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ABSTRACT: Kidney injury is a complication frequently encoun-
tered in hospitalized patients. Early detection of kidney injury prior
to loss of renal function is an unmet clinical need that should be
targeted by a protein-based biomarker panel. In this study, we aim
to quantitate urinary kidney injury biomarkers at the picomolar to
nanomolar level by liquid chromatography coupled to tandem
mass spectrometry in multiple reaction monitoring mode (LC-
MRM-MS). Proteins were immunocaptured from urinary samples,
denatured, reduced, alkylated, and digested into peptides before
LC-MRM-MS analysis. Stable-isotope-labeled peptides functioned
as internal standards, and biomarker concentrations were attained
by an external calibration strategy. The method was evaluated for
selectivity, carryover, matrix effects, linearity, and imprecision. The
LC-MRM-MS method enabled the quantitation of KIM-1, NGAL, TIMP2, IGFBP7, CXCL9, nephrin, and SLC22A2 and the
detection of TGF-β1, cubilin, and uromodulin. Two to three peptides were included per protein, and three transitions were
monitored per peptide for analytical selectivity. The analytical carryover was <1%, and minimal urine matrix effects were observed by
combining immunocapture and targeted LC-MRM-MS analysis. The average total CV of all quantifier peptides was 26%. The linear
measurement range was determined per measurand and found to be 0.05−30 nmol/L. The targeted MS-based method enables the
multiplex quantitation of low-abundance urinary kidney injury biomarkers for future clinical evaluation.
KEYWORDS: quantitative bottom-up proteomics, protein markers, LC-MRM-MS, kidney injury, urine, low-abundance biomarkers

■ INTRODUCTION

The occurrence of kidney injury contributes significantly to in-
hospital patient morbidity and mortality.1 Acute kidney injury
(AKI) is a clinical syndrome defined by the rise of serum
creatinine and a reduction in urinary output.2 Because of the
delayed response of serum creatinine, early kidney injury
frequently remains unnoticed until a significant decline in
kidney function has occurred.3 Moreover, clinicians currently
lack frequent noninvasive diagnostic tools to differentiate acute
kidney injury (AKI) with an often transient prerenal cause
from intrinsic renal damage, such as established acute tubular
necrosis (ATN).4 The early and specific detection of kidney
injury, prior to the decline of serum-creatinine-based kidney
function, was identified as an unmet clinical need in routine
patient care through a structured questionnaire developed by
the European Federation of Clinical Chemistry and Laboratory
Medicine (EFLM).5,6 To address this clinical need, we defined
a protein-based biomarker panel including the early injury
markers kidney injury molecule-1 (KIM-1), neutrophil
gelatinase-associated protein (NGAL), tissue inhibitor of
metalloproteinases 2 (TIMP2), insulin-growth factor binding
protein (IGFBP7), inflammatory chemokine ligand 9

(CXCL9), and fibrosis marker transforming growth factor β-
1 (279TGF-β1390, without latency-associated peptide,
30LAP278), and kidney tissue-enriched proteins nephrin,
cubilin, solute carrier family 22 member 2 (SLC22A2), and
uromodulin.5 Currently, no multiplex test is available for the
quantitation of these proteins in urinary samples. We propose
that a combination of early injury and biology-driven markers
could detect kidney injury while gaining insight into the most
likely site of injury.
Quantitation of proteins from complex biological matrices in

the clinical chemistry laboratory is typically realized through
immunoassays or mass-spectrometry (MS)-based tests.7−10 In
MS-based quantitative bottom-up proteomics, proteins are
enzymatically digested into peptides, which are quantified to
represent the original protein concentration.11−13 Urine
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specimens are highly variable in composition and concen-
tration; in particular, proteinuria and hematuria may challenge
protein quantitation.14 The combination of the immunocap-
ture of target proteins and liquid-chromatography coupled to
tandem mass spectrometry in multiple reaction monitoring
mode (LC-MRM-MS) has been shown to enable the robust
quantitation of low-abundance proteins below 1 nmol/L.9

Through the selection of multiple proteotypic peptides per
protein and multiple mass transitions per peptide, a high
biological and analytical selectivity may be achieved.15

The clinical and analytical performance specifications for the
intended kidney injury biomarker panel should be set prior to
method development,16,17 yet limited insight into the relation-
ship between the analytical performance and the clinical
outcome is available. Moreover, there is a large biological
variation in the protein biomarker concentration in urine,
which will result in a large allowable measurement
uncertainty.18,19 Therefore, the total allowable error (TEa) of
the intended test should be set based on the state of the art.19

Thus far, MS-based methods have been reported for the
singleplex quantitation of NGAL20,21 and uromodulin22,23 and
the quadruplex analysis of urinary proteins including NGAL.24

In these studies, the achieved analytical precision of protein
quantitation from urine with LC-MRM-MS was typically 8−
20%.21,24 Here we define a desirable TEa of ≤25% based on
expert opinion. Moreover, at least two proteotypic peptides
should be included per protein. Three MRM transitions should
be monitored per peptide, carryover should be <1% and not
affect the biomarker quantitation, and linearity needs to be
achieved (r > 0.975) over the expected clinical measurement
range.
We previously developed and showed the long-term robust

performance of a multiplex MS-based test for serum
apolipoprotein quantitation.25,26 In this study, we aim to
develop a multiplex LC-MRM-MS test for the quantitation of
our proposed kidney injury biomarker panel that fulfills
predefined analytical performance specifications. To allow
the quantitation of the low-abundance proteins in the panel
from variable urine matrices, we introduced immunocapture
prior to proteolytic digestion and LC-MRM-MS analysis. The
method is provisionally validated with an emphasis on the
analytical selectivity, carryover, matrix effects, linearity, and
imprecision.

■ MATERIAL AND METHODS

Reagents and Materials

All solvents were LC-MS grade and the reagents used were of
the highest available purity. Sample preparations and
instrumental conditions are detailed in the Supporting
Information Section S1, Detailed Material and Methods.
Patient Samples, Calibration Strategy, and Quality Control

Ten fresh midstream spot urines were collected from
apparently healthy donors, centrifuged at 3000g for 8 min at
room temperature (RT), and pooled for calibrator (CAL)
preparation. CAL1 was the native urine pool without protein
spiking, and CAL2, CAL3, CAL4, and CAL5 were spiked with
recombinant target proteins to prepare five calibrator levels
spanning the range of measurement. The relationship between
increasing amounts of spiked recombinant protein and the
biomarker relative response in LC-MRM-MS was used to
target the biomarker concentrations in the calibrators. The
baseline native biomarker concentrations of CAL1 were

determined by taking the x-intercept in the linear regression
analysis of CAL2−CAL5. The calibrators were assigned values
in molar units by calculating the estimated mass from the
amino acid sequence of recombinant proteins provided by the
manufacturer (Supporting Information Section S1. Detailed
Material and Methods). Two quality-control (QC) samples,
QC1 and QC2, were prepared from two individual leftover and
deidentified urine samples from routine clinical care. Three
additional QC samples were prepared from a urine pool and
spiked with recombinant target proteins. Single-use aliquots
were stored at −80 °C until LC-MRM-MS analysis. The LC-
MRM-MS test was piloted among 20 deidentified urine
samples of patients with AKI.

Peptide Selection

Target proteins were digested in silico using the ExPASy
PeptideMass tool (web.expasy.org/peptide_mass) to list all
tryptic peptides. Subsequently, tryptic peptides of TIMP2,
IGFBP7, NGAL, KIM-1, nephrin, CXCL9, calbindin, 279TGF-
β1390, uromodulin, cubilin, and SLC22A2 were identified by
product-ion scans. Two to three signature peptides per protein
were selected based on the detectability in MS, protein
uniqueness, and nonsusceptibility to biological and chemical
modifications.15 Per protein, the peptide with the most
favorable digestion kinetics, yielding stable results, was selected
for quantitation, whereas the other peptide(s) were used for
confirmation.25 For all selected peptides, synthetic unlabeled
and stable-isotope-labeled (SIL) ([13C6,

15N2]-lysine, or [
13C6,

15N4]-arginine) peptides were synthesized and assessed for
their purity by our in-house peptide synthesis facility.

Sample Preparation Optimization

Polyclonal antibodies were selected for immunocapture to
maximize protein capture with analytical specificity obtained
by MS read-out. Biotinylated antibodies were immobilized
separately per antigen type on streptavidin-coated magnetic
beads and washed three times with phosphate-buffered saline
(PBS). The beads with immobilized antibodies were mixed just
before urine sample addition. For immunocapture, the
minimum amount of antibody and the linear capture range
was examined through the serial dilution of a urine sample with
PBS, and the incubation time and temperature were optimized.
The efficiency of the enzymatic proteolysis of immunocaptured
proteins from a 50 μL urinary sample was studied by increasing
the incubation time with 0.4 μg trypsin at 37 °C.
In the final sample preparation procedure, proteins were

captured from a 50 μL urinary sample. Subsequently, 1.5 nM
SIL peptides for each measurand were added as the internal
standard (IS). Five mM tris(2-carboxyethyl)phosphine
(TCEP) was added to reduce disulfide bonds, and proteins
were denatured at 56 °C for 30 min. Cysteine residues were
alkylated with 5 mM iodoacetamide (IAM) for 30 min at RT
followed by an 18 h incubation with 0.4 μg trypsin at 37 °C.
To quench the enzymatic digestion, we added 0.5% (v/v)
formic acid to obtain pH 3. The relative response (RR), which
is the ratio of the analyte peak to the IS peak, was converted to
biomarker concentration in pmol/L by an external calibration
curve.

LC-MRM-MS Analysis and System Suitability Testing

The LC-MS/MS measurements were performed on a 1290
ultraperformance liquid chromatography (UPLC) system
coupled to a triple−quadrupole mass spectrometer (Agilent
Technologies, Santa Clara, CA). Peptide separations were
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performed on a Zorbax SB-C18 column 2.1 × 50 mm, 1.8 μm
(Agilent Technologies) at a flow rate of 0.3 mL/min. The LC-
MS/MS instrument performance was monitored through a

system suitability test (SST), in which a system suitability
sample (SSS), containing synthetic labeled peptides and their
unlabeled counterparts, was measured in five replicates prior to

Figure 1. Sample preparation workflow and LC-MRM-MS chromatograms of the kidney injury biomarker panel in a system suitability sample and
in urine. (A) LC-MRM-MS chromatogram of the system suitability samples with signature peptides annotated. (B) Workflow urine sample
preparation combining immunocapture and enzymatic digestion prior to LC-MRM-MS analysis. (C) LC-MRM-MS chromatogram of peptides
from recombinant proteins spiked and immunocaptured from urine. (D) LC-MRM-MS chromatogram of peptides from native proteins present in
the pooled urine of healthy individuals.
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and after each sample batch. The acceptance criteria were: RR
Coefficient of Variation < 10% for each peptide, retention time
drift ≤0.2 min, and qualifier ratio CV < 20%.

Provisional Method Validation

The analytical selectivity, carryover, matrix effects, linearity,
and imprecision of the LC-MRM-MS method were examined
using the two individual native QC samples and three urine-
based spiked QC samples. The analytical selectivity was
obtained by measuring at least two to three proteotypic
peptides per protein and three MRM transitions per peptide.
The carryover was evaluated by injecting a blank sample
immediately after an SSS and through the intermitted
measurement of samples with high and low concentrations.27

Ion suppression in electrospray ionization (ESI) was examined
by the postextraction spiking of the IS in five prepared urinary
samples, with and without proteinuria and hematuria.28 The
effect of total urinary protein on the linearity of the method
was studied by urine specimen admixing. The linearity of the
LC-MRM-MS method was evaluated by admixing the lowest
and highest urine-based calibrators.28 The within-run and total
imprecision were evaluated by measuring five samples in five
replicates over five days.

Data Analysis

Mass Hunter Workstation software, version 10.0 (Agilent
Technologies) was used for peak integration, and GraphPad
Prism version 8.0.1 (GraphPad Software, San Diego, CA) was
used for data analysis. The transition list is available at the
PeptideAtlas selected reaction monitoring (SRM) experiment
library (PASS01687). The analytical linearity was assessed by a
comparison of the goodness-of-fit in polynomial and linear
regression analysis. The within-run and total imprecision were
determined by one-way analysis of variance (ANOVA)
according to the CLSI-EP15 protocol.29 EP Evaluator
(12.0.0.11, Data Innovations, Burlington, Vermont) was used
to assess the carryover.

■ RESULTS

Signature Peptide Selection for Protein Quantitation

Candidate peptides from the proteins KIM-1, NGAL, TIMP2,
IGFBP7, nephrin, SLC22A2, calbindin, CXCL9, 279TGF-β1390,
cubilin, and uromodulin were identified from tryptic digests of
recombinant and purified proteins. For the 11 proteins, a total
of 60 signature peptides were selected for quantitation based
on the uniqueness, enzymatic digestion kinetics and non-
susceptibility to miscleavages, biological and chemical
modifications, and stable performance in LC-MRM-MS
analysis (Table S1). At least two peptides were selected per
protein, with one serving as a quantifying peptide and the
other(s) used for qualification. The selected peptides and
MRM transitions are provided in Table S2. Cysteine-
containing peptides were excluded for quantitation purposes,
and peptides with chemically unstable methionine (M) and
tryptophan (W) residues were avoided when possible.
However, because of the limited availability of tryptic peptides
from 279TGF-β1390 (13 kDa), the methionine-containing
peptide VEQSLNMIVR was selected for quantitation.
Carbamidomethylation (cm) of cysteine residues enabled
measurement of the stabilized products CcmSCcmISTNQG-
TIHLQSLK (CXCL9), FFACcmIK (TIMP2), ALDTNYCcm-
FSSTEK (279TGF-β1390), and STEYGEGYACcmDTDLR
(UMOD) for protein qualification.

LC-MRM-MS Performance

For all 60 peptides, three product ions were monitored,
resulting in 180 transitions with a minimum dwell time of 8.5
ms (Table S2). The LC gradient was optimized for all 60
peptides to elute between 1 and 10 min (Figure 1A). Using the
SST, the LC-MS instrument performance was monitored
during all experiments. For the SST, a 0.15 μM mixture of 30
synthetic peptides and their SIL analogues was measured five
times prior to and five times after the sample run. The within-
run CV on the RR, between the non labeled and labeled
peptides, of the SST was 1−8% (N = 10) (Table S2).

Figure 2. Evaluation of the digestion kinetics and peptide comparison of KIM-1, IGFBP7, TIMP2 and NGAL. Target proteins were
immunocaptured from urine and digested with a constant amount of trypsin. The formed peptides were monitored over time, and the results were
normalized to t = 24 h. Results are shown for (A) KIM-1, (B) TIMP2, (C) IGFBP7, and (D) NGAL. To verify the maximal protein digestion at 18
h, we compare the response of the quantifier and qualifier peptides of the same protein for (E) KIM-1, (F) IGFBP7, (G) TIMP2, and (H) NGAL.
The relative response (RR) is obtained by an evaluation of the linearity, and the interpeptide correlation (R) is given.
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Sample Preparation Optimization

The immunocapture of low-abundance target proteins
minimizes the urine matrix effects and improves the analytical
sensitivity (Figure 1B). For each target protein, biotinylated
antibodies were immobilized on streptavidin-coated beads
prior to the addition of 50 μL of urinary sample. Maximal
immunocapture with a recovery of ±90% was achieved with 2
h of incubation at RT (Figure S1). The upper limits of
quantitation (ULoQs) for higher abundant proteins NGAL
and IGFBP7 were 50 and 5 nmol/L, respectively. For
midabundant proteins, the ULoQs were 10 nmol/L for
KIM-1, 30 nmol/L for TIMP2, and 2 nmol/L for CXCL9.The
immunocapture of lower abundant proteins SLC22A2 and
nephrin was linear up to 1 and 2 nmol/L, respectively (Figure
S2). The urinary concentration of uromodulin is at least 50
times higher compared with that of the other biomarkers;
however, coprecipitation by nonspecific binding enabled the
semiquantitative measurement of uromodulin in the final
multiplex test. In contrast with the other 10 proteins, calbindin
could not be quantified from urinary samples through our
multiplex immunocapture protocol and used reagents.
To achieve stable and absolute protein quantitation through

the RR, the net product of peptide formation and degradation
needs to be in equilibrium. Time-course digestion kinetics for
the proteins KIM-1, IGFBP7, TIMP2, NGAL, nephrin,
CXCL9, 279TGF-β1390, and uromodulin yielded a stable
maximum peptide response upon overnight trypsin digestion

(Figure S3). Two proteins, IGFBP7 and NGAL, digested
relatively slowly. The miscleaved peptide TELLPGDR|DN-
LAIQTR was monitored in addition to TELLPGDR and
DNLAIQTR and confirmed the slow digestion of IGFBP7, and
good interpeptide agreements were reached by overnight
digestion (Figure 2). Because overnight incubation yielded
stable digestion for all peptides, 18 h was selected as the final
incubation time.

Protein and Peptide Detectability in Urinary Samples

The multiplex method was developed based on purified
proteins spiked in pooled urine. Except for calbindin, all
proteins could be detected by 25 of the 30 peptides originally
included in the multiplex panel (Figure 1C). Specifically,
peptides ALDTNYCcmFSSTEK (calbindin), TFVDQYGQR
(calbindin), AGLELSPEMK (calbindin), EQLANPIVSSGNS-
LFR (cubilin), and SPGVAELSR (SLC22A2) could not be
identified due to discrepant qualifier transitions or a poor
signal-to-noise ratio (S/N < 10). Yet for clinical chemistry
purposes, the biomarkers should be detectable from native
urinary samples. The biomarkers uromodulin, IGFBP7, NGAL,
TIMP2, KIM-1, CXCL9, and cubilin could be detected in
urinary samples from healthy individuals (N = 10), whereas
SLC22A2, 279TGF-β1390 and nephrin were not observed
(Figure 1D). In addition, CXCL9 could be quantified by a
single peptide only in a healthy urine pool because the signal
response of the qualifier peptides CcmSCcmISTNQGTIHL-
QLSK (CXCL9) was too low. Because increased biomarker

Figure 3. Evaluation of urine matrix effects, linearity, and total imprecision. (A) Five urine samples with varying total protein were prepared with
and without immunocapture, and the total matrix effect was evaluated by the postextraction spiking of the IS in mobile phase A (control, 0% matrix
effect) prior to LC-MRM-MS analysis. (B) A urine specimen with 0.06 g/L total protein and a specimen with 5.75 g/L and hematuria were
admixed to test for matrix affects (n = 3). (C) Analytical linearity by urine specimen admixing to obtain nine increasing calculated and experimental
measured concentrations for linear regression analysis. (D) Total imprecision, CVtot (%), evaluated by measuring five samples in five replicates over
5 days (boxplot with minimum, mean. and maximum). The results are shown for peptide EYLIAGK (TIMP2) in panels A−C and for all quantifier
peptides in the biomarker panel in panel D.
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levels are expected in individuals with kidney damage, all 10
biomarkers in the multiplex panel were eligible for further
analytical evaluation.
Calibration

For NGAL, KIM-1, TIMP2, nephrin, SLC22A2, CXCL9, and
279TGF-β1390 the external calibration strategy enabled the
interpolation of the QC samples. A five-point calibration curve
for TIMP2, KIM-1, and nephrin, a four-point calibration for
NGAL, CXCL9, and SLC22A2, and a two-point calibration for
279TGF-β1390 were appointed (Table S3). A calibration
strategy based on recombinant protein spiking was not feasible
for the relatively larger proteins cubilin (3623 AA) and
uromodulin (640 AA) because (nearly) full-length recombi-
nant proteins were not available. Because of the poor antibody
affinity for the recombinant protein, an alternative calibration
strategy was developed for IGFBP7 quantitation, in which the
native urine-based calibrator CAL1 was value-assigned by an
immunoassay. For all biomarkers, a true zero was obtained by
applying the full sample preparation to a sample containing
only diluent PBS.
Provisional Analytical Validation

The test was evaluated for analytical selectivity, carryover,
matrix effects, linearity, and imprecision. An overview of the
validation strategy, predefined criteria, and performance
characteristics of the multiplex test is given in Table 1. The
final 10-plex test enables the quantitation of NGAL, IGFBP7,
TIMP2, KIM-1, CXCL9, nephrin, and SLC22A2 and the
detection of 279TGF-β1390, cubilin, and uromodulin from
urinary samples.
Analytical Selectivity and Interferences

Analytical selectivity was achieved for NGAL, TIMP2 KIM-1,
IGFBP7, CXCL9, SLC22A2, and uromodulin through
monitoring of the ion ratio, which is the ratio of peak
quantifier to peak qualifier, of two qualifier product ions. The
variance in the ion ratio’s in the SSS was CV < 20% (n = 5) for
NGAL, TIMP2, KIM-1, IGFBP7, CXCL9, SLC22A2, and
uromodulin. For the cubilin, calbindin, 279TGF-β1390, the ion
ratios exceeded the set imprecision of 20%, and these proteins
were considered invalid for quantitation by the multiplex test.
No difference in the qualifier ion ratios in the urine-matrix
based CAL5 compared with the neat SSS were identified (p ≥
0.1), with the exception of one qualifier ratio for peptide
EQAGEPK (cubilin), which may indicate urinary interferences
but can also be explained by the relatively low signal intensity
of cubilin in the native urine sample (Table S4). A minimum of
two proteotypic peptides were included per protein to ensure
selectivity. Except for cubilin, 279TGF-β1390, and calbindin, the
interpeptide comparison resulted in a linear agreement for each
protein (Pearson’s r ≥ 0.991) (Figure S4).
Carryover

There is a risk for sample carryover in continuous-flow LC-
MS/MS measurement systems. In our setup, carryover in the
SSS was <1% for all peptides, with the highest carryover of
0.9% for peptide SYPGLTSYLVR (Table S2). Additionally,
NGAL, IGFBP7, TIMP2, KIM-1, and nephrin were measured
in three urinary samples (low, mid, high concentrations)
according to the EP10 guidelines. All tested analytes passed the
criterion (three times the low-low SD as the error limit),
indicating that the extent of carryover (<1%) did not affect the
quantitation of NGAL, IGFBP7, TIMP2, KIM-1, or nephrin
(results not shown).

Matrix Effects

Urine specimens are highly variable in composition and
concentration, which poses challenges for robust quantitation.
Urine-specimen-dependent matrix effects were minimized by
the introduction of the immunocapture procedure prior to
enzymatic digestion and LC-MRM-MS analysis (Figure 3A).
Post-extraction spiking of the IS in five urinary samples (with
increasing total protein concentration) resulted in an average
absolute matrix effect of 15% compared with the positive
control (IS in mobile phase A). The variation in matrix effects
was <12% for all quantifier peptides, and proteinuria and
hematuria did not affect the extent of ion suppression (Table
S5). In addition, linearity in quantitation was maintained (r >
0.975) when admixing native specimens with low (0.06 g/L)
and high (5.73 g/L) total urinary protein and hematuria
(Figure 3B, Figure S5).

Linearity

The linearity was determined by the admixing of a low native
urine sample pool and a high urine sample pool supplemented
with measurand at the estimated maximal expected concen-
tration per protein. Proportional mixing resulted in linearity
over the expected concentration range for NGAL (862−5862
nmol/L), TIMP2 (157−5157 pmol/L), KIM-1 (29−5029
nmol/L), CXCL9 (2−1002 pmol/L), and SLC22A2 (50−300
pmol/L) (all Pearson’s r ≥ 0.975). A linear measurement
range was obtained for nephrin over 5−1005 pmol/L with a
correlation coefficient of r = 0.824. For IGFBP7, uromodulin,
and cubulin, the linearity was assessed by increasing the urine
sample volume. A correlation in the linear regression was
obtained for IGFBP7 (1−2000 pmol/L, r = 0.998) and
uromodulin (0−6 AU, r = 0.995) but not for 279TGF-β1390 and
cubilin (sigmoidal, r = 0.989) (Figure 3C, Figure S6).

Imprecision

The kidney injury biomarker panel was quantified in five
human urine-based QC samples in five replicates over 5 days,
yielding an overall within-run CVwr of 12.1−18.4% for NGAL,
5.1−11.7% for IGFBP7, 3.9−18.1% for TIMP2, 8.1−15.5% for
KIM-1, 5.8−11.2% for nephrin, 6.8−9.5% for CXCL9, 8.2−
24% for uromodulin, and 16.2−46.8% for SLC22A2 (minimal
and maximal imprecision depending on the concentration
level) (Supplementary Table 6). The total CV (CVtot) of
quantifier peptides calculated over 5 days was 12.8−38.1% for
NGAL, 9.4−17.7% for IGFBP7, 13.3−25.8% for TIMP2,
14.3−32.5% for KIM-1, 14−20.3% for nephrin, 8.6−16.4% for
CXCL9, 23−51.2% for uromodulin, and 45.8−75.6% for
SLC22A2 (Figure 3D, Table S6). The within-run and total
CVs were typically higher for concentrations below the lowest
calibrator, which was the case for SLC22A2 (11 pmol/L, CVwr
= 46.8).

Analysis of Patient Samples

The biomarker panel was piloted among patients with AKI (n
= 20). The proteins NGAL, IGFBP7, TIMP2, KIM-1, CXCL9,
and uromodulin were detectable in urine samples from this
target population, and concentrations were within the linear
range and below the ULoQ. The median biomarker
concentrations were 1820 pmol/L (IQR: 183−11421 pmol/
L) for NGAL, 983 pmol/L (IQR: 340−2168 pmol/L) for
IGFBP7, 314 pmol/L (IQR: 108−1562 pmol/L) for TIMP2,
88 pmol/L (IQR: 27−274 pmol/L) for KIM-1, 6 pmol/L
(IQR: 1−24 pmol/L) for CXCL9, and 0.11 RR/RR CAL1
(IQR: 0.01−1.03 RR/RR CAL1) for uromodulin.
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■ DISCUSSION

Kidney injury is a frequent complication in tertiary care centers
and contributes to patient morbidity and mortality. Insufficient
recovery of kidney function after an AKI episode can progress
to chronic renal dysfunction, including the need for renal
replacement therapy.30 Adequate monitoring of patients at risk
and early intervention could improve clinical outcome. Yet
clinicians are in need of early diagnostic tools that identify
patients with or at risk for progressive kidney injury and
provide information about the kidney pathology.4,5 In our
search for a “troponin” test for kidney injury, a panel of
biomarkers associated with AKI in clinical studies and biology-
driven proteins had to be selected, encompassing the early
injury markers NGAL, IGFBP7, TIMP2, and KIM-1,
inflammation marker CXCL9, fibrosis marker 279TGF-β1390,
and tissue-enriched proteins nephrin (glomerulus), SLC22A2,
cubilin (proximal tubules), calbindin (distal tubules), and
uromodulin (distal tubules and loop of Henle).5

We decided to compose a multiplex test to address each of
the unmet clinical needs in kidney injury. Currently, in vitro
diagnostics tests are available that determine only one or two
proteins in a single test.31−33 For the biomarkers TIMP-2 and
IGFBP7, a diagnostic test with CE (European Conformity)
marking and U.S. Food and Drug Administration (FDA)
clearance is available, the NephroCheck Test, but this test
merely reports the product of the mass concentrations of the
two biomarkers.33 Transference studies should be conducted
for NGAL and uromodulin because single-plex in vitro
diagnostic immunoassay tests are available.34−36 Because a
single and selective kidney injury marker does not exist and
because the clinical performances of emerging uniplex tests like
NGAL demonstrated moderate clinical performance, we
decided to opt for a biomarker panel and to prioritize the
clinical evaluation of the selected multiplexed markers in
translational research studies to eventually address the clinical
need for early and specific kidney injury detection.19

The LC-MRM-MS technology was selected for test
development because it allows for multiplexed testing and
the direct quantitation of the proteotypic peptides, which is
considered the preferred strategy for protein quantitation with
high analytical selectivity.37 The selection of signature peptides
is of utmost importance in protein quantitation by LC-MRM-
MS. Previously, MS-based methods were developed for
uromodulin and NGAL.20,22−24 The study by Hammond et
al. selected STEYGEGYACDTDLR and DWVSVVTPAR, and
Fu et al. included the peptides YFIIQDR, DWVSVVTPAR,
FVGQGGAR, and TLDEYWR for uromodulin quantitation
after a well-designed peptide selection workflow including in
silico and experimental protein digestion.22,23 Here we selected
YFIIQDR as the quantifying peptide and TLDEYWR and
STEYGEGYACDTDLR as the qualifying peptides from 13
identified peptides from a native urine sample pool. In our
hands, these peptides had a stable response after 6 h of
digestion and were highly correlated (r ≥ 0.998). In this study,
the stability of the (SIL−) STEYGEGYACcmDTDLR signal
was relatively poor, and the peptide DWVSVVTPAR was
considered to be an alternative peptide with good signal
intensity, peak shape and peptide agreement. The studies of
Ion et al. and Gilquin et al. described the development of assays
to quantitate NGAL and selected, respectively, SYPGLTSYVR
and SYNVTSVLFR or SYPGLTSYVR and VPLQQNFQDN-
QFQGK for their LC-MRM-MS methods.20,24 Although good

peak intensity and peak shape were obtained for SYNVTSV-
LFR, we did not select this peptide based on the potential site
for N-glycosylation in this peptide.38 In our hands, a robust
performance with the relatively small peptide ITLYGR was
obtained in addition to SYPGLTSYVR and VPLQQNFQD-
NQFQGK. Besides ITLYGR, more short peptides consisting
of five to six amino acids were selected in the LC-MRM-MS
method, namely, IQYEIK (TIMP2), FFACcmIk (TIMP2),
and DLGWK (279TGF-β1390). Even though we checked the
protein uniqueness of these peptides by sequence blasting and
by inspecting previous observations reported in the SRM atlas,
shorter amino acid sequences are more likely to be nonspecific
for the protein of interest. Therefore, IQYEIK, FFACcmIk, and
DLGWK were selected for qualification purposes only, and ion
ratios need to be closely monitored in future studies to identify
potential interreferences. In addition, peptides originating from
the same proteins need to be in agreement to confirm the
analytical selectivity.
The protein quantitation of lower abundant proteins from

urine can be realized only using cleanup procedures, such as
protein enrichment by ultrafiltration,24,39 membrane immobi-
lization,40 chemical precipitation,41,42 peptide enrichment by
solid-phase extraction (SPE),22,23 or stable isotope standards
and capture by anti-peptide antibodies (SISCAPA).43 In this
study, we minimized the urine matrix effects in protein
quantitation by the introduction of an immunocapture step.
We experienced major urine matrix effects when using other
sample preparation strategies for the analysis of urine samples
with wide-ranging protein concentrations. Specifically, the
nonspecific proteolytic activity of endogenous proteases during
incubation at 37 °C, the variable digestion efficiency in urine
samples with high total protein content, and the inconsistent
degree of ion suppression in ESI during the LC-MRM-MS
analysis hampered a robust protein quantitation. In particular,
proteinuria and hematuria can be expected in urinary samples
obtained in the clinical target population. The current sample
preparation strategy is antibody-dependent, which can be
accompanied by increasing costs and potential batch-to-batch
variations. The antibody specificity was considered less critical
for this LC-MRM-MS method compared with immunoassay-
based strategies because the analytical specificity was obtained
by a direct MS read-out of the measurands. The antibody-
based enrichment of target proteins prior to enzymatic
digestion enables the quantitation of lower abundant proteins
and overcomes the specimen-dependent matrix effects.
The provisional analytical validation of the LC-MRM-MS

method demonstrated that the predefined criteria for carry-
over, matrix effects, and linearity were actually met for the
proteins NGAL, TIMP-2, IGFBP7, KIM-1, CXCL9, SLC22A2,
nephrin, and uromodulin. The analytical selectivity in our test
was generally optimal; however, the quantitation of cubilin and
CXCL9 was achieved by only one peptide due to poor qualifier
peptide responses. The achieved average imprecision of 26%
for the quantifier peptides was near the predefined desirable
CV ≤ 25%. We expect that this level of imprecision should not
affect the clinical performance when taking into consideration
the high biological variation of these urinary biomarkers and
the previously observed biomarker fold increases under
pathological conditions.18,19,44 However, it remains to be
evaluated whether this imprecision affects the clinical decision
making or the clinical outcome.16 Automation of the sample
preparation should be considered to improve the test
imprecision and the long-term robustness.25,45 Furthermore,
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the analytical validation needs to be completed by an
examination of the test accuracy by spiking or a measurement
procedure comparison.28,46

In a proof-of-principle study, we showed that the LC-MRM-
MS test enabled the quantitation of kidney injury biomarkers
from patient samples. The value in terms of the clinical and
cost effectiveness of this kidney injury panel has to be proven
in randomized clinical trials; however, it is anticipated that this
multiplex protein test will enable the early detection of kidney
injury prior to progression into a full kidney insult. New
treatment regimens and clinical guidelines should then be
developed to prevent chronic kidney disease progression. In
addition to the well-studied early kidney injury biomarkers,
inflammation, fibrosis, and kidney-tissue-enriched proteins
have been added to the biomarker panel to study the potential
etiology underlying the encountered kidney injury. We believe
that this multiplex urinary protein test will enable a molecular
and refined definition of kidney injury, contributing to
personalized protocols for the prevention of and timely
intervention in acute and chronic kidney damage.
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