
nanosurface and molecular orientation limited (nSMOL)
proteolysis,35_3'7 or enrichment by using biotinylated target
protein and mass spectrometry immunoassay (MSIA).*®

Our goal was to develop a liquid chromatography-MRM
(LC-MRM) TDM method for the quantification of bevacizu-
mab directly in plasma, i.e., without the need for enrichment or
fractionation of samples. To determine the best proteotypic
peptides for quantifying bevacizumab, we performed a data-
dependent acquisition (DDA) LC-MS/MS analysis of the drug
after tryptic digestion and observed that the methionine
(Met)-containing peptide STAYLQMNSLR from within the
variable part of the heavy chain, yielded the highest number of
peptide-spectrum-matches (PSMs) and the highest signal
intensities of all of the unique peptides identified. Because of
oxidation, however, Met-containing peptides often appear as
two chromatographically separated peaks in LC-MS, with the
more hydrophilic oxidized variant eluting earlier in reversed-
phase chromatography.®” Because Met oxidation in biological
samples (endogenous as well as induced during sample
preparation) as well as in the spiked-in SIS peptides, cannot
be avoided and the extent of this oxidation cannot be
predicted, Met-containing peptides cannot be quantified with
high precision using conventional strategies. Moreover, in-
source oxidation during LC-MS can lead to a second oxidized
methionine peak that co-elutes with the nonoxidized
peptide,””*" further complicating the quantitation of Met-
containing peptides.

Because of the nonideal presence of a Met residue in the
sequence of the most sensitive bevacizumab peptide, we had
initially examined two other unique sequences from the
bevacizumab protein. These target peptides, however, had
poor properties for synthesis and purification. The strategy
described in this paper was developed to address the problem
of quantifying a target peptide that contains Met, and resulted
in a highly sensitive and precise assay for bevacizumab.

B MATERIALS AND METHODS

Reagents used, selection of proteotypic peptides for MRM,
MRM assay development, proteolytic digestion of bevacizu-
mab in plasma using S-Trap'™ mini-columns, and MRM assay
validation are described in the Supporting Information.

B RESULTS AND DISCUSSION

Analysis of the tryptic digests of bevacizumab by DDA resulted
in several proteotypic peptide candidates for use in a targeted
assay (Figure 1A). The potential target peptides VLIYFT-
SSLHSGVPSR and GLEWVGWINTYTGEPTYAADFK, how-
ever, were excluded for LC-MRM-based TDM of bevacizumab
due to problems during peptide synthesis and purification, so
the Met-containing peptide STAYLQMNSLR remained as the
best option for the quantitation of bevacizumab. However, due
to the typical problems encountered with Met-containing
peptides, as mentioned above, the peptide STAYLQMNSLR
was always detected in both the oxidized and the nonoxidized
variants (Figure 1 B, orange trace).

Interestingly, we did not observe in-source oxidation, which
would have led to the coelution of the oxidized variant at the
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retention time of the nonoxidized peptide. STAYLQMNSLR,
however, did not meet our criteria for a quantitative assay
because the spiking of increasing amounts of bevacizumab into
human plasma, followed by tryptic digestion, addition of the
SIS peptide, and analysis by LC-MRM showed poor linearity
(* = 0.8657; y = 1.1216 X 10~ + 1.0082 X 10™*) and poor
robustness (CV of 28%) (Figure lc, left). This can be
attributed to varying extents of oxidation in both the peptide
from the mAb and the SIS peptide. Oxidation with H,0,,
however, resulted in a complete shift of the STAYLQMNSLR
peptide to its oxidized form STAYLQM(ox)NSLR (+16 Da),
without the presence of artifacts (Figure 1b, blue trace).
Spiking bevacizumab into plasma under the same conditions as
above, but including a 30 min H,0, oxidation step
immediately before LC-MRM, showed considerably improved
linearity (r* = 0.9993; y = 1.4123 X 107%x — 3.6383 X 107°)
and precision (Figure lc, right).

To evaluate the general impact of H,0,-based oxidation on
peptide quantitation, we monitored four additional synthetic
peptides that represent other mAbs (adalimumab, rituximab,
and trastuzumab) and which do not contain Met, but do
contain other residues potentially prone to oxidation such as
tryptophane (Trp) or tyrosine (Tyr). Notably, none of these
peptides showed a considerable change in signal intensity upon
H,0, oxidation, e.g, NAT control versus NAT H,0,, and
NAT/SIS ratios were effectively unchanged (Figure 1d),
indicating that the oxidation step did not affect these peptides.
We observed the largest deviation between NAT/SIS ratios
with (0.5) and without H,0, oxidation (0.7) for the peptide
QIVLSQSPAILSASPGEK, corresponding to a relative stand-
ard deviation of 23%. This is in the range of the expected error,
considering that each ratio is based on the LC-MRM
measurement of two peptides in experimental triplicates.

While we excluded matrix interference for our MRM assay
by measuring plasma samples from different donors that have
not received the drug, hypothetically other mAbs used to treat
cancer patients may interfere with our LC-MRM assay as well.
We, therefore, performed in silico digestions of seven other
drugs that may be used to treat colorectal cancer (aflibercept,
cetuximab, ramucirumab, pembrolizumab, nivolumab, ipilimu-
mab, and panitumumab) using the MS-Digest online tool,*!
allowing up to 1 missed tryptic cleavage site, and considering
oxidation of methionine as a variable and carbamidomethyla-
tion of cysteine as a fixed modification. None of these seven
drugs contained our targeted peptide sequence; in addition,
only one aflibercept peptide (VISPNITVTLKK, 1 missed
cleavage site; m/z 650.90°") was within +2.5 m/z units of the
precursor ion m/z (m/z 650.32) which we used for Ql-
selection in our bevacizumab quantitation. To validate that this
peptide, nevertheless, does not represent a potential source of
interference for our LC-MRM assay, we also performed in silico
fragmentation using the online tool MS-Product™ and
confirmed that none of the theoretically generated fragment
ions, including internal fragments, were within +9.0 m/z units
of the quantifier ion m/z (m/z 877.45) which we used for Q3-
selection in bevacizumab quantitation. We can, therefore
exclude the possibility of interference from these drugs with
our bevacizumab assay.

We next generated a calibration curve by spiking the
STAYLQMNSLR NAT peptide in increasing concentrations
into human plasma at a constant level of SIS (normalizer),
followed by H,O,-oxidation. The calibration curve was done in
S independently prepared replicates, and showed linearity in

https://dx.doi.org/10.1021/acsptsci.0c00134
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plasma from 14—1400 fmol of NAT on-column (r* = 0.9951; y
2.7965 X 107%x + 2.2519 X 1073%) with coefficients of
variation between 4.0 and 18.5% for all points of the curve,
except for 14.6 fmol, the highest data point, where the CV was
20.8% (Figure 2, Table 1).
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Figure 2. Validation of bevacizumab LC-MRM assay. (A) Two
transitions of the peptide STAYLQM(ox)NSLR ((M + 2H)*" — y6*,
(M + 2H)* — y5*) were used as qualifiers and one transition ((M
+2H)* — y7%) was used as the quantifier. (B) Full STAYLQM(ox)-
NSLR calibration curve. NAT peptide was spiked at different
concentrations into digested plasma, using SIS as constant normalizer,
followed by H,O, oxidation and LC-MRM. The linear range was from
14 to 1400 fmol NAT on-column. The curve was conducted in §
independent replicates, yielding coefficients of variations <15.6% for
all points except 14.6 fmol with a CV of 20.8% (Table 1).

Table 1. Bevacizumab Calibration Curve®

analyte on column (fmol) accuracy Ccv
1400 101.5% 4.0%
700 106.1% 6.7%
350 102.1% 12.8%
175 104.2% 12.9%
87.5 97.8% 18.5%
58.3 96.9% 13.0%
43.75 91.6% 11.1%
29.2 105.7% 9.0%
21.9° 93.1%" 15.6%"
14.6 108.9% 20.8%

“Accuracies and % CVs are given. bThe LLOQ was determined to be
21.9 fmol.

After H,0, oxidation, the lower limit of quantitation
(LLOQ), ie., the amount on-column showing an S/N of
>10 by MRM, was 21.9 fmol when injecting 1.5 L of plasma
digest on-column (corresponding to approximately 100 pg of
total protein; Table 1), which represents 1.8 ug of
bevacizumab per mL of plasma. Considering an initial dosage
of 10 mg bevacizumab per kg of body weight, an average adult
with a weight of 70 kg, and a blood volume of 5 L, this LLOQ_
would allow the quantification of bevacizumab even after
98.7% had been cleared from circulation, without the need for
prior enrichment as in other approaches.

To verify the recovery of bevacizumab in our assay, we
spiked 70 pg of bevacizumab into 1 mL of human plasma,
followed by S-Trap sample preparation, as described above.
Samples were processed, including H,0, oxidation, and
analyzed by LC-MRM. When comparing the drug-derived
STAYLQM(ox)NSLR signal to a calibration curve done with
NAT peptides and 300 fmol SIS spiked in as a normalizer, the
average recovery rates from triplicates were 99, 100, and 116%.
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Finally, to test our novel assay on authentic samples, we
processed samples from three patients with colorectal cancer
that were undergoing treatment with bevacizumab. Samples
were received from the Jewish General Hospital Central
Biobank (ethics approval 2021—2431 received by the Ethics
Committee of the Jewish General Hospital, Montreal). This
biobank is affiliated to the Réseau de recherche sur le cancer
(RRCancer) of the FRQS and to the Canadian Tumor
Repository Network (CTRNet). A 4.5 uL sample of plasma
from each patient was processed in triplicate, using the S-Trap-
based digestion followed by H,0, oxidation and LC-MRM,
injecting 0.75 L of plasma digest on-column (corresponding
to approximately 100 ug of total protein). The bevacizumab
concentrations in blood from all three patients were well above
the LLOQ of 1.8 pg/mL and could be determined with high
precision, as 110 & 10, 90 + 3, and S1 + 6 ug/mL, with the %
CVs of the technical replicates being between 3 and 11%.

B CONCLUSION

We have developed a robust and sensitive LC-MRM based
assay to quantify bevacizumab from plasma samples. Our assay
does not require any type of prior enrichment of the drug from
blood, which might be accompanied by potential losses of
sample that are difficult to control and which could negatively
affect the quantitative precision. The workflow is straightfor-
ward and requires only a 30 min incubation with H,O, to
completely shift the best proteotypic peptide
STAYLQMNSLR to its Met-oxidized form (+16 Da). The
complete procedure, from sample to result, requires only 6 h
per sample. The sample preparation can be parallelized using
96-well Strap columns, and the LC-MRM method requires
only 12 min for measurement. Thus, our assay allows same-day
determination of bevacizumab concentrations in patient
plasma in order to rapidly determine whether a patient is in
need of another dose of the drug. While we applied external
calibration in this study, we envision that the bevacizumab
assay presented here can be combined with our recently
introduced 2-PIC calibration strategy, where two different SIS
isotopologues of different molecular mass are added at
different concentrations for internal calibration.*> As we have
recently demonstrated, this strategy allows quantification of
target proteins over a wide dynamic range and with high
precision while avoiding the need for cumbersome external
calibration, which is associated with additional laboratory and
measurement time and increased cost.

Using our here described LC-MRM method, bevacizumab
could be quantified with high sensitivity (LLOQ of 1.8 ug per
mL of plasma), specificity (interference free quantifier
transition), and robustness (CVs < 18.5% except for the
LLOD with 20.8%). We also demonstrated that the H,O,
oxidation step does not considerably affect the signal
intensities of other peptides that contain amino acids that
are potentially prone to oxidation, such as Trp or Try. Thus,
this workflow should be applicable to multiplexed TDM
approaches, targeting several mAb drugs, without compromis-
ing precision and accuracy. This assay allows the accurate
quantification of bevacizumab in plasma, even after most of the
drug has been cleared from circulation, traces of the mAb
could still be measured in a simple, reliable, and cost-efficient
manner.
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