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ABSTRACT

For the first time the glycosylation of a patient with a MPI-CDG during pregnancy
is monitored. MPI-CDG, is characterised by a deficiency in mannose-6-phosphate
isomerase (MPI) leading to a reduced pool of glycosylation precursors, impairing the
biosynthesis of N-glycans leading to N-glycosylation defects. The abnormal
N-glycosylation profile with an elevation of asialotransferrin and disialotransferrin,
typical of CDG type I, is assessable by transferrin isoelectrofocusing. Oral D-mannose
supplementation for MPI-CDG patients has been widely used and improves clinical
manifestations. The glycosylation of a MPI-CDG patient during pregnancy without
mannose supplementation was studied using carbohydrate deficient transferrin
(CDT) assay, transferrin isoelectrofocusing (IEF) and mass spectrometry of total
serum N-glycans. A general improvement of the glycosylation profile of the patient
due to a better transfer of the glycan precursors as well as an increase of the tri-
antennary glycans (and sialylation) was observed. In conclusion, in the absence of
mannose supplementation, the previously observed glycosylation abnormality of the
MPI-CDG patient was corrected. The molecular mechanism underlying this
N-glycosylation rescue during MPI-CDG pregnancy further needs to be investigated.
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Synopsis

We monitored the glycosylation of a MPI-CDG patient during the pregnancy
without mannose therapy through the study of glycosylation and glycan struc-
tures. Interestingly we observed a correction of the glycosylation defect along
the pregnancy.

1 | INTRODUCTION

Abbreviations: CDG, congenital disorders of glycosylation
CDT, carbohydrate deficient transferrin; GDP, guanosine diphosphate;

Congenital disorders of glycosylation (CDG) are a rapidly
expanding family of rare inborn errors of metabolism.

IEF, isoelectrofocusing; LLO, lipid-linked oligosaccharide; Mané6-P,
mannose-6-phosphate; MPI, mannose phosphate isomerase.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

© 2021 The Authors. JIMD Reports published by John Wiley & Sons Ltd on behalf of SSIEM.

JIMD Reports. 2021;1-8. wileyonlinelibrary.com/journal/jmd2 | 1


https://orcid.org/0000-0001-5119-6005
mailto:elodie.lebredonchel@chru-lille.fr
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/jmd2
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjmd2.12247&domain=pdf&date_stamp=2021-09-17

LEBREDONCHEL ET AL.

G2 IRV V4 QI AV J[MDccrorrs 3, ssem

The first cases were reported 40 years ago' and today
more than 130 different CDG have been reported.> MPI-
CDG, formerly named CDG-Ib, is characterised by a defi-
ciency in mannose-6-phosphate isomerase (MPI) due to
autosomal recessive mutations in the MPI gene coding
for the phosphomannose isomerase.” MPI catalyses the
reversible (inter)conversion of fructose-6-phosphate into
mannose-6-phosphate (Man6-P). The MPI defect results in a
reduced pool of Man6P when mannose is not sufficient. As a
consequence, the biosynthesis of GDP-mannose and the
lipid-linked oligosaccharide (LLO) precursors pools, neces-
sary for the biosynthesis of N-glycans, are reduced leading to
a defect of N-glycosylation.* Using isoelectrofocusing (IEF),
an abnormal glycosylation profile of serotransferrin is
detected for MPI-CDG patients with an elevation of
asialotransferrin and disialotransferrin, typical of CDG
type 1> The clinical manifestations are broad,”® and are
improved by oral D-mannose supplementation.”'®
Symptoms usually improve with age. Normal pregnan-
cies have already been observed in MPI-CDG
patients.'"'* Variations of glycosylation during preg-
nancy in healthy women have been described and might
impact the immunity and the anti-inflammatory
response.”> *° In the present article, we have evaluated
for the first time the N-glycosylation variations during
the pregnancy without mannose supplementation of a
MPI-CDG patient using carbohydrate deficient transfer-
rin (CDT) assay, transferrin isoelectrofocusing (IEF) and
mass spectrometry of total serum N-glycans. This study aims
to improve the pregnancy follow-up of patient with glycosyl-
ation disorders and further questions the general mecha-
nisms of glycosylation improvement during pregnancy.

2 | MATERIALS

2.1 | Samples

In order to check heparinemia, serum samples of a
MPI-CDG patient were collected every other week from
the 7th to the 37th week of pregnancy for a total of
16 samples. Additionally, one sample before the preg-
nancy was collected as a control. This was made in agree-
ment with the ethical policy of the institution.

3 | METHODS

3.1 | IEF transferrin

Transferrin isoelectrofocusing was performed on agarose
on a Phast System (Amershan Biosciences) as previously
described.'®

3.2 |
of CDT

Immunological determination

CDT levels were measured as a percentage of total transfer-
rin (%CDT) using an automated nephelometric technique
on a BN Prospec analyser and N Latex CDT immunoassay
reagents (Siemens Healthcare, Marburg, Germany).

3.3 | Release, permethylation and mass
spectrometry analysis of N-glycans

N-glycans were prepared and released by PNGase F from
an aliquot of 20 pL of serum as previously described.'’
Released glycans were then permethylated, extracted and
purified on a Sep-Pak column as previously described.'®
Permethylated glycans were solubilised in H,O/CH3;0H
(1:1, v/v) and spotted with 2,5 dihydroxybenzoic acid
matrix solution (10 mg/mL dissolved H,0/CH;0OH
(1:1, v/v) on MALDI plate. MALDI-TOF-MS was
acquired on 4800 MALDI TOF/TOF analyser (Applied
Biosystems, Framingham, Massachusetts). For each sam-
ple, 5000 laser shots were accumulated.

4 | CASE REPORT
First symptoms of the patient occurred at the age of
4 years and included early postprandial hypoglycemia
due to non-focal hyperinsulinism. The patient was
treated by diazoxide until the age of 6, when MPI-CDG
diagnosis was established by transferrin isoelec-
trofocusing. At this time, there was a mild hepatomegaly
with normal liver enzymes levels. D-mannose treatment
was started at 0.17 g/kg 4 times/day. Follow-up in adoles-
cence was very difficult with prolonged periods of non-
compliance. First episodes of deep venous thrombosis of
lower limbs started at the age of 18. At 23, she presented
a miscarriage and a deep venous thrombosis of lower
limb. A new pregnancy was diagnosed at 7 week of
amenorrhea and she was treated by apixaban and D-
mannose. After multidisciplinary discussion, D-mannose
was withdrawn to avoid a teratogenic risk.'"® Apixaban
was switched to a subcutaneous fractionated heparin
(170 U/kg) throughout the pregnancy.

Pregnancy was successful despite a weight gain of
20 kg, pyelonephritis and a third trimester proteinuria
(1.5 g/day) without preeclampsia. There was no deep
venous thrombosis. She delivered by caesarean section for
cervical dystocia at 41 weeks of amenorrhea. The child
was a male of 3540 g, APGAR 10/10. The child was
breastfed for several weeks (exact duration unknown). He
is now 2 years old and has a normal growth.
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Liver enzymes levels were normal during and after
pregnancy and fibroscan did not show any fibrosis. Three
months after delivering, proteinuria has disappeared and
subcutaneous fractionated heparin was switched to
apixaban. It is important to note that the patient had no
chronic alcohol consumption before pregnancy.

5 | RESULTS

5.1 | Variation of the level of
carbohydrate deficient transferrin during
the pregnancy of the MPI-CDG patient

Concentrations of transferrin and carbohydrate deficient
transferrin (CDT) were assessed during the pregnancy of
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the MPI-CDG patient. Human serotransferrin contains
two N-glycosylation sites, located on the asparagine resi-
dues Asn413 and Asn611.%° While IEF analysis is based
on the number of negatively charged sialic acid residues
terminating the two potential glycans attached to the
transferrin backbone, CDT analysis corresponds to the
amount of transferrin having lost one or two complete N-
glycan chain(s). The ratio of transferrin lacking complete
N-glycan chain(s) is expressed as a percentage (%CDT)
and is assessed using an immunonephelometric tech-
nique with antibodies directed against the apotransferrin
N-glycosylation sites. The recognition of the peptide of
the transferrin devoid of glycan allows to differentiate
CDG type I from CDG type I1.

During the first trimester of pregnancy, the amount
of CDT increased (0.17-0.24 mg/L; Figure 1A) while the
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transferrin  concentration decreased (1.7-1.47 g/L;
Figure 1B), as a result the %CDT increased (10%-16.7%;
Figure 1C). During the second and the third trimesters
the CDT remained relatively stable (0.15-0.20 mg/L;
Figure 1A) while the transferrin concentration continued
to rise (1.47-3.03 g/L; Figure 1B) and consequently the
%CDT decreased (12% to 4.9%; Figure 1C).

Overall there is a twofold increase of the transferrin
concentration in the serum during the pregnancy of the
MPI-CDG patient, while the concentration of CDT
remained relatively constant (Figure 1A,B); consequently,
the ratio of %CDT decreased (Figure 1C). This indicates
that during the pregnancy, the quantity of precursor tet-
radecasaccharide transferred on the apotransferrin by the
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oligosaccharyltransferase in the endoplasmic reticulum
has doubled.

CDT has been assessed a year after the pregnancy of
the patient. Interestingly, the results showed an increase of
the CDT (0.38 mg/L) with a stable transferrin (1.75 g/L)
resulting in high percentage of CDT N Latex (38%). This
indicates that the glycosylation improvement observed in
the patient during the pregnancy following %CDT was
reversible without mannose therapy.

5.2 | Variations in the transferrin
isoforms distribution during the pregnancy
of the MPI-CDG patient

During the first trimester of pregnancy, the MPI-CDG
patient IEF profile presented very little modifications

with the exception of an increase of the asialotransferrin
relative amount (3.5%-5.6%; Figure 2A). During the sec-
ond and the third trimesters of pregnancy, the relative
amount of asialotransferrin (5.6%-0%) and disialotransferrin
(22.6%-12.5%; Figure 2A,B) decreased concomitantly to an
observed increase in the amount of the pent-
asialotransferrin  (12%-24.1%) and hexasialotransferrin
(+3.5%; Figure 2E,JF) while the relative amount of
trisialotransferrin  (6.3%-12.5%) and tetrasialotransferrin
(50.9%-66.4%) remained stable (Figure 2C,D). The evolution
along pregnancy of the % of the transferrin glycoforms is
described in Figure 2G and Figure S1.

The decrease of asialotransferrin and dis-
ialotransferrin confirms the observation made with the
immunonephelometric technique (Figure 1).

Post-partum transferrin IEF has been performed. The
right side of the double arrow of Figure 2G shows the
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repartition of transferrin glycoforms a day, a month and
a year after delivery. An increase of asialotransferrins
(0.9%—-6.7%), disialotransferrin (15%-32%) and a decrease
of trisialotransferrin (13.9%-4.7%), pentasialotransferrin
(20.4%-7.5%) and hexasialotransferrin (4.3%-0.3%) is
observed. This indicates that the glycosylation improve-
ment of the patient during the pregnancy assessed by
transferrin IEF was transitory without mannose
supplementation.

In an attempt to explain the increase of pent-
asialotransferrin and hexasialotransferrin forms, we
analysed the nature and the distribution of the glycans pre-
sent in the total serum N-glycome by mass spectrometry.

5.3 | Variations of the total serum
N-glycome

Total serum N-glycome was analysed by mass spectrome-
try (Figure 3). The glycosylation profile of the first trimes-
ter was similar to the control serum before pregnancy
(Figure 3A,B). In the spectrum of the second trimester
(Figure 3C) a relative increase of the triantennary struc-
ture present at m/z 3603 can be observed and confirmed
in the profile of the serum of the third trimester
(Figure 3D) showing an increase of the triantennary
structures at m/z 3603 and 3777 compared to the second
trimester. Overall, a higher proportion of the tri-
antennary and the fucosylated triantennary N-glycans
between the first and the third trimester is observed,
likely explaining the observed changes in transferrin IEF.

6 | DISCUSSION

In the present study, we evaluated for the first time the
N-glycosylation variations during the pregnancy without
mannose supplementation of a MPI-CDG patient using
three different techniques. A clear restoration of the gly-
cosylation defect is observed during pregnancy and also
an increase of the N-glycan branching as observed in
pregnant healthy women.

MPI-CDG is characterised by the absence of neuro-
logical symptoms and is sometimes fortuitously diag-
nosed. A healthy women with one child has even been
diagnosed during a routine company health checkup.'?
Mannose supplementation is the recommended treat-
ment for MPI-CDG patients in Europe and the
United States.?! However, excessive mannose administra-
tion in MPI-CDG patients can cause accumulation of
Man6-P>* consequently leading to teratogenesis as
observed in bees for the first time, in the so-called 'honey-
bee syndrome'**** The teratogenicity of mannose

substitution has been evaluated in various species. In
normal pregnant rat mothers infused with D-mannose,
dysmorphic changes were seen in embryos.”” In PMI KO
mice, mannose substitution increased embryonic
death.’?® Even for hypomorphic mice with a PMI resid-
ual activity, mannose led to blindness.”’ In MPI-CDG
zebrafish, the addition of mannose in water restored gly-
cosylation and reduced embryonic death.”® In humans,
for more than 20 years, oral mannose administration has
proven a clinical and biochemical improvement without
major side effects.” No foetal death has been reported so
far, however, additional trials have to be conducted to
assess the innocuousness of mannose therapy during
pregnancy in humans. Moreover, a case of pregnancy in
an undiagnosed MPI-CDG patient without mannose sup-
plementation has been previously reported.'? Therefore,
mannose therapy has been interrupted for the MPI-CDG
patient.'!

As the mannose supplementation was interrupted, an
increase of hyposialylated transferrin was expected for
the patient. This was observed during the first trimester
of pregnancy. However, our results showed an increase
in N-glycan transfer as illustrated by the decrease of CDT
during the second and third trimesters (Figure 1).

It is worth to know that during pregnancy, there is a
raise in glycoprotein biosynthesis, the concentration of
serotransferrin doubles in response to the increased
demand of the fetoplacental unit and maternal bone mar-
row for iron transport.***' A slight increase of the per-
centage of CDT of approximately 0.5% has been
described in healthy pregnant women.*?> For CDG type I
patients CDT ratios between 8% and 50% have been
reported.®® In our patient, despite the phosphomannose
isomerase deficiency, the concomitant increase of trans-
ferrin concentration and the stagnation of CDT during
the pregnancy indicate a spontaneous suppression of
the unoccupied glycosylation site(s). This can either be
explained by a more efficient transfer of LLO precursors
onto proteins by the oligosaccharyltransferase and/or
the increase of the precursors pool required to form the
lipid-linked oligosaccharide (LLO), such as dolichol and
GDP-mannose, and/or an increase of the enzymes
activities.

During pregnancy, the elevation of the serotransferrin
concentration is associated with modifications of the
N-glycan microheterogeneity of transferrin.>**> In physio-
logical conditions, the disialotransferrin ratio is around 2%
and remains stable during pregnancy; the trisialotransferrin
and tetrasialotransferrin tend to decrease, and the pent-
asialotransferrin and hexasialotransferrin rise sharply;
asialotransferrin and monosialotransferrin are mostly
absent and not visible on IEF.*****7 The study of the trans-
ferrin glycoforms of the MPI-CDG patient during the
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pregnancy interestingly showed a similar evolution of the
transferrin glycoforms with a strong decrease of the
asialotransferrin and disialotransferrin concomitant to the
increase of the pentatransferrin and hexasialotransferrin
explained by an elevation of the triantennary glycans, simi-
lar to healthy women pregnancy.

Changes are thought to be influenced by hormones,
such as estrogens and progestogens, on transferrin
isoform distribution,?® but no evidence of a hormonal
effect on the branching enzymes (N-acetylgluco-
saminyltransferases IV and V) has been reported so far.
Moreover, the increase of intracellular UDP-GIcNAc has
been shown to induce the increase of the number of
antennae of the N-glycans.*® Furthermore, in pregnancy
there is an increased galactosylation of immunoglobu-
lins in patients suffering from rheumatoid arthritis'>*>
leading to the remission of the clinical symptoms. All
these glycosylation modifications, (a) the increase of
the number of glycan antennae, (b) the increased
galactosylation, and (c) the increased availability of the
LLO precursors, might indicate a general mechanism
of improved glycosylation linked to an increased meta-
bolic flux during pregnancy and explain the normal
pregnancy of the untreated MPI-CDG patient. The
molecular mechanism underlying this N-glycosylation
rescue during MPI-CDG pregnancy further needs to be
investigated.
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