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ABSTRACT Therapeutic monoclonal antibodies (MAbs) are an important class of
drugs used to treat diseases ranging from autoimmune disorders to B cell lympho-
mas to other rare conditions thought to be untreatable in the past. Many advances
have been made in the characterization of immunoglobulins as a result of pharma-
ceutical companies investing in technologies that allow them to better understand
MAbs during the development phase. Mass spectrometry is one of the new ad-
vancements utilized extensively by pharma to analyze MAbs and is now beginning
to be applied in the clinical laboratory setting. The rise in the use of therapeutic
MAbs has opened up new challenges for the development of assays for monitoring
this class of drugs. MAbs are larger and more complex than typical small-molecule
therapeutic drugs routinely analyzed by mass spectrometry. In addition, they must
be quantified in samples that contain endogenous immunoglobulins with nearly
identical structures. In contrast to an enzyme-linked immunosorbent assay (ELISA)
for quantifying MAbs, mass spectrometry-based assays do not rely on MAb-specific
reagents such as recombinant antigens and/or anti-idiotypic antibodies, and time for
development is usually shorter. Furthermore, using molecular mass as a measure-
ment tool provides increased specificity since it is a first-order principle unique to
each MAb. This enables rapid quantification of MAbs and multiplexing. This review
describes how mass spectrometry can become an important tool for clinical chem-
ists and especially immunologists, who are starting to develop assays for MAbs in
the clinical laboratory and are considering mass spectrometry as a versatile platform
for the task.
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onoclonal antibody (MADb) therapy is a relatively novel, growing field in the

pharmaceutical industry, with an expected $100 billion dollars in sales across the
world in 2017. As more patients undergo MAb therapy, there is a perceived need for
monitoring of MAb therapeutic efficacy and understanding loss of response when
patients fail treatment. This poses an opportunity for the clinical laboratory to develop
a new niche of tests and improve patient care by personalizing therapeutic regimens
with MADbs.

Therapeutic MAbs are typically modeled after human immunoglobulins (Igs), ho-
modimers with a molecular mass of approximately 150 kDa. Each Ig consists of two
identical glycosylated heavy chains (50 to 70 kDa) and two identical light chains (22 to
24 kDa). The light chains are linked to the heavy chains by a single disulfide bond, while
the heavy chains are linked together by two or more disulfide bonds, depending on the
Ig isotype and/or subclass. While the N-terminal portion of both the light and heavy
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chains contains the variable-region sequences that give the Ig its specificity for binding
of antigens (Fab), the C-terminal portion of both chains (Fc) contains the constant-
region sequences that characterize the Ig by isotype and class (1, 2). It is critical to
understand the relationship between the constant region and the variable region of Igs
and therefore therapeutic MAbs.

When using mass spectrometry (MS) to characterize and quantify MAbs, the variable
region is the target and its uniqueness is compared to the endogenous polyclonal Ig
repertoire. The conserved amino acid sequences designate the heavy chain isotype IgG,
IgA, IgM, IgD, or IgE and the light chain either kappa or lambda. The IgG isotype has
four subclasses with different characteristics: IgG1, 19G2, IgG3, and IgG4. Therapeutic
MADbs currently on the market are predominately IgG1 kappa, with a few being 1gG2,
IgG4, or hybrids.

MAb PRODUCTION AND TARGETS

International nonproprietary names (INNs) have been assigned to MAbs since 1991
and use -MAb as a stem and specific substems to cover their source (-omab for murine,
-ximab for chimeric, -zumab for humanized, and -umab for human antibodies). In 2014,
the World Health Organization proposed a new nomenclature system because of the
growth of the field and the number of techniques for engineering and manufacturing
MAbs. Although the proposal has generated much controversy, since it would change
the classification of the MAbs currently on the market (3), a new naming system is still
under discussion. Using the 1991 system, the variable region of chimeric MAbs is from
a nonhuman source, usually murine, and linked by disulfide bonds to a human Ig. In
humanized MAbs, only the variable light- and heavy-chain regions that bind antibody,
or complementarity-determining regions, are nonhuman and therefore “grafted” onto
human variable regions. Fully human MAbs are produced by using transgenic mice and
phage display techniques (4). MAb production involves a challenging combination of
recombinant expression technology and purification techniques (5).

MAbs work by blocking targeted molecule functions, inducing apoptosis of cells
that express the target, or modulating signaling pathways. Targets may be membrane
bound, soluble, or both. Most MAbs are used in oncology (~38%), autoimmune/
inflammatory conditions (~27%), and neurology areas (~12%). Successful targets in
oncology include CD20 (rituximab [RTX]), CD38 (daratumumab [DARA]), and pro-
grammed-death ligand 1 (PD-L1) or programmed-death receptor 1 (PD-1) immune
checkpoint inhibitors (pembrolizumab [PEMBRO] and others). For autoimmune disor-
ders, there are several tumor necrosis factor alpha (TNF-«) inhibitors (infliximab [IFX],
adalimumab [ADM], and others) and anti-interleukin-12 (IL-12)/IL-23 (ustekinumab) and
other cytokine inhibitors. In rare diseases and neuroscience, the use of less obvious
targets such as the complement C5 inhibitor eculizumab (ECU) and natalizumab
(NATA), which targets the cell adhesion molecule a4-integrin, have made it to the clinic
(Table 1).

MAb METABOLISM

Therapeutic MAbs have unique characteristics compared to small-molecule drugs.
Their metabolism does not undergo traditional hepatic cytochrome P450 oxidation,
phase Il enzyme glucuronidation, or phase Il elimination via cellular transporters.
Instead, MAbs are closer to human Igs, which are synthesized in the rough endoplasmic
reticulum of plasma cells and secreted into the extracellular space. The Fc portion of the
Ig is recognized by Fc receptors (FcyRs) on the surface of endothelial cells. FcyR1 and
FcyR2 internalize the Igs, leading to lysosomal degradation. In contrast, the neonatal Fc
receptor (FcRn) recycles the Ig through endosomes with subsequent secretion back
into circulation (6). The pharmaceutical industry has invested in several modifications
(Fc engineering) to increase MAb half-lives in circulation in order to increase efficacy.
Most MAbs in clinical use have half-lives of a week or longer, resulting in long dosing
intervals (2 to 8 weeks). Intravenous administration allows for application of larger
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TABLE 1 Examples of therapeutic MAbs mentioned in this review?

Clinical and Vaccine Immunology

1st US.
INN Brand name(s) Target; format Indication(s) first approved or reviewed approval yr
Oncology
Daratumumab Darzalex CD38; human IgG1 Multiple myeloma 2015
Elotuzumab Empliciti SLAMF7; humanized IgG1 Multiple myeloma 2015
Nivolumab Opdivo PD1; human IgG4 Melanoma, non-small-cell lung cancer 2014
Pembrolizumab Keytruda PD1; humanized IgG4 Melanoma 2014
Siltuximab Sylvant IL-6; chimeric IgG1 Castleman’s disease 2014
Trastuzumab Herceptin HER2; humanized IgG1 Breast cancer 1998
Rituximab MabThera, Rituxan ~ CD20; chimeric IgG1 Non-Hodgkin lymphoma 1997
Autoimmune/immunology
Vedolizumab Entyvio a4B7 integrin; humanized IgG1 Ulcerative colitis, Crohn’s disease 2014
Ustekinumab Stelara IL-12/23; human IgG1 Psoriasis 2009
Certolizumab pegol Cimzia TNF-a; humanized Fab, pegylated  Crohn’s disease 2008
Adalimumab Humira, Amjevita TNF-o; human IgG1 Rheumatoid arthritis 2002
Infliximab Remicade, Inflectra ~ TNF-«; chimeric 1gG1 Inflammatory bowel disease, rheumatoid 1998
arthritis
Rare diseases/neurology
Eculizumab Soliris C5; humanized IgG2/4 Paroxysmal nocturnal hemoglobinuria, 2007
atypical hemolytic-uremic syndrome
Natalizumab Tysabri a4 integrin; humanized 1gG4 Multiple sclerosis 2004

aThis list is not meant to be exhaustive. Currently, there are over 60 FDA-approved MAbs. A complete and frequently updated list of approved MAbs can be found
online at www.antibodysociety.org.

volumes, lower immunogenicity, and higher bioavailability, whereas more convenient
subcutaneous injections work well for smaller volumes.

WHY MEASURE THERAPEUTIC MAbs IN THE CLINICAL LABORATORY

Therapeutic MAb use has expanded significantly in the last 5 years, and depending
on their target or concentration, MAbs may impact the routine clinical testing of
patients. The first report of such interference was published in 2010, when serum
protein electrophoresis (SPEP) and immunofixation (IFE) were ordered on a multiple
myeloma patient on MAb therapy with siltuximab, targeting IL-6 (7). RTX and vedol-
izumab (VEDO) are also visualized as a fuzzy small band on SPEP when measured at
their peak, 1 to 2 days after MAb infusion, and an IgG kappa is identified in the gamma
fraction on IFE (8). SPEP and IFE are ordered for a number of indications, including
autoimmune/infectious diseases (polyclonal hypergammaglobulinemia), renal dysfunc-
tion (nephrotic proteinuria), and primary immunodeficiency (hypogammaglobuline-
mia), diseases for which treatment with a therapeutic MAb is becoming common. These
tests are also the most important part of the diagnostic workup for patients with
suspected plasma cell dyscrasias, and a monoclonal protein report is a finding that may
trigger additional investigations, such as bone marrow, kidney, or heart biopsies.
Methods to overcome this interference in the laboratory have been published but are
not yet widely available. MS-based methods have the potential to be utilized (8-10),
and incubation with anti-idiotypic antibodies against the therapeutic MAb changes its
electrophoretic migration, allowing it to be discriminated from the original endogenous
clone when they comigrate by SPEP and IFE (11). Immunoassays may also be impacted
by the presence of therapies such as DARA, which causes panreactivity in antibody
screenings in transfusion medicine, as recently reported by blood banking services (12).

The use of the term companion diagnostics has gained popularity and has been
used liberally; however, the FDA defines it as an in vitro diagnostic device or imaging
tool that provides essential information for the safe and effective use of a correspond-
ing therapeutic product. Its use is stipulated in the instructions for use in both labels,
the in vitro diagnostic test and the therapeutic product. Companion diagnostics are
used before prescribing an oncology MAb (e.g., HER2-positive tissue biopsy before
prescription of trastuzumab for metastatic breast cancer or the presence of PD-1/PD-L1
before prescription of PEMBRO or nivolumab (NIVO) for non-small-cell lung cancer);
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however, once therapy is indicated, MAbs are used in high doses and usually for a
defined amount of time. Therapeutic efficacy is measured as tumor shrinkage and
based on clinical symptoms, not necessarily therapeutic drug monitoring through
laboratory testing. On the other hand, in autoimmune disorders, the duration of MAb
therapy is expected to be lifelong.

In inflammatory bowel disease (IBD), a chronic autoimmune group of disorders
characterized by severe inflammation of different layers of the gastrointestinal tract, the
introduction of MAbs targeting TNF-a was a game changer that significantly improved
the quality of life for patients, delaying the onset of abdominal surgeries. Optimizing
therapy during the induction phase so that IFX or ADM concentrations are kept above
certain thresholds has proven to be associated with improved responses and better
outcomes (13) in IBD. Despite their overall therapeutic efficacy, more than one-third of
patients on TNF-« inhibitors show no response to induction therapy (primary nonre-
sponders) and in up to 50% of the responders, therapy becomes ineffective over time
(secondary nonresponders) (14-16). Reasons for primary loss of response include
disease processes mediated by proinflammatory molecules other than TNF-«. Second-
ary loss of response is associated with low albumin, a high body mass index, the degree
of systemic inflammation and immune response to therapy, or immunogenicity (6).

Immunogenicity, the development of an immune response to the MAb, with
appearance of antidrug antibodies (ADAs), can significantly hinder the efficacy of MAb
therapy, especially when the ADAs formed neutralize its effect. Laboratory testing of
patients for quantitation of the MAb concentrations in circulation and assessment
of immunogenicity can help optimize therapy when a partial response or a loss of
response to therapy is observed. Results from laboratory testing play an important role
in patient management, considering the evidence accrued for the TNF-« inhibitor
class in IBD (13, 14, 17-20). When trough levels are measured in patients who have
undetectable or low concentrations of the MAb but no detectable ADAs, the physician
may choose to increase the dose of the MAb in an attempt to increase the amount of
the drug in circulation. If the patient has a low MAb concentration in the presence of
ADAs, the physician may switch the patient to another MAb in the same class, or it may
be necessary to switch the patient to therapy with a different target (15). For other
MAbs outside the IBD setting, comprehensive studies showing the links among MAb
concentrations, loss of response, and outcomes are not available and the recommen-
dations for patient management based on serum monitoring of MAb concentrations is
less clear, although it seems that the TNF-« inhibitor experience can be translated to
other areas (21, 22).

In summary, there are two main needs for measuring therapeutic MAbs in the
clinical laboratory setting, (i) to differentiate the drug from an endogenous monoclonal
protein and prevent additional testing or reporting of erroneous results and (i) to
develop assays to measure MAb concentrations and immunogenicity to aid in the
monitoring of therapeutic efficacy and loss of response.

METHODOLOGIES AVAILABLE FOR MAb MEASUREMENT IN THE CLINICAL
LABORATORY

Clinical tests for IFX, ADM, RTX, certolizumab (CERT), VEDO, and ECU are available
commercially in the United States (Table 2). For IFX and ADM, which are among the top
five best-selling MAbs, measurement of trough serum MAb concentrations is increas-
ingly becoming part of routine patient management. Methodologies for measurement
of IFX and ADM vary widely, ranging from traditional ELISAs (23, 24), passing on to
mobility shift high-performance liquid chromatography (LC) (25), to cell-based assays
with a luciferase reporter gene (26, 27). The assays are offered as either panels or reflex
tests with MAb quantitation and measurement of the presence of ADAs. Immunoge-
nicity is invariably assessed by using immunoassays because of its heterogeneous
nature, and the caveats associated with those methods have been recently reviewed
(26). MAb quantitation may be performed with immunoassays, cell-based assays, LC, or
MS. Last but not least, MS approaches to MAb quantitation, used extensively in the
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development of MAbs by pharmaceutical industries, have entered the clinical labora-
tory and will be described in detail.

HISTORY OF MAb MEASUREMENT BY MS

Not long after electrospray ionization (ESI) and matrix-assisted laser desorption
ionization (MALDI) were introduced commercially in the early 1990s as a means of
transferring proteins into the gas phase, mass spectrometrists working in the pharma-
ceutical industry began to explore the structure of MAbs by using MS (28). Much of the
early work combined LC with MS to characterize therapeutic MAbs as recombinant
protein expression technology made the widespread use of MADbs a reality (29-31). The
ability of MS to rapidly provide information on posttranslational modifications (PTMs)
in this complex class of drugs soon made it the technique of choice in pharmaceutical
research labs (32, 33). By the early 2000s, mass spectrometrists were discovering that
absolute quantification could be achieved by combining protease specificity with
stable-isotope-labeled (SIL) internal standard (IS) peptides with triple-quadrupole mass
spectrometers that are routinely used in clinical laboratories (34-36). Soon after,
pharmaceutical laboratories began to use the same MS methods instead of ELISAs to
quantify MAbs in selected primate studies (37, 38). As new mass spectrometers with
higher resolution and improved mass measurement accuracy became available around
2005, pharma began to routinely investigate PTMs such as methionine oxidation and
glycosylation, which could be easily identified in Fc and Fab fragments by simply
observing mass shifts between protein species (39). At the same time, novel fragmen-
tation methods were being developed that allowed extensive characterization of MAbs
in the gas phase (40-42). Currently, MS plays a central role in the routine quality control
of therapeutic-MAb production (43-45), and new MS-based methodologies for moni-
toring are continuously appearing in the literature. The remainder of this review will
focus on translating MS-based methods for quantifying therapeutic MAbs into the
clinical laboratory with a focus on selecting methods that result in the highest level of
analytical sensitivity and specificity with respect to each patient’s endogenous Ig
repertoire.

MS TECHNIQUES USED FOR MAb QUANTIFICATION IN THE CLINICAL
LABORATORY

LC-MS and LC-MS/MS (tandem MS) are terms related to MS-based techniques used
to analyze therapeutic MAbs (Fig. 1). For both acronyms, the LC portion is the same; a
liquid chromatograph is used to perform LC where analytes are separated on a column
prior to ionization. The MS portion of the acronym relates to the form the analyte is in
when detected in the mass spectrometer. If LC-MS is being performed, then the intact
analyte is being analyzed (e.g., for MAbs, intact light chain). If LC-MS/MS is being
performed, then a fragment of the analyte is being analyzed (e.g., tryptic peptides of
either light- or heavy-chain variable regions). It is important to note that both acronyms
leave out an additional acronym, ESI. It is now assumed that ESI is being used to
generate ions when a liquid chromatograph is coupled to a mass spectrometer for
protein analysis. It is important to keep in mind that no matter what mass spectrometer
is being used, gas phase analyte ions must be formed first in order for the mass
spectrometer to detect them. Furthermore, if the ions are formed at atmospheric
pressure, as is the case with ESI, then the ions have to be transferred into the mass
spectrometer, which is under vacuum and at a much lower pressure (for excellent
reviews, see references 46 and 47).

The most commonly used mass spectrometer in the clinical laboratory for both the
LC-MS and LC-MS/MS methods is the triple-quadrupole mass spectrometer (Table 3).
Triple-quadrupole mass spectrometers have been the mainstay of clinical laboratories
performing forensic toxicology since the late 1990s and continue to be the instrument
platform of choice for clinical labs (48, 49). They are extremely sensitive, specific, stable
instruments and have a proven track record of providing precise and accurate quan-
titative results. Triple-quadrupole mass spectrometers also have the greatest linear
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FIG 1 LC-MS versus LC-MS/MS for quantitation of therapeutic MAbs. MAbs can be quantitated by MS. Ig extraction or enrichment techniques
(protein crash, Melon Gel IgG enrichment, or affinity matrix for specific IgG subclasses, for example) will help reduce the protein load in the
sample. (A) LC-MS/MS method. The LC-MS/MS method includes separation of the light chains from the heavy chains after reduction of the
disulfide bonds, followed by trypsin cleavage to generate multiple peptides from the intact Ig. Peptides specific to the variable region of the MAb
on either the light or the heavy chains, which do not cross-react with human sequences, are used to quantitate the MAb. Serum samples are
extracted/enriched to reduce the protein load. Samples are denatured (protein is unfolded), reduced (cysteine reduction breaks the disulfide
bonds connecting MADb light and heavy chains), alkylated (alkylation of cysteines prevents the disulfide bonds from reforming), and digested by
trypsin into smaller peptides. The peptide mixture is separated by LC before analysis by MS/MS. The mass of the peptide of interest (parent ion)
is recorded, the peptide is further cleaved inside the mass spectrometer (fragment ion), and the ion pair transition is utilized for quantitation,
preferably on triple-quadrupole instruments. (B) LC-MS method. The LC-MS method separates the light chains (LC) from the heavy chains (HC)
through reduction, and the intact light chains are not further processed or cleaved. Instead, their accurate mass is measured. In healthy
individuals, the polyclonal repertoire of lambda and kappa light chains follows a Gaussian distribution at a 1:2 lambda-to-kappa ratio, and MAbs
present in significant amounts stand out of the polyclonal endogenous background as peaks or spikes.

Intensity

dynamic range for quantifying analytes of any class and are ideally suited for quanti-
fying peptides produced after trypsin digestion of proteins, such as the ones generated
from MAbs.

Other instruments that are used to quantify MAbs by LC-MS and LC-MS/MS include
time of flight (TOF) and Orbitrap mass spectrometers. These instruments have mass
measurement accuracy, resolution, and scanning speed superior to those of triple-
quadrupole mass spectrometers, making them ideal for analyzing intact MAb light and
heavy chains. TOF and Orbitrap mass spectrometers have only recently been utilized for
quantitative LC-MS and LC-MS/MS experiments in the clinical laboratory, so their track
record is not yet well established. Fortunately, the LC systems and ESI sources used for
all three classes of instruments are virtually identical; therefore, the primary perfor-
mance factors separating them are sensitivity and robustness. In summary, triple-
quadrupole mass spectrometers are currently preferred for quantifying tryptic frag-
ments of MAbs while TOF and Orbitrap instruments are preferred for quantifying intact
light and heavy chains.

TRANSLATING METHODS TO THE CLINICAL LABORATORY

In translating a new method into the clinical laboratory, especially for the ones that
do not have FDA-approved status and are considered laboratory-developed tests
(LDTs), as are all MAb methods at this time, it is important that the method has been
firmly established and proved robust by using an assay life cycle model (50). There are
two stages of method development, (i) establishment, in which the method is devel-
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oped and validated, and (ii) implementation, in which the clinical laboratory verifies the
robustness of the method. The steps in the establishment stage of an assay life cycle
can consist of feasibility and design, development, and validation. Documentation is an
integral part of method development. Beyond the certification of the performance of
a method, there should also be predetermined decision points at each step on whether
acceptance criteria have been met for that particular step and whether it is feasible to
move on to the next step. In feasibility and design, a literature review is performed, the
clinical usefulness (intended use) is determined, the legal right to use the developed
method is obtained, and a marketing assessment is performed. Lastly, a feasibility
evaluation should be performed to determine if the knowledge, equipment, and
resources needed to move forward are available.

In the development step, a method is transitioned from concept to reality through
iterative improvements of instrumentation, reagents, calibrators, controls, and experi-
mental steps. The final products of the development step would be a standard
operating procedure (SOP) along with preliminary experimental data showing that, for
example, the needs of the method in the form of analytical sensitivity or the limit of
quantitation (LOQ) are consistent with the therapeutic concentrations observed in the
population and initial imprecision estimates. The last step of the establishment stage is
validation. In validation, a locked SOP is followed to perform critical experiments
outlined in a validation plan to meet specific acceptance criteria. Critical experiments
would include, but not be limited to, experiments to determine within-run and within-
laboratory imprecision levels with approximately 20 measurements of each. The thresh-
olds for acceptance criteria of imprecision are usually set at a 20% coefficient of
variation for immunoassays or MS methods; however, that threshold can be made
stringent or slightly looser, depending on the LOQ, analyte, instrumentation, technique,
and other factors (51, 52). Accuracy is determined by spike/recovery experiments and,
whenever possible, comparison with other methods (53). The analytical measuring
range and clinical reportable range with dilution validation are also defined at this
stage (54), as well as the reference intervals (55), analytical specificity or selectivity with
testing of common/probable interferences, sample stability, and preanalytical or
instrument-specific experiments (e.g., carryover determination). It is important to say
that most of these criteria are not unique to MS-based assays and many are also valid
for immunoassay-based test development. Guidelines with MS-specific requirements
have been created and widely adopted (50, 52, 56). However, development teams
working on MAb assays by MS may often refer to guidelines for immunoassays,
toxicology, and chemistry because of different preanalytical enrichment/extraction
processes, unique potential interfering factors (e.g., endogenous human Ig) compared
to small molecules. The complete validation of a new MAb LDT is approved by the
laboratory management team and laboratory director. Best practices also suggest that
peers who have not participated in the development process review all experiments
and provide written feedback before a validation is accepted.

After validation meets all acceptance criteria, the method would then move into the
clinical laboratory setting for the implementation stage. In implementation, the labo-
ratory performs a preliminary evaluation to determine if the method performs to the
validated specifications. The laboratory then performs verification studies to certify that
the method is robust by performing experiments that test precision and accuracy,
checking the analytical measuring range, reference intervals, and specified detection
capability, at a minimum. If all experiments fall within planned acceptance criteria, the
laboratory would be able to move forward with method implementation. The entire
process may take up to 2 years, as it includes several information technology compo-
nents and stamps of approval of regulatory agencies, such as documentation of the
approved validation, setup of proficiency testing, and quality control programs to be
accredited by the College of American Pathologists. In addition, both the laboratory
director and the institution must hold specific licenses for testing of high complexity to
offer the test to customers in New York State (NYS). In any new facility or test category,
the laboratory has to pass an inspection by NYS auditors before testing is offered to
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patients. Therefore, the undertaking of bringing up new MAb testing is not small; the
test sample volume is often taken into consideration by the clinical laboratory, as well
as costs of sending out test samples to a reference laboratory, the cost of development,
and potential revenue estimates. The decision of which platforms to choose and which
tests to bring up will vary, depending on the laboratory’s overall equipment list,
expertise, other tests, and size.

TRYPTIC PEPTIDE METHODS

For MAbs to be quantified by MS, they first have to be differentiated from the very
similar polyclonal background of >1 g/dl of endogenous human Igs in serum. Histor-
ically, proteins have been quantitated by LC-MS/MS by using specific tryptic fragments
(referred to as “proteotypic” peptides) (57). Multiple tryptic peptides can be quantitated
at the same time, as shown for the quantitation of IgG subclasses in serum by
LC-MS/MS (58), which used subclass-specific tryptic peptides from the constant region
of each subclass heavy chain along with a common IgG tryptic peptide. For chimeric
MAbs such as IFX and RTX, trypsin digestion is possible, as the nonhuman variable
region is large (>250 amino acids) and the likelihood of finding unique signature
peptides on the light chain and/or heavy chain that are specific to that MAb and not
found in the human polyclonal background is the greatest (Table 2).

One of the challenges of the development of a tryptic method for large proteins
such as MAbs is standardization of the digest. Most clinical MS assays are methods for
small molecules that utilize a SIL IS that is added to the serum before extraction, which
corrects for loss of analyte because of sample preparation and MS response. A clinically
available tryptic method for quantitation of IFX utilizes a surrogate IS from a different
species (horse) since a SIL version of IFX was not available at the time of development
and the ones available today are prohibitively expensive. Horse IgG is added to patient
serum before Ig enrichment by ammonium sulfate protein crash to monitor digestion
efficiency. The Ig fraction from the ammonium sulfate crash is treated with trifluoro-
ethanol, dithiothreitol (DTT), and iodoacetamide to unfold the protein, reduce the
disulfide bonds between the heavy and light chains, and prevent their reformation (Fig.
1A). Trypsin is then added to cut the chains into specific peptides, two of these peptides
being the IFX unique peptides from the light- and heavy-chain variable regions of the
MAb (Fig. TA). After the addition of isotopically labeled peptide retention time stan-
dards, the mixture is subjected to reverse-phase Cg LC and selective reaction monitor-
ing with a triple-quadrupole mass spectrometer. Fragment ions from the IFX-specific
peptides are monitored and compared to a standard curve for quantitation (59).

While the digest method may be the method of choice for some MAbs, not every
MAb will be amenable to the digest method, especially as newer MAbs are engineered
as humanized (ECU) or even fully human (ADM) (Table 2). Experiments have been
performed to find a peptide specific for ADM, which is not found regularly in the
polyclonal serum background; none was found (data not published). For other MAbs,
the sensitivity of the method will be the limiting factor. For example, while RTX is a
chimeric IgG1 MADb similar to IFX, it was found that the published tryptic method did
not allow for the sensitivity needed for a clinical assay, but more specific, elaborate
extraction methods may allow for enhanced sensitivity. ECU was also evaluated by the
peptide method. As with RTX, it was also difficult to find a peptide that was unique to
ECU and not common in the polyclonal background. Lastly, some laboratories may find
the digest method referenced labor-intensive, since it consists of 2 days of manual
analytical preparation and requires specialized personnel for pre- and postanalytical
steps; it also requires expensive instrumentation.

INTACT LIGHT CHAIN METHODS

In 2014, a method that used microLC-ESI-Q (quadrupole)-TOF MS, also referred to as
miRAMM (monoclonal Ig rapid accurate mass measurement), was used to quantify
intact kappa light chains from the therapeutic MAb ADM used to spike normal human
serum. In that study, the therapeutic MAb was used as the model system to identify an
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FIG 2 Data overview of LC-MS for miRAMM. The analysis of intact light chains by MS may be visualized
in different ways. In this example, ECU at 100 ng/ml was used to spike normal human serum enriched
for Ig with Melon Gel. (A) The total ion chromatogram from which a known MAb can be extracted. Light
chains elute in a 5- to 8-min retention time window with a gradient mobile phase chromatographic
protocol (9). (B) Once the retention time window is selected, the extracted ion spectrum shows all of the
proteins eluted in that time frame, peak intensities, and the multiple charge states acquired. Visualization
and quantitation are best at the +12, +11, and +10 charge states for Ig light chains by the published
method. Depending on the software used, one or more charge states can be used for quantitation. (C)
Deconvolution software will reconstruct the intact accurate mass from the acquired multiple charge
states and may be used for MAb confirmation or quantitation.

endogenous monoclonal Ig in patients with multiple myeloma (60). This method was
then adapted for utilization for the quantitation of the therapeutic MAb RTX in patients
being treated for vasculitis (61). Quantification of MAb by measurement of its intact
light chain mass utilizes Melon Gel (Thermo-Fisher Scientific, Waltham, MA) for extrac-
tion, an inexpensive, simple, and fast method to enrich a serum sample for Igs. The
supernatant of the Melon Gel-purified mixture is reduced with DTT for 30 min and then
analyzed by miRAMM (Fig. 1B). While full scan data are collected, the intact light chain
mass of a particular MAb or one of the charge states can be monitored and used for
quantitation against a standard curve of the pharmaceutical MAb used to spike pooled
serum (Fig. 2).

While this method has been found to be amenable to MAbs that are not ideal for
the peptide method, there are still limitations. For example, the intact method was
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FIG 3 Ig enrichment strategies impact the LOQ. Observation of a unique MAb accurate mass in a serum
matrix of patients undergoing therapy is accomplished among 1 g/dl of human endogenous circulating
lgs. Depending on the MAb molecular mass, the LOQ can be an issue, as shown in this miRAMM example.
When studying ECU, an 1gG2/IgG4 hybrid MAb, different enrichment strategies were employed. (A) When
Melon Gel enrichment was used, an ECU concentration of 5 ug/ml was not detectable. (B) Selective
enrichment for 1gG4 with an affinity matrix allowed for significant reduction of the endogenous Ig
repertoire by removing all non-IgG4 Ig from the background and increased the analytical sensitivity of
the assay by approximately 10-fold, with an increased signal-to-noise ratio.

found again to not be adequate for ADM, as trough MADb levels in patients undergoing
therapy were lower than the LOQ of the assay, which made it unsuitable for routine use
in the clinic for that specific analyte (data not published) (Table 2). Furthermore, the
Melon Gel removes non-lgs from solution as its means of Ig enrichment. Therefore, it
is possible that the MADb target is removed, and if it is complexed to the MAb, the Melon
Gel extraction may not be able to recover the bound MAb-target complexes, resulting
in underquantitation.

These limitations have led to the exploration of new extraction techniques specif-
ically, as the factor limiting sensitivity is distinguishing a therapeutic MAb from the
patient’s normal endogenous polyclonal Ig background. Most therapeutic MAbs have
an IgG heavy chain and a kappa light chain. IgG antibodies make up 75% of the serum
antibodies and are categorized into four different subclasses. The subclass with the
lowest concentration is IgG4, which makes up only about 4% of the total IgG (62). The
ability to selectively extract only the IgG4 antibodies from serum should theoretically
allow for an advantage in detection and simplify the therapeutic monitoring of 1gG4
MAb therapies. ECU, as an 1gG2/4 hybrid, was perfect for the exploration of this new
extraction method. By utilizing CaptureSelect IgG4(Hu) Affinity Matrix (Life Technolo-
gies, Carlsbad, CA), a matrix that enriches for only the 1gG4 subclass instead of utilizing
Melon Gel, which enriches for all IgGs, a 10-fold increase in sensitivity was gained for
ECU (Fig. 3) (63).

The LC-MS miRAMM method has proved to be a versatile technique, allowing the
quantification of multiple MAbs simultaneously, which would allow for a multiplex
quantitation method, a screening method, or the possibility of both. The power of the
screening method can be seen when five MAbs are mixed together and diluted in
commercial grade normal human serum. Figure 4 shows the +11 charge state for each
of the five MAbs and where each elutes in mass space with the polyclonal serum
background. The innovative aspect of this methodology is that it not only quantifies
therapeutic MAbs but can also provide information on a patient’s polyclonal phenotype
response during treatment, all in the same analytical run. In addition, the technique
does not rely on using the target antigen as part of the assay. Our group is currently
using this methodology to quantify MAbs in clinical studies. Our preliminary findings to
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FIG 4 Therapeutic MAbs can be measured simultaneously by miRAMM. In this example, several thera-
peutic MAbs were used to spike commercially available normal human serum. A given therapeutic MAb’s
specific light chain will have a unique mass and be distinguishable from the endogenous Ig background
when present in large concentrations. The extracted ion spectrum shows the +11 charge state of five
MAbs’ specific light chains detected above the human serum polyclonal Ig background. Although it is
highly unlikely that a patient would not be undergoing therapy with five or six different MAbs at the
same time, the multiplex capability allows application of the technique for screening methods, such as
the differentiation of a therapeutic MAb from a disease-causing endogenous monoclonal protein.

date show that the concentrations found by microLC-ESI-Q-TOF MS are in excellent
agreement with those found by non-MS-based methods (data not shown).

FUTURE DIRECTIONS

Although there are currently only a few MAbs with indications of a companion
clinical assay for therapeutic efficacy monitoring, the use of drug quantitation and the
assessment of immunogenicity in patient care will only continue to expand, as should
our understanding of their impact on routine laboratory testing. Although there are
many challenges, this field presents another opportunity for the clinical laboratory to
impact patient management and improve outcomes for our patients.

The use of SIL ISs is the best practice in toxicology and endocrinology, now that
commercial laboratories can readily synthesize small organic analyte molecules and
peptides incorporating heavy isotopes (i.e., C;5, N;5) for clinical laboratories to use as
an IS. An IS is added to a sample to compensate for imprecision in the extraction
protocol and LC retention times since it behaves exactly the same as the native analyte
but its molecular mass is different and therefore it can be quantified separately from
the native analyte. The ratio of the abundance of the native analyte to the abundance
of the IS serves as the value compared to a standard curve for quantification. Synthe-
sizing an intact MAb incorporating SIL amino acids is a substantial challenge since it is
much larger than a peptide (>100-fold) and must be expressed in a cell culture system,
adding substantial cost, thus significantly limiting its use. The lack of SIL has forced
mass spectrometrists to use alternative ISs in proteomics, which include the use of
other MAbs with similar characteristics or animal polyclonal Igs. The pharmaceutical
industry has been searching for a universal SIL to be used in analytical measurements
and although commercial products have become available (e.g. SILUMAb [Sigma-
Aldrich]), they are far from being a “one size fits all” approach and also have limitations,
such as a different structure, cleavage sites for trypsin, PTMs, and retention times
different from that of the target MAb.

New generations of digest methods are under development. The in vitro diagnostics
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FIG 5 Multiple charge states acquired by high-resolution MS for ECU. Normal human serum was spiked with ECU at 100 ug/ml and
enriched for Ig with Melon Gel. After ESI, the light chains acquired multiple charge states and were detected with an Orbitrap (Thermo
Fisher) instrument. (A) Mass spectrum of the +12, +11, and +10 charge states. Utilizing low-resolution scanning, the areas under the
curve of one or multiple charge states are added together for quantitation of the MAb. By using a high-resolution view, the area under
the curve of multiple isotopes of a given charge state can be analyzed. (B) Isotopic distribution of a +11 charge state.

industry is offering digest kits that would streamline the development and implemen-
tation of MAb assays, since optimization studies of reduction agents and trypsin
incubation are then performed by the manufacturers, and the preweighed reagents, lot
traceability, and quality standards allow for a shorter yet efficient digest and the
possibility of converting a long manual assay and making it automatable.

In an effort to increase sensitivity, instruments such as the Q Exactive, which has a
quadrupole connected to an Orbitrap mass spectrometer, are being evaluated. The Q
Exactive has the capacity to scan small targeted mass/charge windows (referred to as
a t-SIM scan) at extremely high resolution (140,000), enabling the isotopes of each MAb
charge state to be analyzed and used for quantification. It is worth repeating that an
instrument with such high resolution has not been available to clinical labs until
recently. As a result, adding together the peak areas of single isotopes from multiple
charge states is a radically new approach to MAb quantification. Furthermore, the Q
Exactive can perform multiple scans simultaneously, a low-resolution full scan for
evaluating endogenous Igs plus a high-resolution targeted scan for MAb quantitation
(Fig. 5). Combined, these attributes make the Q Exactive Orbitrap mass spectrometer an
exciting new option for clinical chemists and immunologists interested in MAb quan-
tification.

Recently, several therapeutic MAbs came off patent and biosimilars have be-
come available. Biosimilars are MAbs based on the original product, with identical
amino acid sequences and proven therapeutic equivalence, but the manufacturing
process may occur in different cell culture systems. In 2016, the FDA approved
biosimilar MAbs for IFX and ADM. The competition for market share is becoming
more aggressive. Companies are investing resources into offering serum laboratory
measurements to patients on the original MAb as a benefit, to dissuade them from
switching to biosimilars. Versatile assays capable of measuring both the original and
biosimilar MAbs will have an advantage, and we predict that optimizing therapeutic
regimens and monitoring loss of response to therapy will become the standard of
care as patients start to have more options of MAbs to treat diseases previously
thought untreatable.

CONCLUSION

Currently, there are a limited number of commercially available clinical assays for
quantifying therapeutic MAbs. Considering the double-digit growth rate of therapeutic
MADbs, there will likely be a need for more clinical assays to quantify them in the near
future. Historically, clinical assays have relied on ELISAs to quantify MAbs. However, as
we have presented here, MS-based clinical assays are an entirely new approach to
therapeutic MAb monitoring that has distinct advantages over ELISAs. LC-MS/MS
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methods of MAb quantification performed on a triple-quadrupole mass spectrometer
are already in production, with additional LC-MS-based assays performed on TOF and
quadrupole-Orbitrap mass spectrometers nearing validation. The success of therapeutic
MAbs such as DARA and PEMBRO in clinical oncology trials granted them accelerated
FDA approval status. This is evidence of the potential that therapeutic MAbs have to
significantly improve the quality of life of patients with a diverse array of conditions.
Therapeutic MAbs also have the potential to revolutionize what we know about our
immune system. Laboratorians will not be left out of this revolution and will likely have
to reinvent the way routine immunoassays are performed for patients undergoing MAb
therapy. In our view, MS-based assays will likely play a major role in the quantification
of this unique class of drugs.

ACKNOWLEDGMENT

We thank Roshini Sarah Abraham, a professor of laboratory medicine and pathology

at the Mayo Clinic, Rochester, MN, for her valuable insights during the manuscript
writing process.

REFERENCES

1.

10.

11.

Berry JD. 2014. Introduction to therapeutic Fc-fusion proteins, p
217-232. In Chamow SM, Ryll T, Lowman HB, Farson D (ed), Therapeutic
Fc-Fusion Proteins. Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim,
Germany.

. Rajpal A, Strop P, Yeung YA, Chaparro-Riggers J, Pons J. 2014.

Introduction: antibody structure and function, p 1-44. In Chamow SM,
Ryll T, Lowman HB, Farson D (ed), Therapeutic Fc-fusion proteins. Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.

. Jones TD, Carter PJ, Pluckthun A, Vasquez M, Holgate RG, Hotzel I,

Popplewell AG, Parren PW, Enzelberger M, Rademaker HJ, Clark MR,
Lowe DC, Dahiyat BIl, Smith V, Lambert JM, Wu H, Reilly M, Haurum JS,
Dubel S, Huston JS, Schirrmann T, Janssen RA, Steegmaier M, Gross JA,
Bradbury AR, Burton DR, Dimitrov DS, Chester KA, Glennie MJ, Davies J,
Walker A, Martin S, McCafferty J, Baker MP. 2016. The INNs and outs of
antibody nonproprietary names. MAbs 8:1-9. https://doi.org/10.1080/
19420862.2015.1114320.

. Abbas AK, Lichtman AH, Pillai S. 2007. Cellular and molecular immunol-

ogy, 6th ed, p 75-96. Saunders Elsevier, Philadelphia, PA.

. Kunert R, Reinhart D. 2016. Advances in recombinant antibody manu-

facturing. Appl Microbiol Biotechnol 100:3451-3461. https://doi.org/10
.1007/500253-016-7388-9.

. Ordas |, Mould DR, Feagan BG, Sandborn WJ. 2012. Anti-TNF monoclonal

antibodies in inflammatory bowel disease: pharmacokinetics-based dos-
ing paradigms. Clin Pharmacol Ther 91:635-646. https://doi.org/10
.1038/clpt.2011.328.

. McCudden CR, Voorhees PM, Hainsworth SA, Whinna HC, Chapman JF,

Hammett-Stabler CA, Willis MS. 2010. Interference of monoclonal anti-
body therapies with serum protein electrophoresis tests. Clin Chem
56:1897-1899. https://doi.org/10.1373/clinchem.2010.152116.

. Willrich MA, Ladwig PM, Andreguetto BD, Barnidge DR, Murray DL,

Katzmann JA, Snyder MR. 2016. Monoclonal antibody therapeutics as
potential interferences on protein electrophoresis and immunofixation.
Clin Chem Lab Med 54:1085-1093. https://doi.org/10.1515/cclm-2015
-1023.

. Barnidge DR, Dasari S, Ramirez-Alvarado M, Fontan A, Willrich MA,

Tschumper RC, Jelinek DF, Snyder MR, Dispenzieri A, Katzmann JA,
Murray DL. 2014. Phenotyping polyclonal kappa and lambda light chain
molecular mass distributions in patient serum using mass spectrometry.
J Proteome Res 13:5198-5205. https://doi.org/10.1021/pr5005967.
Mills JR, Kohlhagen MC, Dasari S, Vanderboom PM, Kyle RA, Katzmann
JA, Willrich MA, Barnidge DR, Dispenzieri A, Murray DL. 2016. Compre-
hensive assessment of M-proteins using nanobody enrichment coupled
to MALDI-TOF mass spectrometry. Clin Chem 62:1334-1344. https://doi
.0rg/10.1373/clinchem.2015.253740.

McCudden C, Axel AE, Slaets D, Dejoie T, Clemens PL, Frans S, Bald J,
Plesner T, Jacobs JF, van de Donk NW, Moreau P, Schecter JM, Ahmadi
T, Sasser AK. 2016. Monitoring multiple myeloma patients treated with
daratumumab: teasing out monoclonal antibody interference. Clin
Chem Lab Med 54:1095-1104. https://doi.org/10.1515/cclm-2015-1031.

May 2017 Volume 24 Issue 5 e00545-16

12.

20.

21.

22.

23.

Chapuy Cl, Nicholson RT, Aguad MD, Chapuy B, Laubach JP, Richardson
PG, Doshi P, Kaufman RM. 2015. Resolving the daratumumab interfer-
ence with blood compatibility testing. Transfusion 55:1545-1554.
https://doi.org/10.1111/trf.13069.

. Silva-Ferreira F, Afonso J, Pinto-Lopes P, Magro F. 2016. A systematic

review on infliximab and adalimumab drug monitoring: levels, clinical
outcomes and assays. Inflamm Bowel Dis 22:2289-2301. https://doi.org/
10.1097/MIB.0000000000000855.

. Afif W, Loftus EV, Jr, Faubion WA, Kane SV, Bruining DH, Hanson KA,

Sandborn WJ. 2010. Clinical utility of measuring infliximab and human
anti-chimeric antibody concentrations in patients with inflammatory
bowel disease. Am J Gastroenterol 105:1133-1139. https://doi.org/10
.1038/2jg.2010.9.

. Ordas |, Feagan BG, Sandborn WJ. 2012. Therapeutic drug monitoring of

tumor necrosis factor antagonists in inflammatory bowel disease. Clin
Gastroenterol Hepatol 10:1079-1087; quiz 1085-1076. https://doi.org/
10.1016/j.cgh.2012.06.032.

. Willrich MA, Murray DL, Snyder MR. 2015. Tumor necrosis factor

inhibitors: clinical utility in autoimmune diseases. Transl Res 165:
270-282. https://doi.org/10.1016/j.trsl.2014.09.006.

. Adedokun OJ, Sandborn WJ, Feagan BG, Rutgeerts P, Xu Z, Marano CW,

Johanns J, Zhou H, Davis HM, Cornillie F, Reinisch W. 2014. Association
between serum concentration of infliximab and efficacy in adult patients
with ulcerative colitis. Gastroenterology 147:1296-1307.e5. https://doi
.org/10.1053/j.gastro.2014.08.035.

. Bendtzen K. 2012. Anti-TNF-alpha biotherapies: perspectives for

evidence-based personalized medicine. Immunotherapy 4:1167-1179.
https://doi.org/10.2217/imt.12.114.

. Cornillie F, Hanauer SB, Diamond RH, Wang J, Tang KL, Xu Z, Rutgeerts

P, Vermeire S. 2014. Postinduction serum infliximab trough level and
decrease of C-reactive protein level are associated with durable sus-
tained response to infliximab: a retrospective analysis of the ACCENT |
trial. Gut 63:1721-1727. https://doi.org/10.1136/gutjnl-2012-304094.
Imaeda H, Bamba S, Takahashi K, Fujimoto T, Ban H, Tsujikawa T, Sasaki
M, Fujiyama Y, Andoh A. 2014. Relationship between serum infliximab
trough levels and endoscopic activities in patients with Crohn’s disease
under scheduled maintenance treatment. J Gastroenterol 49:674-682.
https://doi.org/10.1007/500535-013-0829-7.

Oude Munnink TH, Henstra MJ, Segerink LI, Movig KL, Brummelhuis-
Visser P. 2016. Therapeutic drug monitoring of monoclonal antibodies in
inflammatory and malignant disease: translating TNF-alpha experience
to oncology. Clin Pharmacol Ther 99:419-431. https://doi.org/10.1002/
cpt.211.

Willrich M, Snyder M. 2016. Monitoring therapeutic MAbs: IBD treat-
ments provide example for clinical laboratory’s new role. Clin Forensic
Toxicol News 2016:1-6.

Steenholdt C, Ainsworth MA, Tovey M, Klausen TW, Thomsen OO, Brynskov
J, Bendtzen K. 2013. Comparison of techniques for monitoring infliximab

cviasm.org 15


https://doi.org/10.1080/19420862.2015.1114320
https://doi.org/10.1080/19420862.2015.1114320
https://doi.org/10.1007/s00253-016-7388-9
https://doi.org/10.1007/s00253-016-7388-9
https://doi.org/10.1038/clpt.2011.328
https://doi.org/10.1038/clpt.2011.328
https://doi.org/10.1373/clinchem.2010.152116
https://doi.org/10.1515/cclm-2015-1023
https://doi.org/10.1515/cclm-2015-1023
https://doi.org/10.1021/pr5005967
https://doi.org/10.1373/clinchem.2015.253740
https://doi.org/10.1373/clinchem.2015.253740
https://doi.org/10.1515/cclm-2015-1031
https://doi.org/10.1111/trf.13069
https://doi.org/10.1097/MIB.0000000000000855
https://doi.org/10.1097/MIB.0000000000000855
https://doi.org/10.1038/ajg.2010.9
https://doi.org/10.1038/ajg.2010.9
https://doi.org/10.1016/j.cgh.2012.06.032
https://doi.org/10.1016/j.cgh.2012.06.032
https://doi.org/10.1016/j.trsl.2014.09.006
https://doi.org/10.1053/j.gastro.2014.08.035
https://doi.org/10.1053/j.gastro.2014.08.035
https://doi.org/10.2217/imt.12.114
https://doi.org/10.1136/gutjnl-2012-304094
https://doi.org/10.1007/s00535-013-0829-7
https://doi.org/10.1002/cpt.211
https://doi.org/10.1002/cpt.211
http://cvi.asm.org

Minireview

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41,

and antibodies against infliximab in Crohn’s disease. Ther Drug Monit
35:530-538. https://doi.org/10.1097/FTD.0b013e31828d23c3.

Vande Casteele N, Buurman DJ, Sturkenboom MG, Kleibeuker JH, Ver-
meire S, Rispens T, van der Kleij D, Gils A, Dijkstra G. 2012. Detection of
infliximab levels and anti-infliximab antibodies: a comparison of three
different assays. Aliment Pharmacol Ther 36:765-771. https://doi.org/10
.1111/apt.12030.

Wang SL, Ohrmund L, Hauenstein S, Salbato J, Reddy R, Monk P, Lockton
S, Ling N, Singh S. 2012. Development and validation of a homogeneous
mobility shift assay for the measurement of infliximab and antibodies-
to-infliximab levels in patient serum. J Immunol Methods 382:177-188.
https://doi.org/10.1016/j.,jim.2012.06.002.

Lazar-Molnar E, Delgado JC. 2016. Immunogenicity assessment of tumor
necrosis factor antagonists in the clinical laboratory. Clin Chem 62:
1186-1198. https://doi.org/10.1373/clinchem.2015.242875.

Pavlov IY, Carper J, Lazér-Molnér E, Delgado JC. 2016. Clinical laboratory
application of a reporter-gene assay for measurement of functional
activity and neutralizing antibody response to infliximab. Clin Chim Acta
453:147-153. https://doi.org/10.1016/j.cca.2015.12.015.

Rogstad S, Faustino A, Ruth A, Keire D, Boyne M, Park J. 21 November
2016. A retrospective evaluation of the use of mass spectrometry in FDA
biologics license applications. J Am Soc Mass Spectrom https://doi.org/
10.1007/513361-016-1531-9.

Ashton DS, Beddell CR, Cooper DJ, Craig SJ, Lines AC, Oliver RW, Smith
MA. 1995. Mass spectrometry of the humanized monoclonal antibody
CAMPATH 1H. Anal Chem 67:835-842. https://doi.org/10.1021/
ac00101a008.

Gelpi E. 1995. Biomedical and biochemical applications of liquid
chromatography-mass spectrometry. J Chromatogr A 703:59-80.
https://doi.org/10.1016/0021-9673(94)01287-0.

Lewis DA, Guzzetta AW, Hancock WS, Costello M. 1994. Characterization
of humanized anti-TAC, an antibody directed against the interleukin 2
receptor, using electrospray ionization mass spectrometry by direct
infusion, LC/MS, and MS/MS. Anal Chem 66:585-595. https://doi.org/10
.1021/ac00077a003.

Mhatre R, Woodard J, Zeng C. 1999. Strategies for locating disulfide
bonds in a monoclonal antibody via mass spectrometry. Rapid Commun
Mass Spectrom 13:2503-2510.

Wan HZ, Kaneshiro S, Frenz J, Cacia J. 2001. Rapid method for monitor-
ing galactosylation levels during recombinant antibody production by
electrospray mass spectrometry with selective-ion monitoring. J Chro-
matogr A 913:437-446. https://doi.org/10.1016/50021-9673(00)01168-7.
Barnidge DR, Dratz EA, Martin T, Bonilla LE, Moran LB, Lindall A. 2003.
Absolute quantification of the G protein-coupled receptor rhodopsin by
LC/MS/MS using proteolysis product peptides and synthetic peptide
standards. Anal Chem 75:445-451. https://doi.org/10.1021/ac026154+.
Barnidge DR, Goodmanson MK, Klee GG, Muddiman DC. 2004. Absolute
quantification of the model biomarker prostate-specific antigen in se-
rum by LC-Ms/MS using protein cleavage and isotope dilution mass
spectrometry. J Proteome Res 3:644-652. https://doi.org/10.1021/
pro49963d.

Gerber SA, Rush J, Stemman O, Kirschner MW, Gygi SP. 2003. Absolute
quantification of proteins and phosphoproteins from cell lysates by
tandem MS. Proc Natl Acad Sci U S A 100:6940-6945. https://doi.org/
10.1073/pnas.0832254100.

Hagman C, Ricke D, Ewert S, Bek S, Falchetto R, Bitsch F. 2008. Absolute
quantification of monoclonal antibodies in biofluids by liquid
chromatography-tandem mass spectrometry. Anal Chem 80:1290-1296.
https://doi.org/10.1021/ac702115b.

Heudi O, Barteau S, Zimmer D, Schmidt J, Bill K, Lehmann N, Bauer C,
Kretz O. 2008. Towards absolute quantification of therapeutic monoclo-
nal antibody in serum by LC-MS/MS using isotope-labeled antibody
standard and protein cleavage isotope dilution mass spectrometry. Anal
Chem 80:4200-4207. https://doi.org/10.1021/ac800205s.

Zhang J, Liu H, Katta V. 2010. Structural characterization of intact anti-
bodies by high-resolution LTQ Orbitrap mass spectrometry. J Mass
Spectrom 45:112-120. https://doi.org/10.1002/jms.1700.

Fornelli L, Damoc E, Thomas PM, Kelleher NL, Aizikov K, Denisov E,
Makarov A, Tsybin YO. 2012. Analysis of intact monoclonal antibody
1gG1 by electron transfer dissociation Orbitrap FTMS. Mol Cell Proteom-
ics 11:1758-1767. https://doi.org/10.1074/mcp.M112.019620.

Tsybin YO, Fornelli L, Stoermer C, Luebeck M, Parra J, Nallet S, Wurm FM,
Hartmer R. 2011. Structural analysis of intact monoclonal antibodies by

May 2017 Volume 24 Issue 5 e00545-16

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

Clinical and Vaccine Immunology

electron transfer dissociation mass spectrometry. Anal Chem 83:
8919-8927. https://doi.org/10.1021/ac201293m.

Zhang Z, Shah B. 2007. Characterization of variable regions of monoclo-
nal antibodies by top-down mass spectrometry. Anal Chem 79:
5723-5729. https://doi.org/10.1021/ac070483q.

Jawa V, Joubert MK, Zhang Q, Deshpande M, Hapuarachchi S, Hall MP,
Flynn GC. 2016. Evaluating immunogenicity risk due to host cell protein
impurities in antibody-based biotherapeutics. AAPS J 18:1439-1452.
https://doi.org/10.1208/512248-016-9948-4.

Wang D, Wynne C, Gu F, Becker C, Zhao J, Mueller HM, Li H, Shameem
M, Liu YH. 2015. Characterization of drug-product-related impurities and
variants of a therapeutic monoclonal antibody by higher energy C-trap
dissociation mass spectrometry. Anal Chem 87:914-921. https://doi.org/
10.1021/ac503158g.

Zhang B, Jeong J, Burgess B, Jazayri M, Tang Y, Taylor Zhang Y. 2016.
Development of a rapid RP-UHPLC-MS method for analysis of modifica-
tions in therapeutic monoclonal antibodies. J Chromatogr B 1032:
172-181. https://doi.org/10.1016/j.jchromb.2016.05.017.

Pitt JJ. 2009. Principles and applications of liquid chromatography-mass
spectrometry in clinical biochemistry. Clin Biochem Rev 30:19-34.

Ho CS, Lam CW, Chan MH, Cheung RC, Law LK, Lit LC, Ng KF, Suen MW,
Tai HL. 2003. Electrospray ionisation mass spectrometry: principles and
clinical applications. Clin Biochem Rev 24:3-12.

Maurer HH. 2007. Current role of liquid chromatography-mass spectrom-
etry in clinical and forensic toxicology. Anal Bioanal Chem 388:
1315-1325. https://doi.org/10.1007/500216-007-1248-5.

Van Bocxlaer JF, Clauwaert KM, Lambert WE, Deforce DL, Van den
Eeckhout EG, De Leenheer AP. 2000. Liquid chromatography-mass spec-
trometry in forensic toxicology. Mass Spectrom Rev 19:165-214. https://
doi.org/10.1002/1098-2787(200007)19:4<<165::AID-MAS1>3.0.CO;2-Y.
CLSI. 2015. A framework for using CLSI documents to evaluate clinical
laboratory measurement procedures, 2nd ed. CLSI report EP 19. Clinical
and Laboratory Standards Institute, Wayne, PA.

CLSI. 2006. User verification of performance for precision and trueness;
approved guideline—2nd ed. CLSI document EP15-A2. Clinical and Lab-
oratory Standards Institute, Wayne, PA.

CLSI. 2007. Mass spectrometry in the clinical laboratory: general princi-
ples and guidance; approved guideline. CLSI document C50-A. Clinical
and Laboratory Standards Institute, Wayne, PA.

CLSI. 2013. Measurement procedure comparison and bias estimation
using patient samples; approved guideline—3rd ed. CLSI document
EP09-A3. Clinical and Laboratory Standards Institute, Wayne, PA.

CLSI. 2003. Evaluation of the linearity of quantitative measurement
procedures: a statistical approach; approved guideline. CLSI document
EPO06-A. Clinical and Laboratory Standards Institute, Wayne, PA.

CLSI. 2010. Defining, establishing and verifying reference intervals in the
clinical laboratory; approved guideline—3rd ed. CLSI document C28-
A3c. Clinical and Laboratory Standards Institute, Wayne, PA.

CLSI. 2014. Liquid-chromatography-mass spectrometry methods; ap-
proved guideline. CLSI document C62-A. Clinical and Laboratory Stan-
dards Institute, Wayne, PA.

Anderson L, Hunter CL. 2006. Quantitative mass spectrometric multiple
reaction monitoring assays for major plasma proteins. Mol Cell Proteom-
ics 5:573-588. https://doi.org/10.1074/mcp.M500331-MCP200.

Ladwig PM, Barnidge DR, Snyder MR, Katzmann JA, Murray DL. 2014.
Quantification of serum IgG subclasses by use of subclass-specific
tryptic peptides and liquid chromatography-tandem mass spectrom-
etry. Clin Chem 60:1080-1088. https://doi.org/10.1373/clinchem
.2014.222208.

Willrich MA, Murray DL, Barnidge DR, Ladwig PM, Snyder MR. 2015.
Quantitation of infliximab using clonotypic peptides and selective reac-
tion monitoring by LC-MS/MS. Int Immunopharmacol 28:513-520.
https://doi.org/10.1016/j.intimp.2015.07.007.

Barnidge DR, Tschumper RC, Theis JD, Snyder MR, Jelinek DF, Katzmann
JA, Dispenzieri A, Murray DL. 2014. Monitoring M-proteins in patients
with multiple myeloma using heavy-chain variable region clonotypic
peptides and LC-MS/MS. J Proteome Res 13:1905-1910. https://doi.org/
10.1021/pr5000544.

Mills JR, Cornec D, Dasari S, Ladwig PM, Hummel AM, Cheu M, Murray
DL, Willrich MA, Snyder MR, Hoffman GS, Kallenberg CG, Langford CA,
Merkel PA, Monach PA, Seo P, Spiera RF, St Clair EW, Stone JH, Specks U,
Barnidge DR. 2016. Using mass spectrometry to quantify rituximab and
perform individualized immunoglobulin phenotyping in ANCA-

cviasm.org 16


https://doi.org/10.1097/FTD.0b013e31828d23c3
https://doi.org/10.1111/apt.12030
https://doi.org/10.1111/apt.12030
https://doi.org/10.1016/j.jim.2012.06.002
https://doi.org/10.1373/clinchem.2015.242875
https://doi.org/10.1016/j.cca.2015.12.015
https://doi.org/10.1007/s13361-016-1531-9
https://doi.org/10.1007/s13361-016-1531-9
https://doi.org/10.1021/ac00101a008
https://doi.org/10.1021/ac00101a008
https://doi.org/10.1016/0021-9673(94)01287-O
https://doi.org/10.1021/ac00077a003
https://doi.org/10.1021/ac00077a003
https://doi.org/10.1016/S0021-9673(00)01168-7
https://doi.org/10.1021/ac026154+
https://doi.org/10.1021/pr049963d
https://doi.org/10.1021/pr049963d
https://doi.org/10.1073/pnas.0832254100
https://doi.org/10.1073/pnas.0832254100
https://doi.org/10.1021/ac702115b
https://doi.org/10.1021/ac800205s
https://doi.org/10.1002/jms.1700
https://doi.org/10.1074/mcp.M112.019620
https://doi.org/10.1021/ac201293m
https://doi.org/10.1021/ac070483q
https://doi.org/10.1208/s12248-016-9948-4
https://doi.org/10.1021/ac503158g
https://doi.org/10.1021/ac503158g
https://doi.org/10.1016/j.jchromb.2016.05.017
https://doi.org/10.1007/s00216-007-1248-5
https://doi.org/10.1002/1098-2787(200007)19:4%3C165::AID-MAS1%3E3.0.CO;2-Y
https://doi.org/10.1002/1098-2787(200007)19:4%3C165::AID-MAS1%3E3.0.CO;2-Y
https://doi.org/10.1074/mcp.M500331-MCP200
https://doi.org/10.1373/clinchem.2014.222208
https://doi.org/10.1373/clinchem.2014.222208
https://doi.org/10.1016/j.intimp.2015.07.007
https://doi.org/10.1021/pr5000544
https://doi.org/10.1021/pr5000544
http://cvi.asm.org

Minireview

associated vasculitis. Anal Chem 88:6317-6325. https://doi.org/10.1021/
acs.analchem.6b00544.

62. Katzmann JA, Kyle RA, Lust JA, Snyder M, Dispenzieri A. 2012. Immuno-
globulins and laboratory recognition of monoclonal proteins, p 565-588.
In Wiernik PH, Goldman JM, Dutcher JP, Kyle R (ed), Neoplastic diseases
of the blood, 5th ed. Springer Science & Business Media, New York, NY.

63. Ladwig P, Barnidge D, Willrich M. 21 December 2016. Quantification of
the 1gG2/4 kappa monoclonal therapeutic eculizumab from serum using

Clinical and Vaccine Immunology

isotype specific affinity purification and microflow LC-ESI-Q-TOF mass
spectrometry. J Am Soc Mass Spectrom https://doi.org/10.1007/s13361
-016-1566-y.

64. Wang SL, Hauenstein S, Ohrmund L, Shringarpure R, Salbato J, Reddy R,
McCowen K, Shah S, Lockton S, Chuang E, Singh S. 2013. Monitoring of
adalimumab and antibodies-to-adalimumab levels in patient serum by
the homogeneous mobility shift assay. J Pharm Biomed Anal 78-79:
39-44.

Paula M. Ladwig graduated from the Uni-
versity of Wisconsin Stevens Point with a
bachelor’s degree in chemistry and medical
technology (ASCP certified). Ms. Ladwig be-
gan her career at the Mayo Clinic almost 20
years ago as a generalist in Mayo’s central
clinical lab. While working there, Ms. Ladwig
obtained her master’s degree in biochemis-
try and structural biology through the Mayo
Graduate School. For the past 10 years, Ms.
Ladwig has worked in developing MS-based
clinical assays. Currently, Ms. Ladwig is a development technologist
coordinator for Mayo's Clinical Mass Spectrometry Development Labo-
ratory, where her focus is the quantitation of MAb therapeutics. Ms.
Ladwig has developed and published methods for the quantitation of
MADb therapeutics by both peptide and intact methods.

David R. Barnidge is a mass spectrometrist
with over 20 years of experience. Dr.
Barnidge received his Ph.D. training under
the direction of Dr. Jan Sunner at Montana
State University focusing on characterizing
membrane proteins using ESI and MALDI
ionization sources coupled to TOF and quad-
rupole mass analyzers. Dr. Barnidge then did
postdoctoral training at Uppsala Universitet
in Uppsala, Sweden, with Dr. Karin Markides
applying CE-ESI-TOF MS to the fast analysis &
of peptides and proteins. His career has focused primarily on the
quantification of proteins using MS. He has been the lead author of
several seminal articles on the quantification of proteins using proteo-
typic peptides and LC-MS/MS. He has worked at the Mayo Clinic for the
past 15 years spearheading the implementation of MS-based protein
quantification assays in the clinical laboratory. His most recent interests
are in the area of monoclonal and polyclonal immunoglobulin detec-
tion, quantification, and isotyping using microLC-ESI-Q-TOF MS and
MALDI-TOF MS.

May 2017 Volume 24 Issue 5 e00545-16

Maria A. V. Willrich graduated in pharma-
ceutical sciences with a specialization in clin-
ical laboratory science at the Federal Univer-
sity of Santa Catarina, in Florianopolis, SC,
Brazil. She obtained her master’s degree and
Ph.D. from the University of Sao Paulo, SP,
Brazil, and trained as a clinical chemistry
postdoctoral fellow at the Mayo Clinic De-
partment of Laboratory Medicine and Pa-
thology, Rochester, MN. She is currently an
assistant professor in laboratory medicine
and pathology at the Mayo Clinic College of Medicine and is a codirec-
tor of the Immunology and Clinical Mass Spectrometry Laboratories at
the Mayo Clinic, Rochester, MN. She has been working with the devel-
opment of therapeutic MAb assays for the clinical laboratory since 2012
and believes in this area’s growth over the next decade as therapeutic
MAb use becomes mainstream and patients use them long-term.

cviasm.org 17


https://doi.org/10.1021/acs.analchem.6b00544
https://doi.org/10.1021/acs.analchem.6b00544
https://doi.org/10.1007/s13361-016-1566-y
https://doi.org/10.1007/s13361-016-1566-y
http://cvi.asm.org

	MAb PRODUCTION AND TARGETS
	MAb METABOLISM
	WHY MEASURE THERAPEUTIC MAbs IN THE CLINICAL LABORATORY
	METHODOLOGIES AVAILABLE FOR MAb MEASUREMENT IN THE CLINICAL LABORATORY
	HISTORY OF MAb MEASUREMENT BY MS
	MS TECHNIQUES USED FOR MAb QUANTIFICATION IN THE CLINICAL LABORATORY
	TRANSLATING METHODS TO THE CLINICAL LABORATORY
	TRYPTIC PEPTIDE METHODS
	INTACT LIGHT CHAIN METHODS
	FUTURE DIRECTIONS
	CONCLUSION
	ACKNOWLEDGMENT
	REFERENCES

