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Lipids, Lipoproteins, and Cardiovascular Risk Factors

Development of an LC-MRM-MS-Based Candidate
Reference Measurement Procedure for Standardization
of Serum Apolipoprotein (a) Tests
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BACKGROUND: Medical results generated by European
CE Marking for In Vitro Diagnostic or in-house tests
should be traceable to higher order reference measure-
ment systems (RMS), such as International Federation
of Clinical Chemistry and Laboratory Medicine
(IFCC)-endorsed reference measurement procedures
(RMPs) and reference materials. Currently, serum apo-
lipoprotein (a) [apo(a)] is recognized as a novel risk fac-
tor for cardiovascular risk assessment and patient
management. The former RMS for serum apo(a) is no
longer available; consequently, an International System
of Units (SI)-traceable, ideally multiplexed, and sustain-
able RMS for apo(a) is needed.

METHODS: A mass spectrometry (MS)-based candidate
RMP (cRMP) for apo(a) was developed using quantita-
tive bottom-up proteomics targeting 3 proteotypic pep-
tides. The method was provisionally validated according
to ISO 15193 using a single human serum based calibra-
tor traceable to the former WHO-IFCC RMS.

RESULTS: The quantitation of serum apo(a) was by
design independent of its size polymorphism, was
linear from 3.8 to 456 nmol/L, and had a lower limit
of quantitation for apo(a) of 3.8 nmol/L using peptide

LFLEPTQADIALLK. Interpeptide agreement showed
Pearson Rs of 0.987 and 0.984 for peptides
GISSTVTGR and TPENYPNAGLTR, and method
comparison indicated good correspondence (slopes
0.977, 1.033, and 1.085 for LFLEPTQADIALLK,
GISSTVTGR, and TPENYPNAGLTR). Average
within-laboratory imprecision of the cRMP was
8.9%, 11.9%, and 12.8% for the 3 peptides.

CONCLUSIONS: A robust, antibody-independent, MS-
based cRMP was developed as higher order RMP and
an essential part of the apo(a) traceability chain and fu-
ture RMS. The cRMP fulfils predefined analytical per-
formance specifications, making it a promising RMP
candidate in an Sl-traceable MS-based RMS for apo(a).

Introduction

There is currently an unmet need for a higher order,
ideally multiplexed, and sustainable reference measure-
ment system (RMS) for apolipoprotein (a) [apo(a)]
that is globally accessible. Diagnostic laboratories re-
quire standardized tests and reference intervals to
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diagnose and treat patients effectively and safely, while
RMS allow external quality assessment organizers to
provide value assigned, commutable external quality as-
sessment materials to monitor trueness of test results and
aid in standardization of methods. As patients and clin-
icians expect equivalent results for similar tests among
hospitals, metrological traceability of test results is essen-
tial. Implementation of innovations such as mass spec-
trometry (MS) technology for protein quantitation (1)
and novel metrological insights, based on International
Organization for Standardization (ISO) 17511:2020,
are key to ensure accurate test results at a global level
(2). It is therefore imperative that RMS for emerging
measurands are developed and that already existing
RMS are improved when needed.

The measurement of apo(a) at least once in an indi-
vidual’s lifetime has now been included in European and
American clinical guidelines for risk assessment of car-
diovascular disease (3). Moreover, drug therapies that
target the apo(a) containing lipoprotein Lp(a) (4) have
been developed and are currently in phase III clinical
trials. These trials require apo(a) measurements to allow
participants to meet inclusion criteria and for monitor-
ing of therapy. Therefore, accurate measurement of
apo(a) at a worldwide level, enabling the use of universal
but ethnicity-dependent decision limits, cutoff points,
and inclusion criteria, is desirable. However, in the cur-
rent situation, large interlaboratory and intermanufac-
turer variation in the measurement of apo(a) is
observed, where results of the same, commutable, sam-
ple in external quality assessment studies can vary by
as much as 200% (5). Moreover, the units of measure-
ment are not standardized, with both nmol/L and mg/
dL being used. Given the complexity of the apo(a) mol-
ecule, apo(a) measurements should be performed in
nmol/L, and ideally be Kringle 4 type 2 (KIV,) inde-
pendent, as emphasized in several publications recently
[e.g., (5, 0)].

An individual WHO-International Federation of
Clinical Chemistry and Laboratory Medicine (IFCC)
immunoassay-based RMS for apo(a) was developed
more than 20 years ago in a single calibration
laboratory (7). Technology has evolved, and direct
protein measurement through proteolysis and the
quantification of proteotypic peptides—peptides that
uniquely identify a protein—has become achievable.
Moreover, the stock of the existing reference material
(RM) for apo(a) (SRM2B) has been depleted (https:/
www.ifcc.orgfifcc-scientific-division/sd-working-groups/wg-
apo-ms/), and a recently developed candidate reference
measurement procedure (RMP) for apo(a) is currently
not operational (8); thus, the establishment of a high-
est-order, International System of Units (SI)-traceable
RMS for apo(a) is timely. Here we describe the develop-
ment and evaluation of a candidate RMP (cRMP) for
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apo(a), which is provisionally calibrated with a single
serum-based human calibrator, traceable to the previous
WHO-IFCC RMS (7). In subsequent steps, peptide-
based apo(a) primary calibrators will be introduced
that replace the native calibrator, and the method will
be further developed into a multiplexed procedure for
7 apolipoproteins (Fig. 1). This paper describes our pro-
gress toward the cRMP while the selection and develop-
ment of candidate reference materials is described in a
companion manuscript (9).

The technology for protein quantitation has
evolved substantially over the past decade. Specifically,
the introduction of targeted MS with isotope dilution
internal standardization allows for multiplexed and dir-
ect quantitation of proteins at the molecular level (1, 5)
independent of antibodies, which are known to be po-
tentially problematic (10). Representative peptides ob-
tained through proteolytic digestion of the target
proteins are quantified, theoretically enabling peptide-
based calibrators, provided the proteins are converted
into their representative peptides in an equimolar man-
ner. If successful, the use of synthetic peptides as primary
reference materials enables the implementation of a sus-
tainable, highest-order traceability chain as recently de-
scribed by the ISO in ISO 17511:2020 (11, 12) and
as we recently outlined (13). Indeed, 2 lab-developed
LC-MS-based tests for apo(a) have already been reported
(8, 14).

RMPs should provide highly accurate results and
should ideally consume <50% of the total error bud-
get of a specific measurand (15). For apo(a), only lim-
ited studies on biological variation have been reported,
and, more importantly, the biological variation is not
constant over the full concentration range (16).
Therefore, the use of biological variation as outlined
in the Milan consensus statement (17) does not seem
valid. Instead, within the IFCC working group for
standardization of apolipoproteins by mass spectrom-
etry (WG APO-MS), we defined the total allowable er-
ror for the RMS for apo(a) at 12%, based on current
state-of-the-art. ISO guidelines 15193:2009 and
15195:2018 have been developed to guide the devel-
opment and validation of high-quality RMPs and their
implementation in calibration laboratories, respective-
ly. The requirements are stringent and require in-
depth description of the developed methods in com-
bination with laborious experiments to prove analytic-
al reliability. To ensure the work can be described in
sufficient detail, we here focus on the procedure for
serum apo(a) Meanwhile, secondary reference materi-
als are being developed at the European Commission’s
Joint Research Center (Fig. 1). An assessment of the
sample requirements for a commutable secondary ref-
erence material for apo(a) is presented as a companion

paper (9).
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Fig. 1. Overview of the envisioned step-up approach toward development of a JCTLM-listed RMS for 7
apolipoproteins, including apo(a), in at least 5 steps. In a first step, the developed candidate RMP is pre-
sented in this publication. The performance of the other apolipoproteins will be published separately.
Transferability of the cRMP together with the degree of harmonization among 3 calibration laboratories
of the IFCC WG apolipoproteins-MS will then be described. Once certified primary RMs are available,
the cRMP will be validated for IFCC endorsement. A similar strategy is envisioned for the RM production,
where the characteristics of a commutable secondary RM for apo(a) are described in parallel to the
cRMP. Peptide-based primary RMs will provide traceability to Sl in the future by serving as calibrators for
the RMP, provided equimolar digestion can be proven. Using the primary RMs and the IFCC-endorsed
RMP, commutable, secondary RM will be value assigned and certified. At a later stage, the complete

RMS will then be validated for JCTLM listing. Document icons indicate envisioned publications.

Materials and Methods

The supplementary information provides a detailed de-
scription of the materials and methods. An overview of
the essentials of the method and its validation is pro-

vided here.

PEPTIDE SELECTION AND TRANSITION DEVELOPMENT
Apolipoprotein (a) was digested in silico with trypsin
and candidate peptides were selected that (2) are proteo-
typic; (b) do not contain amino acids tryptophan (W),
methionine (M), or cysteine (C); (¢) are not prone to en-
demic genetic mutations or post-translational modifica-
tions; and (&) have an AA length between 7 and 15.
Transitions were developed for 3 peptides from apo(a)
and in total 30 peptides for all 7 apolipoproteins
(Supplemental Table 3): retention times, precursor ion
m/z, and 3 fragment ion m/z as well as collision energies
were selected per peptide.

ANALYSIS
Eight pL of 20-fold diluted serum was added to a 40 pL
mixture of Na-Deoxycholate, Tris(2-carboxyethyl)phos-
phine, and Bc, PN arginine (R) or lysine (K) labeled
peptide analogues in a 96-well plate. Proteins in the sam-
ples were heat-denatured and cysteines were chemically
reduced and alkylated. Proteolytic digestion was per-
formed using 40 ng LysC at 37°C for 1 h, followed by
600 ng trypsin for 3 h. Digestion was quenched by add-
ition of 106 pL 0.6% (v/v) formic acid, the sample plate
was centrifuged, and supernatant was transferred for so-
lid phase extraction using Oasis HLB stationary phase.
The solid phase extraction plate was conditioned with
methanol, equilibrated with water, and loaded with
the digested samples. Upon washing with water, pep-
tides were eluted using 80% methanol in water, brought
to dryness, and reconstituted in 50 pL mobile phase A
prior to analysis.

For analysis, 10 pL of sample were injected onto a
C18 column and peptides were gradually eluted using
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a 17 min gradient. Peptides were measured in dynamic
multiple reaction monitoring (MRM) mode with a cycle
time of 500 ms. To ensure that the LC-MS/MS instru-
mentation was performing accurately during the sample
analysis, a system suitability testing procedure was per-
formed with each analysis.

CALIBRATION AND INTERNAL QUALITY CONTROL

One deidentified native serum sample, prepared accord-
ing to Clinical and Laboratory Standards Institute
(CLSI) protocol C37A, was used as external calibrator
during analytical validation of the cRMP. This calibrator
is traceable to WHO/IFCC SRM2B for apo(a) (7) and
contains 94.6 nmol/L apo(a), as determined by n=20
measurements using the Roche LPA2 ITA method on a
Roche Cobas C502 analyzer. A peptide-based calibration
is in preparation and will replace the native calibrator
once SI traceability can be assured. Two native serum
samples were used for internal quality control.

DATA ANALYSIS AND ANALYTICAL EVALUATION
LC-MS/MS data were processed using Mass Hunter
Workstation software (Agilent Technologies) and
Skyline (18). A single-point linear calibration was used
for apo(a), and concentrations were reported in nmol/L.
Intermediate analytical validation was performed in
line with CLSI guideline C64, and, according to the re-
spective CLSI protocols EP15 (precision), EP06 (linear-
ity), EP17 (limit of quantification (LoQ)), and EP-10
(carryover) using deidentified native serum samples
were prepared according to CLSI C37A. The predefined

performance criteria are summarized in Table 1.

Results

METHOD DEVELOPMENT

The measurand was defined as “serum apolipoprotein
(a).” A common accuracy base was developed, outlining
the starting points of method development, including
the use of a bottom-up proteomics strategy, reversed
phase LC-MS/MS analysis, and already existing analyt-
ical infrastructure (19-21). The performance specifica-
tions were defined at 50% of the total allowable error;

for apo(a) this was defined based on expert opinion to
be 12%.

Peptide selection. In quantitative bottom-up proteo-
mics, proteins are digested to corresponding peptides,
which are quantified as the proteins’ representative
(Fig. 2, A). Because the moles of peptide should correctly
reflect the moles of the protein of interest, peptide selec-
tion is of high importance. Ideally, proteotypic peptides
are chosen, to be free of genetic or post-translational
modifications and to be liberated easily and stably
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during proteolytic digestion. Three proteotypic pep-
tides [GISSTTVTGR (Kringle 4 type 9 domain),
LFLEPTQADIALLK  (peptidase  domain). and
TPENYPNAGLTR (Kringle 4 type 5 domain)] were
selected for Kringle IV-2 (KIV,) independent quanti-
tation at the molar level. Moreover, 2 KIV, peptides
(GTYSTTVTGR and NPDAVAAPYCYTR) were se-
lected to enable assessment of clinical relevance of the
average number of KIV, repeats in future studies
(Supplemental Table 3). The peptides were assessed
for potential endemic genetic variants. Only for the se-
lected peptide TPENYPNAGLTR was a genetic vari-
ant observed, in 6% of an African population (22).
One peptide containing a cysteine was selected
(NPDAVAAPYCYTR) but only for KIV, assessment.
1Cq, "N, lysine, or '’Cq, "Ny arginine-labeled stable
isotope labeled peptides were used as internal standards
as this allows high analytical specificity, with collision in-
duced dissociation fragmentation often yielding y-type
ions, where the positively charged amino acid remains
on at the C-terminal terminus side of the peptide.

LC-MRM-MS analysis. ~For all peptides, 3 transitions
were selected: 1 served as the quantifier and the others
served as qualifying transitions. Congruent transitions
were also selected for the stable isotope labeled peptides
(Supplemental Table 3). The gradient was optimized to
yield a minimum dwell time of 17 msec, and a typical
chromatogram of the multiplexed method, including
apo(a) peptides, is shown in Fig. 2, B. Supplemental
Table 1 shows results of 10 runs of system suitability
testing for apo(a). Stable retention times, relative re-
sponses, and ion ratios were obtained with average
within-run CVs of 0.15%, 3.0%, and 3.2%, respective-
ly. Average carryover was 0.31%, indicating suitable and
expected LC-MRM-MS performance.

Sample preparation. Because the eventual objective is
to achieve metrological traceability to SI units through
the use of peptide-based calibrators, careful sample prep-
aration and especially assessment of digestion is essential.
The final sample preparation method is shown in Fig. 2,
C and described in Supplemental Section 1.3 Sample
Preparation. The method is based on our previously de-
veloped sample preparation strategy using trypsin diges-
tion (20) with exchange to the more volatile ammonium
bicarbonate buffer and comprises a combined LysC/
trypsin digestion, which has previously been shown to
yield more complete protein digestion of K-rich proteins
(23). To initially assess completeness of digestion, a na-
tive serum sample with very low (1.8 nmol/L) apo(a)
concentration as well as a serum sample with higher
apo(a) concentration were spiked with 40 nmol/L of re-
combinant apo(a). Digestion time courses were prepared
with trypsin digestion times of 0 min; 30 min; and 1, 3,

€20z KeN Gz Uo Jasn DN - USpIoT JNSISAIUN AG | /8/869/1GZ/€/69/2101E/WaYOUId/WL0d"dNo-oIWapeoe)/:SARY WOy POPEOIUMOQ


http://academic.oup.com/clinchem/article-lookup/doi/10.1093/clinchem/hvac204#supplementary-data
http://academic.oup.com/clinchem/article-lookup/doi/10.1093/clinchem/hvac204#supplementary-data
http://academic.oup.com/clinchem/article-lookup/doi/10.1093/clinchem/hvac204#supplementary-data
http://academic.oup.com/clinchem/article-lookup/doi/10.1093/clinchem/hvac204#supplementary-data
http://academic.oup.com/clinchem/article-lookup/doi/10.1093/clinchem/hvac204#supplementary-data

Toward a cRMP for Apolipoproteins by LC-MS

Table 1. Analytical performance characteristics of the candidate reference measurement procedure
for serum apolipoprotein (a).

Analytical
performance Desired performance
characteristic Method criterion Results
Precision EP-15 <12% total imprecision Average within laboratory imprecision of 8.9%,
11.9%, and 12.8% for peptides
LFLEPTQADIALLK, GISSTVTGR, and
TPENYPNAGLTR, respectively.
(Supplemental Table 4)
Analytical selectivity Interpeptide R>0.975 and slope R of 0.987 and 0.984 for comparisons of
agreement >0.9 and< 1.1 LFLEPTQADIALLK with GISSTVTGR and
TPENYPNAGLTR, respectively. Slopes of 0.944
and 0.900 for comparisons of LFLEPTQADIALLK
with GISSTVTGR and TPENYPNAGLTR,
respectively. (Fig. 4 and Supplemental Fig. 1)
Limits of EP-17, LoQ LoQ for apo(a) LoQ for apof(a) is 3.8 nmol/L, <0.63 nmol/L, and
quantitation <10 nmol/L 10.9 nmol/L based on peptides
LFLEPTQADIALLK, GISSTVTGR, and
TPENYPNAGLTR, respectively (Fig. 4)
Stability Yes Within 3SD criteria as Stable 2-year performance for all peptides

outlined through EP-15  (Supplemental Fig. 3)

Reference interval To be defined once — —

and medical Sl-traceable
cutpoints calibration is in place

Analytical Stability of ion ratios,  lon ratio should not Difference in ion ratio between endogenous and

interferences CLSI C62A deviate more than SIL? peptides is <20%, except for qualifying
20% transition 2 for peptide GISSTVTGR, which
deviates 27%. (Supplemental Table 2)

Carryover EP-10 and SST® Carryover should not  Carryover does not affect apo(a) quantitation at
interfere at LoQ and LoQ and was below 1% for all 3 peptides in
should be <1% SST (Fig. 4)

Linearity EP-06 R? over 0.98, deviation Quantitation of apo(a) is linear at least over a
of linearity for apo(a) range of 3.8 to 456 nmol/L, 0.6 to 484 nmol/L
<12% and 10.9 to 484 nmol/L for LFLEPTQADIALLK,

GISSTVTGR, and TPENYPNAGLTR,
respectively (Fig. 4)
Method Yes R>0.95, bias below R of 0.977, 0.969, and 0.960, slopes of 0.977,
comparison TEa“® 1.033, and 1.085 and biases of -2.57%, 2.61%,

and 7.61% for peptides LFLEPTQADIALLK,
GISSTTVTGR, and TPENYPNAGLTR,
respectively (Supplemental Fig. 2)

®stable isotope labeled.
Bsystem suitability testing.
“total allowable error.
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Fig. 2. Overview of the LC-MRM-MS cRMP for quantitation of apo(a). LC-MRM-MS allows definition of the
measurand at the molecular level through the quantitation of proteotypic peptides and qualitative meas-
urement of specific peptides representing proteoforms (A). The cRMP provides a chromatogram compris-
ing peptide signals from 32 endogenous peptides as well as their synthetic stable isotope labeled
analogues (B) and uses a bottom-up proteomics strategy, with a combined LysC—trypsin digestion.
The total analysis time of the procedure, including data evaluation, takes approximately 80 hours (C).
Abbreviations: W, tryptophan; M, methionine; C, cysteine.

and 18 h, and plateaus were reached for all 3 peptides
within 1 h trypsin digestion time for both the native ser-
um sample as well as the serum samples spiked with re-
combinant apo(a) (Fig. 3). Moreover, the plateaus
reached target levels in concordance with their expected
concentrations. While not yet conclusive, these results
hint toward a well-optimized digestion process and like-
ly completeness of digestion. Notably, further evidence
will have to be generated to prove equimolar digestion
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as well as the requirements for preparation, storage,
and handling of the envisioned peptide-based calibra-
tion curve, which is beyond the scope of the current
publication.

INTERMEDIATE ANALYTICAL VALIDATION

The analytical validation of the cRMP was performed
using a single external native serum calibrator, which is
provisionally value assigned to the current WHO-IFCC
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RMS. The cRMP was evaluated for analytical selectivity,
carryover, matrix effects, linearity, method comparison,
stability, and imprecision (Table 1).

Analytical selectivity at the peptide level was
achieved through the monitoring of ion ratios, calculated
as the ratio of the chromatographic peak area of the quali-
fying transition to that of the quantifying transition for
each specific peptide. Average ion ratios for the measure-
ment of 39 clinical samples (n = 3) yielded deviations of
<20% for all transitions from the 3 peptides, except for 1
qualifying transition for GISSTVTGR, which deviates
27% (Supplemental Table 2), compared to the target
ion ratios observed for pure peptides in system suitability
samples. This specific transition yields low ion counts, re-
sulting in higher imprecision, particularly for clinical
samples with lower concentrations. Overall, no analytical
interferences from other compounds are observed.

Analytical selectivity at the protein level was
achieved through the use of at least 2 peptides per pro-
tein. Interpeptide comparisons were performed on mea-
surements of 157 individual clinical serum samples
(Fig. 4, A and B and Supplementary Fig. 1). Pearson’s
R for both interpeptide comparisons were 0.987 and
0.984 for peptides GISSTVIGR and TPENYPN
AGLTR relative to LFLEPTQADIALLK, while slopes
of 0.944 and 0.900 were obtained for these same com-
parisons, indicating generally good correspondence be-
tween peptides and therefore good analytical selectivity.

The LoQ was determined for apo(a) according to
CLSI EP-17 to be 3.8 nmol/L, <0.63 nmol/L, and
10.9 nmol/L for the peptides LFLEPTQADIALLK,
GISSTVTGR, and TPENYPNAGLTR, respectively
(Fig. 4, C). The linearity of the method was assessed
for apo(a) through a procedure similar to the one de-
scribed in CLSI protocol EP-06. Using a maximum de-
gree of nonlinearity of 12%, or half the total allowable
error for apo(a), the quantitation of apo(a) was deter-
mined to be linear over a range of 3.8 to 450 nmol/L
for peptide LFLEPTQADIALLK, 0.6 to 484 nmol/L
for peptide GISSTVTGR, and 10.9 to 484 nmol/L for
peptide TPENYPNAGLTR. These extended linear
ranges will enable quantitation of apo(a) without dilu-
tion for nearly all clinical samples. (Fig. 4, D).

The carryover was assessed for apo(a), since this
apolipoprotein has a large biological variation, and an
up to 1000-fold variation in protein concentration
may be expected among individuals. A CLSI-EP10
protocol was used, in which a sample with a high
apo(a) concentration (468 nmol/L), was measured con-
currently with a sample with low apo(a) concentration
(1.8 nmol/L). The concentrations of the low sample
measured within the sequence either immediately fol-
lowing the low concentration or the high concentration
sample were compared, but no significant carryover was

observed (Fig. 4, E).
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Fig. 3. Evaluation of digestion efficiency of
apo(a). Digestion kinetics curves of known con-
centrations of recombinant apo(a) (40 nmol/L)
spiked into serum containing 1.8 nmol/L (L1)
and 94.6 nmol/L (L6) apo(a), indicating stable
and similar digestion kinetics with recoveries as
expected for both the spiked recombinant and
native serum samples. Relative responses were
obtained relative to stable isotope labeled in-
ternal standards (Supplemental Table 3), which
were added prior to proteolysis. Error bars re-
present standard deviation (often not visible),
and dotted lines indicate the 95% Cls around
the digestion kinetics curves.
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Fig. 4. Analytical validation of the cRMP for apo(a). Three KIV, independent peptides were monitored for
apo(a). An interpeptide comparison was made in results originating from individual measurements of 157 na-
tive human serum samples, and Deming regression was performed, resulting in equations of 0.944 (+ 0.022)
*x+0.45 (+ 1.63) and 0.900 (+ 0.020) *x+0.48 (+ 1.52) for LFLEPTQADIALLK vs GISSTTVTGR and
TPENYPNAGLTR, respectively (A). Black dotted line represents line of identity, while colored dotted lines re-
present 95% Cls of the regression lines. Bias of the interpeptide comparison was also calculated to be on aver-
age —5.17% and —9.56% for LFLEPTQADIALLK vs GISSTTVTGR and TPENYPNAGLTR, respectively (B).
Precision of quantitation of apo(a) in relation to concentration of apo(a) to assess LoQ through the replicate
(n = 9) quantitation of native human serum samples with low apo(a) concentration (< 33 nmol/L) (C) and linear-
ity of quantitation of apo(a) through admixing of a high (468 nmol/L) with a low (1.8 nmol/L) human serum
sample (D). Carryover of apo(a) assessed through a sequence of low (1.8 nmol/L) and high (468 nmol/L)
apo(a) concentration samples (E) and within-laboratory imprecision of quantitation of apo(a) by 3 proteotypic
peptides through the repeated quantitation of 5 native human serum samples (samples 1-5) (F).

An EP-15 protocol comprising quantitation of 5 of the method was 8.9%, 11.9%, and 12.8% for pep-
samples in quintuplicate on 5 different days was con- tides LFLEPTQADIALLK, GISSTVTGR, and

ducted to assess imprecision. Average total imprecision TPENYPNAGLTR, respectively. (Fig. 4, F).
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Longer term stability was assessed through the
follow-up of measurements of 2 internal quality con-
trol samples over a 2-year period, in which >10 ex-
periments were performed. Levey-Jennings plots are
shown for LFLEPTQADIALLK, GISSTVTGR, and
TPENYPNAGLTR in Supplemental Fig. 3. No deviation
between the first results obtained 2 years prior to the last
results is observed, indicating longer term stability of the
method as well as the internal quality control samples.

A method comparison using 157 native human serum
samples was performed to assess the relationship between
the KIV, independent LC-MRM-MS based ¢cRMP for
apo(a) and an immunoassay (Roche TinaQuant LPA2) ex-
pressing results in nmol/L traceable to the previous second-
ary reference material SRM2B and the previous ELISA
reference method. Results of the method comparison for
all 3 apo(a) peptides, including Deming regression, are
shown in Supplemental Fig. 2. Slopes of 0.977, 1.033,
and 1.085 and biases of —2.57%, 2.61%, and 7.61%
are reported for peptides LFLEPTQADIALLK,
GISSTTVTGR, and TPENYPNAGLTR, respectively, in-

dicating good concordance between the 2 methods.

Discussion

We here report a candidate reference measurement proced-
ure for apo(a) as a first step to fulfill the need for a globally
available reference measurement system for apolipoproteins.
The method is analytically validated using a provisional sin-
gle point native human serum calibrator that is traceable to
the current WHO-IFCC RMS. While a peptide-based cali-
bration that enables future traceability to SI units is envi-
sioned and required (Fig. 2, A), currently a native serum
calibrator traceable to the previous WHO-IFCC RMS
(7) was deliberately chosen to provide the clinical chemistry
community and in vitro diagnostics manufacturers with a
step-up approach and transition phase, in which the differ-
ences due to the measurement procedure and the new value
assignment can be assessed without interference. As a con-
sequence, this report does not contain data on combined
measurement uncertainty at this time.

Mass spectrometry is ideally suited for detection and
quantification of proteins at the molecular level, contrary
to immunoassays, which rely on binding specificity of
the antibodies used in the procedure. In LC-MS/MS, the
combination of specific liquid chromatography retention
times with characteristic precursor and fragment ions pro-
vides very high analytical specificity. In the new cRMP, it
was further enhanced through the selection of at least 2
characteristic proteotypic peptides in combination with 3
transitions per peptide and evaluated through ion ratio
monitoring and inter-peptide comparison. Overall, this
provides high confidence in the identification of the specif-
ic protein of interest, without interferences.

The development of the highest-order candidate
RMP for sustainable standardization of commercial
Lp(a) or apo(a) tests is of utmost importance, as Lp(a)
mass or apo(a) test results are significantly confounded
for multiple reasons (5). Lp(a) is still a greatly misunder-
stood biomarker, and current commercial immunoassays
still reveal large intermethod variation (5) as well as
sample-specific scatter across methods (24). At equal
numbers of KIV, repeats, a 200-fold variation in apo(a)
concentration is observed (25). In contrast, the peptides
we selected for apo(a) quantitation are outside the KIV,
region; therefore the LC-MRM-MS based ¢cRMP pre-
sented here is by design a KIV,-independent method.
The range of apo(a) concentrations varies 1000-fold,
and its linearity ranges from 3.8 to 450 nmol/L, which
is larger than the linear measuring range of current com-
mercial immunoassays. The lower LoQ is respectively
3.8 nmol/L, <0.63 nmol/L, and 10.9 nmol/L for the
apo(a) peptides LFLEPTQADIALLK, GISSTVTGR,
and TPENYPNAGLTR. No significant carryover for
apo(a) quantitation was observed, and overall imprecision
for apo(a) is within the predefined analytical performance
specifications (total allowable error of 12%).

In conclusion, the IFCC WG APO MS here presents
a candidate reference measurement procedure for apo(a)
that is to be extended for 6 other clinically relevant apolipo-
proteins. The method was developed at the LUMC in
Leiden, the Netherlands, in collaboration with calibration
labs at University Hospital Leipzig and the Centers for
Disease Control and Prevention. Transferability is essential
as it enables global and sustained availability of the cRMP
during its life cycle and pilot experiments indicate transfer-
ability of the cRMP. The envisioned apolipoprotein refer-
ence measurement system comprises both a reference
measurement procedure as well as reference materials. In
parallel, to the cRMP, primary and secondary reference ma-
terials for apolipoproteins are being developed. Results of a
first assessment of commutability of matrix-based reference
materials for apo(a) is published concurrently to this report.
A transition plan from the former WHO-IFCC RMS to a
new envisioned SI-traceable reference measurement system
is underway as the IFCC SRM2B reference material for
apo(a) is depleted and the ELISA-based KIV, independent
method is no longer available (hetps://www.ifcc.org/ifcc-
scientific-division/sd-working-groups/wg-apo-ms/).

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.

Nonstandard Abbreviations: RMS, reference measurement system;
apo(a), apolipoprotein (a); ISO, International Organization for

Clinical Chemistry 69:3 (2023) 259

€20z KeN Gz Uo Jasn DN - USpIoT JNSISAIUN AG | /8/869/1GZ/€/69/2101E/WaYOUId/WL0d"dNo-oIWapeoe)/:SARY WOy POPEOIUMOQ


http://academic.oup.com/clinchem/article-lookup/doi/10.1093/clinchem/hvac204#supplementary-data
http://academic.oup.com/clinchem/article-lookup/doi/10.1093/clinchem/hvac204#supplementary-data
https://www.ifcc.org/ifcc-scientific-division/sd-working-groups/wg-apo-ms/
https://www.ifcc.org/ifcc-scientific-division/sd-working-groups/wg-apo-ms/
http://academic.oup.com/clinchem/article-lookup/doi/10.1093/clinchem/hvac204#supplementary-data

Standardization; KIV,, Kringle 4 type 2; IFCC, International
Federation of Clinical Chemistry and Laboratory Medicine; RMP, ref-
erence measurement procedure; RM, reference material; SI,
International System of Units; ¢cRMP, candidate RMP; WG
APO-MS, IFCC  working group for  standardization
of apolipoproteins by mass spectrometry; MRM, multiple reaction
monitoring; CLSI, Clinical and Laboratory Standards Institute;
LoQ, limit of quantification.

Author Contributions: 7he corresponding author takes full responsibil-
ity that all authors on this publication have met the following required cri-
teria of eligibility for authorship: (a) significant contributions to the
conception and design, acquisition of data, or analysis and interpretation
of data; (b) drafting or revising the article for intellectual content; (c) final
approval of the published article; and (d) agreement to be accountable for
all aspects of the article thus ensuring that questions related to the accuracy
or integrity of any part of the article are appropriately investigated and re-
solved. Nobody who qualifies for authorship has been omitted from the list.

L.R. Ruhaak: Conceptualization, methodology, investigation, supervi-
sion, visualization, writing—original draft; F.P.H.T.M. Romijn:
Investigation,  writing—review, and editing; I1.B. Brkovic:
Investigation, methodology, writing—original draft; Z. Kuklenyik:
Investigation, methodology, writing—original draft; J. Dittrich:
Investigation, methodology, writing—original draft; U. Ceglarek:
Conceptualization, methodology, supervision, writing—review and
editing; A.N. Hoofnagle: Methodology, validation, writing—review
and editing; H. Althaus: Validation, writing—review and editing;
E. Angles-Cano: Validation, writing—review and editing;
S. Coassin: Validation, resources, writing—review and editing;
V. Delatour: Validation, writing—review and editing; L. Deprez:
Validation, resources, writing—review and editing; 1. Dikaios:
Validation, resources, writing—review and editing; G.M. Kostner:
Validation, writing—review and editing; F. Kronenberg: Validation,
resources, writing—review and editing; A. Lyle: Validation, writing
—review and editing; U. Prinzing: Validation, resources, writing—re-
view and editing; H.W. Vesper: Validation, writing—review and

editing; C.M. Cobbaert: Conceptualization, methodology, supervi-
sion, writing—review and editing.

Authors’ Disclosures or Potential Conflicts of Interest: Upon manu-
script submission, all authors completed the author disclosure form.
Disclosures and/or potential conflicts of interest:

Employment or Leadership: U. Ceglarek, president of the German
Society of Newborn Screening, speaker of the Clinical Mass
Spectrometry Section of the German Society Clinical Chemistry
and Laboratory Medicine; A.N. Hoofnagle, Clinical Chemistry,
AACC.

Consultant or Advisory Role: G.M. Kostner, IFCC Working Group
on Apolipoprotein Standardization; F. Kronenberg, Novartis.

Stock Ownership: None declared.

Honoraria: F. Kronenberg, Amgen, Novartis.

Research Funding: This 18HLT10 CardioMet project part has re-
ceived funding from the EMPIR program cofinanced by the
Participating States and from the European Union’s Horizon 2020 re-
search and innovation program (V. Delatour and C.M. Cobbaert).
University Hospital Leipzig, Germany, received financial support
from the Foundation for Pathobiochemistry and Molecular
Diagnostics (Germany). A.N. Hoofnagle received funding from
National Institute of Health programs P30 DK035816 and P30
DKO017047 and equipment, materials, drugs, medical writing, gifts,
or other services from Waters, Inc; U. Ceglarek, German
Foundation for Pathobiochemistry and Molecular Diagnostics,
Roche Diagnostics, German Research Foundation; S. Coassin, re-
search grant for genetic research on Lp(a) given by the Austrian
Science Fund (FWF; Project P31548-B34), research grant for genetic
research on Lp(a) given by the LpaCare Foundation.

Expert Testimony: None declared.

Patents: None declared.

Role of Sponsor: The funding organizations played no role in the
design of study, choice of enrolled patients, review and interpret-
ation of data, preparation of manuscript, or final approval of
manuscript.

. Smit NPM, Ruhaak LR, Romijn F, Pieterse
MM, van der Burgt YEM, Cobbaert CM.
The time has come for quantitative protein
mass spectrometry tests that target unmet
clinical needs. J Am Soc Mass Spectrom
2021;32:636-47.

. Beastall GH. Traceability in laboratory
medicine: what is it and why is it im-
portant for patients? EJIFCC 2018;29:
242-7.

. Kronenberg F, Mora S, Stroes ESG,
Ference BA, Arsenault BJ, Berglund L,
et al. Lipoprotein(a) in atherosclerotic car-
diovascular disease and aortic stenosis: a
European atherosclerosis society consen-
sus statement. Eur Heart J 2022;43:3925-
46.

. Tsimikas S, Karwatowska-Prokopczuk E,
Gouni-Berthold |, Tardif JC, Baum SJ,
Steinhagen-Thiessen E, et al.
Lipoprotein(a) reduction in persons with
cardiovascular disease. N Engl J Med
2020;382:244-55.

. Ruhaak LR, Cobbaert CM. Quantifying
apolipoprotein(a) in the era of proteoforms
and precision medicine. Clin Chim Acta
2020;511:260-8.

260 Clinical Chemistry 69:3 (2023)

References

6. Kronenberg F. Lipoprotein(a) measure-

ment issues: are we making a mountain
out of a molehill? Atherosclerosis 2022;
349:123-35.

. Tate JR, Berg K, Couderc R, Dati F, Kostner

GM, Marcovina SM, et al. International
Federation of Clinical Chemistry and
Laboratory Medicine (IFCC) standardiza-
tion project for the measurement of lipo-
protein(a). phase 2: selection and
properties of a proposed secondary refer-
ence material for lipoprotein(a). Clin
Chem Lab Med 1999;37:949-58.

. Marcovina SM, Clouet-Foraison N,

Koschinsky ML, Lowenthal MS, Orquillas
A, Boffa MB, et al. Development of an
LC-MS/MS proposed candidate reference
method for the standardization of analytic-
al methods to measure lipoprotein(a). Clin
Chem 2021;67:490-9.

. Dikaios |, Althaus H, Angles-Cano E, Ceglarek

U, Coassin S, Cobbaert C, et al
Commutability assessment of candidate ref-
erence materials for lipoprotein (a) by com-
parison of a MS-based candidate reference
measurement procedure with immunoas-
says. Clin Chem 2018;64:1193-1202.

10.

11.

12.

13.

14.

Hoofnagle AN, Wener MH. The fundamen-
tal flaws of immunoassays and potential
solutions using tandem mass spectrom-
etry. J Immunol Methods 2009;347:3-11.
Hoofnagle AN, Cobbaert CM, Delatour V,
Kelleher NL, Lowenthal MS, Shuford CM.
Should LC-MS/MS be the reference meas-
urement procedure to determine protein
concentrations in human samples? Clin
Chem 2021;67:466-71.

Josephs RD, Martos G, Li M, Wu L,
Melanson JE, Quaglia M, et al
Establishment of measurement traceability
for peptide and protein quantification
through rigorous purity assessment—a re-
view. Metrologia 2019;56:044066.
Cobbaert CM, Althaus H, Begcevic Brkovic
I, Ceglarek U, Coassin S, Delatour V, et al.
Towards an Sl-traceable reference meas-
urement system for seven serum apolipo-
proteins using bottom-up quantitative
proteomics: conceptual approach enabled
by cross-disciplinary/cross-sector collabor-
ation. Clin Chem 2021;67:478-89.
Lassman ME, McLaughlin TM, Zhou H, Pan
Y, Marcovina SM, Laterza O, Roddy TP.
Simultaneous  quantitation and  size

€20z KeN Gz Uo Jasn DN - USpIoT JNSISAIUN AG | /8/869/1GZ/€/69/2101E/WaYOUId/WL0d"dNo-oIWapeoe)/:SARY WOy POPEOIUMOQ



Toward a cRMP for Apolipoproteins by LC-MS

15.

16.

17.

characterization of apolipoprotein(a) by
ultra-performance  liquid  chromatog-
raphy/mass spectrometry. Rapid
Commun Mass Spectrom 2014;28:1101-6.
Braga F, Panteghini M. Defining permissible
limits for the combined uncertainty budget
in the implementation of metrological trace-
ability. Clin Biochem 2018;57:7-11.
Cobbaert C, Weykamp C, Baadenhuijsen
H, Kuypers A, Lindemans J, Jansen R.
Selection, preparation, and characteriza-
tion of commutable frozen human
serum pools as potential secondary refer-
ence materials for lipid and apolipoprotein
measurements: study within the framework
of the Dutch project “Calibration 2000.”
Clin Chem 2002;48:1526-38.

Sandberg S, Fraser CG, Horvath AR,
Jansen R, Jones G, Oosterhuis W, et al.
Defining analytical performance specifica-
tions: consensus statement from the 1st
Strategic Conference of the European
Federation of Clinical Chemistry and
Laboratory Medicine. Clin Chem Lab
Med 2015;53:833-5.

19.

20.

21.

. MacLean B, Tomazela DM, Shulman N,

Chambers M, Finney GL, Frewen B, et al.
Skyline: an open source document editor
for creating and analyzing targeted pro-
teomics  experiments.  Bioinformatics
2010,26:966-8.

Dittrich J, Adam M, Maas H, Hecht M,
Reinicke M, Ruhaak LR, et al. Targeted
on-line SPE-LC-MS/MS assay for the
quantitation of 12 apolipoproteins from
human blood. Proteomics 2018;18:
1700279.

van den Broek |, Romijn FP, Nouta J, van
der Laarse A, Drijfhout JW, Smit NP, et al.
Automated multiplex LC-MS/MS assay for
quantifying serum apolipoproteins A-l, B,
C-l, C-ll, C-lll, and E with qualitative apoli-
poprotein E phenotyping. Clin Chem 2016;
62:188-97.

Toth CA, Kuklenyik Z, Jones JI, Parks BA,
Gardner MS, Schieltz DM, et al.
On-column trypsin digestion coupled
with LC-MS/MS for quantification of apo-
lipoproteins. J Proteomics 2017;150:
258-67.

22.

23.

24.

25.

Clinical Chemistry 69:3 (2023)

1000 Genomes Project Consortium, Auton
A, Brooks LD, Durbin RM, Garrison EP,
Kang HM, et al. A global reference for hu-
man genetic variation. Nature 2015;526:
68-74.

Glatter T, Ludwig C, Ahrne E, Aebersold R,
Heck AJ, Schmidt A. Large-scale quantita-
tive assessment of different in-solution
protein digestion protocols reveals super-
ior cleavage efficiency of tandem Lys-C/
trypsin proteolysis over trypsin digestion.
J Proteome Res 2012;11:5145-56.
Cobbaert C, Deprez L, Ruhaak LR. On the
way to a next generation Lp(a) reference
measurement system based on quantita-
tive protein mass spectrometry and molar
units. In: Kostner K, Kostner GM, Toth PP,
editors. Lipoprotein(a). Cham (Switzerland):
Springer Nature.

Schachtl-Riess JF, Kheirkhah A, Gruneis R,
Di Maio S, Schoenherr S, Streiter G, et al.
Frequent LPA KIV-2 variants lower lipopro-
tein(a) concentrations and protect against
coronary artery disease. J Am Coll
Cardiol 2021;78:437-49.

261

€20z KeN Gz Uo Jasn DN - USpIoT JNSISAIUN AG | /8/869/1GZ/€/69/2101E/WaYOUId/WL0d"dNo-oIWapeoe)/:SARY WOy POPEOIUMOQ



	Development of an LC-MRM-MS-Based CandidateReference Measurement Procedure for Standardizationof Serum Apolipoprotein (a) Tests
	Introduction
	Materials and Methods
	Peptide Selection and Transition Development
	Analysis
	Calibration and Internal Quality Control
	Data Analysis and Analytical Evaluation

	Results
	Method Development
	Peptide selection.
	LC-MRM-MS analysis.
	Sample preparation.

	Intermediate Analytical Validation

	Discussion
	Supplemental Material
	Nonstandard Abbreviations
	Author Contributions
	Authors’ Disclosures or Potential Conflicts of Interest
	Employment or Leadership
	Consultant or Advisory Role
	Stock Ownership
	Honoraria
	Research Funding
	Expert Testimony
	Patents
	Role of Sponsor
	References




