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Keywords: The term “proteoforms” describes the range of different structures of a protein product of a single
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versity in protein structure contributes to the biological complexity observed in living organisms.
As the concentration of a particular proteoform may increase or decrease in abnormal physio-
logical states, proteoforms have long been used in medicine as biomarkers of health and disease.
Notably, the analytical approaches used to analyze proteoforms have evolved considerably over
the years. While ligand binding methods continue to play a large role in proteoform measurement
in the clinical laboratory, unanticipated or unknown post-translational modifications and
sequence variants can upend even extensively tested and vetted assays that have successfully
made it through the medical regulatory process. As an alternate approach, mass spectrome-
try—with its high molecular selectivity—has become an essential tool in detection, character-
ization, and quantification of proteoforms in biological fluids and tissues. This review explores the
analytical techniques used for proteoform detection and quantification, with an emphasis on mass
spectrometry and its various applications in clinical research and patient care including, revealing
new biomarker targets, helping improve the design of contemporary ligand binding in vitro di-
agnostics, and as mass spectrometric laboratory developed tests used in routine patient care.

1. Introduction

Variation in protein structure based on amino acid sequence and modifications allows for the great biological complexity observed
in living organisms; a complexity that far exceeds that of the approximately 20,000 genes in the human genome that encode for
proteins [1,2]. The term “proteoforms” is used to encapsulate “all of the different molecular forms in which the protein product of a
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single gene can be found” [3]. This term, proteoform, is now used to in place of previously used terms like “protein forms™, “protein
isoforms”, “protein species” and “protein variants”. The range of proteoforms that can arise from a single protein-coding gene includes
genetic variation, alternative splicing of RNA and the addition of post-translational modifications (PTMs) to a canonical protein
sequence (Fig. 1) [3]. PTMs add to the diversity of the proteome through the covalent attachment of chemical functional groups,
carbohydrates, lipids, peptides, or proteins, and via proteolytic cleavage. PTMs like phosphorylation play an important role in
regulating cellular processes like apoptosis and cell growth [4]; ubiquitination tags proteins for enzymatic degradation [5]; glyco-
sylation influences protein folding, conformation and activity [6]; methylation can alter DNA transcription [7]; lipidation affects
protein distribution by tethering proteins to cellular membranes [8]; and proteolytic cleavage can activate a protein through pro-
cessing of a precursor protein or remove a protein through proteolytic degradation [9]. Thus, these modifications can influence both
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physiological and pathological processes.

Although the term proteoform is relatively new, analysis of proteoforms—as biochemical indicators of health or disease—has a
longstanding history in laboratory medicine. For example, in 1958, five minor components of hemoglobin A (i.e., hemoglobin Ala-e)
were identified via ion-exchange chromatography [10]. Subsequently, in 1968, the structure of hemoglobin Alc was elucidated by
glycoprotein synthesis and mass spectrometric analysis, demonstrating hemoglobin Alc to be a glycated proteoform [11]. In 1969,
using a combination of agar gel electrophoresis and chromatography, the abnormal band that was found on hemoglobin gels from
individuals with diabetes mellitus was identified as hemoglobin Alc [12]. It is now well understood that under conditions of high
blood glucose, hemoglobin can undergo non-enzymatic condensation reactions with glucose, including covalent attachment of glucose
to the N-terminal valine of the hemoglobin p-chain to form hemoglobin Alc. Identification and characterization of this
post-translationally modified proteoform of hemoglobin yielded a new biomarker and analytical approaches, still in use today, for
diagnosis and monitoring of diabetes.

Herein, we will review mass spectrometry-related instrumentation, assay design and applications for proteoform analysis in clinical
research and patient care including:

Analytical approaches to proteoform analysis;
Genotyping and phenotyping;

Proteolytic processing and degradation;
Phosphorylation, glycosylation, and glycation; and,
Endogenous v. exogenous proteoforms.

2. Analytical approaches to proteoform analysis
2.1. Immunoassays

Analytical approaches commonly used in a clinical setting for characterization and quantification of proteoforms have greatly
evolved over the years. Historical and contemporary approaches to protein biomarker characterization and quantitation, include two-
site immunoassays, nephelometry, immunohistochemistry, chromatography (e.g., gel electrophoresis and liquid chromatography),
absorbance detection, and fluorescence in situ hybridization, to name a few. These techniques enabled a specific proteoform or a subset
of proteoforms to be identified via strategies such as antibody recognition of the structural change or shift in retention time or
electrophoretic migration of the proteoform.

Of the various protein quantitation approaches, the simple two-site sandwich immunoassay is among the most commonly used by
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Fig. 1. Proteoforms are generated through three main processes—genetic variation, alternative splicing of RNA, and protein folding and PTMs—to
yield a variety of protein structures relative to the canonical protein structure (i.e., the “wild-type” protein).
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clinical laboratories. This approach is generally suitable for use on existing automated analyzers, enables on-demand (v. batch) testing,
and can be designed for modest turnaround times. While immunoassays designed to target a specific proteoform can provide robust
detection and quantification of biomarkers if designed carefully, the presence of multiple proteoforms can confound immunometric
detection as a result of variable cross-reactivity, and positive and negative interference (Fig. 2). For example, immunoassays quan-
tifying thyroid stimulating hormone (TSH), a protein biomarker used to identify and monitor thyroid disorders, have been shown to
yield falsely low results in the presence of sequence polymorphisms. After identifying a single case of a clinically euthyroid individual
of South Asian descent with a TSH polymorphism causing discordant results on various regulatory-approved TSH immunoassays, a
retrospective study examined ~ 2 million individuals with repeatedly low TSH. From this analysis, twenty individuals of South Asian
decent were found with falsely low TSH results due to the same polymorphism as the index case [13]. Samples from these individuals
were then tested on 8 different regulatory-approved TSH immunoassays, revealing half of the assays reported (falsely) undetectable
TSH. Most of these individuals were originally misdiagnosed with hyperthyroidism. It is suspected that the sequence variant alters the
binding ability of either the capture or detection monoclonal antibodies used in the two-site immunoassays, impeding the formation of
the ‘sandwich’ and thus inaccurately quantifying the concentration in the sample [13].

In another example of a proteoform interfering with an immunoassay, a sequence variant in the viral surface antigen protein of the
hepatitis B virus (HBV) was found to confound HBV diagnostics [14]. In this case, serum from a dialysis patient was tested via
immunoassay for the HBV surface antigen, which yielded a negative result. As a result of the negative HBV test, the usual dialysis
center precautions to prevent HBV spread, including dialysis in separate room with separate staff and equipment, were not activated
[15]. Six years later the patient was hospitalized for shortness of breath, their HBV status was re-evaluated and yielded a positive result
this time. Ultimately the discrepancy was traced back to a sequence variant in the HBV surface antigen protein, whereby the original
falsely negative HBV test resulted in the potential exposure to 55 individuals to HBV [14]. A 2012 study investigated the effect of HBV
surface antigen sequence variants on 13 clinical immunoassays and found that only two immunoassays could detect all 23 variants
screened [16].

In addition to sequence variants, both pathogenic and benign, PTMs have also been demonstrated to interfere with immunometric
methods. In 2017, falsely low immunohistochemical staining of programmed death-ligand 1 (PD-L1) — a diagnostic for immune
checkpoint therapies in many cancers — was associated with abnormal glycosylation of PD-L1. Examining biopsied tissue from 22
melanoma patients revealed highly glycosylated PD-L1 yielded low estimates of this protein, likely owing to reduced binding of the
reagent antibody due to steric interference from the PD-L1 glycans [17]. The downstream impact of this analytical interference on
patients is dramatic, as a falsely low concentration of PD-L1 can lead to reduced chances of starting or continuing immunotherapies
despite possibly needing the treatment. While sequence variants may directly alter the epitope targeted by a reagent antibody, this case
demonstrates that even when the epitope is preserved, neighboring PTMs like glycosylation can confound analytical methods that rely
on indirect detection of the proteoform of interest.

On the other hand, when detection of specific proteoforms is not of interest, ligand binding methods can theoretically be designed
to detect the “total” concentration of the analyte, i.e., all (or most of) its proteoforms. This is accomplished by targeting an epitope
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Fig. 2. Immunometric versus mass spectrometric approaches often yield detection of different proteoforms from the same protein. (A) Two-site (or
sandwich) immunoassays use antibodies to detect two short sequences of the target protein; however, proteoforms that share these epitopes cannot
be discriminated and those that contain variant sequences like phosphorylation (denoted “P”) or polymorphisms (denoted “*”) may abrogate
antibody bindings. Alternatively using mass spectrometry, specific variants can be selected for detection using a combination of chromatographic
separation and mass detection, or an immunoprecipitation step can be added during sample preparation to pull down select proteoforms. In this
example, the capture antibody is used for immunoprecipitation, and a common proteolytic peptide is targeted by mass spectrometry. (B) The
consequence of detection of different epitopes and proteolytic peptides, leads to the detection of different combinations of proteoforms and dif-
ferences in the total protein concentration measured.
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(one-site immunoassay) or epitopes (two-site) immunoassay common to all proteoforms and devoid of theoretical modification sites
(Fig. 2). In cases where the assay design did not purposefully consider proteoforms in its development, it may be that whatever the
immunoassay is detecting—a specific proteoform, a sub-group of proteoforms, or all proteoforms of a protein—happens to be clinically
informative. In such a scenario, knowing the exact composition of the group of proteoforms being detected may not add clinical value.
However, as the TSH, HBV, and PD-L1 examples above demonstrate, unanticipated/unknown PTMs and sequence variants can upend
even extensively tested and vetted immunoassays that have successfully made it through the regulatory process for use in patient care.

2.2. Mass spectrometry

As the effect of different proteoforms on an immunoassay can be challenging to characterize, utilization of an alternate analytical
approach is often desirable. Owing to its excellent molecular selectivity, mass spectrometry has become the preferred analytical
approach for proteoforms [18].

Mass spectrometry relies on the detection of molecular ions via their mass-to-charge ratio [19-22]. There are three main com-
ponents of a mass spectrometer, namely, an ionization source, mass analyzer, and a detector. The ionization source converts the
molecules in a sample into charged gaseous ions; common ion sources include matrix-assisted laser desorption ionization (MALDI) and
electrospray ionization (ESI) [22,23]. The gaseous ions are then transferred to a mass analyzer [22]. These ions are sorted by the mass
analyzer, in space or time, based on their mass-to-charge ratios. There are many different types of mass analyzers including quad-
rupoles (Q), ion trap, time-of-flight (TOF), and Fourier-transform ion-cyclotron resonance (FT-ICR) mass analyzers [23]. Mass spec-
trometry approaches for proteoform characterization typically utilize one or two phases of mass analysis (although more can be used),
with the latter referred to as tandem mass spectrometry. With tandem mass spectrometry, a collision cell is placed between the two
mass analyzers to fragment precursor ions, and then the second mass analyzer can serve to separate these fragment ions. The separated
ions are then detected by the ion detector in either the time or space domains [22]. The ion detector produces electric signals that are
then processed into mass spectra; commonly, the detector used is an electron multiplier [23]. Depending on how the biological sample
was prepared and processed, the ions detected may correspond to the target analyte or a portion of the analyte (e.g., proteolytic
peptides, released PTMs, fragments from collision induced dissociation or in-source fragmentation) [22]. For a detailed review of the
structure of various types of mass spectrometers used for proteomic analysis readers are directed to the following reviews [21,24-27].

Mass spectrometry approaches for proteoform analysis can generally be grouped into two categories, proteolytic digestion (i.e.,
bottom-up) or intact workflows. Proteolytic digestion workflows perform mass spectrometric analysis on the peptide level and may
correlate findings back to the intact protein. To work at the peptide level, proteases-most commonly trypsin-are used to cleave
proteins into peptides. For proteases with high cleavage specificity like trypsin, peptides are cut at specific amino acid residues,
creating characteristic peptides. This approach relies on detection of a proteotypic peptide (i.e., a peptide unique to that protein in the
relevant proteome(s)) of which the mass-to-charge ratio is used as a proxy for the protein [28,29]. On the other hand, intact workflows
are devoid of a proteolysis step with the initial mass spectrometric detection targeting the intact protein(s) of interest. This approach
allows for full sequence coverage, including detection of protein sequence variations, and detection of PTMs on the whole protein level
through the detection of a proteoform profile [30,31].

Mass spectrometry can be used for both characterization (i.e., identifying structural details) and quantification. For the latter,
multiple reaction monitoring (MRM, also referred to as selective reaction monitoring; SRM) is a commonly used approach. An MRM
can be developed using a tandem mass spectrometer, such as a triple quadrupole mass spectrometer with tandem quadrupole mass
filters and a collision cell [20,29,32]. With this instrument, the first quadrupole that filters for a particular ion (precursor), which is
then fragmented in the collision cell via collision induced dissociation (CID), generating product ions, which are in turn filtered in the
third quadrupole, before reaching the detector. MRM refers to the monitoring of the formation of a set of product ions from the
precursor ion of the protein or peptide of interest, which is termed a transition. One or more of these transitions can be selected for
quantification purposes, where quantification can be based off peak intensity/area or peak intensity/area relative to an internal
standard (e.g., normalized peak area). For quantification, using an internal standard that is a stable isotope labelled version of the
target measurand, employing quality control samples, and creating an external calibration curve are all components of best practices
for peptide/protein quantification (reviewed in detail in Ref. [33]). Directly detecting the target analyte, and confirming its structure
via fragmentation, gives MRM technology a degree of selectivity far exceeding that of immunoassays [29].

Similar to the MRM approach, parallel reaction monitoring (PRM) technologies are also used in hybrid quadrupole mass spec-
trometers like Q-TOFs and Q-ion traps. In PRM approaches, precursor ions are filtered in the first quadrupole and fragmented in the
collision cell, however, unlike in MRM, all product ions are transmitted to the detector [32]. These process leads to a set of transitions
(a precursor and one or more product ions) for the target protein [20,32]. This PRM approach is comparable to the MRM approach in
terms of selectivity, precision, and linear range, but has a wider dynamic range. Triple quadrupole instruments used for MRM
compared to higher resolution instruments used for PRM have average dynamic ranges of 2.2 and 2.9 orders of magnitude, respectively
[34]. For more details on PRM approaches readers are directed to the following review [35].

MALDI mass spectrometry approaches rely on a soft ionization technique to ionize molecules via matrix assisted laser desorption. In
this workflow the sample of interest is co-crystalized with an excessive amount of an organic solution called the matrix. Then a laser
(either ultraviolet or infrared wavelengths) is used to ionize the dried sample, and the ions generated are accelerated and separated
based on their mass-to-charge ratio [24]. MALDI is often coupled with TOF or TOF/TOF mass analyzers to allow for single and tandem
analyses. These approaches are often used for intact mass analysis, peptide mass fingerprinting, and tissue imaging.

Given the variety of mass spectrometry approaches available, coupled with its high degree of selectivity, one can see why mass
spectrometry has become the preferred approach for proteoform characterization and quantification. As the examples described below
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will reveal, mass spectrometric analysis of proteoforms covers a wide range of clinical applications, from biomarker discovery and
characterization, to assisting in biomarker selection and assay design, to direct application of the technology in patient care.

3. Genotyping and phenotyping

Pathogenic mutations, now termed pathogenic variants in medicine, in the human genome that result in alterations to the protein
sequence are responsible for many inherited disorders including alpha-1-antitrpysin deficiency (A1AT), cardiovascular disease, Alz-
heimer’s disease (AD), hemoglobinopathies, and hereditary amyloidosis. Typically, identification of these inherited disorders relies on
detection of the nucleic acid variant(s) via a variety of molecular techniques such as fluorescence in situ hybridization, PCR, and DNA
sequencing. Biochemical phenotyping may be used in conjunction with molecular methods to identify the potential pathology, assess
disease severity, or as part of diagnostic algorithms to avoid more costly testing when not warranted [36-38]. For example, in
population-based screening for cystic fibrosis, initial measurement of immunoreactive trypsinogen in blood is a test used to determine
if sequencing of the CFTR gene should be performed. CFTR encodes for the cystic fibrosis transmembrane conductance regulator
(CFTR) protein which normally functions to shuttle chloride in and out of cells. In the case of pathogenic variants, CFTR function is
reduced, which can lead to blockages in the pancreatic ducts, resulting in elevated immunoreactive trypsinogen. Such reflexive testing
strategies have demonstrated to be cost-effective, while supporting timely diagnosis and intervention [39]. However, if one could
combine biochemical phenotyping and molecular genotyping in a cost-effective manner into a single analysis, or further streamline the
two, that could yield faster turnaround times, improve laboratory efficiencies, and better serve patients. Fortunately, with the
increasing application of mass spectrometry there is the possibility to do just that, and combine phenotyping (e.g., protein quanti-
tation) with genotyping (e.g., detecting variants at the protein sequence level), as described in the following examples.

3.1. Alpha-1-antitrypsin deficiency & alpha-1-antitripsin phenotyping

In alpha-1-antitrypsin (A1AT) deficiency, pathogenic variants in the gene that encodes for A1AT (SERPINA1) result in a decrease, or
lack of, functional A1AT protein in circulation. A1AT is a serine protease inhibitor that inactivates neutrophil elastase, protecting the
tissues from enzymatic damage during an immune response. In A1AT deficiency, the sub-normal physiological concentration of this
protein means failed regulation (inhibition) of endogenous proteases, ultimately resulting in tissue damage, primarily in the lungs and
liver [40]. There are numerous SERPINA1 variants associated with A1AT deficiency, with the two most common being the S allele
(E288V), which decreases production of A1AT, and the Z allele (E366K), which decreases functional A1AT in circulation via the
formation of A1AT aggregates in the liver. There are several analytical methodologies used to aid in the diagnosis of A1AT deficiency,
such as quantification of serum A1AT concentration to identify low concentrations of A1AT via immunoassay, isoelectric focusing
(IEF) to identify A1AT protein variants, genotyping to identify select pathogenic variants, and DNA sequencing to identify any variants
including rare variants [41-43]. Laboratories have developed various test algorithms to diagnose A1AT deficiency given available
resources and expertise [41,44]. General approaches include screening using the measurement of A1AT in serum, then for samples
with low A1AT concentrations, moving on to more time- and cost-intensive methods such as IEF, genotyping and less commonly, full
gene sequencing [41,44,45].

As an example of an alternate approach, a proteolytic digestion mass spectrometry assay for quantification and phenotyping of
AlAT in serum has been developed. In this method, serum is digested with trypsin, followed by MRM analysis using liquid chro-
matography coupled to a triple quadrupole mass spectrometer [46]. In addition to quantification of total A1AT by selecting a single
quantotypic tryptic peptide, four additional peptide sequences are monitored to provide greater sequence coverage and enable
detection of wild-type versus E288V (S allele) and E366K (Z allele) sequence variants. These variant peptide sequences not only have
different masses compared to their wild-type counter-part, but they also elute at a different time from the analytical column, facili-
tating detection [46]. With the detection of wild-type and variant peptides, the genotypes associated with the most frequent pa-
thologies (i.e., S and Z alleles) are accurately identified. With simultaneous quantification and phenotyping of A1AT, the mass
spectrometric assay eliminates the subjective step associated of IEF interpretation.

The financial benefits and operational challenges of incorporating MRM phenotyping versus the traditional IEF method in A1AT
deficiency diagnostic algorithm were examined in a retrospective evaluation [47]. A1AT immunonephelometric quantification was
combined with phenotyping by either mass spectrometry or the IEF method (genotyping was not performed). MRM phenotyping
reduced supply and labor costs for a single high-volume laboratory by 27% and 80%, respectively. However, given that the assay is
unable to identify variants beyond S and Z, reflexing to other methodologies, such as IEF, genotyping and sequencing are still required
to identify rarer A1AT variants. Of note, both IEF and MRM phenotyping techniques cannot identify null alleles (i.e., absent protein
expression). Thus, molecular techniques (e.g., targeted genotyping and/or DNA sequencing) are needed for definitive diagnosis in
cases with discordant phenotypic interpretation (e.g., low A1AT concentration and no variant identified). Ultimately, for A1AT
deficiency, employing mass spectrometry for phenotyping in populations where S and Z allelic variants are common, is a cost-effective
alternative to IEF.

3.2. Cardiovascular risk assessment and apolipoprotein E genotype
The human APOE gene encodes for three common apoE proteoforms due to genetic polymorphisms: E2, E3 and E4. E3 is considered

the “wild-type” proteoform, with sequence differences between the common proteoforms occurring at residues 112 and 158, i.e., E2
(Cys112 and Cys158), E3 (Cys112 and Arg158), and E4 (Argl12 and Argl58). Given that humans have two APOE alleles, there are
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three possible homozygous (E2/E2, E3/E3, and E4/E4) and three possible heterozygous (E2/E3, E2/E4, and E3/E4) phenotypes. While
not considered pathogenic variants, apoE2 and apoE4 are associated with increased risk for cardiovascular disease [48]. Similarly,
apoE4 is associated with an increased risk of Alzheimer’s disease (AD) and other neurodegenerative disorders, although the risk is
relatively small as ~25% of the general population carries an apoE4 allele but not all carriers will develop neurodegenerative disorders
[48,49]. In patient care, APOE genotyping is predominantly used in the context of familial dysbetalipoproteinemia, where such in-
dividuals are commonly E2/E2 [50,51]. In inherited dysbetalipoproteinemia, the normal function of apoE is impaired leading to
decreased clearance of chylomicrons and very-low density lipoproteins, in turn contributing to increased risk of CVD [50,51].

For detection of the E2, E3 and E4 proteoforms, commonly used approaches include phenotyping (via IEF), genotyping (via PCR
and melting curve analysis) and full-gene sequencing (via DNA sequencing). Given the cost, complexity and ethical considerations,
there have been attempts to use immunoassays for detection of apoE2 [52] and apoE4 proteoforms [53]. However, apoE immuno-
assays can only detect a single proteoform at a time and thus are unable to discriminate homozygous from heterozygous apoE ge-
notypes. Although identification of apoE2 or apoE4 carriers from non-carriers provides meaningful information for clinicians, this
approach is less than ideal. As an alternative to traditional methods, several MRM assays for apoE phenotyping have been described
[54-58]. While mass spectrometry assays could theoretically meet these requirements, there are some challenges given the primary
structure of apoE.

For identification of sequence variants using a proteolytic digestion mass spectrometry approach, the sequence region(s) of interest
must be amenable to proteolytic digestion and yield peptides unique to each proteoform of interest. For example, tryptic digestion of
apoE does not yield proteolytic peptides capable of distinguishing apoE3 from apoE2 and apoE4. As a work-around, peptides that
contain common sequences between E2 and E3 (“non-apoE4”), and E3 and E4 (“non-apoE2”), along with proteoform-specific peptides
(e.g., apoE2 and apoE4) have been used to discriminate apoE phenotypes [58,59]. Using the differential peptide approach, MRM
assays are able to detect all apoE proteoforms, thus discriminating homozygous and heterozygous apoE genotypes. For example, one
tryptic digestion MRM assay using a liquid chromatography triple quadrupole mass spectrometer demonstrated 100% concordance in
comparison to a IEF method, and 98% concordance with genotyping [59]. Furthermore, another MRM method, also using a trypsin
digestion workflow, developed simultaneous detection of apoE proteoforms (i.e., E2, E3, E4) and quantification of six apolipoproteins
(i.e., apoA-I, apoB, apoC-I, apoC-II, apoC-III, and apoE) using an ultra-high-performance liquid chromatography system coupled to a
triple quadrupole mass spectrometer [58]. Thus, for detection of the common proteoforms, mass spectrometry presents an attractive
alternative to IEF and genotyping methods.

3.3. Alzheimer’s disease and amyloid-f peptide variants

The diagnosis of AD has been shown to be facilitated by the measurement of amyloid § (Af) peptides in cerebrospinal fluid (CSF)
[60]. Ap is generated from the endogenous proteolytic cleavage of the transmembrane amyloid precursor protein (APP), resulting in
peptides of various lengths, including Ap peptides spanning residues 1-42 (Ap42) and 1-40 (Ap40) (Fig. 3A). The concentration of
AB42 is highly correlated with AD [61], while the concentration of Ap40 is not. AB40 is however useful in normalizing for potential
pre-analytical issues and inter-individual variability in Af peptide metabolism [62]. In addition to these two proteolytic forms of Ap,
numerous sequence variants have been identified (Fig. 3A). Many of the variants are pathogenic with high penetrance, resulting in a
genetic form of AD, autosomal dominant AD; but there are also benign variants which are not associated with disease. For clinical
purposes, a method capable of detecting the key proteolytic proteoforms (Af42 and AB40) as well as sequence variants is crucial in
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Fig. 3. (A) Proteolytic proteoforms of amyloid-f (AB)—Ap40 and Ap42—are formed by cleavage of the transmembrane amyloid precursor protein
(APP) by p- and y-secretase. In addition to proteolytic proteoforms, nucleic acid variations in the APP gene results in Af peptide variants, both
pathogenic and benign. Unlike immunoassays, mass spectrometry is able to identify sequence variants as demonstrated in the analysis of CSF from
individuals (B) homozygous for wild-type alleles, where only the wild-type peptides (Ap40 and Ap42) are observed, and (C) heterozygous for an APP
variant, where both wild-type and Ap variant peptides are observed.
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accurate quantification of total Ap concentration and, when pathogenic variants are present, identification of autosomal dominant AD.

Using two-site immunoassays, individual assays for Ap42 and Ap40 have been developed; however, they are unable to identify
sequence variants. If the variant occurs outside of the epitope regions of the reagent antibodies the immunoassays are expected to
produce a result consistent with the wild-type sequence; however, if the variant occurs within or near the epitopes it may abrogate
antibody binding, leading to a falsely low Ap result. To overcome these analytical shortfalls, an MRM assay was developed for mul-
tiplexed quantification of wild-type Ap peptides (Af42 and AP40) and identification of Ap sequence variants [63]. This is an intact
method that enriches Af peptides via solid phase extraction, without the use of reagent antibodies, followed by Ap sequence detection
and quantification via MRM using a high-performance liquid chromatography triple quadrupole mass spectrometer. Using CSF
representative of APP heterozygotes, the method accurately quantified Af42 and Ap40 and identified the presence of sequence var-
iants, thus enabling the diagnosis of autosomal dominant AD (Fig. 3B and C) [63].

3.4. Hemoglobinopathies and hemoglobin variants

Hemoglobinopathies are a group of inherited disorders characterized by abnormalities in the production or structure of hemoglobin
(Hb). This includes sickle cell disease caused by amino acid substitutions of the p-globin chain producing defective hemoglobin (e.g.,
HDS), and the thalassemia syndromes caused by deficiency in the production of a- or p-globin chains. In the context of newborn
screening, it is important to identify hemoglobinopathies to enable early intervention and improve outcomes [64]. Several conven-
tional screening methods rely on phenotypic identification of the different hemoglobin proteoforms (e.g., HbF, HbA, HbS, and HbC) by
charge separation, including electrophoretic methods and high-performance liquid chromatography [65-67], but they can be
cumbersome to implement and yield non-definitive results due to co-migration or co-elution of variants [68,69].

With increased throughput and improved selectivity in mind, several newborn screening labs have turned to mass spectrometry for
hemoglobin variant detection [70-72]. These mass spectrometry assays were developed as proteolytic digestion methods to screen for
Hb peptides in dried blood spots samples via MRM without prior chromatographic separation. Discrimination between homozygous
and heterozygous genotypes was done by calculating the peptide abundance ratio of variants (e.g., HbS) to the wild-type HbA peptide.
In comparison with IEF and high-performance liquid chromatography methods, the MRM method demonstrated 100% concordance in
identifying HbS, HbC, HbE, and f-globin production defects [71].

Following the implementation of mass spectrometry for newborn screening, a three-year review of testing yielded no discrepancies
between the MRM observed genotypes and those determined by genotyping [73]. Although the selectivity of MRM—by detecting only
the select variant peptides—avoids misclassification of co-migrating or co-eluting variants in other methodologies, an MRM approach
requires prespecifying the mass-to-charge transitions of the target analytes, and thus, any variants not specified in the method (rare,
unknown or novel variants) will go undetected. As such, some newborn screening programs have implemented MRM screening for
only detection of HbS [72,74]. As most newborn screening programs already use tandem mass spectrometry to screen for other dis-
eases, albeit targeting small molecules, employing the same instrument for sickle cell disease screening provides an attractive alter-
native to traditional IEF and high-performance liquid chromatography methods.

3.5. Amyloidosis and amyloid typing

Amyloidosis refers to a group of diseases caused by the aggregation of proteins into a characteristic quaternary structure. Numerous
proteins have been associated with amyloid formation including immunoglobulin light and heavy chains, transthyretin (TTR), and
serum amyloid A [75]. As an example, we will focus on the protein responsible for the most common type of hereditary amyloidosis,
transthyretin (TTR). TTR amyloidosis (ATTR) is a systemic disorder caused by aggregation of either the wild-type (WtTTR) or variant
(vITR) form of the TTR protein, which results in cardiomyopathy and/or polyneuropathy [76]. Diagnosis of ATTR is challenging due
to symptom heterogeneity, and the desire to avoid heart tissue biopsy to confirm ATTR. Accurate diagnosis of hereditary ATTR is
important for prognosis and treatment, as well as for genetic counselling for the patient and family members [77]. Definitive diagnosis
of ATTR requires demonstration of amyloid deposits and identification of these deposits of being composed of TTR (i.e., amyloid
typing). Traditionally, these two steps have been accomplished via two different experiments: (i) Congo red staining, which identifies
the presence of amyloid, and (ii) immunohistochemistry (IHC) which attempts to identify the major proteinaceous component of the
aggregate [78]. While Congo red staining is relatively straight forward, IHC has many pitfalls including false positive/false negative
staining, subjective interpretation, and is limited by the antibody reagents available [79,80]. Furthermore, IHC methods cannot
identify sequence variants that associated with familial forms of amyloidosis.

To overcome these pitfalls, a mass spectrometric approach to amyloid typing has been developed which identifies amyloid-
associated peptides (including variant peptides) from Congo red-positive biospecimens for diagnostic evaluation of systemic
amyloidosis [81-83]. In this assay, positively stained areas in tissue biopsy specimens and subcutaneous fat aspirates were extracted
and digested with trypsin, followed by proteomic analysis via nano-flow liquid chromatography-ion trap mass spectrometry [83]. To
identify the predominant protein deposit, amyloid-associated and sequence variant peptides were detected by matching against
reference sequences using database search engines (for canonical proteins) and a custom sequence database (for variants) [83]. In
biopsy specimens, the diagnostic accuracy improved from 76% to 94% using mass spectrometry to identify the amyloid status of
paraffin-embedded tissues as compared to IHC [84]. While in subcutaneous fat aspirates, a slightly modified assay had a sensitivity and
specificity of 88% and 96%, respectively [81]. Using this proteomic method, 21 established amyloid types were readily identified in 31
different organs, and amino acid substitutions in cases of hereditary amyloidosis (including vITTR) were also detected with 100%
concordance with genetic analysis [83]. Although the majority of common pathogenic variants in amyloidogenic proteins are detected,
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some are not readily identified including variants that produce isomeric amino acid substitutions or result in an amino acid change not
within a detected tryptic peptide sequence. Moreover, given the complexity of this proteomics assay, clinical laboratories would
require substantial resources and expertise (e.g., complex instrumentation and bioinformatics pipeline) to implement, and therefore
such a method may be best suited for a reference laboratory. With the technical advantages over antibody-based methods, mass
spectrometry as described here is now considered to gold standard for amyloid typing with added advantage of identifying cases of
hereditary amyloidosis.

3.6. Immunoglobulins and monoclonal gammopathies

Monoclonal gammopathies are detected via identification of an abnormally high concentration of a monoclonal immunoglobulin or
a monoclonal light chain (M protein) in plasma or urine. The traditional methods to detect M proteins include gel or capillary elec-
trophoresis, followed by immunofixation (IFE) or immunosubtraction to type the M protein. The presence of an M protein is detected
via observation of a ‘spike’ where the monoclonal protein migrates, relative to the much broader distribution noted for normal
globulins. As an alternative strategy, mass spectrometric methods have been developed by coupling immunoglobulin enrichment to
MALDI-TOF mass spectrometry detection. In this workflow, the M protein is also detected as a visual spike, this time in the MALDI-TOF
spectrum, relative the polyclonal background. The MALDI-TOF approach has been demonstrated to have greater analytical sensitivity
compared to IFE and combines the previously separate analytical assessments of M protein detection and typing [85]. High resolution
mass spectrometry has also been applied in this area, with immunoglobulin enrichment for serum specimens and no enrichment for
urine specimens, followed by micro-flow liquid chromatography-ESI-QTOF M protein detection and typing. This high-resolution
approach enables patient specific M-protein light and heavy chain molecular mass and typing, and like MALDI-TOF mass spectrom-
etry methods demonstrated greater analytical sensitivity relative to traditional methods [86]. With increased analytical sensitivity,
multiplexing detection and typing, ease of interpretation and high-throughput capacity, mass spectrometric methods are anticipated to
result in a major shift in the analytical methodologies used by clinical laboratories for monoclonal gammopathies.

4. Proteolytic processing and degradation

Proteins can be proteolytically processed in vivo to alter protein function, induce activation/inactivation, regulate physiological
and cellular processes, and as part of the degradation pathway. Given the complex biological consequences of protein cleavage and
degradation, in vivo generated proteolytic protein fragments may serve as biomarkers of health and disease; unfortunately, their
presence can also confound ligand binding assays targeting related proteoforms.

4.1. Parathyroid hormone

Quantification of parathyroid hormone (PTH) is measured to aid in identifying the cause of hypo- and hypercalcemia, metabolic
bone disease, and parathyroid gland tumors. Clinically, PTH is measured via two-site immunoassays; however, in vivo proteolytic
cleavage products of PTH can interfere with these assays. Many in vivo fragments of PTH have been identified, including N-terminally
truncated proteoforms spanning residues 7-84, 28-84, 34-84, and 38-84, as well as both C and N-terminally truncated proteoforms:
34-77,38-77, and 45-34 [87-90]. Questions pertaining to such fragments include whether they circulate in high abundance, whether
they are active or inactive fragments, and their relation to physiology and clearance (e.g., PTH 1-84 has a half-life of ~5 min, whereas
some fragments have half-lives in the range of 24-36 h) [87,91-93]. To accommodate for the presence of PTH proteoforms, immu-
noassays for PTH have evolved over the years (Fig. 4); the initial (first generation) radioimmunoassay for PTH utilized an antibody
targeting the middle of the PTH sequence, which was subsequently improved through second and third generation immunoassays to
target the N-terminus of PTH based on mass spectrometric and biological studies [87,94]. Nonetheless, contemporary PTH
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Fig. 4. PTH ligand binding assay evolution. A) The first-generation radioimmunoassays used a single antibody directed against the residues within
the sequences 44-68 or 53-84. B) Second-generation immunoassays were two-site sandwich assays with capture antibodies directed against residues
1-34 or 1-38 and detection via residues 39-84 or 53-84. C) The third-generation immunoassays were optimized to detect intact PTH (residues

1-84) using a capture antibody targeting the C-terminus (epitope within residues 39-84) and a detection antibody targeting the N-terminus (res-
idues 1-4).
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immunoassays bind PTH 1-84 and, variably, PTH fragments, which can lead to inconsistencies between immunoassay manufacturers.

To aid in selective and accurate quantification of intact PTH, mass spectrometry has been employed to both characterize PTH
proteoforms in circulation and quantify select proteoforms. In the seminal application, serum PTH proteoforms were enriched using an
antibody targeting the C-terminus; the immunoenriched fraction was then digested with trypsin, separated by nano-flow liquid
chromatography and analyzed using MRM on a Q-TOF mass spectrometer [95]. Comparing this MRM method to a clinically available
second-generation and third-generation immunoassay, the MRM assay had a negative bias relative to the second generation assay and
significant quantification differences compared to the third generation assay [95]. These differences were attributed to antibody
cross-reactivity with additional PTH proteoforms or other interferents in both second and third generation immunoassays.

In a recent study examining the primary structure and concentration of PTH fragments, an intact proteomic discovery analysis was
used to sequence the PTH fragments circulating in patients with renal failure [90]. This method used immunoenrichment with two
anti-PTH antibodies, one against the C-terminus (epitope within residues 44-84) and one against the N-terminus (immunogen/epitope
not specified). The enriched samples were separated using liquid chromatography and analyzed using a Q-ion trap hybrid mass
spectrometer. This approach revealed abundant PTH fragments including those spanning residues 28-84, 34-77, 34-84, 38-77,
38-84, and 45-34. Most notably the hypothesized PTH 7-84 fragment that was thought to be the primary interferent in the first- and
second-generation immunoassays, was not among the abundant proteoforms. Further, when quantifying PTH in individuals with
severe renal failure, where increased PTH proteolytic fragmentation is expected, a method comparison between the MRM assay and a
third-generation immunoassay demonstrated that the MRM assay had 58% lower PTH 1-84 concentration relative to the immuno-
assay. While the third-generation immunoassay did not demonstrate significant cross-reactivity with N-terminally cleaved PTH 28-84,
34-84, 37-84, 45-84, or 48-84, it did have nearly 100% cross-reactivity with synthetic PTH 7-84 [90].

Via mass spectrometry, the complexity of PTH proteoforms has been revealed. Moreover, mass spectrometry has helped identified
ongoing challenges with immunometric detection of PTH, and their potential impact on clinical management [96].

4.2. Cardiac biomarkers: B-type natriuretic peptides and troponins

Cardiac biomarkers, B-type natriuretic peptide (BNP), N-terminal-pro-BNP (NT-proBNP) and cardiac troponins (cTn) are
commonly quantified to assist in the diagnosis, monitoring and risk assessment of heart dysfunction. In the clinical laboratory, these
blood biomarkers are measured via two-site immunoassays; however, mass spectrometry is playing a role in identifying proteoform-
specific interferences and novel biomarker candidates, as well as assisting with assay harmonization.

In the case of BNP proteoforms, in vivo proteolytic cleavage products of proBNP, BNP and NT-proBNP, are abnormally elevated in
heart failure patients as they are released from cardiac myocytes under strain. BNP (residues 1-32) is the bioactive fragment of proBNP
(residues 77-108 of proBNP); while NT-proBNP is produced as the inactive form (residues 1-76 of proBNP). Immunoassays for BNP are
known to cross-react with BNP breakdown products and proBNP, while NT-proBNP immunoassays are known to cross-react with
proBNP [97-99]. To accurately quantify BNP and detect its degradation products, an immunoenrichment intact mass spectrometry
method was developed [100]. Using two antibodies targeting the N- and C-termini of BNP (residues 5-13, and 15-25, respectively),
plasma BNP proteoforms were extracted for detection and quantification via MALDI-TOF mass spectrometry. Applied to the study of
heart failure patients, this mass spectrometry assay demonstrated that intact BNP measured by immunoassays did not correlate with
BNP 1-32 but instead correlated best with the BNP fragment spanning residues 5-32, a biologically inactive fragment [101]. These
findings were corroborated with the development of a proteolytic digestion workflow, where BNP was digested with trypsin and
analyzed by MRM using ultra-high-performance liquid chromatography coupled to a triple quadrupole mass spectrometer [102]. In a
comparison using external proficiency samples, the MRM method correlated with but had a negative bias with three different im-
munoassays [102], which was attributed to differential detection of BNP proteoforms and different calibrants. In general, such mass
spectrometric studies have helped elucidate circulating BNP proteoforms and their role in immunoassay interference [103].

In the case of cTn, elevated concentrations of cTnl or ¢TnT are the current gold standard to diagnose myocardial infarction [104].
cTn’s can have extensive PTMs including from phosphorylation and proteolysis, confounding immunoassay quantification [105,106].
The use of different antibodies targeting different cTn sequences by the various in vitro diagnostic manufacturers, results in differences
in ¢Tn concentration, owing in large part to differences in cTn proteoforms detected [107]. To illustrate this point, consider the debate
on whether cTnT predominantly circulates in its intact form or as proteolytic fragments. To investigate this question, serum from acute
myocardial infarction patients was first immunoenriched for ¢TnT (targeting epitope 146-157) and subjected to western blot analysis,
whereby three immunopositive bands were detected at 16, 29, and 37 kDa [106]. The bands were excised subjected to in-gel tryptic
digestion and analysis by ultra-high-performance liquid chromatography coupled to a quadrupole-ion trap hybrid mass spectrometer.
In the mass spectrometric analysis, detection of fully-tryptic cTnT peptides confirmed the presence of cTnT the immuno-positive bands,
and the detection of semi-tryptic cTnT peptides confirm the presence of proteolytic fragments formed in vivo in the 16 and 29 kDa
bands. Interestingly, the 29 kDa cTnT proteoforms were found to be the predominant form in serum; however, cTnT immunoassays
were designed to detect intact cTnT and thus variably detect this key proteoform [106]. Like the study of BNP proteoforms, char-
acterization of cTn proteoforms is expected to help optimize immunoassay design and contribute to harmonization efforts.

4.3. D-dimer
D-dimer quantification is used in the diagnosis and management of venous thromboembolism, deep vein thrombosis, and

disseminated intravascular coagulation [108-111]. D-dimers are formed during fibrinolysis via the breakdown of fibrinogen and fibrin
by plasmin. This leads to four fragments, termed X, Y, D, and E, with only fragments originating from fibrin polymers that have
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undergone factor XIII mediated cross-linking having a covalent bond between two adjacent D domains (i.e., the D-dimer). D-dimers
contain two D domains and one E domain, providing a unique target for fibrin-specific degradation product, a structural detail
exploited by most immunoassays [112]. There are various ligand binding assay approaches to D-dimer quantification including
immunofluorescence, immunoturbidity and chemiluminescence. While D-dimer is routinely quantified via immunoassay in clinical
care, this analytical approach has demonstrated cross reactivity with fibrinogen and other fibrinogen breakdown products, leading to
falsely elevated estimates of fibrinolysis activity [113,114]. As such, D-dimer is helpful in diagnosing venous thrombosis as it has a
good negative predictive value, but cannot be used to diagnose venous thromboembolism due to its poor positive predictive value
[115].

To attempt to design an assay specific for D-dimer without the interferences noted for immunoassays, mass spectrometry has been
employed [116]. In the mass spectrometry assay workflow, plasma was first depleted of abundant proteins (a step generally to be
avoided in quantitative mass spectrometric methods [33]), digested with trypsin, subjected to immunoenrichment targeting the
D-dimer peptide spanning residues 305-324, and analyzed by MRM using a high-performance liquid chromatography system coupled
to a triple quadrupole mass spectrometer. In preliminary experiments, the mass spectrometric method did not correlate well with a
commercial ELISA but correlated better than the ELISA with fibrinolytic activity based on thromboelastography (a measure of blood
clotting efficiency). This study highlights the use of mass spectrometry in being able to select for and probe specific proteoforms or
groups of proteoforms that may help improve correlation with a physiological parameter, disease or outcome.

4.4. Adrenocorticotropic hormone

Adrenocorticotropic hormone (ACTH, residues 1-39) is a peptide hormone produced by the pituitary gland, which stimulates the
adrenals to secrete cortisol. When disorders of the hypothalamic-pituitary-adrenal axis are suspected, ACTH is used as a biomarker to
help identify where along the axis the dysfunction is found. Complicating its use as a biomarker, ACTH immunoassays are vulnerable to
interference by heterophile antibodies (e.g., endogenous antibodies that bind to reagent antibodies), and ACTH fragments and syn-
thetic analogs [117]. Not only are these assays vulnerable to such interferents but the magnitude and direction of the interference
varies based on the targeted epitopes and antibodies used (e.g., monoclonal v. polyclonal), leading to grossly discrepant results be-
tween manufacturers based on clinical interpretation of the ACTH concentration [117-119]. To overcome these interferences and
resolve discrepant immunoassay results, a mass spectrometry method for quantification of intact ACTH and detection of other ACTH
proteoforms was developed [117]. In this intact method, samples were first immunoenriched (targeting residues 9-12), then subjected
to high performance liquid chromatography and MRM analysis on a triple quadrupole mass spectrometer. The multiplex method
included intact ACTH [1-39], cosyntropin (residues 1-24) and corticotropin-like intermediate peptide (CLIP; 18-39). Corroborating
assumptions based on clinical phenotypes, a comparison of two regulatory approved clinical immunoassay revealed only one
immunoassay correlated with the concentration of biologically active intact ACTH, as revealed by mass spectrometry. Thus, the
application of mass spectrometry was able to: 1) selectively detect intact ACTH and various fragments, 2) identify cross-reactivity in an
immunoassay, 3) highlight the need for a reference material for ACTH (both mass spectrometric and immunometric assays), and 4)
resolve cases where the ACTH immunoassay concentration were discrepant with the clinical picture.

5. Phosphorylation, glycosylation, and glycation

Beyond proteoloytic fragmentation, PTMs such as glycosylation and phosphorylation can also yield challenges for detection and
accurate quantification of biomarkers. On the other hand, these PTMs can also be exploited as more sensitive and specific markers of
pathological processes and for detection, characterization and quantification of exogenous proteins in circulation.

5.1. Neurodegeneration & tau phosphorylation

Tau is an axonal protein involved in the regulation of microtubule stability. In AD, tau undergoes abnormal hyperphosphorylation
and these phosphorylated proteoforms have been shown to be diagnostic biomarkers [120]. CSF and blood tau assays target either total
tau (t-tau) or phosphorylated tau (p-tau), with p-tau having greater specificity for AD [121-123]. Challenges for immunometric
detection of p-tau proteoforms include cross-reactivity with non-hyperphosphorylated tau [124] and multiplexing limitations
restricting the assay to the detection of only one of the many phosphorylation sites.

Based on these limitations, an MRM method using a proteolytic approach was developed for the quantification of tau proteoforms.
This was done using immunoenrichment followed by tryptic digestion and micro-flow liquid chromatography-linear ion trap mass
spectrometry. Although this method did not quantify p-tau directly, it detected tau proteoforms with and without PTMs, including p-
tau-214, p-tau-69, and p-tau-404, demonstrating the capacity for the measurement of multiple proteforms [125]. For p-tau in CSF,
several methods have been developed to directly characterize and quantify phospho-proteoforms in biospecimens from individuals
with AD. For instance, two methods used enrichment, tryptic digestion and nano-flow liquid chromatography ion trap mass spec-
trometry. Both methods found greater phosphorylation of tau in AD compared to controls [126,127]. Plasma p-tau proteoforms have
also been investigated using a similar proteolytic digestion high resolution mass spectrometry approach. For example, a PRM method
found that the plasma tau proteoforms phosphorylated at T217 had the highest diagnostic performance among a group of phophor-
ylation sites tested [128]. These examples for both CSF and blood proteoforms demonstrate the advantages of a mass spectrometric
approach in being able to characterize multiple phospho-proteoforms, providing new biomarker candidates with improved diagnostic
performance to detect AD pathology which could then be further developed as either ligand binding or quantitative mass spectrometric
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clinical assays.
5.2. Monoclonal antibody glycoforms

Therapeutic monoclonal antibodies (mAbs), including humanized or chimeric IgG, are now used as therapies in a wide variety of
diseases [129]. These mAbs are produced from cell culture, and the glycosylation heterogeneity of different production batches can
affect the efficacy, stability, and clearance of the therapeutic product. Traditional methods to characterize PTM patterns for these
antibodies include IEF, gel electrophoresis, and western blot [130]. Mass spectrometric methods outperform these traditional methods
by providing more structural information, such as glycoform patterns and sites. For example, to examine different approaches for
characterization of the glycosylation for therapeutic mAbs, one study compared high-performance liquid chromatography mass
spectrometry, MALDI-TOF mass spectrometry, and anion-exchange chromatography. The high-performance liquid chromatography
mass spectrometry analysis for the intact protein and MALDI-TOF analysis for the enzymatically-released carbohydrates showed
comparable accuracy and reproducibility to anion-exchange chromatography, but mass spectrometric methods provided more
structural information compared to traditional methods [131]. In addition to therapeutic antibodies, mass spectrometry has been
applied to the study of glycoforms found on human M proteins. For profiling, immunoglobulins were enriched from serum samples
using protein A followed by nano-flow liquid chromatography-chip-Q-TOF analysis of the intact M protein. Notably, this method uses a
microfluidics chip instead of the traditional liquid chromatography columns. In a proof-of-concept experiment using serum from two
multiple myeloma patients pre- and post-treatment, the untargeted high resolution mass spectrometry method detected minimal to
moderate changes in M protein glycoform complexity with time [132]. As these examples demonstrate, mass spectrometry is a useful
tool for quality control for therapeutic antibodies and may have future applications in characterizing monoclonal gammopathies as
well as cryoglobulinemias.

5.3. Glycated hemoglobin

As discussed in the introduction, HbAlc is a glycated form of hemoglobin that serves as a biomarker of glycemic control. Commonly
used HbA1c ion-exchange high performance liquid chromatography assays and immunoassays measure both the glycated and non-
glycated hemoglobin and calculate the ratio of glycated hemoglobin to total hemoglobin to determine the HbAlc concentration
[133]. There are several interferences known with these methods, which can confound the results due to co-elution or cross-reactivity.
The interferents, which are method specific, include but are not limited to, unusual concentrations of other hemoglobin fractions,
hemoglobin variants, and chemically modified hemoglobin [134-139]. For example, HbF normally accounts for less than 1% of total
hemoglobin in adults, but it can rise dramatically in conditions such as sickle cell disease and leukemia, and can be mis-identified as
HbA. Chemically modified Hb (e.g., PTMs such as carbamylation and acetylation) are also elevated in conditions such as reduced
kidney function, and can be mis-identified as glycated hemoglobin [137].

To overcome issues with both high performance liquid chromatography and interferents associated with hemoglobin proteoforms,
a reference method was developed using mass spectrometry. The method utilizes proteolytic digestion with Glu-C followed by high
performance liquid chromatography directly coupled to a single stage Q-ESI mass spectrometer [136,140,141]. Glu-C was specifically
selected as it releases an N-terminal hexapeptide of the p-chains, containing the key glycation site. This enables direct and selective
detection of glycated and non-glycated HbA, without inference from PTMs, sequence variants or other proteoforms, and is the reason
why this assay is the gold-standard for HbAlc measurement.

6. Endogenous v. exogenous proteoforms

Peptides and proteins have long been administered as therapeutics in medicine, and taken surreptitiously to boost athletic per-
formance. Take for example the historical use of growth hormone extracted from human pituitary glands compared to present day
where synthetic forms are now used. Therapeutic proteins, now most commonly synthesize or expressed to avoid iatrogenic disease
transmission, are designed to have similar structures to their endogenous counterpart to maintain functionality and minimize
immunogenicity. However, some structural variations may exist whether they be purposeful (e.g., amino acid change to alter phar-
macokinetics and/or enable a patent claim) or a function of the production method (e.g., different glycoform patterns based on the
expression system). In this section, we will review approaches for characterizing and distinguishing exogenous versus endogenous
proteoforms.

6.1. Erythropoietins

Erythropoietin (EPO) is a glycoprotein produced by the kidneys and is involved in the differentiation and development of red blood
cells from bone marrow stem cells [142]. Recombinant EPOs (rEPOs) are a group of therapeutic agents used to treat anemia; however,
these drugs are also misused by athletes to attempt to improve their performance [143]. As rEPOs are expressed in non-human cell
lines (e.g., Chinese hamster ovary cells), the glycoform patterns of rEPOs differ from those generated in humans. These glycoform
pattern differences have been exploited by anti-doping labs to detect surreptitious use of rEPO by athletes. The direct doping control
test approved by the World Anti-Doping Agency (WADA) uses electrophoresis (e.g., sarkosyl-polyacrylamide gel electrophoresis
[SAR-PAGE], IEF) to differentiate EPO glycoform profiles [143]. This method has a lengthy workflow and includes immunopur-
ification, electrophoretic separation by SAR-PAGE, and anti-EPO immunoblotting (Figure 5). In addition, the low mass resolution
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between the endogenous EPO and some rEPO proteoforms limits the accuracy of the analysis (e.g., epoetin-a and epoetin-f, two
different preparations of rEPO, overlap with endogenous EPO) [143,144].

To enable selective detection of rEPO proteoforms (Fig. 5A), namely epoetin-a, epoetin-p, and novel erythropoiesis stimulating
protein (NESP; an EPO analogue with additional glycosylation sites), a MALDI-TOF mass spectrometry method was developed for
intact analysis. Via mass spectrometry, the overlapping epoetin-a and epoetin-p in SAR-PAGE were clearly distinguishable with a 0.4
kDa mass difference at the intact protein level [145]. Looking at the glycoforms specifically, an alternate approach was developed
using peptide-N-glycosidase F (PNGaseF) to release the glycopeptides from rEPO products and then analyze the glycans by nano-flow
liquid chromatography coupled to a Q-TOF mass spectrometer [146]. Another method applied affinity purification using anti-EPO
antibody before glycoforms were released using PNGaseF, followed by MALDI-TOF mass spectrometry glycoform analysis. This
method demonstrated improved resolution of glycoform patterns compared to established capillary gel electrophoresis-laser induced
fluorescence methods for glycosylation analysis [147]. These patterns identified by mass spectrometry were used to identify pro-
teoforms present, and ultimately EPO versus rEPO. The structural information (i.e., glycoform profiles) collected via mass spec-
trometry was so detailed, that even differences in product batches could be detected. In addition to glycoform patterns, identification
of EPO doping has also relied on differences in protein sequences between endogenous and exogenous EPO. Such methods immu-
noenrich for EPO proteoforms, then perform tryptic digestion, followed by the identification of relevant proteolytic peptide sequences
via nano-flow liquid chromatography-linear ion trap mass spectrometry [148,149]. With better resolution in the detection of EPO
proteoforms, mass spectrometric methods have been shown to provide less ambiguous results, as compared to traditional methods, in
doping control applications.
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Fig. 5. Schematic of the detection of the EPO proteoforms using electrophoresis v. mass spectrometry. (A) Structure of EPO and relevant pro-
teoforms and analogues. EPO proteoforms detected using (B) SDS-PAGE or (C) IEF: the position and shape (bandwidth, focused or diffuse) of the
band are used for the identification of EPO proteoforms. (D) MALDI-TOF mass spectra of the intact rEPO: EPO proteoforms are identified by the
mass-to-charge ratio differences of singly, doubly and triply charged molecular ions. (E) MALDI-TOF mass spectra of EPO N-glycans.
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6.2. Therapeutic antibodies

Monoclonal antibodies and Fc fusion proteins are on the rise as therapeutic options for a wide range of conditions from arthritis to
cancers to viral infections. To guide therapy, that is decreasing or escalating doses of these expensive medicines, therapeutic drug
monitoring is employed. Based on the rapid evolution of these drugs and their specialized uses, in vitro diagnostic companies have been
slow to keep up with demand for new assays. Moreover, limited assay selection and lack of robust quantitation has left clinical lab-
oratories looking for alternate options.

In such a case, a proteolytic digestion method was developed for infliximab [150]. Infliximab is a mouse/human chimeric
monoclonal antibody, used in the treatment of chronic inflammatory disease including Crohn’s disease, ulcerative colitis, psoriasis and
rheumatoid arthritis. Serum was digested with trypsin and then analyzed using high performance liquid chromatography coupled to a
triple quadrupole mass spectrometer [150]. Two peptides unique to infliximab, that is, not found in the human proteome were
monitored. A streamlined higher-throughput MRM method was then developed for serum and plasma specimens, employing fully
automated and simplified sample preparation strategy for routine clinical laboratory testing [151]. In the case of infliximab, a chimeric
antibody, a proteolytic digestion approach was used as unique peptides were readily produced and detected from the target meas-
urand. With the newer humanized or fully human biologics, a different strategy is required as there may be no unique proteolytic
peptides compared to immunoglobulins in the human proteome (Fig. 6). In these cases, dissociation of light and heavy chains followed
by intact mass spectrometric analysis is appropriate (reviewed in detail in Ref. [152]).

6.3. Insulins

Exogenous synthetic insulin analogs are used for the treatment of diabetes; however, they can be misused in the setting of acci-
dental or purposeful administration (e.g., Munchausen syndrome, or athletic doping). In routine clinical evaluation, plasma insulin is
quantified via immunoassay; however, these methods are known to variably cross-react with endogenous precursor molecules and
fragments, as well as, synthetic analogs [153,154]. The interference varies greatly based on the reagent antibodies used and assay
design. As such, for forensic investigations and in doping controls, these immunoassays may be of little value.

To selectively identify intact insulin as well as several synthetic analogs a qualitative intact mass spectrometry method was
developed [155]. Human plasma was immunoenriched using anti-insulin antibodies, followed by analysis using micro-flow liquid
chromatography coupled to a quadrupole ion trap hybrid mass spectrometer. In another method, an MRM approach was used for
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Fig. 6. Variations is therapeutic antibody structure from fully human, humanized, chimeric and mouse. The primary structure dictates the
appropriate mass spectrometric approach for therapeutic drug monitoring assays, whether that be an intact or proteolytic digestion workflow.
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human insulin, as well as lispro, aspart, and glargine. In a later method, MRM was also used to quantify intact insulins (e.g., Humulin)
and four analogs (detemir, aspart, lispro, and glargine), similarly using immunoenrichemnt and analysis by high performance liquid
chromatography coupled to a triple quadruple mass spectrometer [156]. Both methods enriched for insulins using antibodies targeting
regions common to the proteoforms of interest, followed by liquid chromatography and mass spectrometry to separate, detect and
quantify different insulin structures present. Mass spectrometry thus provides unambiguous identification of insulin analogs yielding
an approach suitable for forensic and doping control analyses.

7. Limitations of mass spectrometry from a clinical laboratory perspective

Although mass spectrometry has numerous advantages in proteoform detection and quantification, implementation of protein mass
spectrometry methods in the clinical laboratory has its challenges. These include familiarization with sample preparation approaches
specifically for proteins, the need for highly trained staff to develop methods and operate the equipment, and turnaround time [157].
Also, for many protein measurands the triple quadrupole mass spectrometers commonly available in clinical laboratories (based on
historical use for small molecule analysis) can be repurposed for this new application; however, low abundance targets or other
complications may necessitate the use of less commonly available equipment, i.e., low flow liquid chromatography systems and
high-resolution mass spectrometers.

8. Conclusion

Human proteoforms diversity is essential for normal biological processes; however, this complexity can create challenges for
biomarker detection via ligand binding assays. Fortunately, mass spectrometry has developed into a powerful analytical tool for
proteoform analysis: (i) in the discovery of novel biomarkers, (ii) in the implementation of qualitative or quantitative assays directly in
the clinical laboratory, and (iii) for troubleshooting and refinement of ligand binding methods. Two key strengths of mass spectrometry
in the context of proteoforms characterization, detection and quantification include high molecular selectivity and multiplexing ca-
pacity. With these advantages, we have seen the translation of several mass spectrometric proteoform assays into the clinical labo-
ratory based on their improved analytical and diagnostic performance over predicate methods. This includes instances where the mass
spectrometric method has displaced the predicate method or supplemented the predicate method by become the reference method-
ology. There is also the ongoing potential for proteoforms research to inform assay refinement or redesign to target a select proteoform
or group of proteoforms for improved correlation with pathophysiology or outcome. With a deeper understanding of altered pro-
teoform profiles in disease, coupled with complementary analytical techniques like mass spectrometry, an expanding role for pro-
teoforms in laboratory medicine is anticipated.
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