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Genomics, Mayo Clinic, 200 First street N-glycosylation and is caused by a deficient PMM?2 activity. The clinical presenta-
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tion and the onset of PMM2-CDG vary among affected individuals ranging from a
severe antenatal presentation with multisystem involvement to mild adulthood pre-
sentation limited to minor neurological involvement. Management of affected

patients requires a multidisciplinary approach. In this article, a systematic review of
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patients.

1 | INTRODUCTION

Phosphomannomutase 2 (PMM2)-congenital disorders of gly-
cosylation (CDG) (previously named CDG-la) (OMIM
212065) is a disorder of protein N-glycosylation characterized
by deficiency/dysfunction of phosphomannomutase 2. It is
characterized by a broad spectrum of clinical presentations,
ranging from severe neonatal to mild adulthood presentation.
Almost all systems/organs can be involved in PMM2-CDG.

2 | PREVALENCE

PMM2-CDG is an autosomal recessive panethnic disorder
with more than 900 patients with a diagnosis confirmed
either by enzyme assay and/or molecular testing. The esti-
mated incidence is 1:20 000.'

3 | HISTORY

In 1980, Jaeken et al described the first two patients with a
CDG-Ia phenotype. Serum transferrin isoelectrofocusing
was proposed as a screening tool for CDG by Jaeken et al.?
Phosphomannomutase 2 deficiency was linked to the so-
called carbohydrate-deficient glycoprotein syndrome by
Van Schaftingen and Jaeken.* PMM?2 (OMIM 601785) was
cloned and mutations identified by Matthijs et al.®> In 2009,
the CDG nomenclature was changed for all CDG into the
official gene symbol (not in italics) followed by CDG.°

4 | BIOCHEMISTRY

PMM2 catalyzes the second step of the mannose pathway
namely the conversion of mannose-6-phosphate to mannose-
1-phosphate, which is a precursor of Guanosine diphosphate
mannose (GDP-Man) and dolichol-P-mannose (Dol-Man).
These two mannose compounds are the donors of mannose
used in the endoplasmic reticulum (ER) for the dolichol-
pyrophosphate oligosaccharide precursor assembly.

the literature on PMM2-CDG was conducted by a group of international experts in
different aspects of CDG. Our managment guidelines were initiated based on the
available evidence-based data and experts' opinions. This guideline mainly
addresses the clinical evaluation of each system/organ involved in PMM2-CDG,
and the recommended management approach. It is the first systematic review of
current practices in PMM2-CDG and the first guidelines aiming at establishing a

practical approach to the recognition, diagnosis and management of PMM2-CDG

S | PATHOGENESIS

Deficiency of GDP-Man and Dol-P-Man causes hypoglyco-
sylation of numerous glycoproteins, including serum glyco-
proteins (lysosomal enzymes, and transport proteins) and
membrane glycoproteins. This results
involvement with predominant neurological involvement.

The pathophysiology and the variability of disease severity

in  multi-organ

and course are not well understood.

6 | METHODOLOGY

The initiative to establish guidelines for the diagnosis and
treatment of PMM2-CDG was taken at the International
Scientific CDG Symposium held in July 2017 in Leuven,
Belgium. As for most rare disorders, existing studies and
reports are often non-systematic, observational studies, case
series or case reports, providing generally low quality
evidence. However, combining the available evidence with
the experts' helped these
guidelines.

A systematic literature review on PMM2-CDG from the

time of the princeps description until December 2017 was

opinions in establishing

carried out mainly using PubMed database searches with
the following terms: carbohydrate-deficient glycoprotein
syndrome OR congenital disorder of glycosylation, type Ia
OR PMM2 OR PMM2-CDG OR phosphomannomutase
2 deficiency OR Jaeken syndrome. Evidence levels were
classified in accordance with the Scottish Intercollegiate
Guidelines Network (SIGN) methodology (http://www.
sign.ac.uk) (Supporting Information, Table S1).

7 | RESULTS

The guidelines were designed by a multidisciplinary panel of
international experts in different clinical and research special-
ties. A literature review of the systems involved in
PMM2-CDG was conducted using the PubMed searches and
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papers collected in a shared folder in Dropbox which was cre-
ated by the research team and included more than150 peer-
reviewed papers. The teamwork was divided into a clinical
and a diagnostic group. The data were collected and summa-
rized based on the major system/organ involvement and the
statements were written based on the frequency of each sign/-
symptom. The following systems were reviewed: antenatal

TABLE 1 Suggested surveillance for PMM2-CDG patients

At diagnosis, if not
previously obtained

Systems

Neurology
Developmental and cognitive assessment v
Electroencephalogram

Brain MRI v

AN

Audiology
Endocrine
Height
Calcium, magnesium and phosphate
Gonadotropins
Glucose

Insulin and other labs in case of hypoglycemia®

DU N N N NN

Thyroid function

Cardiology

N

Echocardiogram
Electrocardiogram v
Holter
Cardiac MRI
Gastroenterology
Growth and anthropometric parameters v
Swallowing evaluation
Transaminases v/
Hematology
Complete blood counts and differential v
Coagulation factors v
Renal
Creatinine v
Protein v
Immunology
Ophthalmology
Exam v
Electroretinogram
Skeletal v

Psychiatric evaluation

presentations, dysmorphology, neurology, ophthalmology,
cardiology, gastroenterology, hepatology, nephrology, hema-
tology, endocrinology, immune system, audiology, skeletal
features, lipid metabolism and adult presentations.

Summary of the phenotypes and the proposed recom-
mendations: ordered by system involvement (Table 1 and
Tables S2, S3).

At follow up 1-2 years
interval and as needed

As needed depends on
the symptoms

4 4
4
4
v
4
4
4 4
4
4 4
4
v
4
v
4
4
4 4
4 4
4 4
4 4
v
4
4 4
v
4
4

Abbreviations: PMM2-CDG, phosphomannomutase 2-congenital disorders of glycosylation; MRI, magnetic resonance imaging.

“See the full paper for the suggested labs.
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8 | SYSTEMS SUMMARIES AND
STATEMENTS

8.1 | Antenatal involvement

Non-immune hydrops fetalis (NIHF) is the most common
of PMM2-CDG,
12 patients. Other associated findings, include hydropic pla-
centa and polyhydramnios. Mirror syndrome-fetal hydrops
with consecutive oedema and rapid weight gain in the preg-

antenatal presentation reported in

nant mother of the affected fetus- was reported in two

patients.” Other findings antenatal include hypertrophic

8-10 cerebral and cerebellar abnormalities

10,11

cardiomyopathy,
particularly ventriculomegaly and cerebellar hypopla-
sia/atrophy.'>'® Skeletal deformities have been detected
antenatally in a few patients (limb-shortening, and prominent
lumbar lordosis).'>!" All patients presenting with the
antenatal/neonatal hydrops fetalis died between 29 gesta-

tional weeks and 3 months of life.

8.2 | Statements

8.2.1 | Presentation (Statement #1: grade of
recommendation C)

PMM2-CDG can present prenatally as hydrops fetalis, poly-
hydramnios, hydropic placenta, mirror syndrome, cerebral
ventriculomegaly, cerebellar atrophy (CA), and/or skeletal
deformities.

8.2.2 | Differential diagnosis (Statement #2:
grade of recommendation C)

A broad metabolic screening is necessary to rule out other
causes of non-immune hydrops fetalis.

8.2.3 | Diagnosis and follow-up (Statements
#3, 4: grade of recommendation D)

Statement #3:

Detailed imaging studies should include antenatal ultra-
sound, fetal Doppler and fetal echocardiography, looking for
any suggestive presentations of PMM2-CDG including
hydrops fetalis, ventriculomegaly, CA, hydropic placenta, poly-
hydramnios or skeletal deformities mainly limb shortening.

Statement #4:

Autopsy should be recommended in all cases of fetal or
neonatal death from NIHF, and amniotic fluid and/or fetal
cells should be stored for future testing. PMM enzyme assay
and molecular analysis of the PMM2 gene should be consid-
ered in the diagnostic panels for NIHF.

WILEY

8.2.4 | Treatment (Statement #5: grade of
recommendation D)

There is no specific treatment strategy for hydrops fetalis in
PMM2-CDG, but it is a medical emergency and needs a multi-
disciplinary management approach including a maternal-fetal
medicine specialist, a neonatologist and a metabolic specialist.

8.3 | Congenital malformations

Congenital malformations in PMM2-CDG are common.
Inverted nipples were seen in half of the reported patients
(25%-100% depending on the case series). Inverted nipples can
disappear over time, and can sometimes be unilateral.'*'?
Abnormal fat distribution has been reported in about half of the
patients (25%-91%). This can also spontaneously regress over
time.'® The reported frequency of dysmorphic features varies
from 29% to 65%, and mainly includes a prominent forehead,
large ears and ear lobules, thin upper lip, prominent jaw, and
long and slender fingers and toes. A prominent jaw develops
over time, but there can be retrognathia in infancy.'” Almond-
shaped eyes have also been frequently described.'® Cryptorchi-
dism which is relatively frequent in normal neonates has often
been reported in boys.'® Other features include peau d'orange,
dysplastic ears, low-set ears, long philtrum, high-arched palate,
long face, narrow palpebral fissures, epicanthal folds, promi-
nent nose, and anteverted nares. A coarse face was described
in older adults in their 60s.'*'® Conotruncal heart defects were
described in only a few patients and thus might be a coinciden-
tal finding (see dedicated section).

8.4 | Statements

8.4.1 | Presentation (Statement #1: grade of
recommendation C)

PMM2-CDG can present with facial dysmorphic features
(prominent forehead, long face, epicanthal folds, almond-
shaped eyes, short nose, anteverted nares, long philtrum, thin
upper lip, high-arched palate, large and protruding ears),
microcephaly/macrocephaly, abnormal fat pads, inverted
nipples, cryptorchidism in boys, and, rarely, cardiac struc-
tural anomalies.

8.4.2 | Differential diagnosis (Statement #2:
grade of recommendation D)

Supragluteal fat pads can also be seen in Wiedemann-
Rautenstrauch syndrome (neonatal progeria), although the
other dysmorphic features are different. Many other inborn
errors of metabolism have occasionally been associated with
inverted nipples such as Turner syndrome, Smith-Lemli-
Opitz syndrome, Weaver syndrome and Robinow syndrome.
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Of note, inverted nipples (unilateral and bilateral) are found
in approximately 3% of the general population, so their occa-
sional presence in these other disorders could be coinciden-

tal. Almond-shaped eyes are seen in Prader-Willi syndrome,
which is often accompanied by hypotonia and feeding diffi-
culties during infancy.

8.4.3 | Diagnosis and follow-up (Statement #3:
grade of recommendation C)

The following should be done at the time of the diagnosis:
assessment by a clinical geneticist, echocardiogram and oph-
thalmologic evaluation.

Follow-up investigations should be performed depending
on the results of the initial evaluation, or on clinical concern.

8.4.4 | Treatment (Statement #4: grade of
recommendation D)

There is no disorder-specific management for congenital
malformations in PMM2-CDG patients. Conotruncal
heart defects and cryptorchidism are treated standardly.
The inverted nipples and abnormal fat distribution do not
in fact, can disappear

need any treatment, and

spontaneously.

8.5 | Neurological involvement

PMM2-CDG can present as an isolated neurological syn-
drome or a neurologic-multivisceral form; the latter
occurs earlier in life and is associated with a more severe
presentation.  Developmental disability (DD) in
PMM2-CDG is an almost constant finding. It has been
reported in 96% of 518 clinically described patients and
ranged between mild to severe. The severity was not spec-
ified in 416 patients. Achievements of specific milestones
were not clearly delineated in the literature. In 20 patients,
a normal development was reported, and in 5 of these
patients, the clinical status was described in detail includ-
ing the academic achievement.?’~*2

The level of intellectual disability (ID) (including search
term “mental retardation”) was reported in 179 patients. The
intelligence level was normal in 10%, borderline in 2%; dis-
ability was mild in 27%, moderate in 28%, severe in 30%
and profound in 3%.'%**7?7 Lack of intelligence assessment
in many patients was due to the severity of the clinical pre-
sentation with multi-organ involvement and early death. The
intelligence quotient (IQ) has been reported in only 17%
mainly in individuals with normal intelligence, borderline or
mild ID. Among 18 individuals with normal 1IQ the range
was 80 to 93 (median 87).'%2%%%

CA is another constant finding in PMM2-CDG; it has
been reported in 95.4%. Presentation of CA is usually in the
neonatal period or during the first years. In some instances,
CA was detected prenatally'>'? or in the first 4 to 14 postna-
tal days.>*! A few patients had initially a normal cerebellar
magnetic resonance imaging (MRI) at first investigation
between 2 days and 6 years of age.>***=* Global CA with
enlarged hemispheric and vermian fissures, particularly of
the anterior lobe of the vermis, are the most common presen-
tations. Olivopontocerebellar atrophy is less frequently
reported. CA follows a progressive course with volumetric
loss particularly at earlier ages.35 CA has been measured by
bi-dimensional measures and volumetric analyses in case-
control studies'®?32°. Roving eye movements, tonic upward
deviation and convergent eye movements are the earliest
signs of cerebellar dysfunction detectable in the neonatal
period. Hypotonia, clumsy and ataxic movements become
increasingly apparent over the first year. The most common
cerebellar symptom in PMM2-CDG patients is ataxia,
reported in 96.4%. Independent walking is attained in a
minority of patients. Cerebellar ataxia is not progressive in
PMM2-CDG. However, motor disability may worsen with
time. CA was not reported in some patients with normal
intelligence.'®2%-*

Hypotonia is another common symptom in PMM2-CDG,
reported in 92%. It can develop beyond the neonatal period,
or even at later age (6-38 years). In many studies there is a
lack of information on whether the hypotonia was central, or
peripheral as a presentation of neuropathy.

Peripheral neuropathy is reported in about half of the
patients (53%). It is generally observed after the end of the
first decade (range 7-42 years; in most cases overl3 years).
However, only some cases are documented by nerve con-
duction velocity (NCV); most patients are described as hav-
ing no deep tendon reflex and/or muscle wasting and a few
with loss of sensation.

Seizures were documented in only 68 patients; 10 showed
neonatal seizures. The most reported types were generalized
tonic-clonic and partial and most patients
responded well to single anti-epileptic drugs.

Movement disorders, apart from ataxia, have been
reported in only few patients, including dystonic dyskinetic
hand movements and cervical dystonia.>’—°

Stroke-like episodes (SLE) have been described in
36 patients (see dedicated section).

seizures,

8.6 | Statements

8.6.1 | Presentation (Statement #1: grade of
recommendation C)

PMM2-CDG can present as either a neurological syndrome or
as a neurologic-multivisceral phenotype. The main neurological
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manifestations are global DD, cerebellar ataxia, hypotonia, dys-
arthria, peripheral neuropathy, seizures, and SLEs.

8.6.2 | Differential diagnosis (Statement #2:
grade of recommendation D)

The most common differential diagnostic consideration are
mitochondrial disorders and disorders of phospholipid
synthesis.

8.6.3 | Diagnosis and follow-up (Statement #3:
grade of recommendation C)

The following investigations should be done at the time of
the diagnosis: neurological and psychological assessment,
Electroencephalography (EEG), neuroimaging and nerve
conductive study. Cerebellar biometry or volumetric mea-
sures should be performed. The ataxia can be evaluated
by clinical scales such as International Cooperative Ataxia
Rating Scale (ICARS).'®

8.6.4 | Treatment: (Statement #4: grade of
recommendation D)

There is no specific treatment for the neurological manifesta-
tions of PMM2-CDG and the management is per standard
protocols for each manifestation.

8.7 | Stroke-like episodes

SLE are a potential complication of PMM2-CDG, reported
in at least 36 patients.'>**>° They can present before the
age of 2 years with no episodes in adulthood.?® The age of
presentation for 28 patients was detailed: 89.3% were youn-
ger than 10 years at the first episode, 68% have suffered one
or two SLE episodes. Some underwent more than two epi-
sodes. The cause of the SLE has not yet been identified.
However, different SLE triggers have been described, in par-
ticular febrile illnesses (n = 12) and head trauma (n = 8).
Alcohol ingestion and invasive cerebral studies, that is, angi-
ography have each been reported once. No clear trigger has
been identified in 47% of the patients.

The most reported symptoms are: somnolence, stupor
and/or irritability (n = 13), mono or hemiparesis (n = 10), sei-
zures (n = 8), and other (n = 3; dysphasia, cortical blindness,
headache, vomiting). Hyperthermia or fever is reported in all
the patients for whom the body temperature is reported (from
37.4°C to 38.9°C) with or without an infectious context.

Full recovery was reported to be achieved from 1 hour
to 6 months post SLE, and complete recovery was
achieved by all the patients. EEG data were detailed in
13 patients with EEG abnormalities in 69%. The main

reported finding was an abnormal background in all the
patients and focal abnormalities in some patients. Neuro-
imaging studies (cranial MRI), described in 19 patients,
showed in the majority CA. In five MRI studies (5/19
patients) a hemispheric edema combined with a focal
abnormality was found.*>4>:48:47

Acute treatment was reported only in 28%. The most fre-
quently reported drugs used are the antiepileptic drugs, both
for the acute phase and the prophylactic phase.

Benzodiazepines were used during the acute phase in at
least eight SLE patients, phenytoin in five patients, midazolam
and lorazepam in continuous infusion each in four patients,
levetiracetam in three patients, and valproic acid, carbamaze-
pine, oxcarbazepine and topiramate in single patients each.

8.8 | Statements

8.8.1 | Presentation (Statement #1: grade of
recommendation C)

SLE are among the acute neurological complications in
PMM2-CDG patients. They could be underdiagnosed as they
require a high index of suspicion. Vascular events such as
migraine can clinically mimic SLE and are also more prevalent
in PMM2-CDG patients due to coagulation abnormalities.

The main SLE symptoms are irritability, stupor, mono-
or hemiparesis, epileptic seizures and sometimes vomiting
and other focal deficits.

8.8.2 | Differential diagnosis (Statement #2:
grade of recommendation D)

Broad metabolic screening is necessary to rule out disorders
of small molecules and energy metabolism.

8.8.3 | Diagnosis (Statement #3: grade of
recommendation C)

In order to rule out other acute events deserving special man-
agement, neurophysiological studies (EEG), neuroimaging
(MRI) and hemostatic studies are recommended.

8.8.4 | Acute management (Statement #4:
grade of recommendation D)

There is no specific treatment for the SLE in PMM2-CDG
patients. Antiepileptic drugs are the most widely used and
reports described an improvement in seizures and focal deficits.
Benzodiazepines (midazolam, lorazepam) are recommended.
The use of antiaggregants or anticoagulants during the acute
phase of SLE should be considered in every single situation.
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8.8.5 | Long term therapies (Statement #5:
grade of recommendation D)

There is no evidence for the safe continuous use of antiag-
gregants to prevent SLE except in recurrent SLE (unpub-
lished observations about acetylsalicylic acid). Review of
the literature does not support nor refute a vascular origin of
SLE. Most common antiepileptic drugs such as levetirace-
tam, valproic acid, carbamazepine, and oxcarbazapine have
been used. However, there is no evidence for efficacy in pre-
venting new SLE.

8.9 | Ophthalmological presentation

The ophthalmological manifestations have been documented
in 535 PMM2-CDG patients. Strabismus was the common-
est reported ophthalmological finding (84%). The type of
strabismus was specified (esotropic) only in half of them.
Strabismus is frequently present since birth. Later infantile
presentation has been reported.’*?* Pigmentary retinopathies
were reported in 22% of patients. Although it is usually asso-
ciated with the adolescence/adulthood form, three individ-
vals with the early infantile presentation have been
reported.**>! Other less common retinal anomalies included
retinal hypopigmentation (n = 2), retinopathy without pig-
mentary alterations (n = 1) tapetoretinal degeneration
(n = 1). Abnormal electroretinography (ERG) was reported
in 10%. In two independent studies,”>”> patients were found
to have more severely affected rod driven-responses, while
cone responses were only slightly reduced.’** Nystagmus
was seen in 9.5%. The frequency of oculomotor apraxia and
abnormal eye movements is 4% and 3%, respectively. Myo-
pia was reported in 8.7%. Less frequent refractive errors
have been described including astigmatism, hyperopia and
amblyopia. Six percent of the patients exhibited either
reduced visual acuity or visual impairment. Legal blindness
was reported in only one patient. Abnormal visual evoked
potentials (VEP) have been reported in 11 patients. Sponta-
neously corrected visual inattention has been reported.’*
Cortical blindness has been rarely described and was tran-
sient in two patients.*® Other less common reported ophthal-
mological manifestations included night blindness, narrow
retinal vessels, macula hypoplasia or aplasia, optic nerve
involvement, optic disc pallor, ptosis, enophthalmos, iris
coloboma and cataract.”

8.10 | Statements

8.10.1 | Presentation (Statement #1: grade of
recommendation C)

The main ophthalmological manifestations in PMM2-CDG
are strabismus, pigmentary retinopathy (due to progressive

photoreceptor degeneration), nystagmus, myopia and

reduced visual acuity.

8.10.2 | Differential diagnosis (Statement #2:
grade of recommendation C)

A broad metabolic screening is necessary to rule out disor-
ders of energy metabolism and complex molecules, and
attenuated forms of organic acidemias.

8.10.3 | Diagnosis and Follow up: (Statement
# 3: grade of recommendation D)

Since ocular anomalies are frequent in PMM2-CDG and can
involve the structural components as well as the ocular
mobility, initial and annual ophthalmology evaluation for
PMM2-CDG patients is recommended, particularly to assess
the progression of the retinopathy.

8.10.4 | Treatment: (Statement #4: grade of
recommendation D)

There is no disorder-specific management for the ophthal-
mological manifestations in PMM2-CDG patients. Ophthal-
mologist's intervention (as strabismus treatment or
correction of myopia) in early life is important to preserve

vision through glasses, patching or surgery.

8.11 | Cardiological presentation

Cardiac involvement in PMM2-CDG has been reported in
141 PMM2-CDG patients, with a frequency of 21%.>' It is
always part of the
PMM2-CDG. Early presentation of the cardiac manifesta-

multivisceral —presentation of
tions was reported in 45% of the patients.

The most common cardiac manifestations are pericardial
effusions/pericarditis, different forms of cardiomyopathy,
mostly hypertrophic cardiomyopathy with or without
obstruction, cardiac failure and/or cardiac tamponade. Struc-
tural heart defects have been reported, particularly conotrun-
cal malformations, '®27-26-60

Less common cardiovascular manifestations include sys-
temic hypertension, pulmonary hypertension, arrhythmia,
myocardial ischemia and pericardial fibrosis. Sudden cardiac
arrest and collapse including cardiac rupture have been
reported.®!®% Pericardial effusions and cardiomyopathy can
worsen, stabilize and improve. 16,62-66

Management of the cardiac manifestations includes medi-
cal, surgical, and supportive measures particularly with
regard to hydration and nutrition. Improvement of pericar-
dial effusion with steroids and salicylic acid has been
reported.®” Acute left ventricular outflow tract obstruction
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from non-obstructive hypertrophic cardiomyopathy was
reported due to dehydration.®®

Mortality due to cardiac involvement was estimated to be
34%, but, this could be an underestimate due to insufficient
data on outcome.

8.12 | Statements

8.12.1 | Presentation (Statement #1: grade of
recommendation C)

Cardiac involvement can be part of the multisystem presen-
tation in PMM2-CDG. The age of onset is usually from
antenatal to the first year. Most common cardiac features are
pericardial effusion/pericarditis, cardiomyopathies particu-
larly hypertrophic cardiomyopathy with or without obstruc-
tion, cardiac failure and/or cardiac tamponade. Conotruncal
malformations are the most significant structural heart
defects.

8.12.2 | Differential diagnosis (Statement #2:
grade of recommendation C)

A broad metabolic screening is necessary to rule out disor-
ders of energy metabolism, complex molecules, and attenu-
ated forms of organic acidemias.

8.12.3 | Diagnosis and follow-up (Statement
#3: grade of recommendation D)

A referral to a cardiologist is recommended for cardiac
assessment. Baseline investigations should be done at the
time of diagnosis and include chest X-ray, echocardiogram
and electrocardiogram (ECG).

Regular cardiac follow-up should be done annually or
more frequently as deemed necessary by the cardiologist or
as indicated clinically. Antenatal cardiac assessment should
be considered for the foetus at risk in case of a positive fam-
ily history. Other cardiac investigations, for example, peri-
cardial biopsy for suspected pericardial fibrosis should be
considered in consultation with the cardiologist.

8.12.4 | Treatment (Statement #4: grade of
recommendation D)

Treatment of the cardiac manifestations should be guided by
the cardiologists. Hydration, nutrition and albumin transfu-
sions are important supportive measures, and conotruncal
heart defects of course need surgical correction.

8.13 | Gastroenterological presentation

Digestive symptoms have been described in 212 patients.
Failure to thrive in the first year of life is the most common
feature, reported in 66.5%. It is mostly associated with other
extra-neurological symptoms'6-21-23-31-3157.6263.69-78 " pee
ing difficulties are frequent in PMM2-CDG (45%). They are
probably mainly secondary to oral muscle dysfunction from
the hypotonia. Several patients required feeding assistance
via nasogastric tube feeding or gastrostomy feeding espe-
cially in the first years in association with severe enteropathy
and/or cardiac complications. In a series of 96 patients, half
of the patients who required enteral nutrition had cardiac
involvement.*’

Diarrhea was reported in only 27% of the patients. Data
about the duration and the type of the diarrhea were missing
in most reports. Malabsorption and enteropathy were diag-
nosed in a number of patients. Hypoalbuminemia was
reported at least in 58% of patients with severe diarrhea.

Vomiting was reported in 19% of the patients. The causes
were not well studied.

The reported electronmicroscopic findings of the intes-
tine mucosa in affected patients with chronic diarrhea were
non-specific. Four out of seven children had short villi,
increased inflammatory cells in the stroma, dilatation of
smooth ER and abnormal inclusions containing lipids that
did not respond to elimination of food containing proteins.
Moderate inflammation of the chorion (lamina propria) was
reported in two patients, intra-enterocyte fat accumulation in
two patients, and partial villous atrophy with lymphangiecta-
sia in one patient. The histology of intestinal biopsies in two
patients was normal.®> Growth and gastrointestinal symp-
toms improved spontaneously with age.

8.14 | Statements

8.14.1 | Presentation (Statement #1: grade of
recommendation C)

The main digestive presentations in PMM2-CDG are failure
to thrive secondary to feeding difficulties, that is, vomiting;
diarrhea secondary to malabsorption or protein losing
enteropathy.

8.14.2 | Differential diagnosis (Statement #2:
grade of recommendation D)

A broad metabolic screening is necessary to rule out disor-
ders of energy metabolism, small molecules, and protein/-
gluten intolerance disorders.
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8.14.3 | Diagnosis and follow up (Statement
#3: grade of recommendation D)

The following parameters/investigations should be measur-
ed/performed at the time of the diagnosis: anthropometric
parameters, body mass index (BMI), blood albumin, pre-
albumin, and electrolytes.

Follow-up investigations should include annual surveil-
lance of these parameters.

8.14.4 | Treatment (Statement #4: grade of
recommendation D)

There is no disorder-specific management for digestive dys-
function in PMM2-CDG patients. Nutritional support is
required in all the affected patients.

Special instructions include:

e Maximal caloric intake with any type of formula
(no special food required for PMM2-CDG patients)

e Feeding assistance by nasogastric tube or gastro-
stomy tube

e Anti-gastroesophageal reflux measures including thicken-
ing of feeds, maintenance of an upright position after eat-
ing, and antacids

e Evaluation by a gastroenterologist and nutritionist espe-
cially in the first year of life

e Continued speech therapy and oral motor therapy in the
patients with feeding difficulties

8.15 | Liver involvement

The description of the liver involvement in PMM2-CDG
was mostly vague. In the severe infantile type, liver failure
was often present in the setting of multi-organ failure often
associated with pericardial effusions. Postmortem histologic
examination can show cholestasis with prominent bile cana-
liculi, periportal fibrosis, portoportal bridging fibrosis or cir-
thosis and steatosis,”®13-30-68.79-82

In the later presentation of the multivisceral type, hepato-
megaly is the most frequent clinical finding. This has been
associated with elevated serum transaminases (particularly
of ALAT) in 12.5% to 100%'******* more often than in the
neurological form.*' Usually, the transaminases become
more elevated during viral infections and seem to decrease
with age normalizing often in the second decade. Liver biop-
sies have rarely been performed. They mostly show liver
515784 and lysosomal inclusions in the hepato-

cytes.® This liver presentation does not seem to be progres-
56,69,86

steatosis

sive. Liver ultrasound often demonstrates steatosis.

Coagulopathy asks for special attention in CDG (see ded-
icated section) but is also considered as a marker of liver
function. Cholestasis and liver failure (International

Normalised Ratio (INR) > 2) only occur in the severe infan-
tile type,2031:40.69.76.83.87

Generally, in the severe infantile type, liver failure con-
tributes to demise, most often in the setting of multi-organ
failure. In the less severe multivisceral type, liver disease
manifests mainly as liver steatosis with or without hepato-
megaly and elevated serum transaminases.

8.16 | Statements

8.16.1 | Presentation (Statement #1: grade of
recommendation C)

Liver involvement in PMM2-CDG presents as either severe
neonatal liver failure associated with multi-organ failure in
the setting of the severe neonatal multivisceral type of
PMM2-CDG, or (usually mild) hepatomegaly with mildly
increased serum transaminases and liver steatosis that often
improves with age.

8.16.2 | Differential diagnosis (Statement #2:
grade of recommendation C)

The list of differential diagnoses for neonatal liver failure,
cholestasis or increased serum transaminases is long and
age-dependent, and outside the scope of these guidelines.
Elevated transaminases can be the main presentation of
PMM2-CDG. Serum transferrin isoelectric focusing (IEF) in
“cryptogenic hepatitis” can lead to the diagnosis of
PMM2-CDG. PMM2-CDG should therefore be looked for
in unexplained hepatitis.

8.16.3 | Diagnosis and follow-up (Statement
#3: grade of recommendation D)

Liver tests (transaminases and coagulation) should be fol-
lowed yearly until normalization occurs. Liver ultrasound at
the time of diagnosis and every 3 to 5 years thereafter seems
justified. In patients with chronic increase of transaminases,
the development of liver fibrosis or cirrhosis can be moni-
tored with non-invasive elastography techniques. The identi-
fication of evolution to cirrhosis is important, given the
occurrence of potentially life-threatening complications (var-
iceal bleeding, hepatocellular carcinoma, ascites) associated
with cirrhosis.

8.16.4 | Treatment (Statement #4: grade of
recommendation C)

There is no disorder-specific management for liver disease
in PMM2-CDG. Elevated transaminases usually normalize
before puberty.
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8.17 | Renal involvement

Renal involvement in PMM2-CDG has been reported in
56 patients. In the severe infantile multisystem type there is
major renal involvement in about 85%. Presentation in the
late-infantile and childhood type has also been also reported.
Multicystic kidneys are the most common presentation fol-
lowed by nephromegaly. Hydronephrosis was less reported.
The most reported functional abnormality was tubulopathy,
mainly proteinuria, followed by aminoaciduria. Nephrotic
range proteinuria has been described in six patients''-3!#8-0
including the diffuse mesangial sclerotic type in one
patient.”® Abnormal renal ultrasound, including increased
echogenicity, increased or decreased corticomedullary dif-
ferentiation has also been reported.”!

8.18 | Statements

8.18.1 | Presentations (Statement #1: grade of
recommendation C)

PMM2-CDG can present with congenital renal anomalies
including bilateral
hydronephrosis and/or tubulopathy. Proteinuria can be an
isolated feature in PMM2-CDG. Nephrotic range proteinuria
is a rare presentation of PMM2-CDG.

multicystic kidneys, nephromegaly,

8.18.2 | Differential diagnosis (Statement #2:
grade of recommendation D)

Screening for other disorders including metabolic tubulopa-
thy, that is, energy metabolism and complex molecules.
Genetic syndromes with multiscystic kidneys and nephrotic
syndrome should be also considered.

8.18.3 | Diagnosis and Follow up (Statement
#3: grade of recommendation C)

The following investigations should be done at the time of
diagnosis: blood pressure measurement, urine analysis for
proteins and amino acids, serum creatinine and renal ultra-
sound (looking for microcysts, nephromegaly, hyperecho-
genicity, abnormal corticomedullary differentiation).

Follow-up investigations should include annual surveil-
lance with blood pressure measurement, urine analysis/ dip-
stick, and serum creatinine/urea.

8.18.4 | Treatment: (Statement #4: grade of
recommendation D)

There is no disorder-specific management for renal dysfunc-
tion in PMM2-CDG patients.

WILEY

8.19 | Hematological involvement

Coagulation abnormalities were described in
344 PMM2-CDG patients. Both procoagulant and anticoag-
ulant factors are affected. Antithrombin deficiency was the
most reported abnormality followed closely by factor XI
(FXT) and protein C (PC) deficiencies respectively. Protein S
(PS) and FIX can also be decreased. Low factor II (FII), fac-
tor V (FV), factor VII (FVII) or factor X (FX) were reported
in a few patients as well as prolonged prothrombin time and
increased D-dimer levels.

PMM2-CDG is largely underdiagnosed and some cases
may have a mild phenotype with only coagulation abnormali-
ties such as antithrombin deficiency.”® These coagulation
abnormalities disturb the hemostatic equilibrium, which may
induce hemorrhagic or thrombotic events. A thrombotic event
was reported in 12.5% of patients, both venous and arterial.
Four cases of cerebral thrombosis were described. Tissue dam-
age such as due to surgery or catheterization was identified as
a risk factor for the occurrence of thrombotic events.”® In four
PMM2-CDG patients, disseminated intravascular coagulation
was described, always occurring during thrombosis or a SLE.

Data on antithrombotic treatment in PMM2-CDG
patients are limited. There is one report of inefficient low
molecular weight heparin treatment (LMWH) in congenital
antithrombin deficiency.94 Rivaroxaban (factor Xa inhibitor)
has been successfully used as an alternative prophylaxis in
PMM2-CDG patients.”

Of note, fluctuations of coagulation abnormalities have
been noted with age,”® and with during fever, probably due
to thermolability of PMM2.*"-7

Other hematological abnormalities like thrombocytopenia
and neutropenia have rarely been reported. Thrombocytope-
nia has been described in only seven patients.?® Interest-
ingly, three of them presented with severe congenital
thrombocytopenia in the context of hydrops fetalis without
evidence of bacterial or viral infection.”” Tn PMM2-CDG
patients, platelet reactivity against all agonists was normal
but there was a spontaneous hyperreactivity. This causes
platelet hyperaggregability explaining the thrombotic ten-
dency in these patients.”® Complete bone marrow failure
was noted in only two patients (personal communication)
(for neutropenia see immunology section).

8.20 | Statements

8.20.1 | Presentations (Statement #1: grade of
recommendation C)

The main coagulation disorders observed in PMM2-CDG
are antithrombin and FXI deficiencies which can be associ-
ated to PC, PS and FIX deficiencies and prolonged pro-
thrombin time. Because of these coagulation abnormalities
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affecting both procoagulant and anticoagulant factors,

patients exposed to thrombotic or hemorrhagic risk. Because
of the platelet hyperaggregability, the risk of thrombosis is
higher than the risk of bleeding.

8.20.2 | Differential diagnosis (Statement #2:
grade of recommendation C)

The differential diagnosis includes congenital coagulopathy
syndromes and liver failure or disseminated intravascular
coagulopathy.

8.20.3 | Diagnosis and follow up (Statement
#3: grade of recommendation D)

At diagnosis, a complete blood count and hemostasis study
should be performed, including prothrombin time, fibrino-
gen, FVIII, FIX, FXI, antithrombin, PC and PS. If prothrom-
bin time is prolonged, FII, FV, FVII, and FX should be
measured.

Coagulation studies should be conducted once a year and
before any surgery, invasive procedure or environmental
stress like fever, in combination with liver function tests. In
these situations, hemostasis studies should include prothrom-
bin time, fibrinogen, factor IX, factor XI, antithrombin, pro-
tein C and protein S.

8.20.4 | Treatment (Statement #4: grade of
recommendation D)

The following proposals should take into account the coagu-
lation profile and the history of bleeding and/or thrombosis
of the patient.

8.21 | Thrombotic event

In the absence of specific guidelines for PMM2-CDG
patients, we suggest to follow the guidelines of the Ameri-
can College of Chest Physicians for curative and prophylac-
tic use of antithrombotic therapy.””'°° Low molecular
weight heparin should be used by individualized dose. Use
of antithrombin concentrate in antithrombin deficiency can
be discussed if dose adjustment of heparin is difficult. Rivar-
oxaban can be used as an alternative prophylaxis in LMWH-
nonresponsive patients.

8.22 | Management of coagulopathy during
surgery

According to the levels of clotting factors and inhibitors and
the hemorrhagic risk of the procedure, we propose the pro-
phylactic use of fresh frozen plasma or prothrombin

complex concentrate (PCC). However, the use of PCC con-
taining protein C and protein S should be considered accord-
ing to PC and PS levels. Factor XI concentrate or
recombinant FVIIa (rtFVIIa) infusion is not recommended
owing to the high risk of unbalancing the hemostasis.'*"

8.23 | Endocrinological symptoms

The endocrine system is one of the major systems affected in
PMM2-CDG. Four major domains are affected: growth, thy-
roid function, sexual development and blood glucose levels.

Data regarding height were available for 53 patients; 49%
presented with short stature. After a normal anthropometry at
birth, postnatal growth decline is common in PMM2-CDG
children. A prospective study of the prepubertal growth in
25 patients revealed a notable decline in length (standard
deviation score (SDS) 0-2.4) during the first 7 months of life.
Failure to thrive is a common feature of PMM2-CDG and is
associated with growth failure (in 96% of the patients with
short stature).”! PMM2-CDG patients have lower serum
levels of IGF-1, IGFBP3 and acid-labile subunit (ALS)
despite normal or increased levels of growth hormone.’!'%
IGF-1 itself is not glycosylated. However, in serum, over 90%
of IGF-1 forms a protein complex formed by glycoproteins
IGFBP3 and ALS.'” Only one report regarding the use of
recombinant human IGF-1 (thIGF-1) therapy in a
PMM2-CDG patient with an excellent growth response.”

Thyroid function tests are frequently ordered in
PMM2-CDG, reported in 255 patients. TSH was the
most requested biochemical test. In 16%, TSH was above
the normal range, in which 29% of those were detected in
the newborn screening test while in the remaining,
elevated TSH was noticed after the neonatal
period,%10:15:18:21,29.43.56,69.77.84.88.102,104-106

Partial deficiency of thyroxine-binding globulin (TBG) is
present in approximately 75% of CDG patients probably due
to increased TBG hypoglycosylation which reduces its half-
life by 15%. In general, TBG deficiency does not appear to
affect thyroid function.'’

FT4 is the most reliable marker for thyroid function and
indicator for treatment to avoid over-treatment based only on
a high TSH.'"® Among 255 PMM2-CDG patients, 13% were
labeled as hypothyroidism. Levothyroxine therapy was begun
in all but was discontinued after few months in some patients
presenting with transient hypothyroidism. Hypothyroidism
related symptoms including low body temperature, low energy,
constipation, and lymphedema have rarely been reported.”’

Hypoglycemia has been reported in
24 patients.”"11118:21:3740.56.6274.7684.108.109  paients pre-
sented mostly with poor feeding, lethargy or seizures. It was
the main presentation in three patients.>"*'*® All of the hypo-
glycemia attacks occurred during the infantile period. There
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was no documented difference in the timing of the presenta-
tion between hyperinsulinemic vs normoinsulinemic hypo-
glycemia. Hyperinsulinemia was determined to be the cause
in 40% of the affected patients. The cause was not precisely
reported for the rest of patients, that is, no insulin, cortisol,
growth  hormone or ketone levels
able,'0-11-21:40.56.74.84.108 papcreatic biopsy (available for one
patient) revealed normal histology.'®® The hyperinsulinemic
hypoglycemia successfully responded to oral diazox-
ide.!0-20-470.78.99 qubtotal pancreatectomy was required in
only one patient with hyperinsulinemia who responded well
to diazoxide but developed severe hyponatremia as a side
effect.” The outcome of the hypoglycemia in the other
14 patients was not available. Literature review did not
reveal hyperglycemia in PMM2-CDG.

Gonadal function has been described in 29 adult females.
They presented either with delayed, incomplete or absent
puberty, amenorrhea and hypergonadotropic hypogonad-
ism?®-03102107.110 yeoardless of neurological or visceral symp-
toms. Three females have been described with normal puberty
and normal menstruation®™''"*112, Additionally, one female
patient has been described with normal puberty and irregular,
scarce menstruations*' and one patient with lack of secondary
sexual development and two episodes of vaginal spotting
within 4 years post menarche.*” The pathogenesis of premature
ovarian failure in PMM2-CDG is not fully understood. Hypo-
glycosylation of gonadotropins, gonadotropin receptors or sex
hormones may result in hypergonadotropic hypogonadism.'®
At least 27 females were treated with estrogens to induce
puberty*>1617113 and although there is theoretically a risk
for thrombosis, no reports were found in the literature. Pubertal
abnormalities in males are less reported. Puberty and testoster-
one levels are mostly reported normal. Small testicular volumes
with or without hypogonadism have been described.*’-7%:192
Other abnormalties include increased Follicle-stimulating hor-
mone (ESHY?*61%2, and cryptorchidism,3084105109.110.114

were  avail-

8.24 | Statements

8.24.1 | Presentation (Statement #1: grade of
recommendation C)

PMM2-CDG can present with short stature but have usually
an appropriate length at birth,

High TSH and low TBG levels with euthyroidism are
common findings in PMM2-CDG while hypothyroidism
is rare.

PMM2-CDG can show hypoglycemia, that can be a
presenting sign.

The main pubertal abnormalities in PMM2-CDG are pre-
mature ovarian failure with hypergonadotropic hypogonad-
ism in females, and hypogonadism with or without small
testicular volume and cryptorchidism in males.

8.24.2 | Differential diagnosis (Statement #2:
grade of recommendation D)

Disorders such as glycogen storage disease, galactosemia,
mitochondrial disorders and autoimmune endocrinopathy
should be considered.

8.24.3 | Diagnosis and follow up (Statement
#3: grade of recommendation D)

The length/height of PMM2-CDG patients should be regu-
larly monitored. At the time of diagnosis IGF-1, IGFBP3
should be measured. If growth failure installs later, these
investigations should be repeated. PMM2-CDG patients
have mostly normal serum growth hormone levels and show
growth hormone resistance on IGF-1 stimulation.

Serum FT4, TBG and TSH should be measured at the
time of diagnosis and at follow-up.

The following investigations should be done in any
PMM2-CDG patient presenting with hypoglycemia: plasma
insulin, cortisol, growth hormone, lactic acid, ammonia,
beta-hydroxybutyrate, free fatty acids and urinary ketones.
Transferrin IEF as a screening test should be considered in
any neonate/infant with persistent hypoglycemia of undeter-
mined cause.

Gonadal function should be assessed in males and
females at the age of puberty, and the following parameters
should be measured: Tanner stage, growth curve, bone age,
FSH, luteinizing hormone (LH), estradiol in females and tes-
tosterone/Sex hormone binding globulin (SHBG) in males.

8.24.4 | Treatment (Statement #4: grade of
recommendation D)

There is no disorder-specific management for the endocrine
abnormalities in PMM2-CDG patients.

The diagnosis of hypothyroidism and L-thyroxine sup-
plementation should be reserved for those patients with con-
comitant elevated TSH and low free thyroxine especially in
the presence of clinical symptoms.

The management of hypoglycemia should include contin-
uous tube feeding, iv glucose infusion at a rate 8 to
10 mg/kg/min and inclusion of complex carbohydrates in
the diet standard treatments for hyperinsulinemic hypoglyce-
mia. Management with oral diazoxide as a first choice of
therapy is recommended in case of hyperinsulinemic
hypoglycemia.

Hormone replacement therapy should be started at a nor-
mal age of pubertal induction, and to reduce the risk of
venous thrombosis, treatment is preferentially natural estro-

gen by the dermal route.'"”
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8.25 | Infections and immunological
abnormalities

Infections and or immunological abnormalities were
reported in 88 PMM2-CDG patients. Recurrent infections
are a common manifestation in early life and childhood and
become less frequent and less severe in adolescence and
adulthood. Forty percent were reported with recurrent and/or
organ-specific infections (respiratory and gastrointestinal
tracts). In most of the reported patients, there was at least
single episode of severe infection, which was lethal in few
patients. Fifty-three percent of the patients who suffered
from infections were below 7 years of age. Antibiotic and
immunoglobulin infusions were the most frequently sug-
gested treatment with, in general, a good response.

Nine patients showed different types of leukopenia: pro-
gressive lymphopenia,''® persistent lymphopenia’® and neu-
tropenia.26 Low T cell levels have been rarely reported.'!’
Leukocytosis was reported in a few patients including
increased Natural killer (NK) cell levels,117 increased lym-
phocyte counts,"'®!"® and increased monocyte levels.”

Reduced neutrophil chemotaxis was reported

paper.''®

Furthermore, a set of 12 PMM2-CDG patients with vary-
ing ages and disease severity, showed a decrease in the
CD16 marker in neutrophils of children as well as a general-

ized decrease in CD14 epitope in monocytes of both chil-
120

in one

dren and adults.
Hypogammaglobulinemia has
decreased IgA and IgG levels being the most common find-
ing followed by low IgM levels.””:%%!1
Cytokine levels were reported in only one patient, who
showed very high levels (Interleukins (IL-2), IL-4, IL-6, IL-
8, IL-10, gamma interferons (IFNy), Tumor necrosis factor

been described with

(TNFa), IL-1p and Granulocyte-macrophage colony-stimu-
lating factor (GM-CSF)) in pericardial and ascites fluids
while presenting normal serum levels except for elevated IL-
6, IL-8 and IL-10.7°

Episodes of fever without apparent cause were reported
in 22% of the patients'>**#+%- 118121 In two patients, fever
was also associated with pericarditis and vasculitis.**"> Half
of the patients reported responded normally to vaccina-
tion.''” Age-appropriate vaccination is recommended.”®

8.26 | Statements

8.26.1 | Presentation (Statement #1: grade of
recommendation C)

PMM2-CDG may present with infections, immunodefi-
ciency, lack of response to vaccination, and hypogammaglo-
bulinemia. Infection sometimes can progress to septic shock
and more frequent in younger children. Infections have also

been reported as a cause of death in a few young
PMM2-CDG patients.

8.26.2 | Differential diagnosis (Statement #2:
grade of recommendation D)

Other disorders including immunodeficiency syndromes,
Glycogen storage disease (GSD) type Ib, lysinuric protein
intolerance, purine and pyrimidine disorders should be
evaluated.

8.26.3 | Diagnosis and follow-up (Statement
#3: grade of recommendation D)

The following investigations should be done at the time of
the diagnosis of PMM2-CDG, and in case of recurrent infec-
tions: leukocyte count (including neutrophil, lymphocyte
and NK cell count), and immunoglobulin count (including
IgA, IgG, and IgM counts). These investigations should be
repeated periodically, especially during infancy, and/or in
case of suspected or confirmed infection. Antibody titers
should always be tested after vaccination. Monitoring of
PMM2-CDG patients after infection is necessary to prevent
complications and eventual sepsis, especially in early life
and childhood.

8.26.4 | Treatment (Statement #4: grade of
recommendation D)

Infections in PMM2-CDG patients must be managed accord-
ing to good standards of care, with appropriate antibiotic
administration, and patients should be followed closely until
infection remission. Intravenous administration of immuno-
globulins may be considered if infection is not responsive to
antibiotic therapy. Patients should be vaccinated, unless
medical history advises against it with the understanding that
adverse reactions and non-response are possible.

8.27 | Skeletal involvement

Skeletal involvement in PMM2-CDG is common but often
overshadowed by other organ involvement. The skeletal
manifestations of PMM2-CDG have only been reported as
part of a multisystem phenotype. Kyphoscoliosis was
reported in 53% (in series of over 10 patients ranging from
32%'? to 71%°°). This finding is more common in adult
patients but can start during childhood.'? Low bone mineral
density (BMD), in the range of osteopenia or even osteopo-
rosis, was seen in 60%. In one series, it was seen in all seven
patients older than 15 years of age.’® This finding can also
start as early as in childhood but becomes more frequent
after adolescence and has been associated with significant



RUQAIAH Ert AL.

fractures.''> One large series reported fractures under mini-
mal trauma in 26%.'® Thoracic deformities in the form of
pectus carinatum or excavatum were seen in 84%. Various
types of foot deformities have been reported, including tali-
pes equinovarus, talipes equinus, pes varus, pes valgus/e-
verted feet, and pes planus. Atlantoaxial subluxation leading
to symptomatic spinal cord compression and laminectomy
was described.**'?* Changes reminiscent of dysostosis mul-
tiplex in the axial skeleton have been reported, including a
dorsolumbar kyphosis with a slight hook-like dysplasia of
L1, wide ribs, broad clavicles, thickened ischia and pubis,103
and anterior beaking of the vertebral bodies.'”!" Changes
reminiscent of a type II collagenopathy have been
reported,'" including hypomineralization of the pubic rami,
metaphyseal expansion of the long bones, and delayed
epiphyseal ossification. Other skeletal changes reported in
more than one patient include shortening of long
bones,'*!"!> 13 pairs of ribs,'*'" and flared iliac wings.'**®

8.28 | Statements

8.28.1 | Presentation (Statement #1: grade of
recommendation C)

PMM2-CDG can present with skeletal involvement, most nota-
bly osteoporosis, scoliosis-kyphosis, dysostosis multiplex-like
changes, and a type II collagenopathy phenotype.

8.28.2 | Differential diagnosis (Statement #2:
grade of recommendation D)

Screening for lysosomal storage disease, type II collageno-
pathy skeletal phenotype should be considered.

8.28.3 | Diagnosis and follow up (Statement
#3: grade of recommendation C)

The following investigations should be done at the time of
the diagnosis: cervical spine X-rays first in neutral position,
followed by flexion/extension to assess for atlantoaxial
instability.

Follow-up investigations should include annual clinical
assessment of scoliosis (X-rays obtained when needed) and
BMD by age-appropriate dual-energy X-ray absorption (DXA)
scan every 3 to 5 years starting in adolescence. In patients with
severe spinal and thoracic deformities, pulmonary function
should be tested (concern for restrictive lung disease).

8.28.4 | Treatment (Statement #4: grade of
recommendation D)

e There is no disorder-specific management for skeletal
abnormalities in PMM2-CDG patients.

e Atlantoaxial instability/cord compression is treated with
standard measures, including cervical spine stabilization
or surgical stabilization in patients with symptoms of spi-
nal cord compression.

e Scoliosis is also treated by standard care, with regular
monitoring, braces or surgery depending on severity.

e Standard treatment of pectus is recommended, which can
include external bracing for pectus carinatum or surgery
for severe pectus excavatum leading to cardiopulmonary
morbidity.

e Low BMD (Z-score < —2.0): encourage mobility in a
safe environment especially with the ataxic patient. Rec-
ognize and treat micronutrient deficiencies, such as vita-
min D deficiency. Recognize and treat hypergonadotropic
hypogonadism to maximize BMD. Standardized WHO
Fracture risk assessment tool (FRAX) guidelines for the
use of bisphosphonates for PMM2-CDG patients with
recurrent fractures.

8.29 | Lipid abnormalities

Hypocholesterolemia is a classic feature of
PMM2-CDG***7%%#%123 More specifically, affected patients
can have decreased concentrations of total cholesterol, low-
density lipoprotein (LDL-cholesterol), and apolipoprotein B.'**
Hypotriglyceridemia has also been described.®

8.30 | Statements

8.30.1 | Presentation (Statement #1: grade of
recommendation C)

PMM2-CDG can present with low concentrations of total
cholesterol, LDL-cholesterol, apolipoprotein B, and
triglycerides.

8.30.2 | Differential diagnosis (Statement #2:
grade of recommendation D)

Screening for other disorders including abetalipoproteine-
mia, familial hypobetalipoproteinemias type 1 and 2, chylo-
micron retention disease, and Smith-Lemli-Opitz syndrome
should be considered.

8.30.3 | Diagnosis and follow up (Statement
#3: grade of recommendation C)

A fasting lipid panel is recommended at the time of the diag-
nosis (caution with hypoglycemic infants).

No recommended follow-up recommendation can be
established, as although it might be an important diagnostic
clue, it's unlikely that the particular lipid pattern would lead
to an increased cardiovascular risk.
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8.30.4 | Treatment (Statement #4: grade of
recommendation D)

There is no disorder-specific management required for lipid
abnormalities in PMM2-CDG patients, as it is unlikely to be
associated with an increased cardiovascular risk.

8.31 | Hearing loss

The exact frequency of sensorineural hearing loss in
PMM2-CDG is still unknown. A recent paper reported that its
frequency might not be increased over that of the general pop-
ulation, the latter varying from 3.2% to 13%.'* A literature
review of papers that reported sensorineural hearing loss
revealed this finding in 21% of patients In particular, there are
four cohorts of nine or more patients reporting sensorineural
hearing loss as a finding, and the reported frequency in those
series ranged from 8%' to 33%.'® Whether or not patients
with PMM2-CDG are at an increased risk of sensorineural
hearing loss, hearing assessment should be offered to children

with speech-language delay, or based on parental concerns.'*®

8.31.1 | Presentation (Statement #1: grade of
recommendation C)

Patients can present with sensorineural hearing loss,
although it is still controversial if this finding is associated

with the disease or is incidental.

8.31.2 | Differential diagnosis (Statement #2:
grade of recommendation D)

Although sensorineural hearing loss is not a classic feature
of PMM2-CDG, its finding should not dissuade the clinician
from considering this diagnosis.

8.31.3 | Diagnosis and follow up: (Statement
#3: grade of recommendation C)

The following investigations should be done at the time of
the diagnosis: audiology evaluation.

Follow-up investigations should be performed depending
on the results of the initial evaluation, or on clinical concern.

8.31.4 | Treatment: (Statement #4: grade of
recommendation D)

There is no disorder-specific management for sensorineural
hearing loss in PMM2-CDG patients. Standard of care
should be provided, including therapeutic options such as
hearing aids.

8.32 | Adult presentations

Total number of reported adult PMM2-CDG patients is
93 (the oldest is 66 years old). The most common reported
neurological presentations in adults were the following: sta-
ble ataxia (95%), cognitive delay (87%) ranging between
mild to severe cognitive delay, peripheral neuropathy (50%),
seizures (27%), dysarthria (20%), and SLE (18%).

The seizure disorder, if present, was stable and respon-
sive to regular antiepileptic management in all of the
reported adult patients. None of the patients had SLEs
beyond adolescence.

The most common endocrinological abnormalities were
short stature, and delayed secondary sexual development
including ovarian failure and hypogonadism in both males
and females. No major thyroid abnormalities were reported
except for three patients reported with hypothyroidism, low
thyroid binding globulin, and thyroid nodules respectively.

The most common hematological abnormalities were
decreased coagulation factors; F IX, F XI and F XII, anti-
thrombin, PC, and PS. Deep vein thrombosis (DVT) was
reported in a few patients and bleeding in only two patients.
No clinical description of bleeding is reported. However,
bleeding associated with surgery and trauma has been
reported in affected children.

Bone abnormalities were common in adult patients (74%)
including osteoporosis (24%), osteopenia (13%) and kyphos-
coliosis (62%).

The main ophthalmological abnormalities in adults were
strabismus, non-specified retinopathy, retinitis pigmentosa,
myopia and nystagmus.

Psychological abnormalities have rarely been reported in
adult patients, aggressiveness was reported in six patients,
apathy in two patients and depression in one patient.'*?°

The functionality of adult PMM2-CDG patients was not
well documented, but it has been reported that affected adults
require variable levels of support in functional life skills due to
the progression of the neuropathy and the orthopedic issues.
Three patients were reported to live independently, two have
mild neurological involvement''> and one asymptomatic
homozygous individual with normal cognition was diagnosed
incidentally after carrier testing of affected offspring.*

8.33 | Statements

8.33.1 | Presentations (Statement #1: grade of
recommendation C)

Adult patients with PMM2-CDG present mainly with stable
neurological manifestations including cerebellar ataxia,
peripheral neuropathy, strabismus, retinopathy and retinitis
and/or

pigmentosa associated with

kyphoscoliosis.

endocrinopathies
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8.33.2 | Differential diagnosis (Statement #2:
grade of recommendation C)

Other disorders with multisystems involvement including
energy disorders, cerebrotendineous xanthomatosis and
complex molecule disorders should be evaluated.

8.33.3 | Diagnosis and follow-up (Statements
#3, 4: grade of recommendation D, D)

Statement #3 Diagnosis

Enzyme assay and/or molecular testing should be consid-
ered in any adult with suspected PMM2-CDG diagnosis.
(Caveat: serum transferrin glycosylation analysis can be
mildly abnormal or near normal in adult patients'*”.

Statement #4 Follow up

The following surveillance labs should be considered in
adults diagnosed with PMM2-CDG: yearly thyroid function,
liver function, coagulation factors including FIX, FXI, PC,
PS, and antithrombin quantification. Serum concentration of
gonadotropins in adolescent and adult women should be
monitored to identify hypogonadotropic hypogonadism.
Yearly ophthalmology follow-up for the retinitis pigmentosa
and myopia, and bone density testing should be done to
assess for osteopenia/osteoporosis every 3-5 years.

8.33.4 | Treatment (Statement #5: grade of
recommendation D)

Treatment of adults with PMM2-CDG requires care from a
multidisciplinary team including a metabolic specialist, oph-
thalmologist, endocrinologist, orthopedist, hematologist,
physical therapist and occupational therapist.

Specific considerations in treatment and follow up of
adults with PMM2-CDG:

e Management of increased coagulopathy risk for adults
with  PMM2-CDG undergoing surgery: Adults with
PMM2-CDG are prone to develop DVT; hematology con-
sultation prior to surgery with close monitoring of the
coagulation factors, pre-surgical anticoagulant prophy-
laxis and early treatment of DVT is warranted. DVT pre-
vention with low molecular weight heparins should be
considered, especially in case of prolonged immobiliza-
tion or orthopedic surgery.

e Treatment of the osteopenia and osteoporosis sequelae,
that is, fractures: calcium and vitamin D supplementation
and consideration of treatment with bisphosphonate in
case of vertebral compression fractures or recurrent low-
impact fractures.

e Orthopedic management for the scoliosis: supportive
management or surgical corrective intervention for severe
scoliosis

Physical therapy: therapy program directed to improve

strength, range of motion, and function.

e Clinical hypothyroidism with biochemical hypothyroid-
ism: correction of the thyroid hormone deficiency.

e Support of independent living: education and training
throughout the school years in functional life skills and
self-care to prepare the young adults for independence.

e Hypogonadism and delayed sexual development in

women: hormonal replacement therapy (HRT) can be ini-

tiated cautiously to decrease risk of osteoporosis, keeping
in consideration the thromboembolic risk with some
of HRT.

8.34 | Diagnostic tools, treatment and
follow up

8.34.1 | Biochemical diagnosis

IEF of serum transferrin was first introduced in 1984 and
remains the frontline test for the identification of a patient
presenting a deficiency in N-glycosylation. The main advan-
tage of using transferrin as a biomarker for CDG is its high
abundance in blood, allowing fast, detailed and sensitive
detection of N-glycosylation in small sample volumes. Simi-
larly, High Performance Liquid Chromatography (HPLC) or
by capillary electrophoresis (CE) are also techniques that
allow separation of transferrin isoforms on the basis of the
charge state determined by the number of terminal sialic acid
residues. Transferrin carries two identical complex N-
glycans harbouring each two terminal sialic acid residues.
Because those are negatively charged, the isoelectric point
of transferrin is determined by its glycosylation status. In
addition, although tetrasialotransferrin represents the major
glycoform is healthy controls, other glycoforms can be dis-
tinguished due to variable branching of the sugar trees.
Hypoglycosylation or altered processing of the glycan
chains will both result in a loss of negative charges of the
transferrin. PMM2-CDG is characterized by a type 1 transfer-
rin IEF pattern, with a decrease of tetrasialotransferrin and
an increase of di- and mostly also of asialotransferrin.

Surprisingly, only scarce detailed information is available
for transferrin analysis in literature, and results were only
reported in 155 patients. A type 1 transferrin pattern was
reported in 46% of the patients (n = 72), and a global increase
in both a- and disialotransferrin, together with a decrease in
tetrasialotransferrin was reported in 34% (n=55). In
29 patients, the different transferrin glycoforms were quanti-
fied by HPLC. Analysis of serum transferrin by CE has been
reported.20 In most patients (70%, n = 108) was IEF per-
formed, and in the remaining 16 patients no information is
provided regarding the method used.

Besides IEF, N-glycan profiles of serum transferrin and
total serum proteins can also be analyzed by mass



RUQAIAH Ert AL.

2| wiLEy RIS

spectrometry (MS) in body fluids and cell lysates. The grow-

ing contribution of MS in the diagnosis of CDG is outlined in
a recent review by Sturiale et al'?® and Lefeber et al."*® Fur-
thermore, the analysis of intact glycoprotein analysis of puri-
fied transferrin by MS has now been added to routine
diagnosis,'*® and very recently to therapy monitoring of
CDG."' Hypoglycosylation of serum transferrin has been
reported in 28 PMM2-CDG patients, by using either Electro-
spray ionization (ESI-MS),"**'** Liquid chromatography-tan-
dem mass spectrometry (LC-MS-MS) (Zhang et al 2016),'%
or matrix-assisted laser desorption/ionization time-of-flight-
Mass spectrometry (MALDI-TOF-MS).'*®*¢ Also purified
transferrin or isolated transferrin glycans can be used for the

. 132
analysis.

Statement #1 (grade of recommendation: C)

Serum transferrin is a sensitive but non-specific bio-
marker for PMM2-CDG. The typical tf IEF pattern in
PMM2-CDG is type 1 (decrease of tetrasialotransferrin and

increase of di- and asialotransferrin.'>*

8.34.2 | The sensitivity of the biochemical tests

The presence of transferrin polymorphisms can however com-
plicate the diagnostic interpretation of abnormal profiles, by
impacting its isoelectric point and generating isoforms that
can co-migrate with abnormally glycosylated transferrin iso-
forms.'*” In case of an abnormal CDG pattern it is suggestive
to incubate the serum samples with neuraminidase prior to the
analysis. Removal of sialic acid residues will unmask rare
transferrin variants. Analysis of parental transferrin can also
rule out the presence of hereditary variants.'*® Noteworthy,
PMM2-CDG newborns and infants might present a normal
profile that later on becomes abnormal. Conversely, the trans-
ferrin pattern sometimes normalizes with age, without
improvement of the symptoms, as reported in one patient.*’

Statement #1 (grade of recommendation: D)

In case of an abnormal serum sialotransferrin pattern the
presence of a transferrin polymorphism has to be excluded,
either by pre-incubation of the sample with neuraminidase
or by analysis of parental samples.

8.34.3 | Pre-analytical requirements for the
biochemical testing

The recommended blood sample handling for isolation and
purification of serum transferrin is as follows. Serum or heparin
plasma should be stored at —20°C. Extra care should be taken
when isolating the serum fraction to avoid contamination by
neuraminidase producing-bacteria.'>’ Preferably, the serum
sample should not be taken in an acutely ill patient, a patient

presenting fever or infections, or a malnourished patient. If an

abnormal profile is obtained, we recommend repeating the test
on an independent sample and in an experienced lab.

Statement #1 (grade of recommendation: D)

Serum or heparin plasma should be stored at —20°C and
contamination by neuraminidase producing-microorganisms
avoided. An abnormal profile should be retested on an inde-
pendent sample in an experienced lab.

8.34.4 | False positive results of the
biochemical tests (other causes of a positive
Carbohydrate deficient transferrin
(CDT%) test)

Secondary glycosylation defects can also lead to abnormal Tf
IEF results. In patients with untreated galactosemia or fructo-
semia, accumulating intermediates inhibit N-glycosylation,
thereby causing an abnormal Tf IEF pattern. Chronic alcoholism
(>70 g per day), liver disease, severe infections, and chronic
inflammatory diseases can also lead to an abnormal pattern.

8.34.5 | Confirmatory enzymatic and
molecular testing

Conventionally, the follow-up after obtaining a type 1 pattern
consists of enzymatic analysis in fibroblasts or leukocytes to
look for PMM2-CDG and Phosphomannose isomerase
(PMI-CDG). Preferably the measurements should be per-
formed on freshly isolated leukocytes rather than on fibro-
blasts, since the latter might present a high residual PMM
activity.®® The cells should be lysed by sonication right
before analysis, and both enzymes spectrophotometrically
assayed at 37°C by the reduction of Nicotinamide adenine
dinucleotide phosphate (NADP) to NADPH, according to
the procedure described by Van Schaftingen and Jacken.*
Abnormal PMM enzymatic activity is reported in
198 PMM2-CDG patients. In 53% of the reported cases
(n = 55), enzymatic activity was performed on skin fibro-
blasts, and on white blood cells (lymphocytes or leukocytes)
in 33 patients (32%). Enzymatic analysis was performed in
both cell types inl2 patients. In addition, decreased PMM
activity in amniocytes was also reported in three patients, in
the context of prenatal diagnosis'® (Kjaergaard et al 1998).
When intermediate PMM activities are found, mutations
should next be performed. Sanger sequencing of the eight
exons and flanking intronic sequences of the PMM?2 gene
(NCBI reference sequence NM_000303.2) allows to identify
mutations in >99% of patients with an enzymatically con-
firmed PMM deficiency. Deep intronic mutations and dele-
tions would however be missed using this approach.'*> The
standard reference sequence indicating reported variants
(ENSGO00000140650) and a reference for exon numbering
(ENSTO00000268261) can be found at www.ensembl.org.


http://www.ensembl.org
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Mutation analysis of PMM?2 has been reported in 475 patients,
with mutations mostly identified by direct Sanger sequencing.
In addition, three patients have been molecularly diagnosed
by whole exome sequencing,’>'*® one by autozygocyty
mapping,'*® and four by gene panel targeted sequencing.*'*

Statement #1 (grade of recommendation: B-C).

PMM2-CDG should be confirmed by measurement of
phosphomannomutase activity in fibroblasts or leukocytes
and/or by mutation analysis of the PMM?2 gene.

8.34.6 | Genotype-phenotype correlations

PMM?2 is the 246 amino acids product of the PMM?2 gene,
localized to chromosome 16pl3. Mutations have been
described throughout the gene. Some 117 mutations have
been reported to date, including 91 missense mutations,
5 nonsense mutations, 8 frameshift mutations, 11 splicing
defects, and 1 complete loss of exon 8 due to a Alu
retrotransposition-mediated deletion of 28 kb.'*® The p.
R141H mutation (50 alleles) was the most frequent muta-
tion, reported in 60% of the patients. No patient homozygous
for this mutation has been reported, because this severe
mutation is lethal in the homozygous state.'*""'*> A higher
frequency than average (approximately 1/72) of the R141H
allele is however observed in the Dutch and Danish popula-
tions® and has been attributed to a survival advantage in het-
erozygotes in whom the mutation may confer resistance to
hepatitis B and C viruses.'*® (Tables S4 and S5).

Four patients'**~'%¢ were reported homozygous for the p.
F119L mutation (genotype prevalence 0.8%),
patients'2*'#7-148 for the p.P113L mutation (genotype preva-
lence 0.6%), and one patient (genotype prevalence 0.2%) for
either the p.C2418," the p.T237M'*® or the p.T237R*® muta-
tion. Despite being the second most frequent mutation for
PMM? with a prevalence of 10.3%, the variant p.V231M has
only been reported so far as compound heterozygote.

Based on the he crystal structure of the isozyme of
PMM2, for example, PMMI, it is possible to extrapolate on
how specific frequent mutations could impact PMM?2 protein
function and stability. For instance, the arginine residues at
positions p.R141 and p.R123 are hence assumed to be
involved in binding either the phosphate or the C2 hydroxyl
group of the substrate."*® On the other hand, the p.F119L
mutation might disrupt the hydrophobic core of PMM2
enzymes, which is assumed to mediate its homodimeric inter-
action."* No direct genotype/phenotype correlation can
strictly be established for PMM2 deficiency, although it is
strongly speculated that milder phenotypes are associated to
mutations affecting the folding and/or stability of the PMM?2
homodimer. Moreover, no specific mutation appears to be
associated with a more severe clinical phenotype. Surpris-
ingly, the prevalence of the frequent variant p.FI19L is

three
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extremely low in phenotypes with predominant neurological
symptoms (2.6%), whilst its general prevalence for
PMM2-CDG is higher than 20%. Finally, it is very likely that
the highly variable phenotype of PMM2-CDG, as in other
monogenic diseases, is probably determined not only by the
PMM?2 mutant alleles but also by the other genes modulating
the effect on the final functional enzyme activity.'>°

Statement #1 (grade of recommendation: C)

Over 117 disease causing genetic variants in PMM?2 gene
are known with no clear genotype/phenotype correlations.
R141H mutation is the most frequent mutation reported only
in compound heterozygous states.

8.34.7 | Common laboratory findings

The plasma concentrations of glycoproteins are often
decreased in PMM2-CDG patients, such as haptoglobin,
ceruloplasmin, TBG,34’63’69’79’81’113’121 haptoglobulin,121
alpha-1 anti-trypsin'>"'>? (Sarar et al 2009) several clotting
and anticlotting factors, including factor XI (decreased in
193/197 investigated patients), antithrombin (decreased in
207/210 investigated patients), protein C (decreased in
191/194 investigated patients) and protein S (decreased in
158/162 investigated patients). Other coagulation factors can
be decreased as well, such as factor IX (decreased in 18/32
patients), factor II (decreased in 10/13 investigated patients),
factor X,** and factor XIL°*'>* In addition, PMM2-CDG
patients often present increased and discordant levels of
ALT (elevated in 63/108 investigated patients) and AST
(elevated in 70/86 investigated patients), as well as low cho-
lesterol as reported in 10 patients®’*8*121:123 (Kjaergaard
et al 1999; Vabres et al 1998).

Statement #1 (grade of recommendation: D)

Plasma concentrations of cholesterol, haptoglobin, alpha-
l-antitrypsin, factors II, V, IX, X, and XI, antithrombin,
protein C, and protein S are usually decreased in
PMM2-CDG patients. Levels of these compounds may fluc-
tuate during follow-up.

8.35 | Prenatal testing

Prenatal diagnosis is possible by enzymatic analysis of
amniocytes'?; this should be combined with mutation analy-
sis of the PMM2 gene. Foetal transferrin IEF however leads
to false results.'** Prenatal diagnosis using short-tandem-
repeat-polymorphisms (STRP) of the PMM2 gene has been
reported.’** Using a combination of linkage and mutation
analyses, they have been able to provide prenatal diagnostic
information for 15 PMM2-CDG families. Five of the ana-
lyses indicated an affected foetus, seven were carriers and
three tested as non-carriers.'** Besides, decreased PMM
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activity in amniocytes was also reported in three patients in
the context of prenatal diagnosis.'*'>*

Statement #1 (grade of recommendation: D)

Molecular analysis is the preferred technique for the first-
trimester prenatal diagnosis if the mutations in both parents
are known. Alternatively, enzyme analysis can be performed
in cultured amniocytes but not in chorionic villi. Pre-
implantation genetic testing is feasible.
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