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Abstract

Oligosaccharidoses, sphingolipidoses and mucolipidoses are lysosomal storage
disorders (LSDs) in which defective breakdown of glycan-side chains of glyco-
sylated proteins and glycolipids leads to the accumulation of incompletely
degraded oligosaccharides within lysosomes. In metabolic laboratories, these
disorders are commonly diagnosed by thin-layer chromatography (TLC) but
more recently also mass spectrometry-based approaches have been published.
To expand the possibilities to screen for these diseases, we developed an ultra-
high-performance liquid chromatography (UHPLC) with a high-resolution
accurate mass (HRAM) mass spectrometry (MS) screening platform, together
with an open-source iterative bioinformatics pipeline. This pipeline generates
comprehensive biomarker profiles and allows for extensive quality control
(QC) monitoring. Using this platform, we were able to identify a-mannosido-
sis, B-mannosidosis, a-N-acetylgalactosaminidase deficiency, sialidosis, galacto-
sialidosis, fucosidosis, aspartylglucosaminuria, GM1 gangliosidosis, GM2
gangliosidosis (M. Sandhoff) and mucolipidosis II/III in patient samples. Aber-
rant urinary oligosaccharide excretions were also detected for other disorders,
including NGLY1 congenital disorder of deglycosylation, sialic acid storage dis-
ease, MPS type IV B and GSD II (Pompe disease). For the latter disorder, we
identified heptahexose (Hex7), as a potential urinary biomarker, in addition to
glucose tetrasaccharide (Glc4), for the diagnosis and monitoring of young
onset cases of Pompe disease. Occasionally, so-called “neonate” biomarker pro-
files were observed in young patients, which were probably due to nutrition.
Our UHPLC/HRAM-MS screening platform can easily be adopted in biochem-
ical laboratories and allows for simple and robust screening and straightfor-
ward interpretation of the screening results to detect disorders in which
aberrant oligosaccharides accumulate.
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1 | INTRODUCTION

Oligosaccharidoses are lysosomal storage disorders
(LSDs), which are characterized by the accumulation of
carbohydrate side chains of glycosylated proteins and gly-
colipids due to defects in enzymes involved in the
sequential breakdown of oligosaccharides." As a group,
they share common clinical features, for example, mental
retardation, coarse facial features, and organomegaly, but
depending on the type of glycan storage material various
disease-specific clinical manifestations are present.” An
overview of LSDs in which anomalous glycans accumu-
late is given in Table 1, together with corresponding
defective enzymes and distinct storage material.

The most commonly used qualitative screening method
for oligosaccharidoses is one-dimensional thin-layer chroma-
tography (TLC) by which urinary oligosaccharides are sepa-
rated on silica gel plates and visualized by sulfuric orcinol
staining.® Free sialic acids or sialyloligosaccharides can be
visualized by using resorcinol reagent* and oligosaccharides
containing amino acids by ninhydrin staining.” Although
TLC is relatively inexpensive and easy to perform, interpre-
tation of the results poses several challenges due to
(i) limited chromatographic resolution, (ii) age-, drug- and
nutrition-induced artifacts, and (iii) the required experience
with respect to a correct interpretation of complex patterns.®
Indeed, European Research Network for evaluation and
improvement of screening, Diagnosis and treatment of
Inherited disorders of Metabolism (ERNDIM) diagnostic
proficiency testing of oligosaccharidurias revealed relatively
low proficiency of participating centers underscoring its
diagnostic challenges.”

Recently developed novel mass spectrometry (MS)-based
methods largely overcome these analytical and interpretative
difficulties with (i) electrospray ionization (ESI)-MS coupled
to (ultra)-high-performance liquid chromatography (HPLC)
and (ii) matrix-assisted laser desorption/ionization (MALDI)
coupled to time-of-flight (TOF) MS being adopted in diag-
nostic biochemical laboratories, often in conjunction with
glycan derivatization prior to analysis (see Table S1).® In the
last decade, the first few tandem-MS screening methods that
do not require derivatization for the detection of oligosac-
charidurias have been reported.

The first structural characterization of underivatized uri-
nary oligosaccharides was performed by MALDI-TOF/TOF in
both positive ion mode (complex oligosaccharides and glycoa-
mino acids) and negative ion mode (sialylated oligosaccha-
rides).” This approach was subsequently adapted into a

qualitative LC/MS/MS method in which the application of
disorder-specific multiple reaction monitoring (MRM)
expanded the number of detectable urinary oligosacchari-
doses.'® An additional novel UHPLC-MS/MS method adopted
these MRM transitions with the inclusion of the negative
MRM transition of glucose tetrasaccharide (Glc4)."" Similarly
to these three approaches, a LC-MS/MS glycomic profiling
method was published'® in which all of the previously pub-
lished oligosaccharidoses could be detected'®'>'* but also
NGLY1 deficiency and several mucopolysaccharidoses (MPS).

Here, we describe a highly sensitive ultra-high-
performance liquid chromatography/high-resolution accu-
rate mass (UHPLC/HRAM) mass spectrometry method for
the rapid screening of LSDs in which oligosaccharides accu-
mulate in underivatized urine samples. We adapted previ-
ously published biomarkers™'® and developed a negative-
ESI MS screening method, together with a novel intuitive
automated analysis pipeline that (i) calculates biomarker-
specific semi-quantitative concentrations, (ii) establishes
Z-scores for individual components corrected by age using
reference samples, (iii) generates Z-score plots of all
biomarkers accompanied by disease-specific values, and
(iv) enables extensive batch-specific quality control (QC)
monitoring, which allows for fast, intuitive, and reliable
interpretation of the screening results.

2 | MATERIALS AND METHODS

2.1 | Reagents and materials

Ammonium acetate (>98% purity) and acarbose (>95%
purity) were purchased from Sigma-Aldrich. Ammonium
hydroxide solution p.a. was obtained from Honeywell,
UPLC water (ULC-MS grade) from Biosolve and acetoni-
trile (hypergrade) from Merck. N-acetyl-p-[1,2,3->C;] neur-
aminic acid (**C;-NANA) and hexaacetyl-chitohexaose
were purchased from Omicron Biochemicals Inc. and
Neogen, respectively. The ACQUITY UPLC BEH Amide
Column, 130 A, 1.7 pm, 2.1 mm x 50 mm and ACQUITY
UPLC BEH Amide VanGuard Pre-column, 130 A, 1.7 pm,
2.1 mm x 5 mm were purchased from Waters.

2.2 | Patient material

Urine samples were obtained from patients of which
diagnoses were previously confirmed by TLC or NANA
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measurement, as well as enzyme and/or genetic testing. The
urine of individuals who screened negative for inborn errors
of metabolism (residual material) were included as normal
control samples in this study. In agreement with national leg-
islation and institutional guidelines, patients or their guard-
ians approved the possible anonymous use of the remainder
of their (pseudonymized) samples for method validation pur-
poses. All procedures followed were in accordance with the
ethical standards of the responsible committee on human
experimentation (institutional and national) and with the
Helsinki Declaration of 1975, as revised in 2000.

2.3 | Sample preparation

Urine samples were thawed in a water bath at 37°C. Next,
30 pL of each sample was transferred into an Eppendorf
tube and combined with 270 pL of internal standard solu-
tion (20 pmol/L; *C5-NANA, acarbose, and hexaacetyl-
chitohexaose in water). These samples were briefly vortexed
and centrifuged at 13 000 rpm for 5 min. Following centri-
fugation, 100 pL supernatant of each sample was trans-
ferred into a 2 mL glass vial with an insert for analysis.

2.4 | Ultra-high-performance liquid
chromatography

Chromatographic separation of analytes in diagnostic, posi-
tive and negative quality control (QC) samples was
achieved by injection of 2.5 pL sample onto the ACQUITY
UPLC BEH Amide Column. Prior to injection, the needle
was rinsed using 10:90 water/acetonitrile +0.1% (v/v)
ammonium hydroxide solution to ensure optimal chro-
matographic peak shape and retention time for N-acetyl
neuraminic acid (analyte) and °C5-NANA (internal stan-
dard). Chromatographic elution was achieved under gradi-
ent conditions between buffer A (5 mM ammonium acetate
10:90 water/acetonitrile + 0.1% ammonium hydroxide) and
buffer B (5 mM ammonium acetate 70:30 water/acet-
onitrile + 0.1% (v/v) ammonium hydroxide; pH 9). Elution
started with 99% buffer A, followed by a linear decrease to
50% (0-1.5 min) and 50%-5% (2.5-4.0 min). This condition
was maintained for 2 min before returning to the starting
composition. The temperature of the column was 40°C
with a flow rate of 0.45 mL/min.

2.5 | HRAM mass spectrometry analysis
and quantification

HRAM mass spectrometry analysis was performed using
the Q Exactive Plus Hybrid Quadrupole-Orbitrap mass

spectrometer (Thermo Fisher), which was operated
with a spray voltage of 3.50 kV in negative ionization
mode with a resolution of 70 000 (m/Am, FWHM @
200 m/z) and a maximum injection time of 200 ms.
The sheath gas flow rate and auxiliary gas rate were
set at 40 and 15 arbitrary units, respectively, with
nitrogen gas. The capillary and auxiliary gas heater
temperatures were 350 and 250°C, respectively. The
S-lens value was set at 80. Oligosaccharide components
were detected in full scan mode with a mass range of
150-2000 m/z. Before each run, a mass calibration was
performed instead of using a lock mass for the analy-
sis. Quantification of the components was achieved
within a mass accuracy of 5 ppm.

2.6 | Bioinformatics pipeline and
statistical analysis

Analysis of raw data was performed using TraceFinder
software (Thermo Fisher Scientific). The concentration of
each component was calculated semi-quantitatively:
(peak area analyte/peak area internal standard) x [inter-
nal standard]. For each component of interest, one of the
three internal standards was used to estimate the semi-
quantitative concentration (acarbose for components
<800 m/z and hexaacetyl-chitohexaose for components
>800 m/z). NANA was reported quantitatively using
13C;-NANA as an internal standard.

Statistical analysis and data visualization were per-
formed using our open-source analysis pipeline that con-
sists of the following steps:

1. The semi-quantitative concentration of each compo-
nent was normalized to the creatinine concentration,
obtained by a separate quantitative measurement
(Roche Modular P), to obtain values in mmol/mol
creatinine.

2. Results obtained from multiple samples across different
experimental runs (i.e., batches) were merged to obtain
a large dataset for the determination of (age dependent)
reference values for individual components.

3. For each patient and component (Steps 1 and 2),
a Z-score was determined using two possible
approaches:

a. Fixed: For components having <100 non-zero mea-
surements, the mean and standard deviation was
taken from all measurements (including measure-
ments that are equal to zero). Subsequently, the
Z-score was obtained by subtracting the mean and
dividing it by the standard deviation.

b. Regression: For components having more
than 100 non-zero measurements, we used the
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following (polynomial) regression model that cor-
rects for age:

~ ~Intercept 3 ~Age/ Age\P o~
TRV DH/A Cog I T

where y; is the estimated mean for sample i.
~Intercept” | . . ~Age

is the intercept coefficient, and f,” 's are
the slopes for each polynomial term. xf‘ge indicates
the age of sample i and €; being the error term. Ordi-
nary least square estimation was used to fit the
model parameters. The standard deviation was deter-
mined from a more extensive procedure, details of
which can be found in the study by Bongaerts
et al."”” The obtained mean and standard deviation
from the fitted model was used to calculate the Z-
scores for each sample and compound for the ana-
lyzed batch. Prior to fitting the model parameters
values in the reference batches with |Z-score|>3
were removed. Note that the latter Z-scores were
determined from the mean and standard deviation
calculated from all reference samples.

4. QC criteria were monitored for each batch run. The IS
and the QC samples had to meet the following four
requirements:

a. An intrabatch coefficient of variation (CV) < 60%
for the IS.

b. Z-scores of IS peak areas (mean per batch across
all batches) < 3 standard deviations (SD).

c. 2<|Z| < 3 for Z-scores of IS peak areas was not
allowed to occur in more than two successive
batches.

d. Expected biomarkers had to be detected in the pos-
itive quality control samples.

If the QC did not meet these requirements, the
batch run was rejected and needed to be analyzed
again. If accepted, additional QC plots were gener-
ated for monitoring of additional QC parameters,
for example, trend analyses of the measurements

5. The Z-scores were plotted together with disease-
associated Z-scores obtained from confirmed inherited
metabolic disease (IMD) patients that served as dis-
ease reference values.

2.7 | Availability of the analysis pipeline
All resources and code to run our UHPLC/HRAM MS
screening pipeline are available on GitHub repository:
https://github.com/mbongaerts/OLIGO_pipeline

3 | RESULTS

3.1 | Development of an UHPLC/HRAM
MS processing method

To develop a semi-quantitative UHPLC/HRAM MS
screening platform, we curated mass-to-charge (m/z)
ratios of previously published biomarkers (see Table S1).
Chromatographic separation of underivatized (pathologi-
cal) glycans in urine samples was established by hydro-
philic interaction liquid chromatography (HILIC), which
allowed for the identification of disease-specific elution
peaks with sufficient resolution for incorporation into a
single 4-minute chromatographic run. We optimized
chromatography and MS to detect all oligosaccharides in
the negative ionization mode only. An overview of the
analytical parameters that were implemented in our
HRAM-MS screening platform is provided in Table 2.

3.2 | Open-source diagnostic workflow
and analysis pipeline

We developed an open source analysis workflow of which
a schematic overview is given in Figure 1. (Age)-
dependent Z-scores of all the biomarkers in both patient
and positive QC samples were calculated using (previ-
ously) marked reference batch files, that is, a reference
population consisting of non-IMD patient measurements
(see Section 2 for decision criteria, Figure S1 for examples
of reference populations and Supplementary Table S2 for
the composition of the positive QC samples). In parallel,
extensive quality control (QC) parameters were being
monitored of which graphical output files are generated
(see Figure S2). Trend analysis was performed by moni-
toring the interassay variation of the IS peak areas (see
Figure S2a). Importantly, data processing by our analysis
pipeline is an iterative procedure, which allows for opti-
mization and refinement of the normal control and
patient reference datasets, resulting in more accurate
diagnostics over time.

3.3 | UHPLC/HRAM MS screening
pipeline validation

We validated our analysis workflow by investigation of
urine samples from known patients diagnosed with
fucosidosis (n = 4), GM1 gangliosidosis (n = 9), GM2 gang-
liosidosis (n = 8), NAGA deficiency (n = 3), aspartylglucosa-
minuria (n = 4), a-mannosidosis (n = 8), f-mannosidosis
(n = 4), sialidosis (n = 6), galactosialidosis (n = 3), mucolipi-
dosis (ML) type II/III (n = 10), and sialic acid storage disease
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(n = 11), together with normal control urine samples
(n = 121) of patients who were not diagnosed with an IMD.
An overview of the results is given in Figure 2 and
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Load new batch
for analysis

= Quantification of components:
= Patient samples
= Positive control samples (QC)

Load reference
batches

= Quantification of components:
= Non-IMD patient samples
= Oligosaccharidosis samples

“ |

Z-score calculations
# non-zero data points > 100

3
Pre-processing
= Normalization by [creatinine] 5 .
= Couple age to samples — QC analySIS
1) Intra-batch CV < 60% for IS
l 2) Z-scores IS peak areas < 3
4 3) 2<|Z| <3 forlS in max. 2 batches

Positive control samples

. .

Optional: make batch a reference batch

FIGURE 1

l l PASSED FAILED
YES NO l
regression fixed 6
model approach DISCARD
l l BATCH

Z-score plots

Overview of the bioinformatics pipeline. The batch file obtained from the mass spectrometer raw data processing software

(Tracefinder) is loaded into the pipeline for analysis (Step 1). In parallel, (previously marked) reference batches with (semi)-quantified
components of (non)-IMD patient samples and QC samples are loaded into the pipeline as well (Step 2). Subsequently, these batch files are
preprocessed (Step 3), followed by calculation of the Z-scores for each individual component (either using a regression model or a “fixed”
approach; Step 4). Simultaneously, QC is performed using internal standard (IS) and positive control samples (Step 5). If the QC fails, the
batch will be discarded and the experiment has to be repeated (Step 6) but if it passes the QC requirements Z-score plots will be generated
(Step 7). The analyzed batch file can subsequently be marked as a reference batch for future analyses.

SD = 17) for QC samples containing 79 pmoL/L or
206 pmoL/L NANA, respectively.

We investigated the excretion of NANA in patient
samples with Salla disease and infantile sialic acid stor-
age disease (ISSD). In the 2021 and 2022 ERNDIM
“Special Assays in Urine” surveys all our sialic acid
results had Z-scores <2 (interlaboratory variation). Age-
matched Z-scores were ranging from 4 to 24 in these
samples with urinary excretions ranging from 62 to
412 pmol/mol creatinine. In several of these samples,
GlcNAc-Man-Man-GlcNAc-Gal-NANA  (1200_(galacto)
sia) excretion was also detected with similar Z-scores as
NANA. Although, in two of the patient samples, various
nonclustered oligosaccharide species were detected these
did not interfere with the analysis.

Taken together, disease-specific urinary biomarker
profiles were identified by our screening approach,
which function as a visual reference set and provide
assistance for the interpretation of the Z-score plots gen-
erated by the analysis pipeline (an example is given in
Figure 3).

3.4 | Detection of MPS type IV B and
NGLY-1 deficiency

Increased excretion of GM1 gangliosidosis markers was
detected in three urine samples from mild MPS IV B patients
but not in any of the other MPS samples (see Figure S4). This
makes sense as both GM1 gangliosidosis and MPS IV B are
caused by a deficiency in p-galactosidase (GLB1). Component
GIcNAc-Man2-GlcNAc-Gal (909_GM1) was the only bio-
marker elevated in all MPS IV B samples with variable
expression of the other GM1 gangliosidosis markers. GIcNAc-
Man3-GlcNAc-Man2 (1274_GM1) and GIcNAc-Man(-Man-
GIcNAc-Gal)-Man-GlcNAc-Gal (1472_GM1) were absent in
the three MPS IV B samples. The differences between GM1
gangliosidosis and MPS IV B may be due to high residual
[-galactosidase activity in MPS IV B compared to low activity
in GM1 gangliosidosis or changed specificity of mutated
GLB1 for protein- or glycolipid-derived oligosaccharides.
Additionally, we investigated oligosaccharide patterns
in other MPS samples (n = 24). We observed increased
excretion of sialyl-oligosaccharide markers in MPS I,
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GSDII (n=18)
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Z-score plots of all diseases included in this study. Oligosaccharide-specific metabolic profiles in samples of known patients

diagnosed with the disorders as indicated in the figure are depicted. Dots represent Z-scores of disease-specific biomarkers of individual
patients. Secondary markers are indicated by the affix sec. AGU, apartylglucosaminuria; GM1, GM1 gangliosidosis; GM2, GM2
gangliosidosis; a-NAGA, a-N-acetylgalactosaminidase deficiency; GSD II, glycogen storage disease 2 (Pompe disease).

MPS II, MPS III A, MPS IV A, MPS VI, and MPS VII sam-
ples (see Figure S4). Detection of these markers alone
does not allow for MPS identification as they were also
present at high levels in other diseases. No other abnor-
mal oligosaccharide excretions were detected for the MPS
subtypes investigated in this study.

Urine samples of patients suffering from the congeni-
tal disorder of deglycosylation (CDDG) N-glycanase
1 deficiency (NGLY-1)*° were investigated as well. As can
be seen in the representative Z-score plot depicted in
Figure S5, analysis of NGLY-1 samples (n = 2) revealed
moderately elevated Z-scores of all aspartylglucosami-
nuria biomarkers. As these markers as a group were not
elevated to the same extent as observed in aspartylgluco-
saminuria samples, our screening platform allows for the
detection of NGLY-1 deficiency.

3.5 | GSD2 patients excrete elevated
levels of urinary Hex7

Individuals affected with GSD type II (M. Pompe)
excrete, among other oligosaccharides, elevated levels of
tetrasaccharide 6-a-p-glucopyranosyl-maltotriose (Glc4)
in urine, which serves as a biomarker for disease and
therapy monitoring despite not being specific for this
disease.”’** We investigated whether urinary Glc4 and
other previously published aberrant glycogen breakdown
products,”*>*’ were detectable in Pompe disease
samples (n = 18). As can be seen in Figure S6a, elevated
urinary excretion of Glc4 (range 7-136 mmol/mol
creatinine) and Hex7 (range 5-61 mmol/mol creatinine)
was detected in all samples, except for one (from a
13-year-old patient) that demonstrated elevated Hex7 but
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FIGURE 3 Representative Z-score plot of an a-mannosidosis patient. Z-scores of the disease-specific biomarkers in the patient sample
under investigation were calculated using the analysis pipeline and depicted as squares. Pathological disease-specific reference values of
multiple known patients suffering from the indicated diseases are depicted as dots. All of the a-mannosidosis biomarkers in the urine sample
of the patient under investigation are elevated and in the disease range. Semi-quantitative concentrations of each component are listed next

to the graph, together with the model utilized to calculate the Z-scores.

normal Glc4 excretion. Hex6 urinary excretion (range
3-49 mmol/mol creatinine) was elevated in 14 out of
18 patient samples (Z-score >1). The absolute concentra-
tion of Glc4 was the highest, when compared to Hex6
and Hex7, with corresponding median normal control
sample concentrations being lower (Figure S6b).
Although absolute Glc4 concentrations were higher than
Hex7, the corresponding median Z-score values were
18, 9, and 4 for Hex7, Glc4, and Hex6, respectively.
During routine use of the test, median values obtained
with undiagnosed patient samples (n = 1916, >31 days of
age) were similar to the reference control data set but, as

expected, more outliers were observed with the larger
data set (Figure S6b).

Next, we generated receiver operating characteristic
(ROC) curves to examine the predictive potential of these
biomarkers for Pompe disease (see Figure S6c). Calcula-
tions of the area under the curve (AUC) of the ROC
curves of Hex7 and Glc4 compared to the control sam-
ples, revealed both markers excellent accuracy with
AUCs of 0.995 and 0.987, respectively. A moderate
increase in specificity and sensitivity for the Hex7 marker
compared to Glc4 was observed. Hex6 accuracy was the
lowest when compared to Hex7 and Glc4 and as such
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designated as a secondary marker. Similar results were
obtained for Pompe samples versus undiagnosed patient
samples with AUCs of 0.981, 0.973, and 0.921 for Hex7,
Glc4, and Hex6, respectively. The optimal Z-score cut-off
values (the point on the ROC curve closest to the (0,1)
point) for Glc4 and Hex7 were 3.10 and 3.59 when using
undiagnosed patients as a reference, respectively (see
Figure S6c). Taken together, these results suggested that
Hex7 might be a potential novel biomarker, slightly out-
performing Glc4, for the diagnosis and monitoring of
Pompe disease.

3.6 | Routine diagnostics; sensitivity and
specificity of the screening platform

Since the implementation of the oligosaccharidoses screen-
ing platform, a total of 2277 analyses have been performed.
In line with expectations, the majority (94.2%) of these ana-
lyses demonstrated normal oligosaccharide excretion pat-
terns. This allowed for (rapid) expansion of the reference
batch datasets and improvement of the sensitivity of the
method. In 3.5% of the cases, results were not conclusive
calling for additional testing or a repeat sample for analysis.
This results in a specificity of 96.5% on a group level for our
screening method. Reasons for re-analysis were due to ele-
vated sialic acid, elevated Glc4-Glc7 markers or patterns
with multiple elevated markers of one or more oligosac-
charidoses. The latter typically consisted of nonspecific oli-
gosaccharide profiles in neonates in which sialyllactose
(a “breastfeeding marker”) was generally also elevated. A
representative Z-score plot of such a “neonate” profile is
presented in Figure S7. The remaining abnormal profiles
(22%) included newly diagnosed oligosaccharidosis
patients, samples from previously diagnosed patients inves-
tigated during regular follow-up or samples related to exter-
nal quality assurance programs (ERNDIM diagnostic
proficiency testing in urine [DPT] schemes). In 24 patients
diagnosed with IEM other than oligosaccharidoses or MPS
(including aminoacidopathies, organic acidurias, and
purine-pyrimidine defects) oligosaccharide patterns were
normal. Until now, a total of 19 oligosaccharidoses have
been detected and/or confirmed in urine samples of both
newly identified (n = 5) and previously known patients
(n = 14). Importantly, to date, no false-negative results have
become apparent during the application of our screening
platform (that is, sensitivity of 100%).

4 | DISCUSSION

We describe a unique UHPLC/HRAM mass spectrometry
screening platform, which includes a novel intuitive

bioinformatics analysis pipeline, for screening of patho-
logical urinary oligosaccharides. This screening approach
was able to identify oligosaccharidoses, sphingolipidoses,
mucolipidoses, other LSDs, and NGLY1 deficiency. Inves-
tigation of samples from patients with Pompe disease
resulted in the identification of a potential biomarker, a
heptaglucoside (Glc7), for diagnosis and monitoring of
this disease.

Despite several disadvantages, the most commonly
used method to detect (pathological) urinary glycan
excretions for screening of oligosaccharidoses is TLC.”™
To overcome these difficulties MS-based approaches have
recently been developed (see Table 1). A few of these
methods did not require oligosaccharide derivatization
prior to analysis, initially reported in the pivotal papers
of Bonesso et al.” and Piraud et al.,'* followed by two
other recent publications.'"'*> All these methods were
able to successfully identify oligosaccharidoses (and other
LSDs) in patient material and are, regardless of the uti-
lized approach, adequate screening tools. Several differ-
ences are worth mentioning when compared to our
approach.

We developed a negative-ESI MS screening method,
whereas other methodologies applied polarity switching
during data acquisition. Transitioning between positive and
negative ionization modes might result in less data points
per peak potentially leading to decreased sensitivity. Addi-
tionally, we utilized three internal standards in each run
while others only used one (Glc7; maltoheptaose)'®™ or
none."? Usage of multiple IS generally increases accuracy
and, importantly, allowed for quantitative analysis of NANA
(others reported qualitative values). Also, all three IS in our
method are monitored over time for QC purposes. The lack
of appropriate (isotope labeled) internal standards for each
analyte is a limitation and results in the inability to quantify
the oligosaccharide biomarkers. The use of compounds that
are normally not present in urine (e.g., acarbose) as internal
standards allow for semi-quantification, that is, estimation
of the approximate concentration of the analytes. Instead of
utilizing tandem-MS,'*"* we developed our screening plat-
form around HRAM-MS technology. A major advantage of
this technique is that it has a higher mass range of m/z 2000
and enables the analysis of large complete molecules. When
compared with tandem-MS (using multiple reaction moni-
toring; MRM), HRAM-MS acquires data in full-scan mode,
which in addition to the targeted analysis allows for retro-
spective analysis of new targets or unknown compounds.
Finally, not all of the disease-specific biomarkers adapted
from the literature were consistently elevated in all corre-
sponding patient samples using our HRAM-MS screening
approach, that is, components 366_fuco, 747_GM2,
783_GM2 and 989_Hex6 (see Figure 2 and Figure S6). As
such, these markers were designated as secondary markers
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of which elevated levels are not required but can assist in
diagnosing a potential LSD. The remaining disease-specific
markers were designated as primary biomarkers as these
were consistently elevated in all matching patient samples
and are required to be elevated as a group for diagnosis of
the specific disease.

Occasionally, inconclusive biomarker profiles were
obtained in samples from (very) young patients. In such
profiles, variable subsets of biomarkers were elevated,
sometimes even to the same extent as observed in known
patient samples. In particular, the (galacto)sialidosis
markers were often elevated in neonate profiles and
required further investigation to exclude (galacto)sialido-
sis. We hypothesize that this interference is related to the
young age and nutritional status of the patient. As such,
sialyllactose excretion (a nutritional marker for breast-
feeding®) could aid in the interpretation of such incon-
clusive biomarker profiles.

Piraud et al.’ noticed a moderate unspecific increase
of galactosyl oligosaccharides in sialidosis samples, which
we did not detect with our assay possibly due to the high
specificity of our HRAM system. The nonspecific mixed
mannosyl- and galactosyl-oligosaccharide patterns in ML
II and ML III urine samples have been previously
reported.’’ We were able to detect ML II/III by concur-
rent increased levels of sialyl-oligosaccharide biomarkers
but were unable to discriminate between ML II or ML
III. Mak and Cowan,'” however, recently published
markers, which allows for the identification of each type.
Others were able to discriminate between infantile and
late-onset forms of sialidosis, GM1 gangliosidosis, and
Sandhoff disease. Unfortunately, the disease severity of
the patients we investigated was unknown, but we
believe that our screening platform can distinguish
between these forms as well.

We found similarly to Piraud et al.'® that the sialyl-
oligosaccharide biomarkers were not disease-specific (see
Figure S3). Although the exact reason for this observation
is unknown, we speculate that these markers were elevated
because the lysosomal multienzyme complex, consisting of
neuraminidase, p-galactosidase, and protective protein/
cathepsin, might be sensitive to disturbances of lysosomal
functioning and may lead to secondary storage of sialyl-oli-
gosaccharides. Hence, when exclusively elevated Z-scores
of sialyl-oligosaccharide species are observed for these LSDs
additional metabolic, enzymatic, or genetic investigations
should be considered.

A unique element in our method is the bioinformatics
data processing pipeline to assist in data interpretation
and extensive QC monitoring (see Figure 1). It can easily
be modified to specific user needs, for example, adding
newly discovered biomarkers or adjusting QC-specific
parameters. We designed our pipeline to operate in an

iterative way that refines and optimizes (age dependent)
reference range and pathological values for each bio-
marker over time. This hardly requires user training and
can be achieved by simply designating batch runs with
normal oligosaccharide excretion profiles as reference
batches and aberrant profiles as being disease-specific. As
it is known that glycan excretions decrease with age and
concentrations can be high in infants and as such the
analysis will become more accurate over time, which is a
major advantage of our screening pipeline.

The final output file generated by our analysis pipe-
line is a graphical overview of disease-specific Z-scores
grouped accordingly, color-coded, and plotted together
with disease-specific pathological values for individual
patient samples. This allows for fast and intuitive inter-
pretation of comprehensive biomarker profiles, which
is in contrast to previously published complex large
data tables, profiles, and heatmaps.'®** As not all bio-
markers are exclusively elevated in a particular storage
disorder, interpretation of patterns of aberrant oligosac-
charide markers is essential and greatly benefits from
our data visualization approach. Whereas others
reported their results as multiple of the median
(MoM)'>!* we favor usage of Z-scores as this takes the
population spread into consideration, which is not cov-
ered when using MoM, and in our opinion produces
more reliable results.

Importantly, the data processing and visualization
pipeline are not exclusively confined to data generated by
a UHPLC-HRAM MS but can also be utilized for data
obtained by other MS systems as long as the data output
file has the same format as the accompanying online
demo output file (see our GitHub repository for more
details).

Investigation of urinary excretions in samples of
patients with Pompe disease demonstrated, similar to
previous publications,***>"*’ elevated Glc4 excretions but
also of Hex7 and to a lesser extent of Hex6 (see
Figure S6). Only the Glc4 biomarker was investigated in
the previously discussed screening methods for the detec-
tion of GSD II. Although Piraud et al.'"® mentioned that
Glc7 urinary excretion in the absence of the IS maltohep-
taose was increased in GSDII (and GSD III) samples, no
data were presented. Others reported that these larger
urinary oligosaccharides were considerably less excreted
than Glc4 in patient samples but substantially increased
when compared to normal control samples,*>*® which is
in agreement with our observations. Until now, the defin-
itive structure of Hex7 has not been elucidated, but it
seems likely that it will be a branched glucoside similar
to Glc4.

Interestingly, Z-scores of Hex7 in our study were
clearly higher than Glc4 and Hex6, suggesting that Hex7
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might be a potential novel biomarker for the diagnosis
and monitoring of Pompe disease (underscored by our
ROC curve analyses). Hex7 could serve as a secondary
biomarker, in addition to Glc4, for the potential identifi-
cation of patients that otherwise might have been missed
by solely investigating Glc4 excretions. However, the
majority of Pompe samples investigated in our study
were young-onset cases with only two patients with later-
onset (>10 years) forms of the disease. As such, we can-
not exclude that adult-onset Pompe patients may be
missed by our screening method, which also occurs fre-
quently in TLC investigations. Nonetheless, several other
diseases exist in which Glc4 is elevated, for example, sev-
eral GSDs'™ and autophagy-related disorders,"' where
Hex7 excretion in conjunction with Glc4 might assist in
the correct diagnosis of these disorders as exemplified by
the GSD VI patients detected by our screening method.
Additional research is required to explore the potential
use of Hex7 as a novel biomarker for Pompe disease and
various GSDs.

In conclusion, we developed a UHPLC/HRAM-MS
screening platform with a bioinformatics analysis pipeline
that allows for straightforward screening of oligosacchari-
doses, as exemplified by five newly diagnosed patients. Our
screening approach may also serve as a valuable tool, in
addition to specific enzyme testing, for elucidating the clini-
cal importance of variants of unknown significance (VUS)
in genes encoding for proteins involved in oligosaccharide
degradation.
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