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Accurate quantitation of antibodies is critical for development of monoclonal antibody therapeutics
(mAbs). Therapeutic drug monitoring has been applied to measure levels of mAbs in clinics for dose
adjustment for autoimmune disease. Trough levels of mAbs can be a biomarker for cancer immunother-
apy. Thus, the deployment of a rapid and universal platform for mAb monitoring may benefit processes
ranging from drug development to clinical practice for a wide spectrum of diseases. However, mAb moni-
toring often requires development and conduct of an individual ligand binding assay such as ELISA, which
is impractical to scale. We streamlined quantitation of antibody therapeutics by a nano-surface and mole-
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cular-orientation limited (nSMOL) proteolysis assay using LC-MS with a universal reference antibody
(refmAb-Q), for accurate multiplexed quantitation of unique signature peptides derived from mAbs. This
innovative refmAb-Q nSMOL platform may provide a practical solution for quantitating an ever-increasing
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Introduction

The US FDA approved the 100th therapeutic monoclonal anti-
body (mAb) in April 2021 and nearly 900 mAbs are currently in
the pipeline."”” These mAbs have been used for treating
patients with inflammatory diseases, infectious diseases, and
cancer. Drs. Allison and Honjo’s receipt of the Nobel Prize in
Physiology or Medicine in 2018 for their work that led to the
development of immune checkpoint inhibitor (ICI) therapy
was one of many symbolic testimonies for the success of mAb-
based therapy. Despite such promising prospects, mAb devel-
opment is costly and time consuming, creating an additional
financial burden for patients. Therefore, any solutions to
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number of mAbs from developmental to clinical use settings.

streamline essential processes in drug development and facili-
tate proper use of mAbs are in great need.

Monitoring of mAb levels is critical for drug development
to ensure safety and efficacy of mAbs.>”® Therapeutic drug
monitoring (TDM), used for small molecule drugs, has been
applied to adjust the doses of mAbs for patients with chronic
inflammatory immune disease.®” In addition, we and others
have demonstrated that the trough levels of ICIs may serve as a
potential biomarker for the effectiveness of cancer
immunotherapy.® ™ This is of particular note as current bio-
markers for prediction of ICI response such as PD-L1 immuno-
histochemistry (IHC) and tumor mutational burden (TMB) pro-
filing are imperfect, and a minority of treated individuals
exhibit a significant tumor response to the therapy.'* Thus,
the deployment of a rapid and universal platform for mAb
monitoring may provide benefits across various diseases and
processes ranging from drug development to clinical practice.

A ligand-binding assay (LBA), namely enzyme-linked
immunosorbent assay (ELISA), is currently the first choice for
measuring mAbs. However, ELISA requires unique sets of
reagents and assay optimization for each therapeutic mAb,
which makes the adaptation and management impractical to
cover an ever-increasing number of mAbs.'® ELISA tends to
suffer from poor sensitivity/selectivity at lower concentrations
as well as non-specific binding as it is an indirect technique
that relies on either a target antigen or an anti-idiotype anti-
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body to capture mAbs. The presence of anti-drug Abs may also
interfere with the binding of mAbs to the target antigen.
Moreover, ELISAs are not suitable for multiplexing since it is
impractical to prepared paired idiotypic antibodies for each
mADb without causing any interference.'® Even though planer
and solution-based multiplexing applications are available,
they suffer from lack of adequate standardization and
quality control. In contrast, liquid chromatograph-mass spec-
trometry (LC-MS)-based mADb assays directly detect a structure
unique to each mAb and therefore are compatible with multi-
plex quantitation.'”” However, typical LC-MS-based mAb assays
have been plagued with analytical instability due to excess
tryptic peptides and the trypsin enzymes since the whole
analyte is digested.'®'® We hypothesized that a technology
capable of enriching the signature peptides should address
such issues.

Previously, we developed nano-surface and molecular-orien-
tation limited (nSMOL) proteolysis to overcome such chal-
lenges.”® Briefly, IgGs are captured in a Protein A resin with a
100 nm pore. As a result, IgGs orient their Fab to the reaction
solution. IgGs are proteolyzed by trypsin immobilized on the
surface of nanoparticles with a 200 nm diameter. Immobilized
trypsin has physicochemically limited access to the Fab of
IgGs because of the difference of the two resins, therefore
decreasing the peptide number while maintaining the struc-
tural specificity of complementarity-determining region (CDR)
peptides for downstream multiple reaction monitoring (MRM)
with triple-quadrupole LC-MS. Indeed, we have previously
shown that nSMOL can be used to identify signature peptides
of more than 30 unique mAbs in patient serum, confirming
that the assay meets the criteria of the FDA Bioanalytical
Method Validation Guidance for Industry (Table S11).>'
However, the quantification of each mAb required the use of
an authentic reference protein. This is impractical, for
example, for a clinical laboratory to maintain unique assays for
many different mAbs as each mAb assay requires at least 16
standards (duplicate of 8 standards). Importantly, the nSMOL
method is capable of rapid method development in only 1-2
weeks, while that of the LBA can take up to several months.
Development of the nSMOL method for a new mAb is well
streamlined as it only requires identification of the
signature peptide that there is no significant interference with
detecting the signature peptide of the mAb of interest from
endogenous antibodies contained in biological matrix using
computational and LC-MS analysis. Thus, our goal was to
develop an innovative and more practical assay based on
nSMOL technology that could accurately measure concen-
trations of different mAbs using one universal reference anti-
body, named refmAb-Q.

Experimental
Experimental design

The objective of the study was to develop a universal monitor-
ing technology for mAbs using LC-MS-based assay. LC-MS is
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inherently suitable for multiplex and sequential analysis, but
the matrix difference from each biological sample was a major
hurdle to establish a reliable multiplexed assay. Since our
nSMOL assay can overcome such challenge, we sought to
examine a possibility of using universal reference control for
multiplexed quantitation of mAbs. To this end, we conducted
18-plexed measurement of mAbs, and examined reproducibil-
ity of the count per second (CPS) between trastuzumab, a uni-
versal reference candidate, and other mAbs. We also tried to
understand the requirement for a good reference mAb by a
hierarchical clustering analysis. Finally, we tried to validate the
precision of the refmAb-Q nSMOL platform with clinical
samples.

Analysis workflow of measuring antibody concentration using
the refmAb-Q nSMOL assay

For assessing the quantitative analysis of antibodies using a
reference mAb, nSMOL assay (n = 3) was first performed using
the reference and target analyte mAbs with low quality control
sample (QC) and high QC concentrations within the linear
quantitative range. The internal standard (IS) peptide P14R
was used to correct the cps values of MS signals in each
measurement. The averaged cps ratio of the reference antibody
to the target analyte antibody was calculated using the IS area
ratio of each. Next, a calibration curve for the reference anti-
body was prepared for the determination of its approximate
linear regression. The concentration was calculated by substi-
tuting the averaged ratio of the reference to target analyte
into the linear fitting curve. In the case of using the reference
antibodies with different linear quantitative ranges, the con-
centration ratio was additively used as a coefficient based on
the difference in concentration of each antibody (equation
below).

[refmAb Q calculated concentration]
=[(each CPS/ratio) — y]/(x x f)

Each CPS: each peak intensity of signature peptide from
analyte mAb; ratio: CPS ratio of analyte mAb to reference mAb;
y: intercept of linear regression curve created by reference
mADb; x: slope of linear regression curve created by reference
mAb; f: coefficient of quantitative range (sensitivity); (1: the
quantifiable range from 1-200 pg ml™, 0.5: from 2-400 pg
ml™, 0.4: from 2.5-500 pg m1™).

As a comparison group, the same mAbs of clinical samples
(authentic mAbs) were used as a reference, and quantitative
values were obtained by conventional methods using a cali-
bration curve from the same reference (the conventional
nSMOL assay). To evaluate the performance of refmAb-Q
nSMOL assay, we first set the concentration at 50 pg ml™* of
mAb mixture in human serum for the identification of signa-
ture peptide structure by quadrupole time-of-flight (Q-TOF)-
MS and the quantitative reproducibility by triple-quadrupole
MS. The ratio of the reference mAb to target analyte mAb was
set from 1 to 500 pg ml~' samples in human serum and
selected four concentrations from low to high QC samples.

This journal is © The Royal Society of Chemistry 2022
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Physicochemical classification of signature peptides

To classify candidate mAbs based on their potential of serving
as a reference mAb for the refmAb-Q, we consider physico-
chemical properties of signature peptides.”*>* MS detects
ionized molecular signals as a mass/charge value. The mass
number is invariant in a molecule-specific property, while the
charge is defined by the probability of its electron presence.
Molecules ionized by ESI have multiple charge states, among
which the most abundant ions are preferentially selected and
detected. Although the ionization reaction itself depends on
the energy level of the molecule, it is difficult to clearly define
the energy level especially in high MW biopolymers. In the
case of peptides, a stable localization of the electron cloud is
formed at the site of amide bonding. Thus, electron density
and distribution of the amino acid residue likely defines the
ionization reaction in a molecule-specific manner. The
primary amines of peptides are the most likely proton accep-
tors. In addition, indole rings, some of aromatic rings, and
sites that form globular structures can be also the proton
acceptor. On the other hands, in the case of multivalent ion
formation, intramolecular electrostatic repulsion is formed
depending on the distance between the electron localizations,
and the probability of the presence of the local electron site
affects the most stable structure, size, and flattening. As a
result, the molecular structure is expected to be affected by
MW and multivalency. Therefore, we evaluated the physico-
chemical properties of the mAb signature peptides such as not
only common factors in MS (the S/N ratio and hydrophobicity)
but also the most stable energy level, the molecular diameter
calculated with the most abundant electron valency, and the
flattening ratio when the molecular surface area is approxi-
mated as an ellipse. Signature peptides have a wide range of
MW, and peptide molecules become closer to a spherical
shape dependent on decreasing of the size. Therefore, the
factor per MW was also considered in the calculation of flat-
tening. Hierarchical clustering was performed using BioVinci
version 3.0.9 (San Diego, CA), and physicochemical properties
were calculated by ChemOffice version 17.1 (PerkinElmer,
Waltham, MA).

Clinical sample information

Serum samples were obtained from patients with advanced
melanoma who received ipilimumab,”?* pembrolizumab,® or
combination of ipilimumab and nivolumab. All experiments
were performed in accordance with the Declaration of
Helsinki under good clinical practice and institutional review
board approval, and approved by the Providence Health
System Regional Institutional Review Board-Oregon. Informed
consents were obtained from human participants of this
study.

Statistical analysis

Correlation analysis of nSMOL assay with the authentic refer-
ence and refmAB-Q nSMOL assay was performed using Prism
version 7.05 (GraphPad Software, San Diego, CA).

This journal is © The Royal Society of Chemistry 2022
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Results
Developmental concept of refmAb-Q nSMOL assay

Monitoring of mAbs is not only critical for drug development
but also holds a great promise in clinical settings through
TDM or as a biomarker. In contrast to intensive investment in
pharmacodynamic studies, monitoring of mAbs is rarely con-
ducted outside pharmacokinetic (PK) study even though
proper distribution and persistence of mAbs to the targeted
organ(s) is likely prerequisite to clinical response. While
ELISAs are the first choice for mAb assays, they require the
development of an idiotypic antibody to capture mAbs and
extensive assay-specific optimization (Fig. S1A,f top, and
Table S2t). ELISAs also suffer from a relatively narrow dynamic
range, interference from anti-drug antibody, and cross-reactiv-
ity. A MS-based assay has been developed to directly detect the
signature peptide of mAbs (Fig. S1A,f bottom), however it
suffers from matrix effects related to trypsin digestion of whole
antibody and the trypsin enzyme itself, which produces excess
peptide fragments that interfere with reliable detection of sig-
nature peptides.

To leverage the strength of LC-MS-based approach but elim-
inate associated matrix effect issues, we have developed the
nSMOL platform. The process is based upon selective proteol-
ysis of antibody variable regions by maintaining structural
specificity while decreasing undesired tryptic peptides through
facilitating interaction between outward-oriented mAbs on
protein A capture beads and -catalytic trypsin-immobilized
beads (Fig. S1B and Table S27). Since our original report,*® we
have demonstrated successful analytical validation for over
40 mAbs (3 chimeric, 10 humanized, 11 human, 4 Fc-fusion, 3
antibody-drug conjugate, 1 scFv, 5 biosimilar, 6 mouse/rat
mAbs) using the same standardized reagents and protocol
regardless of analyte mAbs. Comparing with the “gold-stan-
dard” ELISA, the nSMOL assay achieved a wider dynamic
range as well as a linear standard curve and was unperturbed
by the presence of anti-drug antibody.>® On top of these favor-
able analytical attributes, we have standardized assay develop-
ment processes using Q-TOF-MS and other informatics tools
(e.g., Skyline of MacCoss Lab*®) to determine a target signature
peptide within a week even if mAb peptide sequence is not
available (Table S27).

Our success with the nSMOL assay inspired us to scale the
assay to measure multiple mAbs in one assay run (Fig. S1C
and Table S27). This feature is critical for ensuring practical
implementation of the nSMOL assay in a PK study, TDM assay,
or biomarker study for multiple mAbs. We have already con-
firmed that the nSMOL assay protocol is compatible with auto-
mation. In this report, we sought to determine whether we
could use one universal mAb reference to generate a standard
curve to avoid excessive sets of authentic antibodies as stan-
dards for each antibody when analyzing a few samples for
each mAb of interest in one assay run.

To establish refmAb-Q nSMOL, we redesigned the nSMOL
assay with substantially enhanced features for multiplex
quantification of mAbs with one universal reference mAb

Analyst, 2022,147, 4275-4284 | 4277
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Fig. 1 Workflow of the refmAb-Q nSMOL. A procedural workflow of the refmAb-Q nSMOL assay. The CPS ratio of an analyte mAb to a trastuzumab

reference is used for the determination of concentration.

(Fig. 1). We harnessed the nSMOL chemistry, which uses 5 pL
of unfractionated serum/plasma as a starting material for
intact IgGs to detect the discrete mAb-specific signature
peptide derived from the CDR. This feature enabled universal
adaptation of the nSMOL protocol regardless of analyte mAbs
if they bind to Protein A. We also introduced an antibody sen-
sitizing (structural relaxing on H-chain) step with a reductive
acidic pretreatment (pH 2) in addition to conventional non-
acidic conditions to improve trypsin reaction of locally trypsin-
resistant mAbs (~25% of mAbs) for optimal recovery of signa-
ture peptides.?” Based on these conditions, we aimed to estab-
lish a simplified standard curve-based extrapolation of mAb
concentrations by using one universal reference mAb since the
peak intensity ratio of each signature peptide can be estab-
lished during MRM.

Trastuzumab and other antibodies can be used as a reference
antibody for the refmAb-Q nSMOL assay

To select a universal reference antibody for the refmAb-Q
nSMOL assay, we picked 18 FDA-approved mAbs (4 chimeric,
7 humanized, and 7 human mAbs) and compared detection
reproducibility of each mAb from 18 mAb spiked-in serum
samples between singleplex and multiplex nSMOL assays.
Signature peptides were previously identified and were derived
from various location within the variable region of mAb (2
H-CDR1, 5 H-CDR2, 4 H-CDR3, 1 L-CDR1, 3 L-CDR2, and 3
L-CDR3: Fig. S2 and Table S1}). MS/MS spectra of mAb-derived
signature peptides (Fig. S3T) were also adequate to assign the
sequence determination with a good database search score
using Q-TOF-MS (Table S37). Next, we confirmed that the sep-
aration of chromatogram for each analyte (total 20 analytes:
18 mAbs and 2 Fe-fusion proteins) was sufficient for multiplex
quantitation. We also verified that each component can be
switched by the MRM transition (Fig. 2A). The ratio of multi-
plex assay to each singleplex nSMOL assay was equivalent,
both in absolute and relative (P14R internal standard) values.
All inter-assay errors for all antibodies were almost within
10%, demonstrating that the CPS of each mAb is intrinsic, and
that all mAbs are candidates for a potential universal reference
in refmAb-Q nSMOL assay (Fig. 2B).

Next, we asked whether we could quantify mAbs using the
CPS value ratio between the signature peptide of each mAb
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CPS ratio of the 20-plex nNSMOL assay to the singleplex nSMOL assay for
absolute and relative CPS value from each antibody signature peptide in
human serum (n = 3). Bre: brentuximab vedotin, Cet: cetuximab, Rit:
rituximab, Ifx: infliximab, Atz: atezolizumab, Bev: bevacizumab, Pem:
pembrolizumab, Tra: trastuzumab, Ecu: eculizumab, Mep: mepolizumab,
Toc: tocilizumab, Ave: avelumab, Dur: durvalumab, Ipi: ipilimumab, Niv:
nivolumab, Ram: ramucirumab, Ada: Adalimumab, Gol: golimumab, Abt:
Abatacept, Etn: etanercept.

and a certain universal reference mAb (a reference in refmAb-
Q assay in Fig. 1) to simplify the multiplex assay. To test this,
the CPS ratios between each signature peptide of mAb from
lower limit of quantitation (LLOQ) to high QC concentrations
were compared (Fig. 3, and Fig. S47). The results showed that
the CPS ratio to trastuzumab was unique to each mAb and con-
sistent. There seems be a trend for the CPS of signature pep-
tides of certain mAbs to be decreased at higher concentrations
in 20-plex assay. This is probably due to the interference effect
of the composition of the solution and the stabilizer in the
drug substance, which may have resulted in a change of the
total IgG amount compared with a single reaction. In clinical
samples of peripheral circulating blood, such effect is con-
sidered to be negligible (e.g. B) Ipi ratio to Cet, C) Bev ratio to
Rit, G) Ipi ratio to Pem, L) Gol ratio to Dur in Fig. S47). Since
the signal intensity of a signature peptide depends not only on
its physicochemical properties but on many other factors such
as proteolysis reaction yield, fragmentation efficiency, and
physical adsorption to materials, the selection of a universal
reference mAb requires comprehensive consideration of mul-

This journal is © The Royal Society of Chemistry 2022
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tiple factors. We further identified the other 3 mAbs as candi-
date reference mAbs in addition to trastuzumab (preferential
choice antibodies in Fig. 4) based on the physicochemical size
and flattening properties that mass spectra are dependent on
(e.g., the energy level of peptides attributed from intra-
molecular electron density and distribution).>>** On the other
hand, the use of antibodies with low CPS (e.g., Ave or Rit) was

inadequate as a universal reference mAb in low concentrations
(Fig. S57). The expanded choices of reference mAb gives more
flexibility for mAb monitoring when using the refmAb-Q
nSMOL platform.

The refmAb-Q nSMOL assay showed almost perfect concor-
dance with the conventional nSMOL assay for detecting mAbs
in clinical samples. To validate the refmAb-Q nSMOL platform
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Fig. 4 Classification of signature peptides suitable for reference. Hierarchical clustering distinguished preferential choice reference antibodies from
other mAbs based on physicochemical properties, physicochemical size, and flattening properties of signature peptides. The preferential choice
mAbs exhibited high sensitivity and S/N ratio. MW: molecular weight, S/N: signal to noise. The three N-terminal amino acids of each signature

peptide are shown in parentheses.
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for multiplexed quantification of mAbs with a reference anti-
body, we selected trastuzumab as a reference mAb and con-
ducted refmAb-Q nSMOL assay for serum samples from ipili-
mumab-treated patients (n = 71) and those from pembrolizu-
mab-treated patients (n = 74). We also used ipilimumab and
pembrolizumab, respectively, as an authentic reference. We
performed a Pearson correlation analysis between the result
obtained by nSMOL assay with individual authentic reference
and that with refmAb-Q nSMOL assay for the verification
(Fig. 5A, B, Tables S4A and S4Bt). Samples close to the detec-
tion limit also showed almost perfect concordance within the
95% confidence interval (inserts in Fig. 5). Finally, we con-
firmed that the refmAb-Q nSMOL assay was highly concordant
with the conventional nSMOL assay with the authentic mAb
reference when analyzing samples from patients receiving
combination immunotherapy of ipilimumab and nivolumab
in a multiplex setting (Fig. 5C, D Tables S4C and S4Df). These

4280 | Analyst, 2022,147, 4275-4284

results demonstrated that refmAb-Q nSMOL can be applied for
antibody monitoring in clinical samples with highly sufficient
reproducibility, including samples from patients receiving
combination therapy.

Discussion

In this report, we demonstrated that trastuzumab can be used
as a universal reference for quantitation of mAbs by the
nSMOL assay, which is termed as the refmAb-Q nSMOL plat-
form. We found excellent concordance between conventional
nSMOL with an authentic antibody reference and refmAb-Q
nSMOL with the trastuzumab universal reference. Finally, we
demonstrated stellar performance of the refmAb-Q nSMOL
assay for measuring clinical samples from patients receiving
mAb monotherapy and combination therapy. Currently, more

This journal is © The Royal Society of Chemistry 2022
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than 100 mAbs are clinically available and nearly 900 mAbs are
in the pipeline." TDM-based therapeutic guidance is becoming
widely utilized in clinical practice for patients losing response
to anti-TNF agents for inflammatory bowel diseases.*® We and
others showed that the trough levels of ICI mAb can be a bio-
marker for cancer immunotherapy,>*®™° this is of particular
importance given the relatively low predictive capability of
current biomarkers such as anti-PD-L1 IHC and TMB."
Therefore, development of a universal platform for quantitat-
ive analysis of mAbs is essential to streamline the PK study,
TDM for effective use of mAbs, and biomarker discovery. The
refmAb-Q nSMOL assay may serve as a prototype for the
greater effort of developing a standardized platform of quanti-
tation of mAbs to meet current challenges and needs
described above.

An innovation of the refmAb-Q nSMOL assay is that it is a
uniquely antibody-agnostic platform by establishing a univer-
sal reference standard with an analogous mAb instead of
using corresponding authentic antibodies for the practical
simultaneous quantitation of multiple mAbs. This was made
possible because we found reproducible CPS ratios between
the specific signature peptide of each target antibody and that
of trastuzumab obtained by the nSMOL assay. In our previous
studies, we showed that the proteolysis efficiency of antibodies
on nSMOL reaction is almost 95% or higher,® and that the
chemical equivalent of signature peptides produced from each
biological sample (e.g., endogenous IgG and mAb) can be con-
stant. Since the peak intensity of LC-MS depends on the
peptide sequence and composition, the peak intensity
obtained from each constant amount of peptide matrix has a
constant physical quantity.”® In other words, the peptides in
the same amount can be determined using a constant ratio of
peak intensity, which is the basic concept for refmAb-Q
nSMOL technology. The refmAb-Q nSMOL inherits unique and
beneficial features of nSMOL: (1) the nSMOL yields high sensi-
tivity by recovering signature peptide(s) from the Fab region of
mAbs for downstream LC-MS analysis without going through
extensive sample preparation steps; (2) the nSMOL assay offers
a mAb-agnostic solution by capturing mAbs and Fc fusion pro-
teins with Protein A/G; (3) the assay reproducibility is not influ-
enced by heterogeneity of subjects, samples (e.g., plasma or
serum), or mAb concentrations; and (4) a biological matrix is
constant and limited to the Fab peptides from total endogen-
ous IgGs, which prevents physical adsorption of mAb-derived
signature peptides to the sample vial, thus ensuring 48-hour
analytical stability (manuscript in preparation). High-MW
protein analysis with LC-MS is an advanced and complex tech-
nique that involves several multi-step physicochemical reac-
tions (e.g., molecular fractionation, denaturation, proteolysis,
separation, resin adsorption, elution, electrostatic interaction,
electrospray ionization, vacuum control, Coulomb repulsion,
ion amplitude control, collision-induced dissociation, ion
valency determination, and ion selection). The ability of
LC-MS to directly assign the accurate peptide structures
through molecular separation and MS/MS analysis is quite
attractive. However, accurate quantitation, cost effectiveness,

This journal is © The Royal Society of Chemistry 2022
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general usability, and reproducibility of all fragment ion inten-
sities are still insufficient due to the protocol and technologi-
cal complexity. Based on the stable and structure-indicated
chemistry of signature peptide collection using Fab-selective
proteolysis, our refmAb-Q nSMOL platform provides a break-
through in quantitative reproducibility in measuring mAbs
and general usability for various biological samples, which
have long been considered as a weakness of MS.

Currently, a bottom-up approach is typically used for the
quantitation of mAb by LC-MS, which relies on detection of a
signature peptide.?! The signature peptide was determined so
that it provides excellent sensitivity and high signal to noise
ratio when analyzed by LC-MS. In the analysis of mAbs in bio-
logical samples using LC-MS, there has been an active debate
on how to correct analytical data using internal standards.’*"?
A stable isotope-labeled (SIL)-peptide of the signature peptide
is most commonly used as an internal standard, which has
been widely used in quantitative proteomics. However, there is
no clear consensus regarding when the SIL-peptide should be
added; the SIL-peptide was reported to be added before
sample preparation,®*?*>  before reduction,*®*”  before
digestion,*®?° or after digestion.*®*' Moreover, the use of SIL-
peptide may not correct for variations in LC-MS detection
especially during steps before mAb digestion as the physical
and chemical behavior of the signature peptide within the
intact mAb and the SIL-peptide can be different. To overcome
this shortcoming, SIL-mAbs have been introduced as an
internal standard.**™** In fact, where more pre-digestion steps
are required, an SIL-mAb yielded better results.*> However,
there are several issues in the use of SIL-mAbs: lot-to-lot
errors, high cost, differences in recovery rate likely due to the
structural/dynamic difference, main detectable peptides on Fc-
loop, and lower stability than a pharmaceutical grade (e.g.,
presence of aggregates, denaturation). It is impractical to syn-
thesize the SIL-mAb for ever increasing number of approved
mAbs. In contrast, the nSMOL assay utilizes an authentic anti-
body (native and not SIL form) as a quantitation standard in
separate reaction tubes just as the ELISA assay does. The P14R
is used for the internal standard to correct measurement.
Regardless of which type of quantitation standard is used,
several dilutions of the quantitation standard are required for
each mAb. To address this, we examined the utility of an ana-
logous mAb in the replacement of authentic mAbs for the
quantitation standard. Although the usefulness of analogous
mAb as the internal standard has been examined by using
alemtuzumab as an internal standard for quantitation of
infliximab and bevacizumab, its use was limited to mAbs that
have structurally similar signature peptides,*® which falls short
of a universal utility. In contrast, our refmAb-Q approach does
not rely on structural similarity in signature peptides between
reference and target mAbs. Instead, refmAb-Q relies on CPS
ratio between trastuzumab and target mAbs, ensuring unrest-
ricted utility. Trastuzumab and other preferential choice mAbs
are readily and reliably available in a pharmaceutical grade.
Together, the refmAb-Q, an approach of utilizing one analo-
gous mAb as a universal reference for the nSMOL assay will
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address challenges in the bottom-up approach to quantitate
mAbs.

Major advantages of the refmAb-Q nSMOL assay stem from
its backbone, the nSMOL assay. We have applied and validated
the nSMOL assay for more than 40 mAbs including 2 Fc fusion
proteins.®***7*° The exquisite specificity of mAbs and avail-
ability of 6 CDR legions (3 from each heavy and light chains)
enables robust selection of the signature peptide as we and
others have demonstrated.*’ Therefore, we do not anticipate
encountering difficulties in identifying a signature peptide as
we expand our portfolio for the nSMOL method into the rest of
FDA- and EMA-approved mAbs. The nSMOL assays showed
excellent accuracy/recovery and precision (%CV < 10%). We
showed great concordance between the nSMOL assay and
ELISA or microfluidic-based LBA.>® The lower LLOQ is one of
the important hallmarks of the nSMOL assay. For example, in
our direct comparison with bevacizumab, we found that the
LLOQ for the nSMOL was 0.146 pg ml™" whereas the LLOQ for
conventional pellet digestion was 18.8 pg ml~".>° Further, the
best LLOQ was 0.06 pg ml™" in the trastuzumab assay.”* The
nSMOL assay has an excellent linear quantitative range: the
LLOQ of the nSMOL assay is typically lower than 1 pg mL ™"
and it can measure mAbs at up to 100-300 pg ml~".>> This
feature curtails errors introduced through sample dilution and
during the process of extrapolation of mAb concentration from
the standard curve, while such errors are difficult to mitigate
in ELISA (e.g., a linear standard curve is typically accompanied
by narrower dynamic range whereas wider dynamic range ends
up with a sigmoidal standard curve). Although others success-
fully measured mAbs using the nSMOL assay*®**** and we
demonstrated the minimal inter-operator variabilities in
measuring bevacizumab with the nSMOL assay,’® we have
built and validated a prototype for an automated nSMOL plat-
form using an automated liquid handler in our effort to
further address inter-operator variabilities (manuscript in
preparation). We also showed reasonable inter-instrument/
platform variabilities from the LC-MS when conducting the
nSMOL assays. We compared two different triple quadrupole
LC-MS instruments and found high concordance between
them. As LC-MS was widely adapted in the clinical laboratory
and pharmaceutical analysis over the last decade,’®®
confident that a streamlined assay such as the refmAb-Q
nSMOL with automated sample preparation will enable repro-
ducible quantitation of mAbs from any stage of drug develop-
ment through to the clinical care setting.

It is going to be increasingly important for quantitative
assays of mAbs to be agnostic and to offer a multiplex capa-
bility as we and other showed that the antibody levels in circu-
lation can be a biomarker for therapeutic efficacy and more
antibody therapeutic are in clinical trials and in the pipeline.
Among 100 mAbs approved by the US FDA, 42 of them are tar-
geting 10 molecular interactions." For instance, anti-TNF
mAbs account for 4 antibodies (infliximab, Adalimumab, cer-
tolizumab-pegol, golimumab). Etanercept also targets to neu-
tralize TNF-a as a Fc fusion protein of TNFRIIL These anti-TNF
agents were approved for various inflammatory or auto-

we are
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immune diseases. These patients can be treated with other
mAD targeting IL-12/23p40, C5, or IL-6R at a medical center for
autoimmunity and inflammation. Therefore, we developed
multiplexed nSMOL assay to simultaneously detect 9 mAbs
such as infliximab, Adalimumab, ustekinumab, golimumab,
eculizumab, etanercept, Abatacept, tocilizumab, and mepolizu-
mab in a single run and successfully detected mAbs from
patient samples.**** Others have also reported simultaneous
detection of 2-7 mAbs,"®**°*™° further proving the feasibility
of multiplexed detection of mAbs by LC-MS. Recent approvals
from cancer immunotherapy to autoimmune disease treat-
ment have involved several antibodies in the same target, and
we expect to see this practice continue or perhaps increase in
the number of unique mAbs. Specifically, there are an increas-
ing number of immunotherapy combinations for treating
advanced cancer patients. Some of these are combinations of
two mAbs and are clinically approved (anti-PD-1/anti-CTLA-4),
ready for regulatory review (anti-PD-1/anti-LAG-3), or actively
pursued (e.g., anti-PD-1/anti-VEGF),*° in which cases the multi-
plex assay will enable simultaneous detection of mAbs. In
addition, many bispecific antibodies are actively being
pursued in the immune-oncology field.*"*> The detection of
intact bispecific antibodies requires a multiplex assay.
Although further study is required to confirm the nSMOL
assay can be used to quantitate bispecific antibodies, since the
nSMOL assay is compatible even with Fe-fusion protein such
as Abatacept and etanercept, or with 3 CDR-peptide quanti-
tation from bevacizumab,? we envision that the nSMOL assay
can support the measurement of bispecific antibodies.
Together, refmAb-Q nSMOL will provide a practical solution
for quantitation of mAbs in the ever-changing landscape of
mAD treatment.

Conclusion

We envision that wide adaptation of refmAb-Q nSMOL is poss-
ible if adequate support is provided. The protocol detail for
the nSMOL assay from identifying the signature peptide to
conducting assays has been published.”* Pharmaceutical com-
panies can substantially simplify the development of PK
studies for a new mAb. If they chose to disclose the signature
peptide and LC-MS condition after approval for the clinical
use, it would make it easier for end users to include a new
mAb in their analysis portfolio. A community website storing
and updating LC-MS condition for approved mAbs would serve
as a great resource for PK and TDM assays for mAbs. Together,
our refmAb-Q nSMOL assay has the potential to transform
how we conduct PK and TDM assays for mAbs.
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