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1 | INTRODUCTION

Glucose transporter type 1 deficiency syndrome (GLUT1DS)
is an inborn error of metabolism (IEM), first documented in
1991." As glucose transport into the brain depends on
GLUT1,” a defect of this transporter results in a chronic
shortage of glucose in the brain. Classically, GLUTIDS is
characterized by an infantile-onset encephalopathy with
intellectual disability, movement disorders, and drug-resistant
epilepsy.** Nowadays, many patients have been recognized
who suffer from only one or two of these core features, some-
times with onset as late as in adulthood.>”*> The transporter
defect leads to low cerebrospinal fluid (CSF) concentrations
of glucose and lactate, in the context of normoglycaemia."*
The first-line treatment of GLUT1DS is ketogenic diet ther-
apy (KDT), which provides the brain with alternative energy
sources.* For unknown reasons, however, not all patients
respond to KDT,® and existing cognitive defects generally
remain present despite adequate seizure control.

The SLC2A1 gene encodes GLUT1, and heterozygous
variants of this gene can be demonstrated in most
patients.>* Of note, CSF glucose and lactate and the
CSF/blood glucose ratio can be used for diagnosis, but may
be close to or within reference ranges, especially in mild
cases.”™’ Since erythrocytes also use GLUTI as the major
glucose transporter, techniques that quantify the amount of
GLUTI protein on the erythrocyte surface® or measure its
transmembrane transport capacity’ may be of additional
diagnostic use. These techniques, however, face pre-
analytical challenges and do not provide information about
the consequences of the defect on the brain.

Next-generation metabolic screening (NGMS) is a
reversed-phase liquid chromatography-mass spectrometry
(RPLC-MS)-based untargeted metabolomics approach,
which is used for diagnostic screening of TEMs.'”'" We
applied NGMS to CSF of GLUTI1DS patients to investigate
its potential as a functional test for this diagnosis, with the

al-3-xylose-al-3-glucose may originate from glycosylated proteins; their
decreased levels are hypothetically the consequence of insufficient glucose,
one of two substrates for O-glucosylation. Since many proteins are O-glucosy-
lated, this deficiency may affect cellular processes and thus contribute to
GLUTI1DS pathophysiology. The novel CSF biomarkers have the potential to
improve the biochemical diagnosis of GLUT1DS. Our findings imply that brain
glucose deficiency in GLUT1DS may cause disruptions at the cellular level that
go beyond energy metabolism, underlining the importance of developing treat-

ment strategies that directly target cerebral glucose uptake.

next-generation metabolic screening, O-glucosylation, oligosaccharides, SLC2A1, untargeted

aim to increase diagnostic accuracy. The untargeted nature
of NGMS offers the possibility to expand the GLUT1DS
CSF profile beyond glucose and lactate, thereby increasing
our biochemical understanding of the underlying disease
mechanisms and guiding therapy development.

2 | METHODS

2.1 | Sample selection

CSF samples from patients with GLUT1DS were retrospec-
tively included when at least two of the three following cri-
teria were met: (1) classical phenotype, (2) typical CSF profile
of GLUTIDS,” and (3) a pathogenic SLC2A1 variant. This
resulted in a selection of samples from 12 patients, aged 1-
20 years at time of sample collection (Table 1). For controls,
we used the CSF samples from our previously described con-
trol cohort (aged 0-15 years; n = 87),"" extended with sam-
ples from patients with other neurometabolic diseases (aged
0-13 years; n = 29). First, we studied a “discovery cohort” of
eight patients with GLUT1DS (Patients 1-8) and 15 (out of
the 116) age-matched controls in one single experiment. At
later timepoints, CSF samples from the “validation cohort” of
four additional GLUTIDS patients (Patients 9-12) and the
remaining controls were measured in five different runs.

The study was conducted in accordance with the Dec-
laration of Helsinki. All patients (or their guardians)
approved of the use of their left-over samples for method
validation purposes (Radboud University Medical Center,
ethical committee file 2016-3011).

2.2 | Chemical standards

The synthesis of diketogulonic acid (DKG), xylose-
al-3-glucose (Xyl-Glc), and xylose-a1-3-xylose-a1-3-glucose
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(Xyl-Xyl-Glc) is included in the Supplementary Material.
All other chemical standards were purchased from Merck
KGaA (Darmstadt, Germany).

2.3 | NGMS: Targeted analysis

Samples were processed and measured in duplicate as
previously described.'*'* Subsequently, we performed
targeted data analysis for glucose and lactate, as well as
other metabolites that have previously been reported as
possible CSF GLUT1DS biomarkers: fructose, mannose,
glutamine, inosine, glycerol-3-phosphate, and isocitrate.*
Furthermore, we included ascorbic acid, dehydroascorbic
acid (DHA), and DKG," and galactose, glucosamine,
2-deoxy-p-glucose (2DOG), and 3-O-methyl-p-glucose
(30MG),** as known substrates of GLUT1. For all these
biomarkers, as well as xylose (see Discussion), we mea-
sured a reference standard, so that retention time
(RT) could be used together with the accurate mass for
“level 1” metabolite identification.'” Based on the molec-
ular formula and RT, the raw RPLC-MS data were
searched for these metabolites using Skyline (version
20.2.0.343). The corresponding intensities were extracted
from all samples and further analyzed using R version
4.1.1. Intensities of duplicate measurements were aver-
aged and then normalized to the mean quality control
(QC) intensity of the respective run. The fold change
(FC) was calculated by dividing the median intensity in
the patients by the median intensity in the controls. The
means were compared using a Wilcoxon rank-sum test
with Benjamini-Hochberg correction and were consid-
ered significantly different when the adjusted p-value (q)
was below 0.05.

2.4 | NGMS: Untargeted analysis

Raw data acquired from the RPLC-MS runs, from posi-
tive and negative ionization mode, were aligned using
the R package “xcms” (XCMS version 3.4.4 running
under R version 3.5.3). The extracted features (i.e., the
combination of an accurate mass-to-charge-ratio [m/z],
[RT], and intensity) were pre-processed by selecting those
with m/z 70-700 and RT 0.4-16 min, with a procedure
blank intensity lower than 25% of the maximum intensity
in the samples, and with an intensity of >50 000 counts
in at least one sample.

After pre-processing, we compared feature intensities
between patients and controls within the “discovery
cohort” wusing the Wilcoxon rank-sum test with
Benjamini-Hochberg correction (significant at g < 0.05).
Resulting significant features were excluded if (1) the

corresponding raw data did not show a reliable peak,
(2) they originated from known biomarkers (see sections
on targeted analysis), (3) they were redundant because
they represented the same metabolite as another selected
feature (the feature with the highest non-saturated inten-
sity was kept), or (4) they could not be reproduced in the
“validation cohort” (Patients 9-12). For the remaining
features, intensities were extracted from the raw data,
which were further analyzed as described for targeted
analysis.

For annotation of the selected features, we first com-
pared the observed m/z and RT values to those present in
our in-house IEM panel.'® If no matches were found, we
searched the Human Metabolome Database (HMDB)
based on m/z for the adducts [M + H]" and [M + Na]*
(positive mode) and [M — H]™ and [M + Cl]~ (negative
mode). Furthermore, we used Agilent MassHunter Quali-
tative Analysis 7.0.0 to predict a fitting molecular formula
based on mass, isotope distance and relative isotope
intensities, using the same adducts. Based on the putative
annotations, ion-pair liquid chromatography-tandem
mass spectrometry (IP-LC-MS/MS) and hydrophilic
interaction liquid chromatography infrared ion spectros-
copy (HILIC-IRIS)"” were applied to confirm the identity
of the metabolites. More details on these methods are
described in the Supplementary Material.

To determine the diagnostic value of selected features,
for each decreased or increased selected feature, the 5th
(95th) percentile (p5/p95) and 2.5th (97.5th) percentile
(p2.5/p97.5) were calculated based on the normalized
intensities of the full control group.

3 | RESULTS

3.1 | Targeted analysis

For glycerol-3-phosphate, DHA, DKG, glucosamine and
2DOG, no matching features were found. Fructose, man-
nose, and galactose are isobaric with glucose and have
highly similar RPLC RTs. Therefore, the corresponding
peaks were disrupted by the high signal of glucose and
not useful for semiquantitative analysis. Results for glu-
cose, lactate, glutamine, inosine, isocitric acid, ascorbic
acid, 30MG, and xylose are shown in Figure 1. Glucose,
lactate, and xylose were significantly decreased in
patients, while glutamine was significantly increased.
The fold changes were —1.4, —1.2, —1.2, and +1.3,
respectively. For the remaining metabolites, no differ-
ences were found. Of note, ascorbic acid intensities were
near the detection limit of the assay in many samples,
with a high variation, probably due to limited stability of
this metabolite.
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FIGURE 1 Normalized intensities of metabolites from targeted analysis. Metabolites include glucose (**C isotope of [M + Cl]~ adduct,

m/z 216.0362), lactate (**C isotope of the [M — H]~ adduct, m/z 90.0278), ascorbic acid (M + H]" adduct, m/z 177.0394), glutamine

(3C isotope of [M — H]|™ adduct, m/z 146.0646), inosine ([M + H]" adduct, m/z 269.0880), isocitric acid ((M + Na]* adduct, m/z 215.0162),
3-O-methyl-p-glucose ([M + Na]* adduct, m/z 217.0683), and xylose ([M + Cl]~ adduct, m/z 185.0222). Data include all control (C) and
patient (P) samples (n = 116 and 12, respectively). Bars represent median with interquartile range. ¢ = adjusted p-value (Wilcoxon rank-sum

test with Benjamini-Hochberg correction), FC, fold change (calculated by median[P]/median[C])

3.2 | Untargeted analysis

Using the data of the “discovery cohort,” feature extrac-
tion and alignment by XCMS yielded 33 135 features.
After pre-processing, 7618 features remained, of which
19 were significantly different between patients and

controls. Subsequently, we excluded 16 features that orig-
inated from glucose or lactate, could not be reproduced
in the raw data, were redundant, or were not reproduc-
ible across all measurements. Three remaining features
(n1905, n5938 and pl6243, with n = negative and
p = positive MS-mode) were selected for further analysis.
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These all showed decreased intensities in patients com-
pared to controls. Using the intensities from the raw data,
the significant difference between patients and controls
in the “discovery cohort” was confirmed for all three fea-
tures (g < 0.001; Figure 2). Moreover, these findings
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could be reproduced in the independent “validation
cohort” (g < 0.01; Figure 2).

3.3 | Annotation of selected features

3.3.1 | nl1905 (m/z195.0507, RT 0.67)

The m/z resulted in multiple hits in the HMDB: p-man-
nonic acid, 2-carboxyarabinitol, gulonic acid, (r-)gluconic
acid, and galactonic acid (all as [M — H]™ adducts).
Chemical standards of gluconic and galactonic acid
showed a matching RT. Therefore, we analyzed six CSF
samples (four controls, two patients) using IP-LC-MS/MS
which allowed separation of gluconic and galactonic acid.
Gluconic acid showed a higher intensity than galactonic
acid, but both could be detected. While the intensities of
both acids significantly correlated with the intensities of
feature n1905 across the six samples individually, the
sum of the intensities showed the strongest correlation
(r = 0.98, p = 4.3e-4; Figure 3A,B). This indicates that
n1905 is a mixture of these two metabolites, with the
major part of the signal representing gluconic acid.

3.3.2 | n5938 (m/z 347.0756, RT 0.81)

Based on the isotope pattern in the raw data mass spectrum,
this feature was identified as an [M + Cl]~ adduct. A corre-
sponding [M + Na]* adduct was found in the raw data. An
HMDB search returned seven metabolites with chemical for-
mula C;;H,0y, all representing disaccharides consisting of
a combination of a hexose and a pentose. Since the intensity
was decreased in GLUT1DS, we hypothesized that the hex-
ose was glucose. Of all known human sugars in glycoconju-
gates, xylose is the only pentose, present in Xyl-Glc on EGF
repeats (Figure 3C)."®' Both Xyl-a1-3-Glc and Xyl-f1-3-Glc
were synthesized and compared with n5938 (see Supplemen-
tary Material). Exact mass and HILIC-MS/MS confirmed the
disaccharide structure. IRIS data then assigned n5938 to the
a-stereoisomer, finalizing the identification.

FIGURE 2 The three selected features n1905, n5938, and
p16243 and their normalized intensity in controls (C) and patients
(P). Both the “discovery cohort” and “validation cohort” are shown,
using QC-based normalization to allow comparing data from
different measurements. Bars represent median with interquartile
range. For n1905, four outliers in the control cohort, with
normalized intensities of 8, 12, 88, and 135 are not shown in the
graph, but are included in the statistics. g, adjusted p-value
(Wilcoxon rank-sum test with Benjamini-Hochberg correction),
FC, fold change (calculated by median [P]/median [C])
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p16243 (m/z 467.1370, RT 1.01)

Feature p16243 was identified as an [M + Na]™ adduct,
with the corresponding [M + CI]~ adduct being among the
significant features as well. Searching the HMDB provided
no fitting annotations. However, the most likely predicted
formula in MassHunter was C;4H,50.4, Which could fit
with a trisaccharide consisting of one hexose and two pen-
toses. In line with the identified disaccharide, a Xyl-Xyl-Glc
trisaccharide, described in human and other species
(Figure 3C), was considered a likely match.'®'® A synthe-
sized standard of Xyl-Xyl-Glc showed a match based on
exact m/z, HILIC RT and IRIS (see Supplementary Mate-
rial), confirming this annotation of p16243.

3.4 | Diagnostic value of selected
features

In each patient, at least one of the three selected features
had a normalized intensity below p5 of the control group.
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FIGURE 3

For gluconic + galactonic acid, six patients had values
even below p2.5. For Xyl-Glc, all 10 values below p5
were also below p2.5. The normalized intensities for
Xyl-Xyl-Glc were below p5 in seven patients, but none
were below p2.5. Table 1 includes the results of the three
features in all individual patients.

4 | DISCUSSION

Targeted analysis of NGMS data showed decreased CSF
glucose and lactate as known for GLUT1DS, confirming
the validity of NGMS to search for GLUT1DS biomarkers.
Interestingly, we also demonstrated increased CSF gluta-
mine, previously reported in a single patient with
GLUTIDS."” Our data show that while CSF glutamine
values may be within the control range for individual
patients, they are significantly increased at group level.
To substantiate this finding, it would be valuable to pro-
spectively measure CSF samples using targeted CSF
amino acid analysis under standardized preanalytical
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Annotation of selected features. (A) Intensities of galactonic acid (GalA) and gluconic acid (GluA) in a subset of six samples

(two patients, four controls) as measured by ion-pair liquid chromatography tandem mass spectrometry (IP-LC-MS/MS). (B) Correlations
between the normalized intensity of n1905 as measured by NGMS and cumulative intensities of GalA and GluA measured by IP-LC-MS/
MS. R, Pearson's correlation coefficient. (C) Features n5938 and p16243 were annotated as xylose-a1-3-glucose and xylose-a1-3-xylose-
al-3-glucose, respectively. These oligosaccharides are usually linked to serine (Ser) residues in epidermal growth factor-like repeats of
proteins through a process called O-glucosylation.'®'® However, we found them in an unbound form (indicated by the dotted line)

d ‘1 '€20T '$99TELST

:sdyy woiy papeoy

ASULOI SUOWIOY) 2ANEAI) a[qearidde ayy £q PauI2A0S a1k Sa[dNIE V() SN JO SA[NI 10§ KIeIqI] uluQ) A3[IA) UO (SUONIPUOI-PUEB-SULIA)/ W0 Ko[im " KIeIqIjaur[uo//:sdyy) SUONIPUO)) pue SULId ], ay) 23S *[$70z/10/S1] uo A1eiqry aurjuQ L[IA ‘YoLaNy YAyIONqIqSIBISIaATUN) £q £SST 1 PWIl/Z00 1 01/10p/wod" Kafim: K1e.



PETERS ET AL.

conditions. We have no clear explanation for this obser-
vation; the origin and fate of CSF glutamine are deter-
mined by multiple metabolic pathways and cannot easily
be linked to GLUT1DS.*® Using untargeted analysis, we
identified decreased levels of CSF gluconic + galactonic
acid, Xyl-Glc, and Xyl-Xyl-Glc in GLUT1DS.

Although gluconic acid is commonly encountered in
plants and fruits, its metabolic origin in humans is largely
unknown.?' After phosphorylation, gluconic acid can
serve as a substrate for the pentose-phosphate pathway
(PPP).>"** Galactonic acid is found in healthy individuals
in small amounts, and can also fuel the PPP.** Possibly,
in the case of GLUT1DS, the lack of glucose-6-phosphate,
the common substrate for the PPP, could be compensated
for by alternative substrates like gluconic and galactonic
acid.?” This mechanism would explain the low CSF con-
centrations of both metabolites in GLUT1DS. Interest-
ingly, CSF lactate concentrations are thought to be low in
GLUT1DS for a similar reason, namely as a consequence
of the capability of the brain to use lactate as an alterna-
tive fuel for glucose.**

The decreased CSF Xyl-Glc and Xyl-Xyl-Glc levels in
GLUT1DS may be linked to another fundamental aspect
of cell metabolism: O-glucosylation, a post-translational
modification at serine and threonine residues of proteins.
Xyl-Glc and Xyl-Xyl-Glc glycans are attached to specific
sequences in evolutionarily conserved epidermal growth
factor-like (EGF) repeats (Figure 3C), found in secreted
proteins and extracellular domains of transmembrane
proteins. Among those are Notch receptors, which are
known to play a key role in embryonic neurogenesis and
cell proliferation, among many other vital cellular pro-
cesses.'®'?2>27 It has been shown that Xyl-Xyl-Glc stabi-
lizes individual EGF repeats, thereby regulating Notch
trafficking in cells.”® Lack of these specific O-glycans may
thus disrupt the Notch signaling pathway. Since dozens
of other proteins are also O-glucosylated, deficient
O-glucosylation may affect multiple cellular processes
apart from Notch signaling.'®'®*"*” Additionally, a glu-
cose shortage in the brain may impact the biosynthesis of
complex lipid species, such as gangliosides.*

While the attachment of Xyl-Glc and Xyl-Xyl-Glc as a
post-translational modification of many human proteins
is firmly established, their presence in unbound form in
body fluids has not been documented before. Possibly,
both oligosaccharides result from the degradation of their
proteins of origin. We hypothesize that their low CSF
concentrations in GLUTIDS reflect compromised
O-glucosylation capacity of cells within the CNS, as a
consequence of insufficient glucose availability due to
defective transport into the CNS. Since the CSF xylose
levels in GLUT1DS patients also showed a significant
decrease (Figure 1), GLUTI deficiency may contribute to
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diminished xylose transport and if so, brain
O-glucosylation would be compromised by limited avail-
ability of both glucose and xylose.

A limitation of this study was the relatively small
number of CSF samples, necessitating future studies in
larger patient cohorts to determine the exact diagnostic
values of (the combination of) various CSF biomarkers in
GLUTIDS. Also, a larger control sample size should be
evaluated for possible age-dependency of biomarker con-
centrations, the influence of KDT, adequate CSF fraction
to be collected, and possible effects of fasting before lum-
bar puncture. Furthermore, our samples had variable
preanalytical conditions. While this did not directly nega-
tively influence our study, a prospective design and stan-
dardized sample collection and storage methods are
preferred for future studies.

In conclusion, our NGMS methodology confirmed the
typical diagnostic CSF profile of GLUT1IDS with low
values of glucose, lactate and xylose, and increased gluta-
mine. Importantly, we identified three novel CSF
biomarkers of GLUTIDS: gluconic + galactonic acid,
Xyl-Glc, and Xyl-Xyl-Glc. All were significantly decreased
in CSF of patients compared to controls. Our findings
improve the diagnostic accuracy of CSF analysis in
GLUT1DS, and provide new leads towards a full under-
standing of the multiple roles of glucose in the brain and
how these different roles may be compromised in
GLUTI1DS. As such, this study guides therapy develop-
ment and adds new biomarkers for monitoring of novel
therapeutic strategies.
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