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* Introduction
* Porphyrias

e Other IMDs with RBC abnormalities
* Gaucher disease
* Wilson disease
* Cobalamin-related remethylation disorders

e Take home messages

* Supplementary data
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Red blood cell disturbances in IMD

* “Inherited Metabolic Disorder” (IMD)
* Inherited: Defined (or assumed) primary genetic cause
* Metabolic: Primary alteration of a biochemical pathway is
intrinsic to specific biochemical, clinical,
and/or pathophysiological features
e Disorder: Any deviation from normal physical function

* Number of IMDs is still growing

* New classifications, ...
* Last one: 1450 disorders classified in 24 categories

FIGURE 1 Sunburst chart depicting the hierarchical nature of the International Classification of Inherited Metabolic Disorders. The
size of each section of the chart is directly proportional to the number of disorders in that group. For an interactive version of the chart

incorporating a zoom function, please refer to www.icimd.org

16 November 2021 Ferreira et al. J Inherit Metab Dis. 2021;44:164-177
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When can an IMD be diagnosed?

* Antenatal signs (Prenatal diagnosis, at-risk families) or

newborn screening (systematic or at-risk families)

1
!

: Medical emergencies

I - Treatment urgently required
I

* Neonatal and early infancy presentation

* Later onset acute and recurrent attacks

« Gateways » or accompanying signs
- Can lead to a diagnosis

o e e e e e
i*_Specific organ signs and symptoms (brain, liver, heart, muscles, ey ‘Ei_l' I

* Chronic and progressive symptoms (most often neurological)

Hematological signs:
(Most often) You are here

* (+ after genetic analysis)
YOou
Hive
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* When can an IMD be diagnosed?

* |MDs are not restricted to the pediatric population !!

* Better knowledge, improved treatments: Children are now becoming adults !
* Partial enzyme deficiencies: Late-onset forms
* Missed diagnosis in early infancy: IMD not considered, misdiagnosed, mild form?
* New tools (genetic analysis) Asymptomatic patients, family investigations
N
Antenatal/neonatal | Age of symptoms ) Children — Adolescents - Adults
| 4
Complete enzyme def. Severity — I Partial enzyme def. I
« Early acute presentation » « Late onset presentation »
Several symptoms Later onset acute and recurrent attacks
Common thread= acute neurological Chronic and Progressive Symptoms
deterioration Some patients remains asymptomatic !

Disorders which give rise to intoxication
Disorders involving energy metabolism
(Disorders involving complex molecules)

Disorders which give rise to intoxication
Disorders involving energy metabolism
Disorders involving complex molecules

16 November 2021




FAQ | Links | Nevs | {n} | 3%
European Porphyria Network
. 5 — — seacch [N <

For patients and families

Porphyria Cutanea Tarda (PCT)

For healthcare professionals
The Porphyrias
Laboratory diagnosis
Investigating the family
Treatment
Pain Management
Congress Abstracts
EPNET experts

=

LABORATOIRE HOSPITALIER UNIVERSITAIRE DE BRUXELLES

LHUB-ULB
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o

rugs and acute porphyrias

Background information

How to use the information?
Commeon prescribing problems
Selecting a drug

M Specialist centres

www.porphyria-europe.com

Porphyrias
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Porphyrias

* Heme biosynthesis
* 2 major sites

* Bone marrow (85%)
e Liver (14%)
* Other (1%)

* 8 enzymes (Cytosol and mitochondria)

e Regulation: ALA-synthase
* Liver: ALAS1 feedback-regulated by heme
e Bone marrow: translation of ALAS2 mRNA
inhibited by iron responsive proteins binding
to the 5’ iron responsive element

16 November 2021
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* Heme biosynthesis

CO0- 00~ bone .
\ marrow Hemoglobin
Ti 85%

Hz

H,C

liver { Cytochromes

14%
HEKC }/‘L
Myoglobin
Catalase
Hs others | Peroxydase

1% Duodenal cytochrome b
Tryptophane 2,3 dioxygenase
Cyclooxygenase

16 November 2021 -



Porphyrias

* Porphyrias

glycine + succinylCoA

8-aminolevulinic acid

coproporphyrinogen |l|
protoporphyrinogen IX

protoporphyrin IX

heme
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--- ALA-synthase (1/2)

--- ALA-dehydratase

--- PBG-deaminase

--- uroporphyrinogen lll cosynthase
--- uroporphyrinogen decarboxylase
--- coproporphyrinogen oxidase

--- protoporphyrinogen oxidase

--- ferrochelatase

X-dominant protoporphyria (XLDPP)

[increased activity]

ALA-dehydratase deficiency (ALADd

| acute intermittent porphyria (AIP) |

congenital erythropoietic porphyria (CEP)

[ porphyria cutanea tarda (PCT) |

hereditary coproporphyria (HC)

variegate porphyria (VP)

erythropoietic protoporphyria (EPP)

&)
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X-linked

Autosomal recessive
Autosomal dominant

Most often sporadic
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* Pathophysiology
* Metabolic block = accumulation of precursors
* Loss of negative feedback

* Depending on enzyme deficiency
* Accumulation of neurotoxic precursors = Acute symptoms

» Accumulation of phototoxic metabolites - Cutaneous symptoms

16 November 2021




Porphyrias

accumulation of neurotoXiC PreCurSorsS ————p
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acute symptoms

acute intermittent porphyria
hereditary coproporphyria
variegate porphyria

0N E
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accumulation of phototoxic metabolites =———» cutaneous symptoms

Porphyrin
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Acute Mixed Cutaneaous
~ N - N - A ~

%
100 L L
80
\
/] i Acute Attacks + Chronic Neuropathy
60 , 47 9 Both together (acute attacks and bullous photodermatosis)
fa Erosive photodermatosis
@Acute Painful Photosensitivity
40
“
20
0

“AIPADP__HC_ VP ' CEi EPP  X-LDPP
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Porphyrias

» Clinical presentation: acute neurovisceral attacks (acute intermittent porphyria, variegata porphyria,

hereditary coproporphyria, ALA dehydratase deficiency porphyria)

- 280%-320%

* mean age: 20-45 (rare before puberty)
e severe abdominal pain +++

* risk of neuropathy (motor, CNS)

* precipitating factors
* hormones
e fasting
* infection
e drugs
e alcohol
* stress

aaaaaa

The Drug Database

g for Acute Porphyria
7 R
y : ;
i? ?’r“

Please select your country:

g‘ France % %I

N

&)

ANCVASOFT
g by

www.drugs-porphyria.org

16 November 2021 “

ssssssssssssssssssssssssssssssssssssssssss

UNIVERSITAIR LABORATORIUM BRUSSEL




&/
Porphyrias @ EEEEEEEEEEE

UNIVERSITAIR LABORATORIUM BRUSSEL

* Clinical presentation: acute neurovisceral attacks

i Severe abdominal & baCk pain 99% physical examination: normal
. . ) 70% X-ray exam: normal or mild ileus of the bowel
* nausea, vomiting, constipation 0
. 60%
* tachycardia
_ 60%
* mental disturbances \
* anxiety, depression, disorientation... brain MRI / CT scanning
. - . . * ischemic changes
hallucinations, paranoia, confusion states... - posterial reversible encephalopathy (PRES)
. . syndrome
* hyponatremia (convulsion) 65%
* hypertension 55%
J
* muscle weakness 50%
. v)
* seizure 15%
. 10%
* paralysis

16 November 2021
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* Clinical presentation: acute neurovisceral attacks

e admission to hospital

* non specific
* withdrawal of all common precipitants (drugs, alcohol, fasting, infection...)
e opiates, antiemetics and chlorpromazine
e cardiovascular complications: beta-blockers
* careful management of fluid balance NORMOSANG e

Humon hemin 2500/ 2 ioq [4'x 10 ml.

Cong-enira]e, for solu!

.
* specific ) et
Tt e B2

agene

« early Normosang® (human hemin)
(3 mg/kg/24 hours x 4 days)

» carbohydrates (200-300 g/day)
* Givosiran: aminolevulinic acid synthase 1-targeting RNAI

16 November 2021
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* Clinical presentation: Cutaneous porphyrias

* Porphyria cutanea tarda

* Prevalence: 1 /5000-10000
* After puberty

* Symptoms: photosensitivity
* skin fragility (blister, erosion...)
* hypertrichosis

* Forms
e 20% familial
*  80% sporadic

* Factors
* iron overload, alcohol, hepatitis C
* drugs (estrogens)

* Treatment
* phlebotomy
* chloroquine (low dose)

16 November 2021
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* Clinical presentation: Cutaneous porphyrias

* Protoporphyrias

* prevalence: 1 /75000-100000
* childhood

* clinical
* painful erythema, oedema
* erosion, scarring, lichenification
* microcytic anemia, ring sideroblasts
» gallstones

* forms
» ferrochelatase deficiency (EPP)
* ALAS2 hyperactivity (XLDPP)

* treatment
* photoprotection
* [P-carotene
* o-MSH analogues

16 November 2021
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Porphyrias @

* Clinical presentation: Cutaneous porphyrias

* Protoporphyrias: eythropoietic protoporphyria (EPP)

e prevalence: 1 /1000000
e childhood

* clinical
* very severe photosensitivity
* mutilations

erythrodontia

* hemolysis, splenomegaly

* treatment
* photoprotection
e transfusion
* bone marrow transplantation

16 November 2021 n
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Porphyrias
PRy LHUB-ULB
Urine

° Diagnosis glycine + succinylCoA

8-amino|eu|inic acid
porphobilinogen

hydroxymethylbilane

uroporphyrinogen

coproporphyrinogen Ill

Liposolubility

protoporphyrinogen IX

A

protoporphyrin X
Stool  Erythrocyte

heme
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Plasma

* Diagnosis

Bullous

Erythema

Urine
Plasma Urine Fractionation
U0 Protoporphyrins

!

Urine
Fractionation

+ Feces:
Porphyrins fractionation

16 November 2021
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* Diagnosis
 First line ]
* Urine PBG, (3-ALA) Fresh sample (no 24h-collection!)
e Urine porphyrins } Creatinine ratios
* Erythrocyte protoporphyrins /!\ All samples

protected from light !

* Second line: Urine + plasma + stool
e Porphyrins fractionation

* Confirmation
* (Enzyme activity)
* Genetic testing: NGS, all exons
» after positive biochemical tests only

* diagnosis confirmation
* genetic counseling

16 November 2021 a
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O0-ALA Uro Copro Uro Copro Proto Proto

ADP +++ - - ++ - - - -
AIP +++ +++ +++ (+) + + (+) -
HCP ++ ++ ++ +++ + +++ + -
VP ++ ++ ++ +++ + ++ ++ -
PCT - - +++ + ++ ++ - -
CEP - - ++ ++ ++ +++ - £
EPP - - -/ (+) -/ (+) - (+) +++ +++
XLP

Pb +++ -/ (+) - + - + +/++ (+)
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Other IMDs and RBC
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 Hematological disturbances are mostly secondary findings, but sometimes the lead feature in
IMD

* The commonest hematological finding in IMD = Anemia

* Many causes, sometimes combined
* Nutritional deficiencies
* Toxicity of metabolites
* Dysmyelopoiesis
e Hypersplenism
* Disorders in energetic or anti-oxidant pathways

16 November 2021 ﬂ
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Anemia
l
I 1
Acquired Inherited
Nutritional anemia —
Hemolytic anemia Ineffective erythropoiesis
Hypersplenism —
Immune or non immune | i u Hemoglobinopathies i
hemolytic anemia | |
Toxicity u " || Membrane disorders and |
— | channelopathies |
Bone marrow infiltration |- | |
4 Enzymopathies ii"s_eZZ\s_Xd_aﬁq":
: 1 presentation J|
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e Nutritional deficiency

* The treatment of many IMDs is based on “nutritional therapy” (“Intoxication syndromes” ++)

e General principles are:
* Restricted natural diet: Limitation of the offending component (aminoacids [AA], lipids...)
e Supplementation with “Medical food”: Prevent micro-nutrients deficiency (vitamins, trace elements
Ensure adequate nutritional and energy intake (essential AA, lipids...)
» Specific drugs according to the disease: Antibiotics, chelating agents, carnitine, vitamins, ...

* Despite regular dietary monitoring, some populations are at risk of nutritional deficiency
(ea: adolescents, pregnant women,...)

* Other causes: Inappetance, food aversion, malabsorption, neurological deterioration, ...

van Wegberg et al. Orphanet Journal of Rare Diseases (2017) 12:162
Berry et al. Pediatrics (2020);145(3):€20192261
16 November 2021 ! 20201450

De Lonlay et al. Prise en charge médicale et diététique des maladies héréditaires du métabolisme (2013)




RBC disturbances in IMD: acquired anemia

e Nutritional deficiency

Chronie Iron Vitamin B
Application  No. Hematological Disease Deficiency 12
Metabolic Discase Type N Number Findin Anemia Ancmia Cytopenia  Deficiency  Leukocytosis Thrombocytosis Hemophagocytosis
Glycogen storage discase type 1| B 1 7 7 T
Glycogen storage disease type 3 10 1 [ [
Glyoogen storage disease type 4 1 1 1 1
Glyoogen storage discase type 6 1 1
Glycogen storage disease type 9 1 1
Glycogen storage disease type 2 7 15 8 7 1
Glyoogen storage disease type 5 3 3
Disorders of galactose metabolism 9 i} [ 4 2
Dyslipidemias 15 40 15 15
Disorders of cholesterol synthesis 4 2ib
Disorders of sphingolipid metabolism 48
and newronal ceroid-lipofuscinoses
Gaucher disease 13 19 14 3 11
Acid sphingomyelinase-deficient 13 45 19 4 15
Niemann-Pick discase
GM 1 gangliosidosis 3 3 1 1
GM 2 gangliosidosis 5 L] 1 1
Krabbe Discase 2 [ 5 4 1f
Fabry disease 11 61 17 T 10
Metachromatic leukodystrophy 1 1 1 1
Mucopolysacchandoses and 42
oligossocharidoses.
Mucopolysacchandoses 42 58 15 ] 7
Congenital disorders of glycosylation 2 2 1 1
Cystinosis 4 15 4 4
Peroxisomal disorders 3 1l 10 3 [ 1
Disorders of mitochondrial fatty acid ] 30 4 4
oxidation and related metabolic
pathway
Disorders of ketogenesis and ketolysis & 30 3 2 1
Disorders of pyruvate metabolism and 1 4
tricarboxylic acid cvele
Defects of the respiratory chain 2 2 1 1
Total 319 922 283 127 I #1 I 56 4 1 5 9

*Oas of the patients disd during hemophagocytosis.

th developed due 1o spsis.

16 November 2021
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TABLE 1. Hematological Findings of Patients

Disease Type

N

A

Chronic Iron
i No. Hematological

Py i Driscase Deficiency
Mumber Findings Anemia Anemia

Cytopenia  Deficiency

Vitamin B
12
Leukocytosis Thrombocytosis H,

Tyrosine metabolism disorders
Hereditary tyrosinemia type [
Alkaptonuria

Branched-chain organic acidurias/
acidemias
Maple syrup urine discase
Propionic aciduria
Methylmalonic aciduria
3-Methylcrotonyl glycnuria

Hyperphenylalaninemia

Transport defects of amino acids at the
cell membrane
Lysinuric protein intolerance®
Cystinuria

Nonketotic hyperglycinemia

Cerebral organic acid disorders and
other disorders of lysine catabolism
Glutaric aciduria type |

Disorders of sulfur amino acid
metabolism
Homocystinuria

Disorders of the urea cycle and related
EnFyImes
Argininosuccinate synthetase

iency
Arginase deficiency
Ormithine transcarbamoylase
deficiency

Disorders in the metabolism of

glutathione and mmidazole

dipeptides

Prolidase deficiency

Glutathione synthetase deficiency

responsive disorders
Biotinidase deficiency
Holocarboxylase synthetase

deficiency

Disorders of cobalamin and folate
transport and metabolism

Disorders of fructose metabaolism
Fructose-1.6-bisphosphatase

deficiency
Fructose intolerance

The glycogen storage discases and

disorders

lycogen storage discase type 1 A

13

e2umwe Hee

Ee—w

20 11 5 3
4 1 1

"
=

n
— b3 e L L
Lh e 00 L L
4

L=

14 12

42 ] £

3l

=
e

27 10

138 11 [

30 9 3 4

S0 3

3

— b b

9% of blood tests with
iron deficiency anemia

=

[

Sal et al. J Pediatr Hematol Oncol. 2018 Jul;40(5):355-359
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e Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis

e Think about:
* Lysosomal storage disorders (LSD)
* Lysinuric Protein Intolerance (LPI)
* Mevalonic aciduria
e (CbIC deficiency)

* Anemia is not usually isolated (bi- or pancytopenia)

16 November 2021 a
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e Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis

e Lysosomal storage disorders

e Group of 70 monogenic disorders of lysosomal catabolism

* Mutations in genes encoding lysosomal proteins: enzymes, membrane proteins, transporters, enzyme
modifiers or activators.

* Pathophysiology is not yet fully understood
* Mutations affect the function of the encoded protein
* Lysosomal malfunction, gradual accumulation of substrates inside the lysosome (“Storage”)
* Ultimately leads to cell dysfunction and cell death

* LSDs are progressive diseases: continuum of disease severity that loosely correlates with the type of mutation
and residual activity of the mutant protein (more severe infantile forms = milder adult types).

16 November 2021

Platt et al. Nat Rev Dis Primers (2018); 4 (1): 27




RBC disturbances in IMD: acquired anemia

e Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis

* Lysosomal storage disorders

* LSDs are genetically and clinically heterogenous disorders

(specific genetic defect, biochemical nature of the stored macromolecules)
* Visceral involvement
* Neurological +/- visceral involvement
* Neurological +/- visceral +/- bone involvement

* Diagnosis of LSDs is based on clinical symptoms and

* Biochemical investigations:
Urine: urine glycosaminoglycans, oligosaccharides, sialic acid
Plasma/whole blood: oxysterols, chitotriosidase, lysosphingolipids,
* Enzymatic analyzes
* Molecular biology, gene sequencing

16 November 2021
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Hair
[HPS!. HPS2, HP53, HPS4, HFS5, HPS6, HPST, HPSS,

HP59, MYO54, RAB27A and CTSA

Brain

GLA GBA, GLB1, HEXB. HEXA, GMZA, ARSA, FSAF,
SMFD1, IDUA, IDS, SG5H, NAGLU, HGSNAT, GNS,
GUSB. MAN2B1. MANBA. FUCA1, ACA. NAGA.
MNEL'1, CT5A, GNFTAB, LAMPZ, SCARB2, SLC17AS,
NPC1, NPC2, MCOLNI, MYDSA, LYST, PFT1, TPF1,
CLN3. DNARCS. CLNS, CLNG, MF5D8, CLNS. CLN9,
CTSD. GRN, ATP13A2, CT5F, KCTD7 and GALC

Ear
IDUA, ID5, GALNS, ARSB, GUSB. HYALL, NAGA,
CTSA, GNFTAB, SCARB2 and NEU1

Lung
SMPD1, AGA, GNFTAB, NPC1, NFC2, HPS1, HP52
and HPS4

Peripheral nervous system
GLA, HEXB, SCARBZ and LYST
Gastrointestinal system
GLA, ST3GALS and MCOLN1

Immune deficiency
MAN2B1 and RABZTA

Eye

CLE1, GLA, [DUA, GALNS, ARSB, GUS58, NAGA, CTSA, CTNS,
NPC1, NFC2, MCOLN1, HPS1, HF52, HPS3, HF54, HFS5, HFS6,
HPS7. HPS8, HPS9, MYOSA. LYST. CLN3. CLNS. CLN8. CLNG,
CT5D. GRN, KCTD7?, NEU1, TPP1, GALC, HEXA, HEXE and GM2A

|
Thyroid ] {Tongue

CTN5 and CT5A IDUA, ID5, ARSE and GUSB

Heart
GLA, IDUA, ID5, SGSH, NAGLU, GUSB, GAA, NAGA, CTSA,
GNFTAB, GNFTAG, LAMP2, SLC17AS, GLE1, CLN3 and ARSB

Kidney GBA, SMPD1, IDUA, ID5, SGSH,
GLA, CTNS, NAGLU, HGSNAT, GN5, ARSB, AGA,
SCARB2, NEU1 NAGA. CTSA. GNFTAB, SLC17AS,
and CTSA NPC1 and NPC2

Coarse facies
IDUA, ID5, SG5H, NAGLU, HGSNAT, GNS, GUISE, MANZE1,
AGA, NAGA, CTSA, GNFTAB, SLC17AS, GLISB and GALNS

Muscle
GAA, CTNS, LAMPZ and NEU1

Haematologic
GEA, SMPD1, MCOLN1, HSP1, HSP2, H5P3, H5P4,
HSPS, HSP6, HSP7, HSP8, HSPY, RAB27A and LYST

Hernlas
IDUA, IDS, SGSH, NAGLU, HGSNAT, GNS, GALNS,
GLB1, ARSB, GUSB. CT5A and GNFTAB

ASAH1. GLB1. IDUA, GLA. ASAH1, ID5, MANBA, FUCA1,
DS, SG5H, NAGLL, NAGA, CTSA, CTNS, HPS1, HFS2,
HGSNAT, GNS, GALNS HP33, HPS4, HP35, HPS6, HPS7,
and ARSB HP58. HPSG RAB27A, LYST and GBA

Skeletal

GLB1, DBA, SMFD1, IDUA, DS, SG5H, NAGLU, HGSNAT,
GNS, GALNS, ARSB, HYAL1, MAN2B1, FUCA1, NAGA,
CTSA, GNFTAB, GNFTAG. CTNS and NEU1

)
|

O Genetic mutations that cause specific clinical manifestations
D Genetic mutations that cause non-specific symptoms

Fig. 1| Organs affected in disorders of lysosomes and LROs. Mutations in genes causing lysosomal storage diseases
{LSDs) can be associated with symptoms inspecific organs. Despite profound neurological involvement in many LSDs,
involvernent of multiple organ systems is frequent. Blue-shaded boxes relate to specific organs as indicated, whereas
yellow-shaded boxes reflect symptoms that are not specific to one organ system. The specific LSDs associated with each
genetic mutation can be found in TABLE |; note this figure is not exhaustive. LRO, lysosome-related organelle.

Platt et al. Nat Rev Dis Primers (2018); 4 (1): 27




&/
RBC disturbances in IMD: acquired anemia @ EEEEEEEEEEE

LHUB-ULB
* Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis
* Lysosomal storage disorders: Gaucher disease (glucocerebrosidase deficiency) Glycosphingolipids
* Most common sphingolipidosis (1/40000-60000 in the general population) l
Glucosylceramide

(GlcCer)

e Autosomal, recessive (GBA1 gene or PSAP gene [saposin C: activator]) ?
N

HO 0 s
HO \/\ o 1
OH

e 3 clinical forms: OH

* Type1(95%): visceral ey
disease e

Saposin C

* Type 2: neurological 0
. : . + . HO O\ HN™ 55
Type 3 visceral + neurological HOY ZHOH - o 20‘
| 1
OH
Glucose Ceramide (Cer)

16 November 2021 Stirnemann et al. Int. J. Mol. Sci. 2017, 18, 441 “
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e Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis

* Gaucher disease : pathophysiology

o
NS Accumulation Transformation
HO\ o oH ¥ E—)
Hﬁo\AO AN
[ ton
OH % Removal
Glucosylceramide
Macrophages « Gaucher Cells »
Glucocerebrosidase & .. LY Activation et
~~~~~~~~~~~~~~ Distinct % % Immune
B . e, subpopulation? "“‘ ‘\‘- dysfunctlon
HONSUon e (Cytokines,
OH T T % \‘ . K :'
L % % chemokines) ;
Glucose AIte_rnatlve ............ L i
metabolic pathway? ™., ™. 3 ;
L (glucosylsphingosine) - ky IS
o Cell trafficking? et
" _.___O,L_'._;d i Infiltration:
HOAN A I Symptomatology I _ Bone marrow, spleen, liver ++
1
OH Other organs (lungs,...)
Ceramide

Stirnemann et al. Int. J. Mol. Sci. (2017), 18, 441

Ngyen Y et al. Rev Med Interne (2018); 40(5):313-322
16 November 2021 Baris H et al. Pediatr Endocrinol Rev. (2014);12(01):72-81.
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e Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis

* Gaucher disease : Clinical presentation
e Continuum range of symptoms & No clear distinction between type 1, 2 and 3

Type 1 Type 3 Type 2

Neurological signs

Asymptomatic
Bone Involvement
Visceral involvement

Parkinson disease
Hydrocephalus
Ocular abnormalities
Seizures
Dementia
Congenital ichtyosis
Hydrops fetalis

Stirnemann et al. Int. J. Mol. Sci. (2017), 18, 441

Ngyen Y et al. Rev Med Interne (2018); 40(5):313-322
16 November 2021 Baris H et al. Pediatr Endocrinol Rev. (2014);12(0 1):72-81.
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e Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis

* Gaucher disease : Clinical presentation (Type 1)

Splenomegaly (90%): 10-20x N ! Hepatomegaly (60-80%): 2-4x N

Abdominal pain or distension Abdominal pain, infarction

Splenic infarction, spleen rupture (rare) Cholestasis

Fibrosis, Nodules Gallstones (25-30%): cholesterol, glucosylcermide
Hypersplenism Nodules

* Thrombocytopenia (60-90%): rarely severe bleeding Fibrosis/Cirrhosis/hepatocellular carcinoma
phenomena (Mucocutaneous bleeding : epistaxis,
gingival bleeding, menorrhagia, ...)

 Moderate anemia (20-50%)

Stirnemann et al. Int. J. Mol. Sci. (2017), 18, 441

Ngyen Y et al. Rev Med Interne (2018); 40(5):313-322
16 November 2021 Baris H et al. Pediatr Endocrinol Rev. (2014);12(0 1):72-81.
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e Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis

* Gaucher disease : Clinical presentation (Type 1)

* Focal lesion in the liver and/or spleen: “Gaucheroma”

Figure 2. minal CT showing chero!
Gaucher cells and/or extramedullary hematopoesis

16 November 2021

Baris H et al. Pediatr Endocrinol Rev. (2014);12(01):72-81.
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e Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis

* Gaucher disease : Clinical presentation (Type 1)

* Bone involvement

* Acute painful bone crises (Children > adults): pelvis ' -
and lower limbs (“pseudo-osteomyelitis”)

* Aseptic osteonecrosis

* Osteopenia/Osteoporosis: pathological fractures ’ ‘
(long bones, vertebrae, ...) "

* Focal lytic lesions

* Chronic pain

* Deformities: « Erlenmeyer flask bone »

(Femur)

Stirnemann et al. Int. J. Mol. Sci. (2017), 18, 441

Ngyen Y et al. Rev Med Interne (2018); 40(5):313-322
16 November 2021 Baris H et al. Pediatr Endocrinol Rev. (2014);12(01):72-81.
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e Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis

* Gaucher disease : Clinical presentation (Type 1)

* Fatigue: = 50%
* Others (rare)
* Lungs: Interstitial disease (-> fibrosis), restrictive lung disease, PAHT
* Kidneys: proteinuria, hematuria
* Skin: hyperpigmentation
* Eyes, heart, endocrine system

e Complications: GD patients are more at risk of
* Parkinson disease : 5-20 greater than normal population and at an earlier age
* Neoplasia
* Hematological: monoclonal gammopathy (1-35%, from MGUS to MM)
 Solid: melanoma, liver, spleen, pancreas (rare) } Inflammation, Immune dysfunction?

Stirnemann et al. Int. J. Mol. Sci. (2017), 18, 441

Ngyen Y et al. Rev Med Interne (2018); 40(5):313-322
16 November 2021 Baris H et al. Pediatr Endocrinol Rev. (2014);12(0 1):72-81.
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e Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis

e Gaucher disease

* Diagnosis:
* Blood biomarkers and enzymology

* [B-glucocerebrosidase activity (<20-30%)

* Glucosylsphingosine (Lyso-Gb1)

* (Chitotriosidase)

* 24bp duplication in Exon10 of CHIT1:

6% of patients homozygous (abolished enzyme activity)
30-40% heterozygous (markedly reduced activity)

* (CCL-18)

Also for treatment follow-up

* (Bone marrow: “crumpled tissue paper” histiocytes) Not mandatory!

* Molecular genetic testing : GBA1 gene (+ PSAP gene!)

Murugesan et al. Am J Hematol 2016
16 November 2021 De Lonlay et al. Arch Pédiatr (2002);8: 822-35
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 Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis

* Gaucher disease

* Treatment and monitoring :
* Evaluation of all organ systems involved in the disease process and close monitoring
* Treatment: Goal = To treat patients before the onset of complications
* Once intitated: for life!
* Actually 2 types of treatment:

* Enzyme replacement therapy (ERT): Imiglucerase (GD1 and 3, Cerezyme®), Velaglucerase (GD1, Vpriv®)
* Intravenous, variable dose and administration frequency between countries
* Improvement of visceral and bone disease, and hematological signs (thrombopenia may remain if splenectomy)
* Controversy about the effectiveness on neurological signs (Do not cross Blood-Brain barrier)

e Substrate reduction therapy (SRT): Eliglustat (GD1, Cerdelga®), (Miglustat (Zavesca®))
*  Oral administration
* J the biosynthesis of GlcCer in Gaucher cells.
* Improvement of visceral and bone disease, and hematological signs

Stirnemann et al. Int. J. Mol. Sci. (2017), 18, 441

Ngyen Y et al. Rev Med Interne (2018); 40(5):313-322
16 November 2021 Baris H et al. Pediatr Endocrinol Rev. (2014);12(0 1):72-81.
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* Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis

* Gaucher disease

ssssssssssssssssssssssssssssssssssssssssss

UNIVERSITAIR LABORATORIUM BRUSSEL

Ethnic predilection

Prevalence 1/40 to 100 000
Onset Children, adults
Hepatosplenomegaly ot - b+
Hypersplenism - 4+

Bone disease Absent to +++

Neurological signs Rare

Other

Survival Variable (ERT)

16 November 2021

Ashkenazes jews ++

Asthenia, growth delay, lung disease,
Parkinson disease, neoplasia

< 1/500 000
First months of life
+++
++

Absent to +++

Trismus, strabismus, opisthotonos,
extrapyramidal manifestations, neurological
deterioration

Lung disease: Absent to +++

<2yo

Norbottnien (Sweden)
< 1/100 000
Variable (Children — adults)
-+
++
+, +++

Oculomotor apraxia (saccadic slowing),
supranuclear gaze palsy (horizontal), seizures,
extrapyramidal manifestations, ataxia,
cognitive delay

Cyphoscoliosis
Lung disease
Valvular calcifications
Corneal opacity

20-30 yo (before ERT)

Stirnemann et al. Int. J. Mol. Sci. (2017), 18, 441
Ngyen Y et al. Rev Med Interne (2018); 40(5):313-322
Baris H et al. Pediatr Endocrinol Rev. (2014);12(0 1):72-81.
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 Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis

* Gaucher disease: French guidelines

When to suspect?

Hepato/Splenomegaly
Thrombopenia and/or anemia
Bone disease
Hyperferrtinemia

Monoclonal gammapathy
Oculomotor signs

Familial history of GD
Ethnicity

How to evaluate?

How to confirm?

Glucocerebrosidase activity
Molecular genetic testing

Complete clinical evaluation

CBC + differential
Medical biochemistry
Protein electrophoresis
Specific biomarkers

Radiological Investigations
(Bone marrow aspiration)

How to monitor?

Discuss about treatment* (ERT, SRT?)

mmmm) | Symptomatic treatment (readaptation, painkillers...)
Clinical and biological follow-up

Genetic counseling

Therapeutic education

Patient associations

*Treatment indications

Symptomatic thrombopenia or PIt < 50G/L
Symptomatic anemia or Hb < 10g/dL
Symptomatic hepato and/or splenomegaly

Symptomatic bone involvement (past or present) with: acute bone crisis, osteonecrosis, infarction, fracture
Bone involvement seen on radiological investigations: infarction, osteonecrosis, fracture, focal lesion, osteoporosis
Other organ involvement linked to GD (lungs, liver fibrosis, heart or other)

16 November 2021

HAS

MALADIE DF GAUCHER
PROTOCGLE NATKINAL
DE DIAGKOSTIC ET DE S0INS

Maladie de Gaucher — Protocole national de diagnostic et de soins (2015) — Haute autorité de santé
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* Toxicity

* Wilson disease: ATP7B deficiency

e Copper metabolism

16 November 2021

CTR1: Copper transporter
Atox1: Copper metallochaperone
ATP7A: Chrom X
* Enterocyte, brain
* Copper absorption ++
ATP7B: Chrom 13
* Liver +++
* Copper fixation to
ceruloplasmin (Cp)

and excretion

Blood vessels

Ferroxidase
activity

Bile ducts

Excretion of excess copper |

| 3. Post-hepatic stage

Copper (diet)
(= 3mg/day)

Enterocyte

ssssssssssssssssssssssssssssssssssssssssssssss

UNIVERSITAIR LABORATORIUM BRUSSEL

Nucleus

\

1. Absorption

Hepatocyte

.t
0

2. Hepatic stage

)

Trocello et al. Rev Med Interne (2010);31(11):750-756
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* Toxicity Eye
* Wilson disease: pathophysiology
Blood
Aw B —) Coppeng toCp === Copper overload (liver) Endocri
ndocrine
system
Efflu patic \ Massive release of Secondary pathloltc.)glc.al
copperdfit®he bile copper into the blood coppirt;‘;ﬂ:::uz;on n ' Bone
Urine excretion
rather than bile
16 November 2021 Chen J et al. Pflugers Arch .(2020);472(10):1415-1429

Poujois A et al. Pratique Neurologique (2018);9:173-185
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* Toxicity
* Wilson disease: Clinical presentation = A liver pathology that then becomes multisystemic
» Variability ++ : intrafamilial, age at presentation (usually > 3yo) , symptomatology

* French data: 47,4% of patients are diagnosed < 16 years old... but 17,7% > 30 years old !
* Atdiagnosis:
* 47% hepatic form (mean age at diagnosis: 17 years old)
* 32% neurological form (mean age at diagnosis: 23 years old)
* 21% familial investigations

16 November 2021

ssssssssssssssssssssssssssssssssssssssssssss

UNIVERSITAIR LABORATORIUM BRUSSEL

Poujois A et al. Pratique Neurologique (2018);9:173-185
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* Toxicity
* Wilson disease: Clinical presentation
* Liver: Hepato/splenomegaly, elevated liver enzyme, abdominal pain, acute or chronic hepatitis, cirrhosis

* Brain: Tremor, dysarthria, writing difficulties, dystonia, gait disorder, dysphagia, psychiatric disorders
* Eye: Kayser-Fleischer ring

* Endocrine system: amenorrhea, spontaneous abortions in women

=<1 * Bone: osteopenia, osteoporosis

* Hematology: Coombs negative hemolytic anemia
* Upto 10-15% of the cases
* Secondary to copper toxicity or acute hepatitis

In case of initial presentation, look at the liver !

Chen J et al. Pflugers Arch .(2020);472(10):1415-1429
Poujois A et al. Pratique Neurologique (2018);9:173-185

Palumbo C et al. Ann Transl Med. (2019); 7(Suppl 2): S65
16 November 2021 Socha et al. J Pediatr Gastroenterol Nutr. (2018) );66(2):334-344
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* Toxicity
e Wilson disease: Diagnosis
* Combination of clinical, radiological, biological and molecular data

* Copper assessment:
* Low ceruloplasmin (instability without copper incorporation)
* Low total serum copper /N\ normal in 3% of WD patients, abnormal in 16% of heterozygous carriers
* Increased urine copper

* New tools: Exchangeable copper (CuUEXC) and Relative exchangeable cooper (REC)
* >95% Se/Sp if REC > 18,5%

* Indicative of the severity of the

REC %

extra-hepatic involvement

Poujois A et al. Eur J Neurol (2017);24(1):154-160

El Balkhi et al. Clin Chim Acta (2011);412(23-24):2254-60
16 November 2021 Trocello et al. Mov Disord (2014);29(4):558-62
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* Toxicity
e Wilson disease: Treatment

* Low-copper diet 7 o
Slow clinical improvement (3-12 months)

* Chelating agents

Risk of worsening after introduction or

* D-penicillamine: first-line treatment but side effects and intolerance ++ = , _
) ] ] cessation (compliance): 11-24% of
* Triethylenetetramine: Hospital use only patients
e Zinc acetate Usually transient but may persist

 Liver transplantation

Chen J et al. Pflugers Arch .(2020);472(10):1415-1429
Poujois A et al. Pratique Neurologique (2018);9:173-185

Palumbo C et al. Ann Transl Med. (2019); 7(Suppl 2): S65
16 November 2021 Socha et al. J Pediatr Gastroenterol Nutr. (2018) );66(2):334-344
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* |neffective erythropoiesis: Abnormal nucleic acid metabolism

* “Briefly”:

(5" CHzOH
o] o] .
Disorders of pentose - @_cﬂ’ ""“'-.éH1,I Nucleic
phosphate pathway NRTYL _ acids
e

I

H [+

@
HO

Desoxyribose

OH OH
16 November 2021 Adenosine triphosphate
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e
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Nucleotides

Mitochondrial
respiratory chain
disorders
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Disorders of:
B9/B12 metabolism
Pyrimidine synthesis
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* |neffective erythropoiesis: Disorders of cobalamin metabolism

* Metabolism of cobalamin: Ingestion and absorption

Ingestion of dietary cobalamin (Cbl) bound to protein

Digestion of protein by gastric secretion: free Cbl

Binding of Cbl to intrinsic factor (IF)

Cbl-IF complex binds to mucosal cell receptors

(Cubilin/Amnionless, CUBAM)

16 November 2021

Internalisation and fixation to transcobalamin I, Il and I
* Most important = TC Il: Cbl delivery in all cells

&)

LABORATOIRE HOSPITALIER UNIVERSITAIRE DE BRUXELLES
UNIVERSITAIR LABORATORIUM BRUSSEL

~ @
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Andres E et al. CMAJ (2004);171(3):251-9
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* |neffective erythropoiesis: Disorders of cobalamin metabolism

* Metabolism of cobalamin: Ingestion and absorption

16 November 2021

Metabolic disorders of cobalamin absorption:

* |F deficiency

*  (Haptocorrin deficiency: non disease?)

* Imerslund-Grasbeck syndrome —

&)

LABORATOIRE HOSPITALIER UNIVERSITAIRE DE BRUXELLES
UNIVERSITAIR LABORATORIUM BRUSSEL
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* |neffective erythropoiesis: Disorders of cobalamin metabolism

* Metabolism of cobalamin: Intracellular metabolism

| Méthionine synthase (Cbl-G)
Homocystéine Méthionine
Méthionine synthase réductase
| (Cbl-E)

4

Méthyl-Chl

cor

e [ ] —
Chl-A
\ Cbl-J K Chl-H? /

16 November 2021 ﬂ
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* |neffective erythropoiesis: Disorders of cobalamin metabolism

 Metabolism of cobalamin: link between folate and cobalamin metabolism

Hematological signs

can ) iip T Pyriouoine Symiests / High turnover tissues
dJ'MP

Moathotrexate

Neurological signs onA u.mmnon

16 November 2021 ﬂ




.
RBC disturbances in IMD: inherited anemia LH@>LB

UNIVERSITAIR LABORATORIUM BRUSSEL

* |neffective erythropoiesis: Disorders of cobalamin metabolism

Table3  Conditions that mimic intracellular disorders of remethylation

* Metabolism of cobalamin: Clinical presentation (“common” symptoms) Affecting cobalamin availability

Nutritiomal inadequacy (maternal vitamin B12 deficiency/vegan diet)

Intestinal malabsorption (e.g. genetic disorders such as
Imerslund-Graesheck syndrome gastric intrinsic factor deficiency; au-

* Same clinical presentation between inherited and acquired disorders of cobalamin metabolism foimmune or parasitic disease; short gut syndrome)
Disturbed binding and cellular uptake (e.g. TC deficiency)
Disturbance of intracellular metabolism (nitrous oxide)

* Generally, onset of symptoms > 3-6 months Affocting olate availabilty
® EXCEptEd for TC I dEﬁCiency: ea rly ++ (< 2 monthS?) Nutritional inadequacy (maternal deficiency/dietary inadequacy)
.. . Intestinal malabsorption (acquired/genetic)
o - . |
If < 3-6 months: check for defICIency in the mother ! Disturbed binding and cellular uptake of folate (autoimmune/genetic)

Disturbance of intracellular metabolism (antifolate drugs, MTHFDI
deficiency)

’ Gastro-intestinal tract Other diseases with a combination of haematological and neurological
* Eating disorders, failure to gain weight ++ symptoms

o G . Severe iron deficiency
astritis Infectious diseases (e.g. CMV/EBV/HHV&HPVB19/HIV1)
Leukaemia/myeloproliferative disorders

° Nervous syste m Myelodysplastic syndromes

Disorders affecting the mitochondrial respiratory chain (e.g. Pearson

* Decreased consciousness syndrome)
. aee . . . . UMP synthase deficiency (orotic aciduria)
* Developmental disorder/ cognitive impairment, behavioural/mental disorders Thismine transporter (SLC19A2) defect
* Movement disorder and/or abnormal muscle tone Branched chain organic acidaemia such as methylmalonic or propionic
. . . . . acidaemia
* Visual impairment (retinopathy, optic atrophy)

Lysinuric protein intolerance

16 November 2021

Huemer et al. J Inherit Metab Dis (2017);40:21-48
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* |neffective erythropoiesis: Disorders of cobalamin metabolism

* Metabolism of cobalamin: Clinical presentation (“common” symptoms)

* Blood and bone marrow
* Megaloblastic anemia
* Pancytopenia/neutropenia
* Recurrent severe infections

* Exception: MTHFR deficiency:
* No hematological abnormalities !!
* SHMT is reversible : DNA synthesis
maintained

16 November 2021

Methionine Cycle

Remethylation Cycle Remethylation Cycle

) \ A THE Dimethylglycine
Folate Cycle /5"‘"
5,10-Methylene-
THF
Betai
T Scnne\l Cps
MVACHC pyvidatal S"phasph
T Cystathionine
Cyanocobal l,u,,
Cysteine
Transsulfuration
Pathway

Huemer et al. J Inherit Metab Dis (2017);40:21-48
Hoss et al. J. inborn errors metab. Screen (2019);7:€20190007
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* |neffective erythropoiesis: Disorders of cobalamin metabolism

* Metabolism of cobalamin: Clinical presentation

24 J Inherit Metab Dis (200 7) 40:2 148

Table 1 Signs and symptoms reported in 396 individuals. ++++ Very frequently (=50 % of cases): +++ frequenty (2550 % of cases): ++ infrequently
{10-25 % of cases); + occasionally seen (<10 % of cases). (+) Single case reports, probably disease-related conditions

cblC  cbID-MMA/HC  cblF cblD-HC  cblE cblG MTHFR deficiency
Number of reported cases 169 16 13 E 20 25 148
Eating disorders/failure 1o gain weight
Small for gestational age + +—+ )
Feeding ulties, failure to thrive e P P P b
MNervous system
Decreased consciousness +— apnoea -+ (+) P e o
Seizures - A s (++) R e 4
Ataxia -+ (++) =+ S -+
Movement disorder and/or abnormal muscle tone - s s et R R -+t
Peripheral neuropathy/subacute degeneration of spinal cord 4+ (+) (42 —+ e o+
Hydrocephalus -+ —+ e o+
Visual impairment (retinopathy, optic atrophy e - e e - -
Developmental disorder/ cognitive impairment e e e P T = =TS
chavioural/mental disorders - -t R (+) -+
Microcephaly -+ et —+ + o+
Blood and bone marrow
Megaloblastic anaemia -+ —+ P e P e = S
Pancytopeni -+ P — +
Recurrent severe infections (+) s
Kidneys
Haemolytic umemic syndmme Ees -+ -+ +)
Glomerulopathy + “+)
Tubulointerstitial nephropathy +
Cardiopulmonary
Cardiac malformation + e
Cardiomyopathy -
Interstitial preumaonia
Pulmonary hypertension +
“ascular
Stroke: (+) ) +
Venous thrombaosis' embolism -+ (+) +
Malformations
Facial dysmorphism - +)
Skel, i (+) +
Cheilitis/gastritis e
Liver steatosis + +—+
Skin
Diermatitis/rash/hyperpigmentation + —+ +
Orther
Hydrops fetalis +
Metabolic acidosis and/or hyperammonaemia +
Temperature instability/hypothermia + (5]
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Table2  Age-related clmical presentations of remethylation disorders

Neonaies (0-28 days)
Encephalopathy
Lethargy, apnoea
Feeding difficulties
Muscular hypotonia
Scizures
Mystagmus
Anaemia'thrombocytopenia or pancytopenia, megaloblasiosis
Haemolytic uremic syndrome
Cardsomyopathy
Hydmocephalus
Pulmonary hypertension
Infants {1-12 months)
Cirowih fanlure’poor weight gan
Acute progressive encephalopathy/apnoca
Chronic encephalopathy
Muscular hypotonia
Developmental disability/regression
Scizures
Recumrent acute behavioural changes/lethargy
Visual imattentionMNystagmus
Anaemia‘thrombocytopenia or pancytopenia, megaloblastosis
Haemolytic uremic syndrome
Pulmonary hypertension
Children (1-12 vearsh
Chronic Encephalopathy
Muscular hypotonia or spasticity
Developmental disability/regression or dementia
Seiures
Meuropsychiatric disturbance/personality changes
Intermittent acute behavioural changes/lethargy
Acute progressive encephalopathy/apnoca
Subacute degeneration of the cord
Pamaesthesia
Incontinence
Ataxia’spasticity
Progressive limb weakness {legs>arms)
Hacmolytic uremic syndrome
Thromboembolic events
Recurment venous thrombaosis
Pulmonary thromboembolism
Cerchrovascular events
Pulmonary hypertension
Adolescents and adults (=12 years)
Chronic encephalopathy
Developmental disability/regression or dementia
Meuropsychiatric disturbance
Personality changes
Intermittent acute behavioural changes/lethargy
Acute progressive encephalopathy
Subacute degeneration of the spinal cord
Paracsthesia
Incontinence
Ataxia’spasticity
Progressive limb weakness (legs=arms)
Thromboembolic events
Recurent venous thrombaosis
Pulmonary thromboembolism
Cerchrovascular events
Pulmonary hypertension
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RBC disturbances in IMD: inherited anemia

* |neffective erythropoiesis: Disorders of cobalamin metabolism

* Metabolism of cobalamin: Diagnosis

Clinical prasentation compalible with Elevabed phasma iotal homocysieine Positive Neonatal Screening
remethytation disarder ftHey)
+
. . Obtain complite diagnostic sampls sat:
L4 CBC + d |ffe re nt|a| sesum VitB 12 and folate; plasma tHoy and methionine (Met):

acylcamiling pattem, pasma or uninary melhylmalonate (MMA)
Start parenteral hydroxocobalamin (OHCBI) (1 mgid)

e Serum vitamin B12, serum and erythrocyte folates —
. . . i
* (Proteinuria: 50% of Imerslund -Grasbeck patients) Soek export savce ‘

Confinue parenteral OHCH
Consider oral betaine, falinic acidmethyliolinabe, L-methionine

WitB 12N, Folate N,

* Total plasma homocysteine (usually > 50-100 pmol/L) A

ViB12.|, Folate N,
oy - 4 -+, MMA

VHB12N, Folate N,
tHey -+ 1, MMAN

VRB12M, Folate M,
tHiey P 1 MMA T

VIE12M, Fedale |,
ey . MMAN

H H H H N remethytati Pertuhagion of V812 Perurbation of ol MTHFR HID-HC, || CHIC,euiD-MMAHE, chiF,
* Plasma aminoacid chromatography (methionine) pyeten | | et cmiz] [ petuten sose || ey | s || Cssinaear |
. : o L | | B
U rne Orga nic aCIdS Chromatography (methyl ma |on|c aCId) Initiate further diagnostic steps Initiat further diagnostic steps Stop parenteral OHCH Caninue parenteral OHCBI;
Cansider MTHFD1 deficiency Supplerent Vit 12/folabe as requined Confinueistart oral betaing Conilinu/start oral betaine
Stop parentersl OHCH treatment Continueicansider Cartinueiconsider
falinic acidmethytiokte L-methining ardfar
andior L-meionine feinic: aciim ethyffolate
supplemeantation supplem sntation
® M OIECU Ia r genetIC testl ng Fig. 2 Diagnostic pathway and management of the patient with a suspected remethylation disorder. All biochemical results refer to pre-treatment

samples. N =normal
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* |neffective erythropoiesis

Disease Hematology B12 (serum) B9 (RBC) B9 (CSF) Methionine tHcy MMA (urine)
MTHFR deficienc Normal Normal Normal Normal Low High Absent
Y (>50-100)
Nutritional B12 deficienc Low Normal Normal High
y (<1000)
Nutritional B9 deficiency Normal Low Low Low ) Absent
Congenital Intrinsic factor deficiency Low Normal Normal or High
(15-100)
Low-normal
Imerslund-Grasbeck syndrome (CUBN or AMN) Low Normal Normal High
(<1000)
Transcobalamin (TCN2) deficiency Pancytopenia, Normal Normal Normal
TC-receptor deficiency Megaloblastic anemia Normal Normal Normal - Normal
. . Low or High
Congenital folate malabsorption (SLC46A1) Normal Low Low Low-normal (15-100) Absent
. High
CblF, CblJ, CbIC, CblD-combined Normal Normal Normal High
Low (>1000)
(>100)
CblE, CblG, CbID-Hcy deficiencies Normal Normal Normal Absent
sen
Dihydrofolate reductase deficiency Normal Low Low Normal Normal

16 November 2021
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Methionine Cycle

Remethylation Cycle

* |neffective erythropoiesis: Disorders of cobalamin metabolism Fuccyte(/omn

5, 10-Metkiylene-

Remethylation Cycle

Dimethylglycine

THF
| MTHFR

e Metabolism of cobalamin: Treatment

MMACHC Hydroxscobalamin

. . Transsulfuration
* Vitamin B12 Pathway
* Nutritional deficiency: oral supplementation
* Disorders of absorption and intracellular metabolism: parenteral hydroxocobalamin
* Folinic acid
* Restoration of methyl donnors
* Betaine
o IVI et h i 0 n i n e Table 7 Recommended treatment of remethylation disorders
Drugs with proven clinical effect Treatments without proven clinical effect To be avoided
Cobalamin related remethylation disorders OHCbI parenteral Folate/folinic acid Mitrous oxide
Betaine L-Carnitine Protein restriction
* (Other: Vitamins B2, B6, carnitine, restricted diEt) MTHEFR deficiency Betaine F’fﬁ?ﬁiﬁ";l".i 5-Methylfolate* Nitrous oxide
’ L-Carnitine ’ - Folic u.cid“ ‘
Methionine* Protein restriction

16 November 2021
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RBC disturbances in IMD: Take home messages . -

e IMD are individually rare but collectively numerous

* Hematological disturbances in IMDs
* Are mainly secondary but can lead to further investigations
* Are not usually isolated = Look for other signs

* Anemia is the most frequent situation

* Some IMDs are treatable = Must be identified

16 November 2021 ﬂ
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* Laboratory investigations if an [EM is suspected (Other than porphyria)

e “Basic” lab analyses

* CBC + differential: Anemia? Bi- or pancytopenia? Morphological abnormalities?
* If relevant: + Vacuolated lymphocytes (freshly drawn blood), schistocytes, acanthocytes, WBC and PIt morphology
* |If liver failure: + hemostasis (INR, fV)

* Clinical chemistry

*  Glycemia: Hypo?
* Blood gazes + ions: Metabolic acidosis? Anion gap calculation
*  Ammonia, lactate: Hyper?
* Urine test strip: Ketosis? Proteinuria?
* “Bonus”:
* Liver function tests: Cytolysis?
* Kidney function tests: RI? Hypo- or hyper-uricemia?
* Creatinine kinase: Rhabdomyolysis?
* Cholesterol, Tg: Lipid disturbances?
* Vitamins B9 and B12 Deficiency?

16 November 2021
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* Laboratory investigations if an IEM is suspected (Other than porphyria)

* “Specialized” lab analyses

* Plasma
* Total homocysteine
* Amino acids
* Acylcarnitines
* Copper + Ceruloplasmin
* Urine
* Aminoacids
* Organic acids
Search for: Methylmalonic acid, Orotic acid, mevalonic acid, pyroglutamic (= oxoproline) acid
* Glycosaminoglycans, oligosaccharides, sialic acid
* Copper
* Whole blood, biopsy: enzyme activity, molecular genetic testing

16 November 2021 ﬂ



Belgian rare diseases plan

* Question about rare diseases/specialized tests ?

* Where're here to help!

Fig.5
fhuid

Foreign collaborating reference centers

1: Laboratory Genetic Metabolic Diseases
Academic Medical Center
Amsterdam, The Netherlands

2: Department of Laboratory Medicine, Radboud
University Medical Center, Nijmegen, The
Netherlands

3 : Metabolic laboratory, Center for Metabolic Diseases

University Children’s Hospital
Heidelberg, Germany

4: Blochemistry and Molecular Biology Laboratory
CHU de Nancy - Hopitaux do Brabois
Vandoeuvre-ks-Nancy, France

5: Department of Inborn Errors of Metabolism and
Neonatal Screening Center of Biology and

Pathology Est - CHU Lyon, Bron, France
=iz with o

Measurement of urinary D- and L-2
hydroxyglutarate enantiomers

+ Determination of S-Adenosyimethionine and S-
Adenosylhomocysteine in plasma and CSF

Apolipoprotein C-ll glycoforms in plasma by
caplltary zone electrophoresis

Trimethylamine assessment in urine

Prerins assessment in plasma

Pterins assessment in CSF

Biogenic amines assessment in CSF (Serotonin [5-
5-HTI 5

acid [5-HIAA], homovanillic acid [HVA], dopamine

[3.4-dihydroxyphenethylamine; DA), 3-0-

methyldopa [3-OMD], 5-hydroxytryptophan [S-HTP])

Transcobalamins assessment in serum

Diagnosis of molybdenum cofactor (MOCO}

deficiency (measurement of sulfite oxidase activity

in fibroblasts; analysis of genes MOCS1 and MOCS2)

the outsourcing of anslyses uravaiable in Beigium. CSF cevebrospinal

Institutions Belgian Reference Laboratories (RLs) Main clinical indications
Peroxisomal disease and specific plasmalogens biosynthesis
A Analysis of plasmalogens In red blood cetls defects (e.g. RCDP, Refsum disaase, Zellweger disease)
o enetic rad vy assay :muah:a%m :ﬁim;\mn breakage syndrome, Fancont
of plasma
B.C
of free (FEP-tast)
Pocphyria
of plasma
of plasma test)
Analysis of the using ¥ Y rare hemolytic anemia
& separation of red biood calls mambrane proteins by SDS-PAGE due 10 a red cell membrana anomaly
B of Factor 8
of Factor 80 Atypical  bamoiyti or
constituional) hemalytic anemias, immunodeficiency due %o a
of Factor D ,!m,.,. “
of Factor P
Assessmant of intra-leukocyta cystine Cystinosls.
Cornbral folate AADC g DHPR
D neurcdegenerative syndrome due % FOLR! deficency,
D i of 5 in CSF constitsonal megaloblastic anemia with severa newurciogic
disesse (DHFR deficency), homocystinuria due to MTHFR
deficiency, neurometabolic disorder due 1o serine deficiency,
diseases (0.g. K Say
Pyricoxine-dependent epilepsy, refractory neonatal seizures,
i prienary
E Quantification of B6 vitamers In plasma (PLP, PLPM,PN,PA) follow-up of pyridorine and les in s with

tubarcudosis, Isoniazid taxicity

st [uc. Brussels
E: Unilab Lg, CHU de Liége, Liége
F: Department of Clinical Chemistry, UZ Antwerpen, Edegem

5 e ; epilepsy, due to sulfite
a: Consorum betwosn of 5° xylate (PEC) in plasmar’ 000 o 100 deficioncy, suite icase daficency oue 1o
D° ang FP PECE ¢ Yot moiybdenuen cofactor deficiencies
b: Consortambetwesn  Assessment of plering in urine? and of DHPR activity in dry blood Hyperpherylalaninemia due 1o BH4 cefidency, DHPR
AV ang E® spots® defickancy
A: D of L '3 icine, UZ Gent, Gent
B: 1 ier Uni i de -

Universitair Laboratorium Brussel (LHUB-ULB), Brussels
C: Dep of L y Medi UZ Leuven, Leuven
D: D of L y M Clinigues

Fig. 4 Representation of the new Belglan reference laborateries AADC aromatic 1-amino acid decarboxylase, BH4 tetrahydrobiopterin, CSF
cerebrospinal fiusd, DHFR dihydrofolate reductase, DHPR dihydropteridine reductase, FOLR? folate receptor 1, MTHFR methylene tetrahydrofolate
reductase, PA pyridaxic acid, PL pyridoxal, PLP pyridoxal-phosphate, PM pyridoxamine, PN pyridowdine, RCOP rhizomelic chondrodysplasla punctate,
SCID severe combined immunodeficency, SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
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Vandevelde et al. Orphanet J Rare Dis (2021) 16:89
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Supplementary data

For further reading
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@ Table 1.36 Red blood cells disturbances

Acanthocytosis Anemias : Macrocytic Anemias : Non Macrocytic, Hemolytic,Congenital
Polycythemia dyserythropoietic or Due to Combined Mechanisms
Acanthocytosis Cobalamin metabolism defects - Abetalipoproteinemia
- Abetalipoproteinemia - Imerslund-Grasbeck disease - Adenylate kinase deficiency (reticular dysgenesis)
- Panthothenate kinase - Intrinsic factor deficiency - Adenosine triphosphatase deficiency
deficiency -TC Il deficiency - Carnitine transport defect
- Inborn errors of cobalamin -~ - Cbl C, Cbl D,Cbl E,Cbl F, Cbl G deficiencies - Congenital erythropoietic porphyria
{CblC) - Methionine synthase deficiency - Erythropoietic protoporphyria
- Wolman disease - Di-metal transporter 1 deficiency (5LCT1A2)
Polycythemia Folate metabolism defects - Endosomal ferri reductase (STEAP 3)
- Inherited manganism - Dihydrofolate reductase deficiency - Galactosemia
, o - Glutamate formimine transferase defi- - Glycolytic and pentose-P pathway deficiencies
o= ciency - Hemochromatosis
I n born Meta bo I i c - Congenital folate malabsorption - IRIDA (TMPRS556 coding for Matriptase)
3 - MTHDF1-deficiency - Lecithin cholesterol acyltransferase deficiency
DI Sea Ses - Majeed syndrome (LIPINZ) (dyserythropoietic)
Others - Mevalonic aciduria
Diagnosis and Treatme - Hereditary orotic aciduria - Mitochondrial tyrosy-tRNA synthetase deficiency
6th Edition - Mevalonic aciduria (MLASA)
- Pearson syndrome (due to mitochondrial - Pyroglutamic aciduria
DMA deletion) (dyserythropoiesis) - Pyrimidine 5-nucleotidase deficiency
- Respiratory chain disorders - SEC23B-CDG (congenital dyserythropoietic anemia I1)
- Thiamine responsive megaloblastic - Severe liver failure (all causes)
anemia - Sitosterolemia (with stomatocytes)
- Transaldolase deficiency

- Wilson disease
- Wolman disease
- X-linked sideroblastic anemia (B6 responsive)

16 November 2021
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e Hepatosplenomegaly, bone marrow infiltration, hemophagocytic lymphohistiocytosis

i Th|n k about' Lysinuric Protein Intolerance

‘sinEReviews

Virginia Nunes, PhD! and Harri Niinikoski, MD, PhD?
w _ Created: December 21, 2006; Updated: April 12, 2018

* Lysinuric Protein Intolerance (LPI)

. . . Rare, autosomal recessive
* Mevalonic aciduria Classical neurodigestive presentation with spontaneous protein eviction
o - and secondary malnutrition
(Cb|C def|C|ency) Hypotonie, altered consciousness (NH,*)
Nausea, vomiting, diarrhoea
Hepatosplenomegaly

Review | Open Access | Published: 26 April 2006

Mevalonate kinase deficiencies: from mevalonic Complications:

aciduria to hyperimmunoglobulinemia D syndrome * Growth delay, osteopenia
’

Dorothea Haas & Georg F Hoffmann &

_ _ _ * Immunohaematological abnormalities: cytopenia, hemophagocytic
Orphanet Journal of Rare Diseases 1, Article number: 13 (2006) | Cite this article L. . . . )
16k Accesses | 108 Citations | 3 Alimetric | Metrics lymphohistiocytosis, at risk of infections
* Tubulopathy, nephrocalcinosis, proteinuria, hematuria
* Pulmonary involvement

Rare, autosomal recessive
Severe form (mevalonic aciduria): often < 1 yo

¢ Recurrent febrile crises, spontaneous or induced (every 4-6 weeks, for 3-7 days)

* Neurological signs (Ataxia, hypotonia, psychomotor retardation...)

*  Commonly accompanied by hepatosplenomegaly, lymphadenopathy, abdominal symptoms,
arthralgia and skin rashes.

¢ Death generally < 1-2 yo

Mild forms (hyper IgD syndrome): usually only febrile attacks are present

Haas et al. Orphanet J Rare Dis (2006); 1:13
16 November 2021 Nunes V et al. https://www.ncbi.nlm.nih.gov/books/NBK1361/
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* Enzyme deficiency

* Glutathione synthetase deficiency
e Rare (< 150 cases)

e 3 phenotypes

* Mild deficiency: Isolated acute hemolysis
episodes

* Moderate deficiency:

* Hemolysis + severe neonatal metabolic
acidosis

* Recurrent attacks

* Severe deficiency:
* Hemolysis + acidosis + recurrent attacks
* Neurological signs

* +/-severe infections +/- retinal
dystrophy

* 25% of death in the first months of life

16 November 2021
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* Diagnosis
* Hemolytic anemia

* “Atypical” metabolic acidosis (Normal glycemia, no ketosis,
hyperlactatemia, hyperammonemia)

* Increased anion gap with normal kidney function and no
history of intoxication,

* Urine organic acids chromatography:
* 5-Oxoprolinuria ++ (= pyroglutamic acid)
* Genetics: GSS gene

* Treatment: symptomatic
* Antioxydants (Vit C, Vit E), Sodium citrate or bicarbonate
* lIron, Folate, EPO, splenectomy (Anemia)
* Avoiding of oxydising drugs
* N-acetylcystéine?

* Qutcome: variable (recurrent attacks and
vitaminotherapy)

Ristoff et al. J Ped (2001);139:79-84
J. Sykut-Cegielska, J. Inherit. Metab. Dis. 2005
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* |neffective erythropoiesis: Disorders of pentose phosphate pathway

* Congenital orotic aciduria: Uridine monophosphate (UMP) synthetase deficiency
* Autosomal recessive

e Early megaloblastic anemia +++

Diagnosis: urine organic acid chromatography (orotic acid +++)
e Treatable by oral uridine supplementation

* Untreated: anemia, diarrhea, failure to thrive, death

* Thiamine-responsive megaloblastic anemia syndrome (“Rogers syndrome”, SLC19A2 deficiency)
* Autosomal recesive

* Triad: Megaloblastic anemia, (Non type 1) diabetes and deafness (+/- thrombocytopenia)
* Diagnosis: genetics, no biomarker

High-dose thiamine (VitB1) supplementation (early +++): correction and prevention of anemia and diabetes

Bailey C. J Inherit Metab Dis (2009);32 (Suppl 1):5227-33
16 November 2021 Lu et al. Rev Med Interne (2019);40(1):20-27

Bay A et al. IntJ Hematol (2010);92(3):524-6
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 |neffective erythropoiesis: Mitochondrial respiratory chain disorders
* In theory, any MRC disorder can lead to ineffective erythropoiesis due to ATP deficiency
* Pearson syndrome (“Pearson marrow-pancreas syndrome”)
* Mainly de novo large mtDNA deletions
* Metabolic acidosis (lactate ++)
* Early hypoplastic and macrocytic anemia
* Vacuolization of hematopoietic precursors +++
* Ringsideroblasts
* Pancreatic dysfunction (both endocrine and exocrine): failure to thrive, liver steatosis, low weight
* Later evolution to Kearns-Sayre syndrome: neurological signs
* Not treatable (supportive: transfusions, pancreatic enzymes...)
e Death in childhood (usually first decade)
Frazier A et al. J Biol Chem (2019);294(14):5386-5395
16 November 2021 Wild T et al. Am J Med Genet A (2020);182(2):365-373

Farruggia et al. Expert Rev Hematol (2018);11(3):239-246
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 |neffective erythropoiesis: Mitochondrial respiratory chain disorders

* Pearson syndrome (“Pearson marrow-pancreas syndrome”)

‘e
A

Figures:
Anne Demulder
Laurence Rozen

16 November 2021 Flacon P. Blood (2017);129(19):2710
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e Abnormal cell morphology

* Stomatocytes
e Sitosterolemia

* Acanthocytes
* Wolman disease
e Abetalipoproteinemia

Macrothrombocytopenia and stomatocytosis in sitosterolaemia

* Hallervorden-Spatz disease (PKAN2 deficiency)
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Figures:
Anne Demulder
Laurence Rozen

Figure 15. Abétalipoprotéinémie. Froftis sanguins montrant de
nombreux acanthocytes (disposition irréguliére des spicules).

Diallo S et al. BrJ Haematol (2021);194(5):804
16 November 2021 De Lonlay et al. Arch Pédiatr (2002);8: 822-35




