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How iMALDI can improve clinical diagnhostics
R. Popp.? M. Basik,® A. Spatz,° G. Batist,® R. P. Zahedi &2 ®€ and C. H. Borchers ([ xaP<

Protein mass spectrometry (MS) is an indispensable tool to detect molecular signatures that can be
associated with cellular dysregulation and disease. Despite its huge success in the life sciences, where it
has led to novel insights into disease mechanisms and the identification of potential protein biomarkers,
protein MS is rarely used for clinical protein assays. While conventional matrix-assisted laser desorption/
ionization (MALDI) MS is not compatible with complex samples, liquid chromatography-MS (LC-MS)-
based assays may be too complex and may lack the robustness and ease of automation required for
routine use in the clinic. Therefore, clinical protein assays are dominated by immunohistochemistry and
immunoassays which, however, often lack standardization and fully depend on antibody specificity.
Immuno-MALDI (iMALDI) MS may overcome these hurdles by utilizing anti-peptide antibodies for the
specific enrichment of targeted analytes and on-target detection of the captured analytes, thus combin-
ing the unique properties of MS for the unambiguous detection and quantitation of analytes with a
workflow that can be fully automated. Here we discuss the requirements for clinical protein assays, the
pitfalls of existing methods, how iMALDI has been successfully used to quantify endogenous peptides and
proteins from clinical samples, as well as its potential as a powerful tool for companion diagnostics in the

rsc.li/analyst light of precision medicine.

The demand for clinical diagnostic
assays

In the era of precision medicine there is a huge demand for
novel, robust, and cost-effective diagnostic and prognostic
assays that allow the measurement of molecular signatures,
thus allowing detection of the early stages of disease and,
ideally, guiding therapy. In general, molecular markers must
either represent known biology, such as disease mechanisms,
or must correlate with a measurable outcome, such as tumour
shrinkage/growth or overall survival.! For instance, HER2, a
member of the human epidermal growth factor receptor
(ErbB) family with tyrosine kinase activity, is overexpressed in
25-30% of human breast cancers.””” HER2 overexpression can
be associated with aggressive disease and poor prognosis,*
whereas HER2 gene amplification has been associated with re-
sistance to certain therapeutic approaches.”® A variety of HER2
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assays are available, determining either HER2 protein
expression using immunohistochemistry (IHC) with mono-
clonal or polyclonal antibodies, or analysing the HER2 gene
status using (fluorescence) in situ hybridization (ISH/FISH).”
Besides HER2, there are only a few proteins that have become
FDA-approved protein tumour markers and are currently in
use in clinical practice.® There are, however, more than 50 bio-
markers that are currently listed by the FDA as “pharmaco-
genomics biomarkers” that may serve to select the treatment
for patients in a variety of fields such as oncology, infectious
disease, psychiatry, gastroenterology, rheumatology, neurology,
cardiology, or haematology.

In the clinic, proteins are mainly measured using IHC or
immunoassays (IA) such as the enzyme-linked immunosorbent
assay (ELISA). Whereas IHC measurements provide and visual-
ize relevant spatial information, the reason for the predomi-
nant use of IA is because they (i) are well-established and
accepted in the field, (ii) easy-to-use, (iii) do not require
sophisticated and expensive equipment that is complicated to
operate, (iv) do not require extensive training of operators, (v)
provide a high throughput due to parallelization, and (vi)
provide high sensitivity.” The sensitivity, however, depends on
the antibody and sample (matrix effects) at hand.

In general, however, antibodies can lack specificity and in
the past have led to the unnecessary treatment of healthy indi-
viduals.'® They may fail to recognize an antigen for instance
due to unusual post-translational modification (PTM) patterns
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or, indeed, may fail to detect small but potentially disease-rele-
vant differences between antigens (e.g.,, due to PTM).
Antibodies may also suffer from matrix-dependent cross-reac-
tivity and autoantibodies may strongly interfere with IA, as has
been reported for thyroglobulin."' High concentrations of
antigen may lead to saturation effects and consequent under-
estimation of the antigen levels in a biospecimen (the Hook
effect). A general issue of detection based solely on antibodies
is that the final (quantitative) readout is never unambiguously
connected to the validated identification of the molecular
target within the analysis. Ideally, antibodies recognizing
different epitopes of the same molecule would be used in par-
allel to at least partially address this issue. This strategy,
however, further increases the cost per sample, which is inher-
ently high for immunoassays, and has the disadvantage that
the multiplexing capabilities of antibody-based detection is
limited and sample consumption can be high.’

As for IA, THC can suffer from antibody specificity issues. In
addition, the fixation process can lead to molecular defor-
mation that can hamper recognition by antibodies, particularly
for glutaraldehyde-based fixation.'> Additionally, sample fix-
ation has the potential to induce artificial patterns particularly
for signalling PTMs such as protein phosphorylation, or, con-
versely, may fail to preserve these. In IHC, results are often
interpreted in a semi-quantitative manner, and are manually
ranked based on staining intensity which introduces subjectiv-
ity and variability into the assays,"> with a continuing need for
improved standardization.’*'®> Recently, Morales-Betanzos
et al. demonstrated that IHC methods for detecting pro-
grammed death-ligand 1 (PD-L1), an important companion
diagnostics for immune checkpoint therapies, can suffer
severely from interference by endogenous PD-L1 glycosylation
patterns that prevent proper epitope recognition, leading to
underestimation of PD-L1 expression levels.'®

As a consequence of the aforementioned issues, even for
well-established cancer biomarkers, the results obtained using
different assay platforms may differ'” — a problem that also
occurs in typical blood tests which have slightly varying refer-
ence ranges based on the methodology applied.

Targeted mass spectrometry and
clinical assays

Some of the problems faced in current assays used to measure
protein expression in clinical samples can be overcome by
protein mass spectrometry (MS). In particular, multiple reac-
tion monitoring-based (MRM)-based quantitative MS has
received widespread attention in recent years as a powerful
tool for quantifying proteins in biological and clinical
samples.'® Although it requires expensive equipment that
needs to be routinely monitored and maintained through the
use of quality control standards, the costs for individual
samples are comparably low, particularly owing to the high
multiplexing capacity of this technique which allows the
quantitation of 100s of proteins with good linearity over
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several orders of magnitude and without major sample con-
sumption. In standard “bottom-up” protein MS workflows,
proteins are extracted from biological samples and sub-
sequently proteolytically cleaved into peptides.’® These pep-
tides are the surrogates for estimating protein abundances and
allow the determination of relative or absolute changes in
protein concentration by liquid chromatography-MS (LC-MS).
The precision of MS can be substantially improved through
the use of stable isotope-labelled standard (SIS) reference pep-
tides. These share the same physicochemical properties as
their endogenous variants, but have a defined mass shift
(usually >3 Da) due to the incorporation of *C, *N, or '*0
atoms. Spiking a SIS peptide at a defined amount into a
sample will allow absolute quantitation of the corresponding
endogenous peptide by comparing their elution profiles (see
Fig. 1). The SIS approach substantially improves quantitative
precision and can reduce CVs to below 10%. An improved pro-
cedure is based on the use of two SIS peptide isotopologues
for each endogenous peptide to be quantified. The second SIS
peptide (SIS2) will be spiked at equimolar amounts into the
‘unknown’ sample and aliquots used to generate an external
calibration curve with increasing amounts of SIS1 - impor-
tantly, without interference from the endogenous peptide.*’

Although targeted MS methods provide high sensitivity and
allow the detection and quantitation of attomole amounts of
peptide, they still can be insufficient in the case of highly
complex samples, such as plasma or extremely low-abundance
targets.”" Therefore, Anderson and colleagues introduced the
Stable Isotope Standards and Capture by Anti-Peptide
Antibodies (SISCAPA) method,”* which combines anti-peptide
antibody-based immunoprecipitation to reduce sample com-
plexity and enrich the target of interest with subsequent
elution and LC-MS detection. Thus, the typical issues with
antibody-based assays are avoided, as both precise quanti-
tation and unambiguous identification are conducted using
MS (see Fig. 1).

Importantly, the use of anti-peptide antibodies has several
advantages over anti-protein antibodies as they are neither
dependent on protein folding nor limited to protein surface
areas, and consequently are less prone, for instance, to PTM-
induced steric changes and hindrance. Although once set up,
targeted LC-MS workflows are straightforward and can be well-
standardized and partially automated at both the experimental
and data analysis levels, implementing LC-MS as a routine
analysis tool in clinical environments is very challenging. Even
with dedicated and well-trained operators LC-MS is not a par-
ticularly robust method and although multiplexing allows
quantifying a large number of targets per sample, the actual
sample throughput is comparably low as the actual LC-MS
measurement can take up to one hour - although this strongly
depends on the type of instrumentation, the number and
nature of targets, and the complexity of the samples.

Another technique that combines antibodies with MS is
mass cytometry (MC). MC may complement IHC and allows
sensitive and multiplexed spatial analysis of many samples.
Here, antibodies are conjugated with elemental isotopes,
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Fig. 1 Protein quantitation using surrogate peptides and SIS reference peptides to generate an internal two-point calibration curve. (A) The
endogenous target peptide and corresponding SIS peptides share the same sequences and physicochemical properties, but vary in mass (here indi-
cated mass shifts of +6 and +10 Da). (B) When spiked into a sample the peptide variants will co-elute and the relative intensities of specific fragment
ions of the same precursor are consistent (shown here for three “transitions”). The resulting elution profiles reflect the relative peptide abundances.
(C) By spiking in known amounts of the SIS peptides (D) a calibration curve allows the precise determination of the concentration of the endogenous

peptide.

which then are detected with high sensitivity by inductively-
coupled plasma (ICP) MS. The same limitations regarding anti-
bodies and fixation, however, also apply to MC.

Why is iMALDI a powerful tool for
clinical assays?

In the light of the advantages and limitations of current
assays, we strongly believe, that another technology that com-
bines immunoprecipitation with matrix-assisted laser desorp-
tion/ionization (MALDI)** mass spectrometry (iMALDI) has the
potential to overcome current hurdles that hinder the
implementation of MS-based assays in the clinic.>**® Instead
of eluting bound peptides from anti-peptide antibodies into a
vial, followed by final sample preparation steps such as desalt-
ing and then LC-MS analysis, in iMALDI peptides are directly
eluted from the antibody using the MALDI matrix on to the
MALDI plate.*® This is an elegantly simple and rapid pro-
cedure that minimizes sample losses due to adsorption onto
vials or tubing. When the matrix is dried on the target, the
analytes (i.e. endogenous target peptide and SIS variants) are
incorporated into matrix crystals and can be readily analysed
(see Fig. 2).

A detailed description on how to effectively develop an
iMALDI method for protein quantitation via proteolytic pep-
tides has been published previously.>® Briefly, after selection
of a target peptide sequence that is unique in the proteome of
interest, antibodies targeting the sequence can either be gener-
ated following previously published methods,*® or purchased
if commercially available. After proteolytic digestion of the
sample, such as blood plasma or tissue lysate, a SIS variant of
the endogenous target peptide is spiked into the sample. Both
peptides are enriched by the peptide-specific antibody which
is coupled to magnetic beads. After washing off non-specifi-
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Fig. 2 iMALDI workflow. (A) Digestion of proteins in a particular sample
type, such as cell lysate. (B) Addition of a known amount of a stable
isotope-labelled standard (SIS) peptide analogous to the endogenous
(END) target peptide. (C) The END and SIS peptides are co-captured
from the digest, leading to enrichment of both the END and SIS peptides
with antibodies coupled to magnetic beads. (D) Washing of the bead-
antibody—peptide complexes and spotting onto a MALDI plate. (E)
Application of the acidic MALDI matrix solution elutes the target pep-
tides, followed by co-crystallization of the peptides with the matrix
molecules. (F) MALDI-TOF analysis. Quantitation is based on the ratio of
the END to the SIS forms of the peptide.

cally bound molecules, the bead-antibody-peptide complexes
are spotted onto a MALDI plate and allowed to dry. An acidic
MALDI matrix solution then elutes the peptides off the beads.
The peptides co-crystallize with the matrix molecules, followed
by MALDI-TOF analysis. Notably, TOF/TOF instruments with
MS/MS capability allow sequence identification of the target
peptides.

MALDI instruments are in general more robust and less
expensive than LC-MS instrumentation but offer comparable
sensitivity, with analysis times of only seconds per analysis.
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They are generally not well-suited for complex samples, but -
importantly — enrichment using a specific anti-peptide antibody
simplifies the sample and eliminates the typical need for an LC
separation to reduce sample complexity. The iMALDI procedure
can be almost fully automated, with the only manual step being
the transfer of the MALDI plate into the MS. Importantly,
MALDI instrumentation is already routinely used in many
clinics as an important tool for microbiology,*"** such that the
required instrumentation and know-how to run and operate it
are already present. Thus, if specific antibodies are available
and the enrichment procedure is optimized and standardized
to obtain maximum recovery and robustness, iMALDI is the
ideal combination of IA and MS for the precise quantitation
of protein targets with high throughput and high precision at
low cost. Further, it should be noted that if antibodies are not
available, antibody development for affinity-MS applications is
required, which can be costly. However, compared to immuno-
assays such as sandwich ELISA or Western blots, only one
instead of two antibodies is required, thereby significantly redu-
cing assay development time and cost.

How MS can serve as companion
diagnostics in the clinics

We have developed iMALDI assays for various applications. For
example, Jiang et al. developed an iMALDI assay targeting the
epidermal growth factor receptor (EGFR).”* The assay achieved
a sensitivity of low attomole levels and was successfully
applied to the quantitation of EGFR from breast cancer cell
lines and a tumour biopsy sample. In addition, an iMALDI
assay for the detection of Francisella tularensis via its IglC
protein was developed and applied to nasal swab samples
from mice, inoculated with FE tularensis, and spiked into
human plasma. The target protein was detected from as low as
800 colony forming units (CFU) spiked into plasma.**

View Article Online

Analyst

The application of iMALDI assays has further been
expanded to include the quantitation of Angiotensin I (Ang I)
from human plasma. The quantitation of Ang I is relevant for
the determination of plasma renin activity (PRA) which is
crucial for the diagnosis of primary aldosteronism, a form of
often treatable secondary hypertension.>® While our initial
experiments focussed on optimizing the quantitation of either
Ang I itself,*® or on multiplexed quantitation of Ang I and Ang
II using a cross-reactive antibody,’” follow-up studies have
been performed to assess the suitability of the developed Ang I
iMALDI assay in determining PRA values in human plasma
samples. Camenzind et al. demonstrated a strong correlation
between the iMALDI method and clinically used radio-
immunoassay (RIA) and LC-MS methods by analysing 64
patient samples, with R* values of 0.94 and 0.95 for iMALDI vs.
RIA and iMALDI vs. LC-tandem MS (MS/MS), respectively.*®
Furthermore, CVs of the technical replicates were <5%, while
inter- and intra-day replicates showed CVs of 17%. The advan-
tages of iMALDI over RIA - i.e., specificity, no need for radio-
nucleotides, and shorter analysis times than LC-MS were
demonstrated.

In a next step, the iMALDI Ang I assay was further opti-
mized and automated on a liquid handling robot to improve
precision and throughput.*® Furthermore, MALDI analysis,
previously performed on large MALDI instruments, was trans-
ferred to a small benchtop MALDI-TOF instrument, which has
been FDA-cleared for clinical microbial identification.’® A
method comparison on 188 human patient samples (Fig. 3)
demonstrated excellent correlation to a clinically-employed
LC-MS*!' method with an R* value of >0.98, while achieving
7.5-fold faster analysis than LC-MS/MS. Additionally, the sensi-
tivity and linear range of the iMALDI assay was found suitable
to cover low, medium, and high PRA patient samples, as
defined by Alderman et al.*> CVs across the linear range were
found to be <10% when the MALDI analysis was carried out in
reflector mode, and <15% when carried out in the linear
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Fig. 3 Method comparison of plasma renin activity determination by iMALDI in linear MALDI mode vs. LC-MS/MS. Passing-Bablok linear regression
calculations for all 188 patient samples analysed (A), for the 151/188 samples that fell within the linear range of the iMALDI assay (B), and for the
difference plot for the 151/181 patient samples (C) indicate excellent correlation of iMALDI and LC-MS/MS. Reprinted (adapted) with permission
from Popp, et al., Biochim. Biophys. Acta, 2015, 1854, 547-558.3° Copyright 2015 Elsevier.
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mode, further demonstrating the high precision of MALDI
analysis coupled with immuno-enrichment and the use of SIS
peptides. It was further concluded that - when considering
one replicate per patient sample, up to 744 patient samples
could be run per day, thereby highlighting the suitability of
iMALDI as a high throughput technique. A modified version of
the assay with simplified sample preparation that does not

View Article Online
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require a complex and expensive liquid handling system,
termed BEARS, for “bead-extractor assisted ready-to-use
reagent system”, has been published recently.*

Most recently, we have been developing iMALDI assays for
the quantitation of cell signalling pathway proteins linked to
the development and progression of cancer. The goal of these
assays was two-fold: (i) to improve the patient stratification for
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Fig. 4

(A—F) Mass spectra showing the capture of endogenous AKT1 peptide RPHFPQFSYSASGTA at m/z 1653.9 and the corresponding AKT1 SIS

peptide at 2 fmol per well (m/z 1663.8) from (A) MDA-MB-231 parental and (B) EGF-induced breast cancer cells, and flash frozen tumour lysates
from (C) a HCT116 colon cancer mouse xenograft and (D—F) breast tumour samples. Mass spectra acquired from iMALDI analysis of AKT2
(THFPQFSYSASIRE) of (G) parental and (H) EGF-induced MDA-MB-231 breast cancer cells, (I) HCT116 colon cancer mouse xenograft tumour, and (J)
a breast tumour. Per replicate digestion and capture, 10 pg total lysate were used. END = endogenous peptide; SIS = stable isotope-labeled standard
peptide. Reprinted (adapted) with permission from Popp, et al., Anal. Chem., 89(19), 10592—10600.%* Copyright 2017 American Chemical Society.
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targeted cancer therapies by adding the protein layer to
genomic and transcriptomic-based stratification strategies,
and (ii) to improve upon the drawbacks of currently used
approaches to assess signalling pathway proteins. These draw-
backs include non-specificity, difficulties in multiplexing, and
semi-quantitative results (in the case of IHC, which is com-
monly used in a clinical setting), and the long analysis times
and the complexity of LC-multiple-reaction monitoring
(LC-MRM) based methods, commonly found in research
settings.

To achieve these goals, we have developed iMALDI assays
that target the C-terminal tryptic peptides of the Protein
Kinase B (AKT) isoforms AKT1 (**’RPHFPQFSYSASGTA**°) and
AKT2 (***THFPQFSYSASIRE*®").** These particular peptides
contain key phosphorylation sites known to be involved in full
kinase activation.*>*® Furthermore, AKT is a key node of the
PI3K/AKT/mTOR pathway, one of the most commonly dysregu-
lated cell signalling pathways involved in cancer development
and progression and therefore a prime target for therapeutic
development.*’

The AKT1 and AKT2 iMALDI assays achieved limits of
detection (LODs) of 0.02 and 0.05 fmol pg™' total lysate
protein, respectively, while requiring only 10 pg total lysate
protein per enrichment. Furthermore, CVs were consistently
below 15% while covering a linear range of 0.05 to 2.0 fmol
pg~'. We were able to quantify AKT1 and AKT2 from various
cell lines, including MDA-MB-231 breast cancer cells, as well
as flash frozen tumour tissue lysates (see Fig. 4). In the next
step, the assays will be expanded for the quantitation of phos-
phorylation stoichiometry, and for the analysis of extracts from
formalin-fixed paraffin-embedded (FFPE) tissue samples.
Additionally, the sensitivity and specificity of the AKT assays
will be investigated on tumour samples obtained from patient-
derived mouse xenografts (PDX) prior to and after drug treat-
ment, and the results will be correlated with known clinical
outcomes.

Conclusions

The enormous potential for implementing MS-based protein
assays into the clinic is in stark contrast with the number of
clinical assays that have currently been established. Although
MS has undoubtedly revolutionized our understanding of bio-
chemical pathways and complexity, its implementation into
routine clinical environments is still lagging. While LC-MS
based technologies might be too complex and lack robustness
for routine clinical use, iMALDI is a promising alternative that
can be fully automated and parallelized to meet the require-
ments for clinical assays. We have shown in various appli-
cations that the iMALDI technology is an accurate, precise,
and highly sensitive technique with unique advantages,
offering the potential to be used for companion diagnostics
both during drug development and also for guiding patient
stratification decisions and patient monitoring.
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In the future, the iMALDI technology will be expanded to
target additional signalling-pathway proteins to assess signal-
ling-pathway activity based on selected representative nodes in
a network-wide fashion.
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