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• General Aspects about complement
• Complement testing – driving the patient management (Examples)
• New therapies

General Aspects about complement
driving the patient management (Examples)



Complement system – 500 million years ago500 million years ago



Complement system – 100 years ago

• Serum from guinea pigs that had recovered from cholera killed the 
cholera bacterium in vitro

• Heating the serum destroyed its killing activity
• The heat-inactivated serum maintained its ability to protect the • The heat-inactivated serum maintained its ability to protect the 

animals from illness
• 1899 - Paul Ehrlich renamed the heat

"complement”….. because it is something in the blood that 
"complements" the cells of the immune system

100 years ago

Serum from guinea pigs that had recovered from cholera killed the 

Heating the serum destroyed its killing activity
inactivated serum maintained its ability to protect the inactivated serum maintained its ability to protect the 

Paul Ehrlich renamed the heat-sensitive component 
"complement”….. because it is something in the blood that 
"complements" the cells of the immune system



http://www.abcam.com/index.html?pageconfig=resource&rid=15159&source=pagetrap&viapagetrap=complement
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Dysregulation of Complement

• Atypical hemolytic uremic syndrome, 
• C3 glomerulopathies

of Complement

syndrome, 



Overactivation of Complement
• Lupus nephritis 
• Anti-glomerular basement membrane 
• Antineutrophil cytoplasmic antibody
• Membranous nephropathy• Membranous nephropathy
• C1Q nephropathy 
• IgA nephropathy 
• Immune complexes-associated membranoproliferative

Overactivation of Complement

basement membrane glomerulonephritis
antibody-associated vasculitis

membranoproliferative glomerulonephritis



Complement In Renal Transplantation

• Ischemia-reperfusion injury, 
• Cell-mediated rejection, 

Antibody-mediated rejection• Antibody-mediated rejection

Complement In Renal Transplantation



Back to our patientsBack to our patients



Case 1 – C3 GN – C3 Nef

• TEO – 6 years old
• Nephrotic Proteinuria
• Hematuria
• HTA

–
–

• HTA
• Edema
• Low urine output

-
-

Nef Positive

Hematuria - micro
LOW C3, Normal-C4

Hight Chol
Low Alb



B T_ Proteinuria (g/L/24 hours)
Prednisone (10/02)

Mycophenolate Mofetil (19/02/2019 – 01-09-2019)



ECULIZUMAB (22/02)

ECULIZUMAB (06/03)

ECULIZUMAB (15/03)

ECULIZUMAB (26/03)

Kidney Biopsy (12/02/2019)




MP


C3 Nef +

Biopsy Result)



B T_ Proteinuria (g/L/24 hours) Proteinuria …


Kidney Biopsy 2 



Kidney Biopsy 12.02.2019 Kidney Biopsy 28.01.2020



Kidney Biopsy 12.02.2019 Kidney Biopsy 28.01.2020



Stabilization

Case 1 
C3 GN 
C3 Nef
PositiveC3 NEF

Stabilization



Case 2 – aHUS – anti CFH 
age 5, female
pale, fatigue, red urine
Vomiting, diarrheic stools
The family remembers that all of them ate some kind of beef meet and all of them got sick.

DATE HB PLT Crea LDH HPT C3 
15.01.2018 8.4 14000 0.85 1653
16.01.2018 6.2 13000 0.98 1659 0.07 54
17.01.2018 9.1 18000 1.4417.01.2018 9.1 18000 1.44
18.01.2018 12 25000
19.01.2018 10.4 30000 2.42 79
20.01.2018 7 49000 2.1 1674
21.01.2018
22.01.2018 6.7 53000 1.85 0.07 49.6
23.01.2018 8.7 65000 1.62 915
23.01.2018
24.01.2018 7.8 104000 1.54 895
25.01.2018 9.8 119000
26.01.2018 9.3 135000 1.3 1032 0.07 60.1
27.01.2018
28.01.2018 7.8 131000 0.83 0.07 71.2
29.01.2018
30.01.2018 7.8 163000 0.7 694 71.2
31.01.2018 7.7 149000

anti CFH atb

The family remembers that all of them ate some kind of beef meet and all of them got sick.

C4 Proteinuria Hematuria Treatment Blood 
nefritic macro 

23 nefritic macro RBC trans
nefritic macro nefritic macro 
nefritic macro 

20.3 nefritic macro PEX
nefritic macro PEX RBC trans
nefritic macro 

11.1 nefritic macro PEX RBC trans
nefritic macro ECULIZUMAB

nefritic macro RBC trans
nefritic macro 

16.1 nefritic macro 

26.1

25.1 ECULIZUMAB
RBC trans



Complement C3: 0,5 g/L (
Complement C4: 0,36 g/L
Factor H antigen: 49 mg/L
Anti- factor H IgG autoantibody: positive

COMPLEMENT

The patient was found to be homozygous for a common deletion of CFHR1 and 

GENETICS
The patient was found to be homozygous for a common deletion of CFHR1 and 
CFHR3 genes, no other copy number alterations were identified in the studied genes. 
The patient was found to be heterozygous for the MCPggaac
as a risk factor of developing aHUS.

The patient was found to be heterozygous for the R102G and 
The rare alleles of these common variations as well as their haplotype were shown to be 
susceptibility factors for dense deposit disease.

The patient was found to be heterozygous for the CFH V62I
a protective variant against the development of aHUS.

0,5 g/L (reference range 0,9-1,8 g/L)
0,36 g/L (reference range: 0,15-0,55 g/L)
49 mg/L (reference range 250-880 mg/L)
positive (10900 AU/mL, ref <110)

homozygous for a common deletion of CFHR1 and homozygous for a common deletion of CFHR1 and 
, no other copy number alterations were identified in the studied genes. 

MCPggaac haplotype of the CD46 gene reported 

and P314L polymorphisms of the C3 gene. 
The rare alleles of these common variations as well as their haplotype were shown to be 

V62I missense variation that was reported as 



Plasma Exchange – 3 session – dramatic decline in the anti Complement 
factor H Antibodies, but modest effect on the clinical condition of the 
patient 

Theraphy
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Anti CFH atb

dramatic decline in the anti Complement 
factor H Antibodies, but modest effect on the clinical condition of the 

day 180 day 360 day 540 day 720

atb



• No immunosuppressant therapy

• Hemodialysis was performed for 2 sessions

Theraphy

• Hemodialysis was performed for 2 sessions

• 5 blood transfusion

• Eculizumab start at day 8

Hemodialysis was performed for 2 sessionsHemodialysis was performed for 2 sessions
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Case 3 –
aHUS -
CD46 
mut
Sonia –
Bucharest 
1982 – firs HUS 1982 – firs HUS 
episode



Sonia – USA – Florida, 2012 –
second HUS episode. 30 years apart

• PEX
• HD



• Sonia – 2017 – Bucharest, Budapest. 
• Genetic testing for high suspicion of 

alternative complement pathway 
activation TMA

- mutation causing the deletion of a thymine base 
(c.280_280delT) in the CD46 gene that generates a reading 
frameshift at amino acid 94 and a premature stop codon at amino 
acid position 107
- mutation (c.856G>T) that affects the last nucleotide of exon 6 of 
the CD46 gene, which is a highly conserved position in the splice 
site consensus sequence

ADAMTS13 metalloprotease 
activity: 96 (reference range 67-150 %)

Total complement 
activity,  classical pathway 
(hemolytic test): 

49 CH50/ml (ref range 48-103 
CH50/ml)

Total complement 
activity,  alternative pathway 
(WIELISA-Alt): 

73 % (reference range 70-105%)

Complement C3: 0,71 g/L (reference range 0,9-1,8 g/L)
0,18 g/L (reference range: 0,15-0,55 Complement C4: 0,18 g/L (reference range: 0,15-0,55 
g/L)

Factor H antigen:  508 (reference range 250-880 mg/L)

Complement factor I antigen: 105 % (reference range 70-130%)

Complement factor B 
antigen: 42 % (reference range 70-130%)

Anti- factor H IgG 
autoantibody: negative (46 AU/mL, ref <110)

C1q antigen: 93 mg/L (ref: 60-180)
Anti-C1q IgG autoantibody 1 U/mL (ref <52)
sC5b-9 (terminal 
complement complex): 166 ng/mL (ref 110-252 ng/mL)

C3a anaphylatoxin: 150 ng/mL (ref 70-270 ng/mL)

gene that generates a reading 
frameshift at amino acid 94 and a premature stop codon at amino 

) that affects the last nucleotide of exon 6 of 
gene, which is a highly conserved position in the splice 



CD46 - mutation causing the deletion of a thymine base 
(c.280_280delT) in the CD46 gene that generates a reading 
frameshift at amino acid 94 and a premature stop codon at 
amino acid position 107.
- mutation (c.856G>T) that affects the last nucleotide of 
exon 6 of the CD46 gene, which is a exon 6 of the CD46 gene, which is a 
position in the splice site consensus sequence

CD46

mutation causing the deletion of a thymine base 
gene that generates a reading 

frameshift at amino acid 94 and a premature stop codon at 

) that affects the last nucleotide of 
gene, which is a highly conserved CD46gene, which is a highly conserved 

position in the splice site consensus sequence
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• Sonia – 2017
• No benefit from immunosuppression
• Disputable benefit from PEX
• Very good candidate for Renal Tx with almost no risk of relapse• Very good candidate for Renal Tx with almost no risk of relapse

• Functional test

Very good candidate for Renal Tx with almost no risk of relapseVery good candidate for Renal Tx with almost no risk of relapse



CASE 4 - LUPUS

ANASTASIA-6 years old 
Discoid rash
 joint pain

WBC 3120/mm3  
Hb 13.9g/dl
PLT 144000/mm3
Anti ds DNA >200u/ml (intens +)
Intense positive ANAIntense positive ANA
Intense Positive aniti C1Q
C3 28.4 mg/dl 
C4 2.12 mg/dl
NORMAL URINE SEDIMENT







class III – LUPUS NEPHRITIS

IgA C3c

IgG

IgM

C1q

LUPUS NEPHRITIS
IgA – intense + granular in the mesangium and MBG 
IgG – intense + granular in mesangium, MBG, focal in 
MBT and vessels
IgM – intense + granular in the mesangium C1q –
intense + granular in the mesangium and MBG 
C3c – intense + granular in mesangium and MBG, 
focal in MBT and in vessels

Ig
G



class III – LUPUS NEPHRITISLUPUS NEPHRITIS



class III – LUPUS NEPHRITISLUPUS NEPHRITIS





11 years old boy 
2 recurrent episodes of macroscopic hematuria during upper 

respiratory tract infection 
low C3

CASE 4  IgA nephropathy 
microangipathy

low C3
normal ASLO titer. 
mild proteinuria, 
persistent microscopic hematuria
normal renal function. 
IgA nephropathy on Renal biopsy + thrombotic 

2 recurrent episodes of macroscopic hematuria during upper 

CASE 4  IgA nephropathy + thrombotic 

persistent microscopic hematuria

IgA nephropathy on Renal biopsy + thrombotic microangipathy







• https://www.rootsanalysis.com/reports/next
therapeutics-market.html

• https://www.rootsanalysis.com/re
therapeutics-market.html
https://www.rootsanalysis.com/reports/next-generation-complement-eports/next-generation-complement-





Take home message

•we have witnessed tremendous
understandig of complement 

•Now we have several innovative
radically improved patientsradically improved patients

•When we speak about complement and complement 
blocking therapies  is “all or nothing”

•Hit fast, hit hard

tremendous advances in our
of complement 

innovative therapies that have
patients’ outcomespatients’ outcomes

When we speak about complement and complement 
blocking therapies  is “all or nothing”
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01

12 years old boy
Developmental delay
Hearing impairment



01

??????Adenine 
Phosphoribosyl-
transferase 
Deficiency
2,8-Dihydroxyadeninuria; APRT 
Deficiency



This variants explain the hearing problems



??  Lesch-Nyhan syndrome 

Zero enzime activity - impaired kidney function, 
acute gouty arthritis, and self-mutilating behaviors

?????   Kelley-Seegmiller syndrome – milder ?????   Kelley-Seegmiller syndrome – milder 
form of hypoxanthine-guanine 
phosphoribosyltransferase (HPRT) deficiency -
hereditary disorder of purine metabolism, s associated 
with uric acid overproduction leading to urolithiasis, 
and early-onset gout.



FSGS
Ischemia
Tubular atrophy
Important inflamationImportant inflamation





Nephrocalcinosis cases



05



06

Bartter Syndrome, Type 1

Friedhelm Hildebrandt, MD

William E. Harmon Professor of Pediatrics
Harvard Medical School
Chief, Division of Nephrology
Boston Children's Hospital



012



011



013



013



04



04
Abnormal facial shape; Atrial septal defect; Decreased body weight; Dysphagia; Failure 
to thrive; Feeding difficulties; Gastrostomy tube feeding in infancy; Gingival overgrowth; 
Hypotonia; Language impairment; Leukoencephalopathy; Microcephaly; Narrow 
forehead; Nephrocalcinosis; Premature birth; Proptosis; Short stature; Syndactyly



DENT



09



010





Ciliopaties

CystsCysts





Bardet–Biedl syndromeBardet–Biedl syndrome







Thank you

Never Delegate UnderstandingNever Delegate Understanding

Tim Kastelle





Genetic counseling 
in rare kidney diseases

Adrijan Sarajlija

Mother and Child Health Care Institute of Serbia “Dr Vukan Čupić”

University of Belgrade, Faculty of Medicine, Serbia

RARE DISEASES IN PEDIATRIC NEPHROLOGY

(IPNA Sponsored Teaching Course)
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Basics

• The concept of genetic counselling was 
introduced by Sheldon Reed in 1947

• Genetic counseling is a process in which a 
specialist helps interested individuals understand 
and adapt to the medical, psychological, and 
familial implications of hereditary diseases

• In many countries, there is a specialized 
educational profile for genetic counselors

Sheldon Clark Reed (1910-2003)



Roles of genetic counselor:
as proposed by European Board of Medical Genetics - EBMG)

• To identify the needs of individuals and families 

• To gather, select, and interpret significant clinical and 
genetic information, results, findings, literature... 

• To assist individuals in understanding the genetic basis of 
the disease and the risks of illness within the family 

• To provide information to the family about the possibility 
of genetic testing, treatment, scientific research... 

• To assist in choosing the best option and psychological 
adaptation to the current situation 

• To assist in accessing medical professionals and services 
relevant to the inherited disease

Catapano F, El Hachmi M, Ketterer-Heng N, Renieri A, Mari F, Morris M, Cordier C. The role of the Genetic Counsellor in the 
multidisciplinary team: the perception of geneticists in Europe. Eur J Hum Genet. 2022 Dec;30(12):1432-1438. 



Amberger JS, Bocchini CA, Scott AF, Hamosh A. OMIM.org: leveraging knowledge across phenotype-
gene relationships. Nucleic Acids Res. 2019 Jan 8;47(D1):D1038-D1043.

Advance of molecular genetic diagnostics

• The advent of gene sequencing 
techniques has revolutionized the 
diagnosis of hereditary diseases

• The number of diseases with 
clarified genetic bases exceeds 7,000

• Dozens of hereditary nephrological
diseases are now better understood 
due to gene sequencing

source: https://www.omim.org/statistics/geneMap





Diagnostic value of genomic 
tests in pediatrics

• Exome and whole genome sequencing have a role in 
diagnosing a broad array of conditions, both 
common and rare

• Diagnosing rare diseases should be exact and timely

• Reduction of emotional distress for families and high 
medical expenditures



• Recent studies have demonstrated that monogenic causes can be identified in up to 10% 
of adults and 20%-50% of children with CKD

• 20%–27% of patients with CKD/ESKD report a positive family history 

• 10%–65% of patients with a family history may have a genetic cause identified 

• up to 24% of a more general CKD cohort may have a genetic cause identified

Aron AW, Dahl NK, Besse W. A Practical Guide to Genetic Testing for Kidney 
Disorders of Unknown Etiology. Kidney360. 2022 Jul 8;3(9):1640-1651. 



Thomas, C.P., Freese, M.E., Ounda, A. et al. Initial experience from a renal genetics clinic demonstrates a distinct 
role in patient management. Genet Med 22, 1025–1035 (2020). 

Mean age: 39.9 years

9 - Alport syndrome, 
7 – ADPKD

2 - FSGS 
2 - with PAX2-mediated CAKUT, 

1 each with ARPKD, Dent, 
Frasier, Gordon, Gitelman, and 

Zellweger syndromes



Nephrogenetics 

Notable yield of genetic testing in patients with:
- persistent hematuria 
- nephrotic syndrome 
- focal segmental glomerulosclerosis
- nephrolithiasis 
- congenital anomalies of the kidney and urinary 

tract 
- cystic kidney disease
- CKD of unknown etiology

Wilde AAM, Semsarian C, Márquez MF, et al; Developed in partnership with and endorsed by the European Heart Rhythm Association (EHRA), a branch of the European Society of Cardiology (ESC), the Heart Rhythm Society (HRS), the Asia 
Pacific Heart Rhythm Society (APHRS), and the Latin American Heart Rhythm Society (LAHRS).. European Heart Rhythm Association (EHRA)/Heart Rhythm Society (HRS)/Asia Pacific Heart Rhythm Society (APHRS)/Latin American Heart Rhythm 
Society (LAHRS) Expert Consensus Statement on the state of genetic testing for cardiac diseases. Europace. 2022 Sep 1;24(8):1307-1367. 





• 72% of nephrologist report using genetic test use in their 
practice

• On average, tests were ordered for 3.8% of their patient 
population

• Both users and nonusers of genetic tests indicated high cost 
and poor availability or lack of ease of genetic testing as the 
most significant perceived barriers to implementation

Mrug M, Bloom MS, Seto C, Malhotra M, Tabriziani H, Gauthier P, Sidlow V, McKanna T, Billings PR. Genetic Testing for 
Chronic Kidney Diseases: Clinical Utility and Barriers Perceived by Nephrologists. Kidney Med. 2021 Oct 5;3(6):1050-1056. 

Genetics in nephrology practice



Roles of clinical geneticist in nephrology

•Assessing the need for genetic testing for different kidney diseases

•Counseling and testing for patients and presymptomatic family members

•Overseeing the management of rare multisystem inherited diseases with a renal 

component (mitochondrial disease, Fabry disease, tuberous sclerosis…)

•Helping with the transition to an adult nephrology practice for patients with genetic renal 

disease referred by pediatric nephrology providers

•Evaluation of kidney transplant candidates and their asymptomatic living donors





Fabry disease (x-linked LSD)

• Fabry disease is progressive and often becomes symptomatic 
in childhood

• Age of symptom onset varies even within the same family

• Life threatening complications are rare in pediatric patients

• On average, there are five family members diagnosed with 
Fabry disease for every proband

• Diagnostic limitations: 

- enzyme assay can be normal in heterozygous females

- the percentage of residual α-gal-A enzyme activity does not 
correlate with clinical severity

- mutations frequently cannot predict disease severity



Issues in genetic counselling for Fabry disease

- testing “healthy” minors and psychological and social implications

- reproductive options including prenatal diagnosis and 
preimplantation diagnosis

- teratogenic risk of frequently used medications in Fabry disease such 
as Dilantin, Carbamazepine (Tegretol), and ACE Inhibitors in 
pregnancy

- testing kidney donors, particularly family members, prior to 
transplant for Fabry disease



- Starting ERT early, before the age of 16, in male FD patients with a 
classical phenotype is associated with reduced risk and severity of 
albuminuria

- Starting ERT early, before the age of 16, in male FD patients with a 
classical phenotype slows down left ventricular hypertrophy

van der Veen SJ, Körver S, Hirsch A, Hollak CEM, Wijburg FA, Brands MM, Tøndel C, van Kuilenburg ABP, Langeveld M. Early start 
of enzyme replacement therapy in pediatric male patients with classical Fabry disease is associated with attenuated disease 
progression. Mol Genet Metab. 2022 Feb;135(2):163-169.

- Early treatment with ERT, before presumed symptom onset, can 
reduce lyso Gb3 levels below detectable limits

- Early treatment also has the potential to enhance QoL, including 
cognitive, social and developmental health

Kritzer A, Siddharth A, Leestma K, Bodamer O. Early initiation of enzyme replacement therapy in classical Fabry disease normalizes 
biomarkers in clinically asymptomatic pediatric patients. Mol Genet Metab Rep. 2019 Oct 19;21:100530.



"If medical or psychosocial benefits of genetic 
testing will not be realized until adulthood, 
testing should typically be postponed. 
Presymptomatic genetic testing of a child should 
be approached with great caution."

Garrett JR, Lantos JD, Biesecker LG, Childerhose JE, Chung WK, Holm IA, Koenig BA, McEwen JE, Wilfond BS, Brothers K; Clinical Sequencing Exploratory Research (CSER) 
Consortium Pediatrics Working Group. Rethinking the "open future" argument against predictive genetic testing of children. Genet Med. 2019 Oct;21(10):2190-2198. 



“Presymptomatic and predictive genetic testing of 
children for conditions that manifest in adulthood is 
acceptable only if preventive measures can be initiated 
before reaching adulthood.”

“If this condition is not met, presymptomatic and 
predictive genetic testing in minors for these disorders 
should be postponed until the individual reaches maturity 
and the ability to understand the nature of the decision 
and its consequences.”

Recommendations of the European Society of Human Genetics. Genetic testing in asymptomatic minors: recommendations of the European Society of 
Human Genetics. Eur J Hum Genet 17, 720–721 (2009). https://doi.org/10.1038/ejhg.2009.26



• The National Society of Genetic Counselors recommends 
postponing predictive genetic testing of children for conditions 
that arise in adulthood if the results will not significantly 
benefit the child...

• Predictive testing should ideally be delayed until the individual 
has the capacity to consider the risks, benefits, and limitations 
of this information... in order to preserve their autonomy and 
right to an open future.

Garrett JR, Lantos JD, Biesecker LG, Childerhose JE, Chung WK, Holm IA, Koenig BA, McEwen JE, Wilfond BS, Brothers K; Clinical Sequencing Exploratory Research (CSER) 
Consortium Pediatrics Working Group. Rethinking the "open future" argument against predictive genetic testing of children. Genet Med. 2019 Oct;21(10):2190-2198. 



Challenges in (nephro)genetics

• Difficulties in interpreting genetic variants of 
unknown significance

• Genetic variability and incomplete penetrance

• Availability of diagnosis and therapy

• Ethical and psychosocial constraints



CKD in multiple family members across 
generations; autosomal dominant

62.g  CVVD

44 g .HBB 42 g HBB
38 g. HBB 37 g. 35 g HBB

8 g .
HBB 2
SALL1

17 g.
HBB 5

Transplantirana
SALL1



CKD + imperforate anus, malformed ears, 
finger anomalies…



Townes-Brocks syndrome

• SALL1 gene mutation, autosomal dominant, OMIM 602218

• VERY VARIABLE PHENOTYPE IN ONE FAMILY

Clinical phenotype

Anal atresia

Malformed thumbs

Malformed ears

CAKUT (ectopy, hipoplasia, agenesis)

Congenital heart defect



• The rapid growth of genetic testing over the last 3 decades has created a demand 
for genetic counseling services

• In the United States and Canada there are currently 50-60 accredited training 
programs typically granting master’s degrees in medical genetics or genetic 
counselling

• Genetic counselors are certified by passing a board examination through the 
American Board of Genetic Counseling

• The number of certified genetic counselors has risen from 495 in 1993, to 5629 in 
April 2021, and is expected to grow to 10,000 by 2030.



Who makes the indication for
predictive genetic testing today?



Perspectives of genetic 
testing/counseling 
in nephrology

• Growth in demand for genetic testing

• Improvement of genetic test interpretation

• Development of pharmacotherapy/precision medicine

• Increased possibilities for presymptomatic intervention

• Enhancement of recommendations in the context of 
ethical principles



Skopje April 2024

Genetic landscape of steroid resistant 
nephrotic syndrome
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rare diseases

OMIM® - Online Mendelian Inheritance in Man®

Skopje April 2024
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genetic variability and phenotype (1)

↔

↔

↔

↔

↔

↔

Skopje April 2024



genetic variability (2)
• you differ from your neighbour at 1 in 1000 base

positions = 3.3 million positions in total

Skopje April 2024



genetic variability – (UCSC) genome browser (3)

Skopje April 2024



genetic variability – gnomAD browser (4)

Skopje April 2024



method resolution and                  capacity
• karyotyping 3 to 5 mb

• array-CGH                                       5 to 50 kb

• targeted sequenzierung 1 bp
(Sanger sequencing)    

• NGS-(sequencing by synthesis)          1 bp
gene panels, WES, WGS
problem highly homolog regions /repeats …

• longread sequencing (SMRT/ONT)           1bp

• cfDNA, noninvasive prenatal testing chromosome to
(NIPT)                                                               1 bp

Skopje April 2024
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Tschernoster et al. J Mol  Diagn 2022 

RCA Gencluster molecular combing (genomic vision)

prototypic blind spots to NGS

MUC1 VNTR (ADTKD)



monogenic nephrotic syndrome (SRNS/FSGS)
ACTN4, AMN, ANLN, APOE, APOL1, ARHGDIA, C1GALT1C1, C3, CD46, CD151, 
CD2AP, CFH, CFI, CLCN5, COL4A3, COL4A4, COL4A5, COQ2, COQ6, COQ8B, CRB2, 
CUBN, DAAM2, DGKE, DLC1, EHD1, EMP2, FAT1, FN1, GLA, GON7, INF2, ITGA3, 
ITSN1, ITSN2, KANK2, KANK1, KANK4, KIRREL1, LAGE3 LAMA5, LAMB2, LCAT, 
LMX1B, LRP2, MAGI2, MEFV, MYH9, MYO1E, NPHS1, NPHS2, NOS1AP,  NUP85, 
NUP93, NUP107, NUP133, NUP160, NUP205, OCRL, OSGEP, P3H2, PAX2, PDSS2, 
PLCE1, PODXL, PRDM15, PTPRO, RCAN1, SCARB2, SGPL1, SMARCAL1, TBC1D8B, 
TNS2, TP53RK, TPRKB, TRIM8, TRPC6, TTC21B, WDR73, WT1, YRDC (n=82)

Skopje April 2024

isolated
ACTN4, NPHS2
…

syndromal
WT1, SMARCAL1,
…

congenital
WT1, NPHS1
…

late onset
TRPC6, INF2,
… 



monogenic proteinuria (SRNS/FSGS)
my ommissions today

Skopje April 2024

# Alport syndrome >>>  Julia Hoefele
# common forms of congenital nephrotic syndrome >>> Sandra Habbig
# caHUS (forms and proteinuria) >>> Daniel Turudic
# metabolic diseases and proteinuria



monogenic nephrotic syndrome(SRNS/FSGS) -
semantics

Skopje April 2024

„canonical FSGS genes“:
ACTN4
INF2 
NPHS1
NPHS2
TRPC6
APOL1

genes important for glomerular development
PAX2
WT1
LMX1B
COL4A3
COL4A4
COL4A5

Other genes reported with the histological label FSGS
CLCN5
UMOD
Mitochondrial genes
ANLN
NPHP3
NPHP1
HNF1B
CLCNKB
…



monogenic proteinuria gene panels
(SRNS/FSGS) 

Skopje April 2024

ACTN4, AMN, ANLN, APOE, APOL1 (risk polymorphisms), ARHGDIA, C1GALT1C1, C3, CD46,
CD151, CD2AP, CFH, CFI, CLCN5, COL4A3, COL4A4, COL4A5, COQ2, COQ6, COQ8B, CRB2, CUBN,
DAAM2, DGKE, DLC1, EHD1, EMP2, FAT1, FN1, GLA, GON7, INF2, ITGA3, ITSN1, ITSN2, KANK2,
KANK1, KANK4, KIRREL1, LAGE3 LAMA5, LAMB2, LCAT, LMX1B, LRP2, MAGI2, MEFV, MYH9,
MYO1E, NPHS1, NPHS2, NOS1AP, NUP85, NUP93, NUP107, NUP133, NUP160, NUP205, OCRL,
OSGEP, P3H2, PAX2, PDSS2, PLCE1, PODXL, PRDM15, PTPRO, RCAN1, SCARB2, SGPL1,
SMARCAL1, TBC1D8B, TNS2, TP53RK, TPRKB, TRIM8, TRPC6, TTC21B, WDR73, WT1, YRDC
(n=82)

orange very rare / candidate genes n=16 (but respected authors & 
journals)
black „my consensus“ genes n=15
bold frequently reported consensus genes n=46



monogenic proteinuria gene panels
(SRNS/FSGS) curation

ACTN4, AMN, ANLN, APOE, APOL1 (risk polymorphisms), ARHGDIA, C1GALT1C1, C3, CD46,
CD151, CD2AP, CFH, CFI, CLCN5, COL4A3, COL4A4, COL4A5, COQ2, COQ6, COQ8B, CRB2, CUBN,
DAAM2, DGKE, DLC1, EHD1, EMP2, FAT1, FN1, GLA, GON7, INF2, ITGA3, ITSN1, ITSN2, KANK2,
KANK1, KANK4, KIRREL1, LAGE3 LAMA5, LAMB2, LCAT, LMX1B, LRP2, MAGI2, MEFV, MYH9,
MYO1E, NPHS1, NPHS2, NOS1AP, NUP85, NUP93, NUP107, NUP133, NUP160, NUP205, OCRL,
OSGEP, P3H2, PAX2, PDSS2, PLCE1, PODXL, PRDM15, PTPRO, RCAN1, SCARB2, SGPL1,
SMARCAL1, TBC1D8B, TNS2, TP53RK, TPRKB, TRIM8, TRPC6, TTC21B, WDR73, WT1, YRDC
(n=82)

Skopje April 2024

orange very rare / candidate genes n=16 (but respected authors & journals)
black my consensus genes n=15
bold frequently reported consensus genes n=46

https://panelapp.genomicsengland.co.uk/ https://www.australiangenomics.org.au/



monogenic proteinuria gene panels
(SRNS/FSGS) – UCMC yield

Skopje April 2024

ACTN4, AMN, ANLN, APOE, APOL1 (risk polymorphisms), ARHGDIA, C1GALT1C1, C3, CD46,
CD151, CD2AP, CFH, CFI, CLCN5, COL4A3, COL4A4, COL4A5, COQ2, COQ6, COQ8B, CRB2, CUBN,
DAAM2, DGKE, DLC1, EHD1, EMP2, FAT1, FN1, GLA, GON7, INF2, ITGA3, ITSN1, ITSN2, KANK2,
KANK1, KANK4, KIRREL1, LAGE3, LAMA5, LAMB2, LCAT, LMX1B, LRP2, MAGI2, MEFV, MYH9,
MYO1E, NPHS1, NPHS2, NOS1AP, NUP85, NUP93, NUP107, NUP133, NUP160, NUP205, OCRL,
OSGEP, P3H2, PAX2, PDSS2, PLCE1, PODXL, PRDM15, PTPRO, RCAN1, SCARB2, SGPL1,
SMARCAL1, TBC1D8B, TNS2, TP53RK, TPRKB, TRIM8, TRPC6, TTC21B, WDR73, WT1, YRDC
(n=82)

„recovery rate“ 50/82    41/46 (bold) 



monogenic proteinuria (SRNS/FSGS) 
curated databases

Skopje April 2024

Example 1: KANK1 Gee et al. JCI 2015

Pro: authors/journal Con: not reconfirmed since 2015



monogenic proteinuria (SRNS/FSGS) 
curated databases

Skopje April 2024

Example 2: EMP2 Gee et al. AJHG 2014

Pro: authors/journal Con: not reconfirmed since 2014



Skopje April 2024

Example 3 PTPRO Ozaltin et al. AJHG 2011

monogenic proteinuria (SRNS/FSGS) 
other help curated databases



Skopje April 2024

monogenic proteinuria (SRNS/FSGS) 
PTPRO (GLEPP1)

• Patient 24226: PTPRO c.2437+1G>A;2437+1G>A
• Ozaltin et al.                 c.2627+1G>T and c.2828+1G>A
• Hypothesis: Splicing mutation with skipping of exon 14 in the long 

transcript and exon 2 in the short transcript

24226 WT



Skopje April 2024

Example 4 FAT1 Gee et al. Nat Commun 2016
FAT1 mutations cause a glomerulotubular nephropathy

monogenic proteinuria (SRNS/FSGS) 
other help curated databases
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Example 4 FAT1 Gee et al. Nat Commun 2016
Lahrouchi et al. Nat Commun 2019
Homozygous frameshift mutations in FAT1 
cause a syndrome characterized by
colobomatous-microphthalmia, ptosis, 
nephropathy and syndactyly

Fabretti et al. Kidney Int Rep 2022 



unsolved cases

solved cases



Geklärte Fälle 

Nota bene
"The reward for good work is more work." – Francesca Elisia
+ prognosis?
+ centers?
+ therapeutic options and concepts?
+ family members at risk?
+ prenatal testing etc.



monogenic proteinuria (SRNS/FSGS)
genotype and outcome

# general outcome genetic forms of SRNS/FSGS poor
# mostly not responsive to immunosupressive regimens
# high risk of progressive CKD and renal failure
# exceptions reported

Exceptions: # Alport-Syndrom (susceptible mutations (e.g. G624D))
# COQ10 deficiency
# Cobalamine deficiency (MMACHC)
# TRPC6 assocaited FSGS – TRPC6 inhibitor
# caHUS
# APOL1 associated kidney disease/FSGS

Skopje April 2024



monogenic proteinuria (SRNS/FSGS)
genotype and outcome

CJASN 2015

Kidney Int 2023



monogenic proteinuria (SRNS/FSGS)
genotype and outcome

Kidney Int Rep 2022



monogenic proteinuria (SRNS/FSGS)
genotype and outcome

Kidney Int Rep 2022



caHUS: C3, CD46, CFB, CFH, CFI, structural variants/hybrid genes 
CFH/CFHR gene cluster

Skopje April 2024



aHUS-like, responsive to Eculizumab

(Tn-antigen)

Erger&Aryal et al., PNAS 2023

Skopje April 2024



C1GALT1C1 p.Ala20Asp

Wang et al., PNAS, 2010

Erger&Aryal et al., PNAS 2023



aHUS-like, responsive to Eculizumab

Skopje April 2024



APOL1 risk alleles

Skopje April 2024



APOL1 risk alleles and treatment

Egbuna et al., NEJM 2023

Inaxaplin

Skopje April 2024



phenotyping is frequently the bottleneck

reverse genetics
requires correlation with phenptype

phenotyping
complex (interdisciplinary)

clinical findings
lab findings

Imaging findings
behaviour

less standardized and 
scalable

Skopje April 2024



thank you for your attention



How to investigate pediatric nephrolithiasis How to investigate pediatric nephrolithiasis 
for a rare disease?for a rare disease?

Constantinos J. Stefanidis, MD, PhD, FESPNConstantinos J. Stefanidis, MD, PhD, FESPN

Head of Pediatric NephrologyHead of Pediatric Nephrology
“MITERA” Children’s Hospital, Athens, Greece“MITERA” Children’s Hospital, Athens, Greece

RARE DISEASES IN PEDIATRIC NEPHROLOGY
Skopje, Republic of North Macedonia 4th to 6th April 2024



What we learned all these years?What we learned all these years?

1550 BC: An Egyptian papyrus described kidney and 
bladder stones and their management



What we learned all these years?What we learned all these years?

20,260 results

Results per 
year

1,446 results



ΝΝephrolithiasis in children: a practical approachephrolithiasis in children: a practical approach

Pathophysiology

Investigation

ΝΝephrolithiasis ephrolithiasis 



History of macroscopic hematuria History of macroscopic hematuria 

Kidney stones with no symptomsKidney stones with no symptoms

Kidney stones with symptomsKidney stones with symptoms

with pain and dialatation of pelviswith pain and dialatation of pelvis

Hematuria, hypercalciuria with Hematuria, hypercalciuria with 
family history of kidney stonesfamily history of kidney stones



Incidence of nephrolithiasis in childrenIncidence of nephrolithiasis in children

North America and Europe:

Yearly incidence in children: 
<10 per 100.000 population

Pediatric nephrolithiasis is a rare disease 
(<10 cases/ 100,000 population)



Incidence of Incidence of pediatricpediatric nephrolithiasis (S. Carolina)nephrolithiasis (S. Carolina)

per 100,000 children

Boys: 15.3

Girls: 21.9

Girls: 7.7

Sas DJ, et al. J Pediatr, 2010

Boys: 15.3

20071996

Girls: 7.7

Boys: 8.0



Why children have lower incidence of KS?Why children have lower incidence of KS?

Children have a higher urine concentration of calcium, but 
have also a higher concentration of inhibitors of 
crystallization (Μg, citrate) Miyake OA et al. Urolοgy 2001

Ca
Μg
Citrate



Supersaturation and crystallization Supersaturation and crystallization 

Urine: complex solution containing Ca, 

Ox, other ions and macromolecules 

that can interact and modulate:

Khan SR. Urol Res 2006 

Supersaturation

Crystallization



Renal epithelial attachmentRenal epithelial attachment

Crystal retention by 
attachment to renal epithelial 
cells

This modulates the retention 
of crystals in the interstitium of 
the kidneysthe kidneys

Khan SR. Urol Res 2006 



Randall’s plaquesRandall’s plaques

Crystals are initially 
located to the surface of 
the papillae to form a 
stone nidus



LithogenesisLithogenesis

Halbritter J et al. Frontiers Ped 2018

Randall’s plaque



Urinary inhibitors and promoters are
controlled by renal and intestinal transporters

Imbalance of inhibitors and promoters of crystallizationImbalance of inhibitors and promoters of crystallization

Halbritter J et al. Frontiers Ped 2018

Promoters



Vezolli C et al. KI reports 2019
https://www.semanticscholar.org/paper/Classical-and-Modern-
Genetic-Approach-to-Kidney-Vezzoli-
Arcidiacono/b78d706df71a5dde0d47e1e9bec744153270ccfc

Genes implicated in idiopathic 
kidney stones



Vezolli C et al. KI reports 2019
https://www.semanticscholar.org/paper/Classical-and-Modern-
Genetic-Approach-to-Kidney-Vezzoli-
Arcidiacono/b78d706df71a5dde0d47e1e9bec744153270ccfc

Genes implicated in idiopathic 
kidney stones



Vezolli C et al. KI reports 2019
https://www.semanticscholar.org/paper/Classical-and-Modern-
Genetic-Approach-to-Kidney-Vezzoli-
Arcidiacono/b78d706df71a5dde0d47e1e9bec744153270ccfc

Genes implicated in idiopathic 
kidney stones



Molecular pathway of 
calcium transport in the 
proximal tubule. 

Sodium reabsorption is 
mediated primarily by: 
1. Apical influx via the 
epithelial sodium proton 
exchanger NHE3 
2. Basolateral secretion by 
the sodium-potassium-
ATPase (Na+K+ATPase) 
3. The electrogenic sodium 3. The electrogenic sodium 
bicarbonate cotransporter 
(NBCe1). 

This drives paracellular 
calcium reabsorption 
through claudin-2 (CLDN2) 
or claudin-12 (CLDN12) 
pores.



Molecular pathways of 
calcium absorption from the 
intestine.
Transcellular Ca absorption from 
the duodenum and the colon is 
mediated via apical entry by 
transient receptor potential 
vanilloid 6 (TRPV6), buffering and 
shuttling are mediated by 
calbindin-D9K (Calb9K), and 
basolateral efflux is mediated by 
Na2+/Ca2+ exchanger (NCX) and Na2+/Ca2+ exchanger (NCX) and 
plasma membrane calcium-
dependent ATPase 1b (PMCA1b).

Paracellular calcium 
absorption is proposed to 
occur through claudin-2 
(CLDN2) and claudin-12 
(CLDN12). The apical voltage-
gated calcium channel Cav1.3 
has also been proposed to 
mediate apical calcium influx.



Acidosis stimulates Ca reabsorption from the proximal tubule 

Acidosis promotes the  release of calcium from the bones, 
thereby favoring mineral release



Etiology of calcium stonesEtiology of calcium stones

Moe  OW. Lancet 2006



ΝΝephrolithiasis in children: a practical approachephrolithiasis in children: a practical approach

Pathophysiology

Investigation

ΝΝephrolithiasis ephrolithiasis 



Investigation of nephrolithiasisInvestigation of nephrolithiasis

Schott C et al. Frontiers Urol. 2022
https://www.frontiersin.org/articles/10.3389/fruro.2022.1075711/full



Risk factors for kidney stones in childrenRisk factors for kidney stones in children

Inadequate hydration 

Increase in dietary Na intake 
produces higher urinary Ca excretion

Low intake of potassium

Marra G  J Nephrol 2018



Risk factors for kidney stones in childrenRisk factors for kidney stones in children

Inadequate hydration 

Increase in dietary Na intake 
produces higher urinary Ca excretion

Low intake of potassium

Marra G  J Nephrol 2018

High intake of proteins 
Ca, UA, Ox excretion

urinary pH, which precipitation of UA and  CaOx. 
urinary citrate



Risk factors for kidney stones in childrenRisk factors for kidney stones in children

UTIs caused by a urease-producing organism (Proteus or Klebsiella)

History of CAKUT 

Perinatal medical history (prematurity, vitamin D supplementation)

Conditions leading to immobilization

Marra G  J Nephrol 2018

Medications associated with stone formation 

Malabsorptive intestinal diseases and conditions



Management of nephrolithiasisManagement of nephrolithiasis

Schott C et al. Frontiers Urol. 2022
https://www.frontiersin.org/articles/10.3389/fruro.2022.1075711/full



ImagingImaging

MgΝΗ4PO4 6H20

CaHPO4  2H20
Ca5(PO4)3 2H20

KUB X-ray

Edvardsson V. Ped Nephrol 2016

Renal ultrasound



ImagingImaging

CT scan

KUB X-ray

Renal ultrasound

Edvardsson V. Ped Nephrol 2016

CT scan

In 50 patients 13 KS were not 
diagnosed by US
12 stones < 5 mm
3  stones in ureter

Passerotti C et al. J Urol 2009



Management of nephrolithiasisManagement of nephrolithiasis

Schott C et al. Frontiers Urol. 2022
https://www.frontiersin.org/articles/10.3389/fruro.2022.1075711/full



Management of nephrolithiasisManagement of nephrolithiasis

Schott C et al. Frontiers Urol. 2022
https://www.frontiersin.org/articles/10.3389/fruro.2022.1075711/full



FirstFirst--line tests in line tests in pediatricpediatric nephrolithiasisnephrolithiasis

Marra G et al. J Nephrol 2018

Ellison JS et al. J Pediatr Urol 2017

Stone risk in as many as one in four children may be 
misclassified if normative values of only a single 24-
hour urine are used. 

733 pediatric patients 

Marra G et al. J Nephrol 2018



Metabolic risk factors present in children with stonesMetabolic risk factors present in children with stones

Kovacevic L, et al. J Urol 2012



Limited metabolic assessment Limited metabolic assessment 

Hypercalciuria and low urine volume were 
considered the most common abnormalities in 
pediatric stone formers

Recent studies noted that hypocitraturia was more 
common 

Chan KH et al. J Pediatr Urol 2018

Hypocitraturia corresponds to a low consumption of 
potassium and magnesium



Limited metabolic assessment Limited metabolic assessment 

Retrospective study 2005-2015
380 patients <18 years

Low urine volume <1ml/kg/hour, 

Elevated    24-hour calcium   >4.0 (1 mol) mg/kg

Decreased 24-hour citrate     <4.2 mg (27 mol) /kg 

Chan KH et al. J Pediatr Urol 2018

Elevated    24-hour oxalate    >52 mg (0.58 mmol)/1.73m2

Elevated    24-hour uric acid  >20 mg (0.12 mmol) /kg 

Decreased 24-hour Mg          <4.5 mg (0.2 mmol) /kg 



Limited metabolic assessment Limited metabolic assessment 

Potassium (low) 61 (76.3%)

Magnesium (low) 57 (71.3%)

Citrate (low) 55 (69.6%)

pH (high) 27 (33.8%)

Sodium (high) 20 (25.0%)

Phosphorus (low) 14 (17.5%)

would have detected almost all clinically 
significant metabolic abnormalities

Chan KH et al. J Pediatr Urol 2018

Low urine volume 42 (52.5%)

Calcium (high) 18 (22.5%)

Oxalate (high) 12 (15.0%)

Uric acid (high) 2 (2.5%)

pH (low) 12 (15.0%)

Phosphorus (high) 7 (8.8%)

Sodium (low) 2 (2.5%)



Limited metabolic assessment Limited metabolic assessment 

20

25

30

Number of patients
Total Nr: 80 

75% of patients had 4 or > abnormalities

Chan KH et al. J Pediatr Urol 2018

0

5

10

15

0 2 4 6 8 10

Total Abnormalities 



Management of nephrolithiasisManagement of nephrolithiasis

Schott C et al. Frontiers Urol. 2022
https://www.frontiersin.org/articles/10.3389/fruro.2022.1075711/full



Currently, there are 41 known genes 
with monogenic causation for 
nephrolithiasis

Family history of nephrocalcinosis
Growth retardation, rickets, CKD

History 

When to suspect rare causes of kidney stones?When to suspect rare causes of kidney stones?

Nephrocalcinosis
Radiolucent kidney stones
Multiple stones, bilateral stones

Imaging

Unexplained kidney failure 
Mild-moderate proteinuria
Increased urine b2 
microglobulin

Lab results



Primary hyperoxaluriaPrimary hyperoxaluria

PH1 accounts for 85% of patients, 
PH2 8-10% and 
PH3 5-7%.

Chan KH et al. J Pediatr Urol 2018



Challenges in the diagnosis of Challenges in the diagnosis of PH1 PH1 

Diffuse nephrocalcinosis is noted in 
about one-half of patients with PH1 
with nephrolithiasis

Milliner et al. GeneReviews 2017



Challenges in the diagnosis of Challenges in the diagnosis of PH1 PH1 

Milliner et al. GeneReviews 2017



PH1 and oxalosis PH1 and oxalosis 

Overproduction of oxalate results in 

insoluble calcium oxalate 

crystals, which may lead to recurrent 

kidney stones, diffuse 

nephrocalcinosis and

Stone formation

Renal failure

Nephrocalcinosis

progressive renal disease

Cochat & Rumsby. N Engl J Med 2013;369:649–58

Renal failure



PH1 and oxalosis PH1 and oxalosis 

Overproduction of oxalate results in 

insoluble calcium oxalate crystals, 

which may lead to recurrent kidney 

stones, diffuse nephrocalcinosis and

Stone formation

Renal failure

Nephrocalcinosis

progressive renal disease

Cochat & Rumsby. N Engl J Med 2013;369:649–58

Renal failure

Systemic oxalosis
As renal function 

declines, POx levels 

increase, causing patients 

to develop systemic 

oxalosis



Patient 1Patient 1

Oxalate measurements SHOULD BE  repeated 
on at least two times, but preferably three to 
confirm that levels are elevated, particularly if 
findings are equivocal

Groothoff JW, et al.  Nat Rev Nephrol 
2023 

findings are equivocal

Exclusion of enteric causes of 
hyperoxaluria (for example, chronic 
pancreatitis, cystic fibrosis, inflammatory bowel 
syndrome or bariatric surgery)



Take home messagesTake home messages

A stepwise approach is recommended for the 
management of pediatric kidney stones

Management should be individualized 

Early diagnosis of monogenic diseases is a priority



Methylmalonic acidemia and the 
kidney

Prof. dr. sc. Danko Milošević



Hyperammonemias belong to a considerable variety of  diseases 

• N-acetylglutamate syntethase deficiency (NAGS)
• methylmalonic  acidemia (MMA)
• propionic acidemia (PA)
• isovaleric acidemia (IA)
• ornitine transcarbamylase deficiency (OTC)

DISORDERS OF COBALAMIN METABOLISM

• ornitine transcarbamylase deficiency (OTC)
• carbamyl phosphate synthetase deficiency (CPSID) 

All hyperammonemias should be considered with utmost clinical attention. 



Clinical signs and symptoms (acute presentation):

Nonspecific:
• neonatal sepsis-like image
• temperature instability (OTC, CPSID)
• respiratory distress (NAGS)
• hyperventilation 

Nervous system:
• Altered level of consciousness (from lethargy and somnolence to
coma) mimicking encephalitis or drug intoxicationcoma) mimicking encephalitis or drug intoxication
• Acute encephalopathy
• Seizures (in general not isolated but in the context of altered level
of consciousness)
• Movement disorders (PA, OTC, CPSID)
• Stroke-like episodes (MMA)



Gastrointestinal system:
• Vomiting and feeding difficulties

Hematologic findings:
• neutropenia, pancytopenia

Cardiac:
• acute cardiac failure (mostly on basis of cardiomyopathy)• acute cardiac failure (mostly on basis of cardiomyopathy)
• arrhythmias

Other:
• distinctive odor of sweaty feet (IA)



Chronic presentation (ofter triggered by a secondary infection such as a viral infection)

• Often episodic signs and symptoms of metabolic acidosis (odour IA in acute phase)
• failure to thrive (NAGS, MMA, PA, IA, OTC, CPSID)
• avoidance of protein

• Nervous  system:
• hypotonia (CPSID, NAGS)
• developmental delay (learning disabilities, intellectual disability) (NAGS, MMA, PA, 
IA, OTC, CPSID) 
• movement disorders / dystonia (NAGS, CPSID) 
• seizures (IA)• seizures (IA)
• Cerebellar hemorrhage (IA)
• optic atrophy (MMA,PA)
• psychiatric symptoms (hallucinations, psychotic attacks) (OTC)
• headaches (OTC)

Gastrointestinal system:
• recurrent vomiting with ketoacidosis
• abnormal feeding behavior (anorexia)
• constipation
• pancreatitis (MMA; PA)
• progressive liver damage (OTC)



Hematologic findings:
• neutropenia, pancytopenia
• secondary hemophagocytosis (rare)

Cardiac (more frequent in PA):
• cardiomyopathy
• prolonged QTc interval in ECG

Kidney (more frequent in MMA):
• chronic renal failure in MMA

Other:
• Dermatitis (OTC)
• Hearing loss (rare)
• brittle hair (OTC)



Case report: Male siblings 2 months old:

First sibling: Mother noticed petechial spots on child’s face.
Physical examination except petechial bleeding on the head, body and limbs 
was normal.
Laboratory analysis revealed thrombocytopenia (4 Tr x 109), neutrophils (5.0%)

CRP, procalcitonine, coagulation tests, GuK, ionogram, total proteins, plasma 
free hemoglobin, creatinine, amylase, fibrinogen, d-dimers, bilirubin, AST, ALT, 
lactate, urine, 24 h proteinuria were within normal values, LDH 403

Extensive search fo infection included parvo B19: all negative. Extensive search fo infection included parvo B19: all negative. 
Neonatal immune thrombocitopenia (NAIT): negative 
Specific trombocite antibiodies in all family members: negative
Immunohematologic tests for erythtocite antibiodies: negative 

Renal doppler: negative
Cardiac US: normal
Brain US: normal
Abdominal US: negative



Therapy until receiving results of methymalonic aciduria: 
Methyprednisolone pulses (3 pulses)
Immunoglobulins (IVIG)
Packed RBC 3x
Thrombocyte conc.
FFP ( 2x)

Methylmalonic acid: 1.01 (n.v.< 0.51) 9.2 H mmol/mol kreat (n.v.< 1)
Ammonemia 29,5; 43 [umol/L] 
Homocistein 10.3; 9.8[umol/L]

Glutaminic  acid 133 umol/L 10 – 133
Leucin 198 H umol/L 45 - 160
Phenilalanin 101 H umol/L 23 – 75Phenilalanin 101 H umol/L 23 – 75
Methionin 50 H umol/L 15 - 35

Folic acid: normal
B12: 226 (n.v. 241)

DG. Methylmalonic acidemia

Th:Dietary regime
B12 0.5 mg i.m. 3x
Carbaglu®



2nd sibling: Accepted for evaluation because of his brother´s petechial bleeding. 
Physical examination was normal.
Laboratory: Tr 275 x 109, neutrophils 7.5%

Therapy until receiving results of methymalonic aciduria: 
Immunoglobulins (IVIG)

All clinical and immunological tests that were performed in the first sibling were done in 
the second sibling. Laboratory tests were normal, except for LDH 315.

Immunoglobulins (IVIG)
Packed RBC 2x
FFP (1x)



Methylmalonic acid:  15.4 H mmol/mol kreat; 1.15 H umol/L (n.v.< 1) 
Ammonemia 29,5; 28; 45.2[umol/L]
Homocistein 10 [umol/L]

Serin 191 H umol/L 60 – 186
Glicin 403 H umol/L 60 – 380
Citrulin 41 H umol/L 3 – 40
Alanin 697 H umol/L 100 – 439
Glutaminic acid 191 H umol/L 10 – 133
Histidin 123 H umol/L 30 – 112
Arginin 140 H umol/L 10 – 130
Prolin 318 H umol/L 50 – 298
Lizin 221 H umol/L 45 – 196Lizin 221 H umol/L 45 – 196
Methionin 42 H umol/L 15 - 35
Valin 354 H umol/L 60 - 294
Tirozin 132 H umol/L 20 – 120
Izoleucin 95 umol/L 28 - 95
Leucin 235 H umol/L 45 - 160
Phenilalanin 130 H umol/L 23 - 75
Triptofan 74 H umol/L 23 - 71

Folic acid: normal
B12: 218 (n.v. 241)

DG. Methylmalonic acidemia

Th:Dietary regime
B12 0.5 mg i.m. 3x
Carbaglu®



Male child: 4 years of age treated in clinical hospital because of:

• Recurrent vomiting with periodic serum ammonia above normal level 
(samples taken considerable time after vomiting)

• Anorexia (body weight stagnant about 20 kg)
• Failure to thrive
• Developmental delay (learning disabilities, intellectual disability)

We found on several occasions methylmalonic acid (methylM
uri=11.9[mmol/molcreatine]methylM plasma=0.32[umol/L], methylM

DG: Methylmalonic acidemia
Rasopathy

Signal pathway RAS/MAPK that appears to be disrupted is involved in a number of
biological reactions of energy homeostasis including metabolic remodeling,
mitochondria processing and production of energy.

uri=11.9[mmol/molcreatine]methylM plasma=0.32[umol/L], methylM
urine=2.7[mmol/mol creatine]methylMplasma=0.13) with disturbance of acid-base
balance in the sense of compensated metabolic acidosis with increased anion gap
(current bicarbonate 16.0 mmol/L, BE -8.0,Lactate 3.8).



Outcome: 8 years:
• Normal weight
• No vomiting
• Physical activity and condition slightly enhanced
• Excellent in school
• ADHD

Genetic analysis: heterozygous mutation c.1741C>T

Therapy: Carbaglu®
Dietary regime

• ADHD



• CKD is a common complication of the MMA. 
• Usual equations overestimate GFR. 
• Therefore, measured GFR should be performed to inform therapeutic decisions 

such as dialysis and/or transplantation. 
Dao, M., Arnoux, JB., Bienaimé, F. et al. Long-term renal outcome in methylmalonic 
acidemia in adolescents and adults. Orphanet J Rare Dis 16, 220 (2021).

• The majority of patients with MMA develop renal impairment at a young age.
• Liver transplantation is curative, and patients with advanced renal failure may 

benefit from combined liver and kidney transplantation.

Alkhunaizi AM, Al-Sannaa N. Renal Involvement in Methylmalonic Aciduria. 
Kidney Int Rep. 2017 Apr 28;2(5):956-960

• 1-13 C-propionate oxidation breath test (POBT) measure metabolic capacity and the 
changes in circulating proteins to assess mitochondrial dysfunction (fibroblast growth 
factor 21 [FGF21] and growth differentiation factor 15 [GDF15]) and kidney injury 
(lipocalin-2 [LCN2]). 

• Biomarker concentrations are higher in patients with the severe mut0 -type and cblB-
type MMA, correlate with a decreased POBT, and show a significant response postliver
transplant.

Manoli I, Gebremariam A, McCoy S, Pass AR, Gagné J, Hall C, Ferry S, Van Ryzin C, Sloan JL, Sacchetti E, Catesini G, 
Rizzo C, Martinelli D, Spada M, Dionisi-Vici C, Venditti CP. Biomarkers to predict disease progression and therapeutic 
response in isolated methylmalonic acidemia. J Inherit Metab Dis. 2023 Jul;46(4):554-57



Liver / combined liver-kidney transplantation in MMA: 

Solid-organ transplantation, such as single liver (LT) or kidney transplantation (KT), or
combined liver/kidney transplantation, has become an effective alternative treatment 
option in recent decades. Isolated liver transplantation should be performed early in
life to maintain normal renal function.



Low protein diet:

The basic principles of dietary management are similar for MMA and PA patients. The
mainstay of nutrition therapy is a low protein intake, limiting but ensuring essential
requirements of the propionic acid precursor amino acids, isoleucine, valine,
methionine, and threonine to reduce elevated concentrations of metabolites

Patients with mild forms of MMA/PA may tolerate a natural protein intake that is equal to 
or exceeds the FAO/WHO/UNU (2007) safe levels of protein intake

Amino acid supplements: Although supplementary, precursor free amino acids are 
commonly used to contribute to the total protein intake; 
their efficacy has not been fully assessed

Energy requirements: Little is known about energy requirements in MMA/PA. Whilst 
this should be individually determined, there should be a balance
between preventing catabolism and overfeeding, particularly if 
there is decreased physical activity. The FAO/WHO/UNU (2007)
recommendations can be used to guide energy requirements



There are few published reports of successful demand breast feeding in MMA/PA and
some do not advocate this in MMA/PA. Expressed breast milk should be encouraged if
demand breast feeding is impracticable. For MMA/PA particular breast milk advantages
include its low protein and amino acid content, protection against infection, and reduction 
in gut propionate.

Breast feeding or breast milk with or without MMA/PA precursor-free amino acids may be
considered in the dietary treatment of newly diagnosed neonates/infants.

MMA patients are at increased risk for osteoporosis. Recommendations for bone health
include optimizing nutrition, ensuring adequate calcium and vitamin D. Baseline DEXA is

Carbaglu® is a structural analogue of the human N-Acetyl-glutamate, will replace NAG 
and reactivate urea cycle.
It either alone or combined with ammonia scavengers, produces greater reductions in 
plasma ammonia levels than ammonia scavengers alone (Chakrapani 2018)
Dietary recommendations can be mitigated with this medication.

include optimizing nutrition, ensuring adequate calcium and vitamin D. Baseline DEXA is
recommended at 10 years and follow-up according to bone-health status. 
Extra attention should be paid to MMA patients with chronic kidney disease.



Carbaglu long-term treatment

• Why Carbaglu?
• Behind the approval 
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 Fabry disease(FD) is a rare, Х-linked lysosomal 
storage disease

 It is caused by mutations in the α-galactosidase A gene 
(GLA), leading to partial or full deficiency of the 
enzyme α-galactosidase A (α-Gal A), resulting in 
accumulation into cellular lysosomes of 

FABRY DISEASE

accumulation into cellular lysosomes of 
globotriaocylceramide (Gb3) and its derivative  
globotriaosylsphingosine (Lyso-Gb3) 

 There are more than 1000 mutations reported, around
60% without important clinical significance

 However, there are mutations with late, “nonclasical” 
onset and course and others with unclear genotype -
phenotype



 The first descripton of FD (angiokeratoma) by Anderson 
dates back to 1898 

 The long “journey” across 3 centuries leads to 
contemporary knowledge for a treatable, very complex 
and heterogeneous, multisystemic disease with high 
morbidity and mortality

FABRY DISEASE

morbidity and mortality
 The incidence has been revised from initial estimations of

1:40 000 – 170 000 to 1:1250 in a neonatal screening
 Before introduction of the enzyme replacement trerapy

(ЕRТ) only 25% of heterozygous males survived 50 years 
and nobody 60

 They have reduced life expectancy by 25 years, while 
heterozygous females by 10



MULTISYSTEMIC DISEASE
Since almost all body cells accumulate Gb3 and Lyso-Gb3, 
numerous organs/organ systems are affected and patients show
varying degrees of progressive functional deficits.



MANIFESTATIONS IN FD
 Traditionally it has been believed FD is a disease of 

adulthood because progressive renal failure, 
cardiomyopathy with potentially malignant cardiac 
arrhythmias and strokes developed at that stage

 However, it is known currently the process and 
symptoms start already in infancysymptoms start already in infancy

 The earliest symptoms are:

> pain / dysesthesia

> reduced or absent sweating

> cornea verticillata

> angiokeratoma

> Gastrointestinal complaints



MANIFESTATIONS IN FD
Childhood, adolescence (≤ 16 years) 
Peripheral/ autonomous nervous system: 
Acroparesthesia and neuropathic burning pain of the hands 
and feet, "pain crises" triggered by cold, heat, physical or 
emotional stress, intercurrent diseases, or alcohol 
consumption (detectable small-fiber neuropathy) 
Hypohidrosis, reduced saliva and tear production, 
impaired intestinal motility, orthostatic dysregulation, 
vertigovertigo
Skin: Angiokeratoma, mostly in groups gluteal, 
periumbilical, scrotal and on the thighs, sometimes on the 
lips, fngertips, mucous membranes (oral mucosa and 
conjunctiva)

Gastrointestinal: Gastrointestinal complaints 
(postprandial abdominal pain, fatulence, diarrhea, gastric 
refux) 

Lung: Obstructive (and restrictive) respiratory diseases

Ears: Progressive sensorineural hearing loss (particularly 
high frequencies), tinnitus



MANIFESTATIONS IN FD
Childhood, adolescence (≤ 16 years) 
Eyes: Cornea verticillata, tortuositas vasorum
(conspicuous tortuosity of the conjunctival and 
retinal vessels), Fabry cataract 
Musculoskeletal system: Characteristic deformation 
of the interphalangeal joints of the fingers, in some 
cases drum fail fingers and toes. Ossified tendon 
insertions, degenerative joint changes, aseptic bone insertions, degenerative joint changes, aseptic bone 
necrosis 
Robustness: Physical exhaustion, fatigue
Additional manifestations: Reduced body growth, 
delayed puberty, fertility disorder, impotence, 
characteristic facial features, anomaly in the oral and 
dental area such as cysts and pseudocysts of the 
maxillary sinus 
First renal and cardiac abnormalities: (including 
microalbuminuria, proteinuria, abnormal heart rate 
variability)



MANIFESTATIONS IN FD
Early adulthood (17−30 years)
In addition to the above-mentioned manifestations: 
Fabry nephropathy: Proteinuria and progressive renal 
insufciency; often renal cysts (unclear cause), renal 
hypertension, focal segmental glomerolusclerosis
Fabry cardiomyopathy: Left ventricular hypertrophy 
(mostly concentric), conduction disorders (atrial (mostly concentric), conduction disorders (atrial 
fbrillation, supraventricular and ventricular tachycardia), 
valve dysfunction (mitral valve, aortic valve), angina 
pectoris, intramyocardial fibrosis ("late enhancement" in 
cardiac MRI) 
Cerebral manifestation: Transient ischemic attack 
(TIA), ischemic insult, rare intracerebral hemorrhage, 
ectasia of the basilar artery and white matter lesions 
(lesions of the white matter in the cerebral MRI), 
disturbed cerebral blood fow, lymphedema of the lower 
extremity, depression, psychoses, limited quality of life



MANIFESTATIONS IN FD

Later adulthood (> 30 years)

Progression of the above-listed manifestations: 

Renal insufficiency (dialysis, renal transplantation) 

Heart failure, malignant arrhythmia, recurrent TIAs and insults, 
vascular dementia  



TREATMENT
Treatment of patients with FD should be performed 

by a multidisciplinary team

The following therapeutic goals should be aimed for 

in the context of multimodal care:in the context of multimodal care:

 Reduction of complaints (especially pain reduction)

 Delaying/preventing the progression of organ 
manifestations (especially in the kidney, heart, and 
central nervous system)

 Improvement of quality of life

 Normalization of life expectancy



NONSPECIFIC TREATMENT
Neuropathic pain: Avoidance of pain triggers such as heat, cold, 
physical strain, stress, overtiredness medication: pregabalin, in case of 
resistance to therapy possibly in combination with a dual serotonin and 
noradrenalin reuptake inhibitor (e.g., duloxetine) 

Stroke: Platelet-aggregation inhibition 

Depression: serotonin reuptake inhibitors Depression: serotonin reuptake inhibitors 

CKD, albuminuria/proteinuria: RAS blocker (ACE inhibitor, ARB), 
anemia therapy 

ESRD: Dialysis, kidney transplantation (first choice therapy) 

Hypertension: Antihypertensives, e.g., ACE inhibitors or ARBs (no beta 
blockers in patients with sinus bradycardia) 

Ventricular tachycardia: Antiarrhythmics, implantable cardioverter
defibrillator (ICD) 



NONSPECIFIC TREATMENT
Bradykardia: Pacemaker implantation 

Coronary stenosis: PTCA, ACVB 

Heart failure: Diuretics, ACE inhibitor (ARB for patients with ACE 
inhibitor intolerance), pacemaker or ICD implantation, heart 
transplantation 

Dyslipidemia: Statins 

Airway obstruction: Abstention from nicotine, possibly bronchodilators 

Delayed gastric emptying, dyspepsia: Small and frequent meals; 
metoclopramide, H2 blocker 

Pronounced hearing loss: Hearing aids, cochlear implant 



SPECIFIC TREATMENT – WHЕN?
 All clinical consensuses recommend specific treatment to 

start if symptoms or organ damage are present

 Opinions are divided when to start treatment in 
asymptomatic patients

 Accumulated clinical experience in treatment of FD 
shows as early the diagnosis is made and therapyshows as early the diagnosis is made and therapy

 started as successful is it
 It is believed the early start of treatment during 

childhood might prevent organ damage latter
 Some guidelines are treatment of asymptomatic 

patients to start from 7 years of age (Germain et al. 
2019)



TREATMENT – ЕRТ
 Since 2001 two products are 

registered in Europe for ЕRТ in FD

 Agalsidase alfa (Replagal®)

> for children above 7 years of age

> dose 0.2 mg/kg i.v. every 2 weeks> dose 0.2 mg/kg i.v. every 2 weeks

 Agalsidase beta (Fabrazyme®)

> for children above 2 years of age

> dose 1.0 mg/kg i.v. every 2 weeks



TREATMENT – ЕRТ

 ЕRТ reduces plasma levels of Gb3, significantly 
decreases the rate of incidence of cardio-vascular and 
cerebro-vascular events, stops or slows down 
progression of CKD, improves quality of life in adult 
patientspatients

 In children decreases accumulation of Gb3 in tissues, 
plasma and urine, improves pain, gastrointestinal 
symptoms, quality of life, energy and activity



TREATMENT – ЕRТ
 Pegunigalsidase alfa (Elfabrio®) 

was approved for treatment of adults 
in 2023. 

 It is as safe and effective as 
Fabrazyme and can prevent kidney 
decline in adults with FD over two decline in adults with FD over two 
years  (BALANCE Ph 3 clinical trial)

 Infusion-related side effects occur 
significantly less often

 Dose - 1.0 mg/kg i.v. every 2 weeks
(2.0 mg/kg) i.v. every 4 weeks  
under evaluation



ЕRТ - PROBLEMS
 Intravenous infusion every 2 weeks

 Reactions during infusion – up to 59%

 Anaphylactoid reactions – up to 1%

 Anti drug antibodies (ADA) – block the product and 
decrease the effect or there is a need for dose increase



TREATMENT – CHAPERONES
 Pharmacologic chaperones are medicinal products, 

small molecules able to help proteins to achieve the 
right shape, to be stable and functional and to restore 
their normal traffic



TREATMENT – MIGALASTAT
 In 2016 migalastat (Galafold ®) was registered for 

treatment of FD

 It is a structural analog of the terminal galactose
group of Gb3

Migalastat1 Gb32

1. Johnson FK et al. Clin Pharmacol Drug Dev. 2013;2(2):120-132; 2. ChemIDplus: a TOXNET database. Bethesda, MD: 
US National Library of Medicine. At: chem.nlm.nih.gov/chemidplus/structure/viewer/71965-57-6. Accessed June 13, 
2018. 



TREATMENT – MIGALASTAT
 Migalastat is indicated for long term treatment of 

patients with diagnosed FD from 12 years of age and 
have amenable mutation (over 3% activity)

 There are new mutations identified constantly and 
their sensitivity to migalastat is testedtheir sensitivity to migalastat is tested

 There are about 367 amenable and 711 nonamenable
mutations

 Data concerning new amenable mutations are 
updated in Migalastat Amenability Table, available 
online - https://www.galafoldamenabilitytable.com/hcp



TREATMENT – MIGALASTAT
 Dosing: 

> 1 capsule (123 mg) - orally, once per day on the same time
> children ≥12 to <18 years of age and weight ≥ 45 kg
> not to be taken up to 2 hours before and after meal (up to

40 % reduction in absorbtion) 
 Contraindications Contraindications

> hypersensitivity to the active or additive substances
> not indicated in patients with GFR less than 30 

ml/min/1.73 m2

 Follow up of renal function, echocardiography and 
biochemistry parameters is recommended every 6 months

 No decrease in proteinuria rate has been observed in patients 
treated with Galafold

European Medicines Agency. Migalastat (Galafold) SmPC: Accessed July 2021



ATTRACT – CONCLUSIONS

 After 18 months treatment with Migalastat there is a 
statistically significant decrease in LVMi, while in 
patients on ERT it is not significant

 Migalastat and ERT have similar and comparable 
therapeutic effects on renal function as well as on the therapeutic effects on renal function as well as on the 
whole final clinical evaluation

 Migalastat is safe and well tolerated

 The most common adverse event is headache in 
around 10% of patients, while in adolescents – upper 
respiratory tract infections



TREATMENT – FUTURE 

 Substrate reduction therapy (SRT) aims to reduce the 
substrate and, therefore, the subsequent inhibition of 
Gb3 accumulation in the cells. Lucerastat is a low 
molecular weight iminosugar under evaluation.

 Gene therapy is based on the introduction of DNA  Gene therapy is based on the introduction of DNA 
carrying the genetic code for the AGAL protein into 
patients’ cells. At least 3 products are under 
investigation.



CONCLUSIONS
 FD is a multisystemic disease, starting during the 

childhood and progressing with age

 Males with the classical form develop early symptoms 
and have worsening of the quality of life

 Females usually have more benign course, but some  Females usually have more benign course, but some 
may show a phenotype as the classical one

 It should be noted all currently available therapies do 
not reduce already accumulated in cells Gb3

 Early diagnosis and treatment are promising strategy 
to reduce organ damage, morbidity and accelerated 
mortality



THANK YOU FOR YOUR ATENTION



Klinikum rechts der Isar
Institut für Humangenetik

Klinikum rechts der Isar
Technische Universität München
Institut für Humangenetik

Type-IV-collagen-related nephropathies

Julia Hoefele



Klinikum rechts der Isar
Institut für Humangenetik
Klinikum rechts der Isar
Institut für Humangenetik

Julia Hoefele | IPNA Teaching Course | April 2024 | Skopje 2

Conflict of interest

No conflicts of interest to declare.



Klinikum rechts der Isar
Institut für Humangenetik

3Julia Hoefele | IPNA Teaching Course | April 2024 | Skopje

CKD causes

Mosaicism

Projects on Alport syndrome

Summary

Type-IV-collagen-related nephropathies
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CKD causes in adult and pediatric nephrology?

Kitzler and Chun, Canadian Journal of Kidney Health and Disease, 2023
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Clinical symptoms



Klinikum rechts der Isar
Institut für Humangenetik
Klinikum rechts der Isar
Institut für Humangenetik

Julia Hoefele | IPNA Teaching Course | April 2024 | Skopje 6

Different Types of these Nephropathies

§ Alport syndrome
§ Microscopic hematuria, 

proteinuria, ESKF until age 40 
years

§ Sensorineural hearing 
impairment, characteristic 
ocular abnormalities, 
leiomyomatosis

Martínez-Pulleiro et al., I J Mol Sci, 2021
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Type-IV-collagen-related Nephropathies

§ Thin basement membrane nephropathy (TBMN)
§ Microscopic hematuria, sometimes small proteinuria
§ Development of CKD in 20% individuals at older age (> 60 

years of age)
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Pathogenesis
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Type IV Collagen

§ Six different type IV collagen chains:
§ α1, α2, α3, α4, α5, and α6

Hudson et al, N Engl J Med, 2003
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Type IV Collagen

§ Three sets of triple helical moleculs (protomers):
§ α1.α1.α2, α3.α4.α5, α5.α5.α6

Hudson et al, N Engl J Med, 2003
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Protomers

§ α1.α1.α2:
§ Appearance in the embryo at the start of early capillary 

formation
§ Replacement by α3.α4.α5 (mature glomerular 

capillary) and α5.α5.α6 (Bowman‘s capsule)
§ α3.α4.α5:

§ Kidney (glomerular basment membrane), lung, testis, 
cochlea, eye

§ α5.α5.α6:
§ Kidney (Bowman‘s capsule), skin, smooth muscle, 

oesophagus
www.cjasn.asnjournals.org
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Network Configuration

§ Combining two NC1 trimers
 à formation of hexamers

§ Combining 7S domains
 à formation of tetramers

§ Networks:
§ α1.α1.α2-α1.α1.α2
§ α3.α4.α5-α3.α4.α5
§ α1.α1.α2-α5.α5.α6

Hudson et al, N Engl J Med, 2003
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Normal Glomerular Development

Hudson et al, N Engl J Med, 2003
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Glomerular Development in Alport syndrome

Hudson et al, N Engl J Med, 2003
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Histological Features: Light Microscopy

§ Mesangioproliferative changes
§ Tubular atrophy
§ Glomerular sclerosis
§ Interstitial fibrosis

Hopfer & Mihatsch, Der Nephrologe, 2010
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Histological Features: Electron Microscopy

§ Areas of thinning and splitting of the glomerular basement 
membrane

Hopfer & Mihatsch, Der Nephrologe, 2010
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Genetic causes
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Genetic causes: Alport Syndrome and TBMN

§ Alport syndrome
§ X-linked: COL4A5

§ 60-85% of cases
§ Incidence: 1:5.000 

§ Autosomal recessive: 
COL4A3/COL4A4  

§ Autosomal dominant: 
COL4A3/COL4A4
§ Diverse frequencies described

§ Digenic inheritance

§ Thin basement membrane nephropathy
§ Autosomal dominant: 

COL4A3/COL4A4
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Genetic causes: Alport syndrome and Leiomyomatosis

§ Partial deletion of COL4A5 and COL4A6 ranging from intron 2 of COL4A6 to 
intron 1 of COL4A5

Thielen et al., Hum Mutat, 2003
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Phenocopies

www.medizinische-genetik.de
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Own Phenocopy Data

§ 19% of phenocopies in exome-sequencing solved cases
§ 5 clinical FSGS (genetically Alport syndrome)
§ 3 clinical Alport syndrome (genetically FSGS, Dent Disease)
§ 1 clinical ciliopathy (genetically 17q12 microdeletion)
§ 3 others

Riedhammer et al., Exome Sequencing and Identification of Phenocopies in Patients 
With Clinically Presumed Hereditary Nephropathies. Am J Kidney Dis, 2020
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Therapy
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Effect of Therapy and Renal Failure

Boeckhaus et al., Nephrol Dial Transplant, 2022

  A) Hemizygous individuals    B) Hemizygous individuals 
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Effect of Therapy and Renal Failure

Boeckhaus et al., Nephrol Dial Transplant, 2022

  C) Heterozygous individuals    D) Heterozygous individuals
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Mocaisism
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General information on mosaicism

• Mosaicism refers to the presence of two or 

more genetically distinct cell populations 

within one individual's body, resulting from 

a post-zygotic variant that occurs after 

conception

Julia Hoefele | IPNA Teaching Course | April 2024 | Skopje
https://www.researchgate.net
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Postzygotic Mosaicism

Julia Hoefele | IPNA Teaching Course | April 2024 | Skopje

https://www.researchgate.net
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Information on Mosaicism in Alport syndrome

• Limited data on mosaicism in individuals with Alport syndrome

• Clinical presentation depends on the grade and the location of the mosaic

• Mild to severe phenotypes can be observed

• Depending on the grade of mosaicism and the used molecular technique, it might 

be difficult to detect

Julia Hoefele | IPNA Teaching Course | April 2024 | Skopje
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Project: 
Is there a dominant-negative effect in individuals with 
heterozygous disease-causing variants in COL4A3/COL4A4?
      Riedhammer et al., Clin Genet 2024



Klinikum rechts der Isar
Institut für Humangenetik
Klinikum rechts der Isar
Institut für Humangenetik

Julia Hoefele | IPNA Teaching Course | April 2024 | Skopje 30

Material & Methods

§ Cohort of 89 individuals with autosomal Alport syndrome or TBMN
§ Monoallelic variants
§ Biallelic variants
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Results

§ Individuals with a monoallelic non-truncating variant had significantly more 
microscopic hematuria than individuals with a monoallelic truncating variant

§ Individuals with biallelic truncating variants had a significantly lower age at first 
reported manifestation compared to individuals with biallelic non-truncating 
variants or with a non-truncating and a truncating variant
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Results



Klinikum rechts der Isar
Institut für Humangenetik
Klinikum rechts der Isar
Institut für Humangenetik

Julia Hoefele | IPNA Teaching Course | April 2024 | Skopje 33

Conclusion

§ The results of this study implicated a potential dominant-negative effect as an 
explanation for the heterozygous non-truncating variants in individuals with a more 
severe phenotype

à Knowledge of genotype is important for the prognosis of the disease and the planned 
treatment
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Project: 
Are there other disease-causing mechanisms?
      Ongoing project



Klinikum rechts der Isar
Institut für Humangenetik
Klinikum rechts der Isar
Institut für Humangenetik

Julia Hoefele | IPNA Teaching Course | April 2024 | Skopje 35

Material & Methods

§ Two affected individuals within a family from Iceland
§ Mother: mildly affected with Alport syndrome
§ Son: classical Alport syndrome
à X-linked inheritance
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Results & Conclusion

§ Panel diagnostics COL4A3-5 and genome sequencing
§ No disease-causing variants identified 

§ Optical Genome Mapping (Bionano)
§ Identification of a paracentric inversion on the X chromosome disrupting COL4A5

à Identification of a new disease mechanisms 
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Results & Conclusion

§ Re-analysis of the genome sequencing data
à confirmation of the inversion
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Genome sequencing



Klinikum rechts der Isar
Institut für Humangenetik
Klinikum rechts der Isar
Institut für Humangenetik

Julia Hoefele | IPNA Teaching Course | April 2024 | Skopje 39

Conclusion

§ Individuals with clear phenotypic symptoms should be genetically completely evaluated

§ If no variant can be detected with the regular diagnostic tests, these individuals should be 
included into research projects
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Total Summary

• Extrarenal manifestations like hearing impairment and occular involvement should 

be regularly monitored 

• Early treatment essential to avoid disease progression

• Genetically broad spectrum of causes

Julia Hoefele | IPNA Teaching Course | April 2024 | Skopje
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Congenital Nephrotic Syndrome
Sandra Habbig



Definition of Congenital Nephrotic Syndrome (CNS)

Clinical Presentation and Diagnosis of CNS

Outline

2

Management of CNS



Nephrotic-range proteinuria and oedema that manifest 
in utero or during the first 3 months of life

Diagnosis: - massive proteinuria, edema

Definition of CNS

3

Diagnosis: - massive proteinuria, edema

- enlarged hyperechoic kidney

- variable kidney function at birth

- enlarged placenta (>25% birth weight)

Complications: -hemodynamic instability

- recurrent infections

- thromboses



Nephrotic-range proteinuria and oedema that manifest 
in utero or during the first 3 months of life

Etiology: Podocyte gene pathogenic variants Genetic CNS

Definition of CNS

4

Etiology: Podocyte gene pathogenic variants Genetic CNS

Congenital infections Infectious CNS

Maternal allo-immune disease Non-genetic non infectious CNS



Non-genetic, non infectious CNS:
Antenatal Membranous GN due to Anti-Neutral Endopeptidase Antibodies

5
Debiec et al, N Engl J Med, Vol. 346, No. 26, June 27, 2002

Kidney biopsy specimen, 4 weeks of age, 
fluorescein-isothiocyanate–labeled
antihuman IgG antibody



Non-genetic, non infectious CNS:
Antenatal Membranous GN due to Anti-Neutral Endopeptidase Antibodies

6
Debiec et al, N Engl J Med, Vol. 346, No. 26, June 27, 2002



Infectious CNS

Infectious CNS:
- Congenital syphilis
- Toxoplasmosis
- Rubella
- CMV

-> specific therapy e.g. penicilline in 
Syphilis + genetic testing

7

- CMV
- Hepatitis B, Hepatitis C
- Herpes
- HIV
- Bordetella pertussis



Genetic CNS

Mutations in NS during the first 12 months of life

8
Hinkes et al, Pediatrics (2007) 119 (4): e907–e919

89 central European and Turkish children: 60.7% (54 of 89) of individuals manifested within 

the first 3 months of life (CNS). Of these, 87.0% (47 of 54) carried disease-causing mutations. 



Genetic CNS

9
AbuMaziad et al, Journal of Perinatology (2021), 41:2704-2712



- A genetic screening comprising all CNS-related genes ist recommend as first-line diagnostic
measure in every patient with CNS

- to identify the etiology of CNS
- to plan multi-disciplinary management, esp. with regard to complications (risk of Wilms tumour)
- to better provide data on the prognosis (neurodevelopmental involvement)

When to perform genetic testing?

10

- to better provide data on the prognosis (neurodevelopmental involvement)
- to enable genetic counselling of the family

- screening of NPHS1, NPHS2, WT1, PLCE1 and LAMB2 will identify > 80% of genetic forms

- mutations in less commonly mutated genes provide an additional of 5% diagnoses



11



12 Lipska-Zietkiewicz et al, EJHG (2020), https://doi.org/10.1038/s41431-020-0642-8



- Non-invasive molecular diagnostic methods have largely replaced kidney biopsies

- routine kidney biopsy is not recommended in patients with CNS

When to perform a kidney biopsy?

13

- Kidney biopsy may be considered if a genetic diagnosis cannot be established and/ or in rare cases
with suspected congenital membranous nephropathy due to maternal anti.neutral endopeptidase
antibodies



The glomerular filtration barrier

14
AbuMaziad et al, Journal of Perinatology (2021), 41:2704-2712



The glomerular filtration barrier

15
AbuMaziad et al, Journal of Perinatology (2021), 41:2704-2712



16
Boyer et al, Nature Reviews Nephrology 2021 Apr;17(4):277-289



Diagnosis of CNS + evaluation of dysmorphic features
and skeletal abnormalities, genital 
examination, hearing test, 
ophthalmological examination

+ neurological examination and
standardized evaluation of cognitive
status (with or without brain MRI) 

17
Boyer et al, Nature Reviews Nephrology (2021)

LAB

sonography



Patients with CNS should be managed in a multidisciplinary team!

Management of CNS

-> rapid referral of children with CNS to a specialized paediatric
nephrology unit due to the complexity of the disease and fluid management.

18
Boyer et al, Nature Reviews Nephrology (2021)



Learning from Finland…

19
https://www.guinnessworldrecords.com/news/2023/

Finnish-type nephrotic syndrome
1/8000 in Finland versus 0.5/100.000 in Europe/USA

> 120 cases in Cologne



75 Finnish children followed 1965-1973: nutritional support, no albumin infusions, mean
survival 7.6 months (non developed uremia before
death, death due to infections, thrombotic
complications and hemodynamic instability)

The Finnish approach

20

early 1970s, Minnesota: KTX as therapeutic option

since 1971 active treatment: high caloric, high protein, low sodium diet, diuretics, IV 
albumin, 25% died before KTX -> 

CNS no longer considered a lethal condition but intensive , medical
treatment + KTX were offered since then

Huttunen N-P (1976) Congenital nephrotic syndrome of Finnish type. Study of 75 patients. Arch Dis Child 51:344–348, 
Holmberg C, Antikainen M, Rönnholm K, Ala-Houhala M, Jalanko H (1995) Management of congenital nephrotic syndrome 
of the Finnish type. Pediatr Nephrol 9:87–93



Active Finnish treatment strategy published in 1995 (in every 0-3 months old infant with heavy 
proteinuria): 

(1) Management of nephrosis from birth to the age of 6–10 months (weight 7 kg), 

(2) Bilateral nephrectomy and peritoneal dialysis (PD) for 3–6 months, 

The Finnish approach

21

(2) Bilateral nephrectomy and peritoneal dialysis (PD) for 3–6 months, 

(3) KTx with extra peritoneal engraftment when the weight of 10 kg has been reached (usually 1–
1.5 years of age). 

Treatment applied to > 150 CNS children with CNS, nearly 90% survival, 16 deaths 
(2 nephrotic phase, 7 on dialysis, 7 after KTx)

Huttunen N-P (1976) Congenital nephrotic syndrome of Finnish type. Study of 75 patietns. Arch Dis Child 51:344–348, 
Holmberg C, Antikainen M, Rönnholm K, Ala-Houhala M, Jalanko H (1995) Management of congenital nephrotic syndrome 
of the Finnish type. Pediatr Nephrol 9:87–93



Finnish NPHS1 patients versus non-Finnish NPHS1 patients (ESPN/ERA-
EDTA registry)

22
Hölttä et al, Pediatr Nephrol (2016) 31:2317–2325

Finish NPHS1 more frequently have a „severe“ genotype



Finnish NPHS1 patients versus non-Finnish NPHS1 patients (ESPN(ERA-
EDTA registry)

- 5-year patient and graft survival were 
independent of the timing of RRT 
initiation and RTX 

23
Hölttä et al, Pediatr Nephrol (2016) 31:2317–2325

initiation and RTX 
- 5-year patient and graft survival were 

excellent  in both, Finnish and non-
Finnish NPHS1 patients on RRT

- and was comparable with CAKUT 
patients with equally early RRT onset 



- 80 children from 17 tertiary nephrology units in Europe

- comparable outcome between 25 NPHS1 patients with early nephrectomy (median age 9 
months) versus 17 NPHS1 patients on conservative management

- at final follow-up (34 months):
- 80% KTX in nephrectomy group, 1 death

The „conservative“ approach

24

- 80% KTX in nephrectomy group, 1 death
- 24% KTX, 53% without RRT, 2 deaths

->  individualized, stepwise approach with prolonged conservative management as an promising 
alternative to early bilateral nephrectomies and dialysis in children with CNS and NPHS1 mutations.

Dufek et al (2019) Management of children with congenital nephrotic syndrome: challenging treatment paradigms. Nephrol Dial 
Transplant 34: 1369–1377



- Recommendation to avoid intravenous fluids and saline. Oral fluid intake should be 
concentrated if necessary to avoid marked oedema

- Use if albumin infusions based on clinical signs of hypovolemia or upon failure to thrive

- No albumin infusions based on serum albumin levels

- avoid central venous lines due to the high risk of thrombosis

Management of CNS  – Fluids and albumin

25

- avoid central venous lines due to the high risk of thrombosis

- if central venous line – provide prophylactic anticoagulation

Boyer et al, Nature Reviews Nephrology 2021 Apr;17(4):277-289



Management of CNS – antiproteinuric therapy

- RAAS-blocking therapy such as ACE inhibitors or angiotensin receptor blockers are recommended
in children with CNS aged > 4 weeks

- Start with the short-acting ACE inhibitor captopril, escalating the dosage from 0.01 to 0.5 mg/kg 
per dose in children younger than younger than 3 months (maximum dosage of 2 mg/kg/day). 
Older infants should receive 0.15–3 mg/kg per dose (maximum dosage of 6 mg/kg/day).

26

Older infants should receive 0.15–3 mg/kg per dose (maximum dosage of 6 mg/kg/day).

- No combined use of ACE inhibitors and ARB (risk of AKI!)

- The use of prostaglandin inhibitors may be considered as add-on treatment (indomethacin dosed
incrementally from 0.5 to 3 mg/kg/day) – but should bes stopped if no clinical benefit after 2-4 
weeks

Boyer et al, Nature Reviews Nephrology 2021 Apr;17(4):277-289



Management of CNS – Nephrectomy

- no routine early nephrectomy

- Unilateral or bilateral nephrectomy in patients with severe complications, including failure to
thrive, thrombosis and/or daysbalance in euvolemia despite optimized conservative treatment

27

- Bilateral nephrectomy before KTX in patients with persisting NS and/or a WT1-dominant 
pathogenic variant

Boyer et al, Nature Reviews Nephrology 2021 Apr;17(4):277-289



Individual approach - two patients from Cologne

- both carry the identical homozygous mutation

- 2  year old girl, stable with ACE inhibitor (Ramipril), serum-albumin 20 g/L, proteiuria: 19.000-
33545 mg/g creatinine, no complications, stable (normal) kidney function

28

- 3 year old girl, CNS, severe pneumonia, thrombotic complications, sequential bilateral 
nephrectomy, peritoneal dialysis



Management of CNS – Thrombosis prophylaxis

- High risk of potentially life-threatening venous and arterial thromboembolic complications
- thrombophilic predisposition due to CNS and treatment-related risks (e.g. CVL as a strong pro-

thrombotic risk factor)
- recent study reported no effect of  anti-thrombotic prophylaxis with warfarin, heparin or aspirin 

on the incidence of thrombotic events (50% associated to CVL)

29

- preventive anticoagulation should be considered during states of increased thrombosis risk 
(owing to acute illness, risk of dehydration, inserted central lines and/or thrombocytosis 
>750,000/ml) and/or in patients with a previous thrombosis

- No recommendation on the therapeutic agent:

- Low molecular weight heparins may be ineffective due to low antithrombin III levels

- Warfarin is used in Finnish patients without bleeding comlications

- Magnesium and calcium supplements to avoid low levels (which may promote thromboses)

Dufek et al, Nephrol Dial Transplant 2019, 34: 1369–1377
Boyer et al, Nature Reviews Nephrology 2021 Apr;17(4):277-289



- Preterm birth (gestational age 33 weeks)

- heavy proteinuria

- Severe superior sagittal sinus thrombosis + 

A case from Cologne

30

- Severe superior sagittal sinus thrombosis + 
Transverse sinus thrombosis

- Intraventricular hemorrhage (IVH)

- Transfer to Cologne at the age of 4 weeks



- continuation of heparin, later low.molecular-weight
heparin

- ventriculoperitoneal (VP) shunt

A case from Cologne

31

- MRI shows cystic formation, Periventricular
Leukomalacia



- Identification of a homozygous mutation in NPHS1 (Nephrin) 

A case from Cologne

32

CJASN 2010



Management of CNS – infections and immunoglobulins

- Infections are one of the major causes of death in children with CNS
- high loss of IgG and complement proteins via urine
- Prophylactic antibiotics have not been shown to be effective to avoid sepsis -> no prophylactic

antibiotic treatment but prompt initiation in cases of suspected bacterial infection

33

- 50% of infused IgG is lost within one day!
- However, preventive IgG infusions may be considered in patients with low circulating IgG levels

and recurrent and/or severe infections

Boyer et al, Nature Reviews Nephrology 2021 Apr;17(4):277-289



Management of CNS – alimentation

- Calory intake is of utmost
importance!

- ideally help of an expert dietician
- enteral tube feeding in those with

insufficient oral nutrition

34

- diet with high energy (130 kcal/kg per 
day) and high protein content (4 g/kg 
per day) but low salt content (<0.5 g 
per day in babies aged <6 months, <1 
g per day in infants aged 7–12 
months, <2 g per day in children 
aged 1–3 year)

Boyer et al, Nature Reviews Nephrology 2021 Apr;17(4):277-289



Management – Kidney failure

- The use of dialysis in children with CNS should
follow the general guidelines for kidney
replacement therapy in infants and children. 

35
Van Straalen et al, Pediatrics 2014

- good outcome also with dialysis initiation during the first
month of life

- Peritoneal dialysis is the mode of choice in CNS patients



Management – Kidney transplantion

36
Harambat et al, Am J of Transpl 2013 



*Preventive measures: prophylaxis for 
thrombosis, infection and anaemia, 
adequate nutrition and growth hormone 
substitution. 

37 Boyer et al, Nature Reviews Nephrology 2021 Apr;17(4):277-289



- comprises a wide spectrum of clinical phenotypes

- management should be based on the clinical severity, the course
of disease and the opportunities at your center (waiting time for
KTX etc)

Conclusion - CNS

38

KTX etc)
- infants with no or minimal symptoms -> avoid aggressive 

and potentially dangerous treatments
- critically ill infants -> rapid and intensive symptomatic

treatments to avoid complications

Thank you!



Renal glucosuria and beyond
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Renal glucosuria

• Renal glucosuria is glucose in the urine 
without hyperglycemia; it results from either 
an acquired or an inherited, isolated defect in 
glucose transport or occurs with other renal glucose transport or occurs with other renal 
tubule disorders.

• In this lecture we will focus on isolated renal 
glucosuria (familial renal glucosuria-FRG)



Familial renal glucosuria (FRG)

• It is most commonly due to mutations in the SLC5A2 
gene coding for the glucose transporter SGLT2 in the 
proximal tubule.

• Familial renal glucosuria can be inherited in 
an autosomal recessive or autosomal dominant 
pattern. pattern. 

• To date, over 86 mutations of the SLC5A2 have been 
identified, including missense mutations, nonsense 
mutations, small deletions, and splicing mutations.

• Individuals with 2 mutations usually have a more 
severe phenotype with greater glucose wasting 
compared to those with 1 mutation



Structure of the SLC5A2 gene



Pathophysiology



Pathophysiology



Pathophysiology



Clinical features of FRG
 Polyuria and enuresis and later a mild growth and pubertal 

maturation
 Episodic dehydration and ketosis during pregnancy and 

starvation 
 Presence of several autoantibodies without clinical evidence 

of autoimmune disease 
 An increased incidence of urinary tract infections  An increased incidence of urinary tract infections 
 Activation of the renin-angiotensin-aldosterone system, 

secondary to natriuresis and possible extracellular volume 
depletion 

 Hypercalciuria
 Selective aminoaciduria
 Hypouricemia
 Personal comment – Apart from hyperaminoaciduria none were seen by 

the author of this presentation



Genetic and clinical characterization of familial renal 
glucosuria

Xu L et a. Clin Kidney J. 2024



From rare to common diseases!

• FRG is a trivial disease with minimal clinical significance
• But the knowledge we have gained from studying the 

genetics and pathophysiology of FRG is of enormous 
importance to the community because it has led to the importance to the community because it has led to the 
development of very important drugs called SGLT 
inhibitors.

• Today, these drugs are used to treat diabetes mellitus 
type 2, chronic heart failure and chronic kidney disease 
in adults.



SGLT2 expression in various tissues

Nakano et al. Medical Molecular Morphology2022



Neuroprotective effect of SGLT2 inhibitors

SGLT2i have also been 
shown to improve 
insulin sensitivity in 
the brain of obese rats 
by decreasing brain 
inflammation, brain 
apoptosis, and brain 

Pawlos et al, Molecules 2021

apoptosis, and brain 
oxidative stress, with a 
final effect of 
improvement in 
mitochondrial brain 
function as well as a 
strong increase in 
hippocampus synaptic 
plasticity



SGLT2 inhibition has pleiotropic effects on multiple organ 
systems

C.W.S. et al. Endocrinology 2021



Effect of SGLT2 inhibitors on metabolism, renal 
function and blood pressure

Thimas M and Cherney DZI. Diabetologia 2018



Renoprotective Mechanisms of Actions of 
SGLT2i

• Antihyperglycemic
• Anti-inflammatory → Decreasing inflammatory and reacƟve oxygen 

species. 
• Antioxidant 
• Promote tubule-glomerular feedback → Decrease glomerular

hyperfiltrationhyperfiltration
• Activate adenosine mono-phosphate-activated protein kinase → 

Decrease glomerular and tubular injury
• Hemodynamic changes → Decrease albuminuria
• Improve lipid profile 
• Reduce body weight 
• Natriuresis → Mild decrease in systolic and diastolic blood pressure 
• Attenuate renal ischemia-reperfusion injury 
• Decrease serum uric acid 

Abdelrahman et al. J Clin Med 2024



Mechanism of action of SGLT2i

Skrabic R et al. Biomedicines 2022



Efect of SGLTi in adult trials

• Empagliflozin-EMPA-REG-OUTCOME trial
• Canagliflozin-CANVAS (canagliflozin CV assesment study)
Both studies demonstrated:
• Improved serum glucose/HbA1c• Improved serum glucose/HbA1c
• Weight loss, better BP control
• Reduction in CHF prevalence
• Reduction in albuminuria (40-50%)
• After initial decline, better eGFR over time
• 20% better survival



SGLT2i and eGFR

Zinman, N Engl J Med 2015



SGLT2i and eGFR



SGLT2i and eGFR

Cumulative data from  EMPA-REG, CREDENCE and  DAPA-CKD 
trials

Bailey CJ&Bellary S. Current Diabetes Report 2022



Benefits and Side effects 

Benefits
• Improved CV outcomes
• Decreased albuminuria
• Stabilization of eGFR• Stabilization of eGFR
Side effects
• UTI’s
• Vaginal yeast infections
• Osmotic diuresis



SGLT2i in Kidney Disorders

• Underline mechanisms are not completely clarified
• These benefits are not due exclusively to glucose 

lowering effects
• Natriuresis and glucose induced osmotic diuresis lead • Natriuresis and glucose induced osmotic diuresis lead 

to reduced intraglomerular pressure
• Improved hemodynamics preservs kidney function
• Additive benefits to RAAS inhibition
• High risks when administered at GFR 

<30ml/min/1,73m2.



SGLT2i in children with CKD

• FDA has not approved SGLT2i for children
• Reports in adolescents with T2DM show 

similar benefits to that reported in adults
• One should expect that children with CKD • One should expect that children with CKD 

would have similar benefits as reported in 
adults

• Prospective controlled trials are warranted



Appeal for pediatric trials



Side effects of  SGLT2i (adult trials)

• Hypoglycemia
• Diabetic ketoacidosis
• Genital mycotic infections
• Urosepsis and pyelonephritis• Urosepsis and pyelonephritis
• Acute kidney injury
• Fournier gangrene
• Hyperkalemia



Can SGLT2 gene mutation protect from 
diabetes?

Patient 1 –glucosuria from 2,2 g to 103 g/d after SGLT2i

Patient 2 – glucosuria from 121.4 g to 185.8 g/d after SGLT2i

Ren Q et al. Journal of Diabetes 2022 



SGLT2i and Glycogen Storage Disease Type Ib
(What we learned)

• Glycogen storage disease 1b is caused by biallelic variants in 
SLC37A4

• SGLT2-inhibitor empagliflozin has provided a mechanism-
based treatment option for the symptoms caused by based treatment option for the symptoms caused by 
neutropenia/neutrophil dysfunction (e.g. mucosal lesions, 
inflammatory bowel disease).

• SGLT2 is also responsible for the reabsorption of 1,5-
anhydroglucitol (1,5AG). SGLT2 inhibitors were shown to 
decrease plasma 1,5AG and restore a normal neutrophil count 
and function



Patophysiology of Glycogen Storage Disease 1b

Sarah C. Grünert SC et al. Orphanet Journal of Rare Diseases 2020



Adverse events in children with GSD 1b 
treated with empaglifozin

Serious
 Hypoglycemia (18%)  ???
 Lactic acidosis (4%)      ???
 Ketoacidosis (0%)
 Anaphylactic reaction (1%)

Milder
 Fungal genital infections (1%)
 UTI (6%)
 Skin rashes (3%)
 Pruritus (1%)
 Dehydration (0%)

Grunert SC et al. Genetics in Medicine 2022



Instead of conclusion
• We learned very much from a trivial disease FRG
• We should learn about the long term outcome of 

FGR; are these patients protected from T2DM, 
CHF and CKD?CHF and CKD?

• We should strongly advocate realization of 
controlled SGLT2i trials in children with CKD

• Our current research focus: is there difference in 
serum/urinary proteomics between FRG patients 
and those treated with SGLT2i



I was happy to collaborate with J 
Calado, who did a great research in 
FRG. After 15 years internet 
friendship we met first time in vivo 
in Bern last year.
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CYSTINOSIS

• Rare recessively inherited multi-system lysosomal storage disorder

• Incidence 0.5-1:100,000 live births

• Caused by mutations in CTNS, encoding cystinosin

• Cystinosin is a lysosomal cystine/H+ symporter

• Progressive accumulation of lysosomal cystine in most tissues

• Nephropathic cystinosis  (OMIM 219800) is the most common and severe form 

• Other forms [continuum] : intermediate- and ocular-cystinosis 



CYSTEINE –CYSTINE CONVERSION

• Cysteine is a non-essential amino acid containing a thiol group

• Cystine is a dimer of 2 cysteine molecules covalently linked by a di-sulfide bond

• Cystine is insoluble and precipitates if >2mM



THE CTNS GENE

• Mapped to 17p13

• 12 exons, 367 aa

• A 57,257-bp deletion removing the first 9 exons and part of exon 10 of CTNS 

• Present in 50% of European cystinosis patients

• Carrier frequency

• USA 1:200

• Germany 1:370



PATHOLOGY

• Lysosomal cystine crystals rectangular/hexagonal

• Birefringent under polarized light

• Interstitial inflammatory cell infiltrates                 fibrosis 

• Narrowing of kidney tubules – swan-neck deformity               glomerlo-tubular 

disconnection

• Glomerular endothelial proliferation, necrosis, hyalinization

• Crystals within glomeruli (multi-nucleated podocytes)                 FSGS



EARLY CLINICAL MANIFESTATIONS

• Fanconi syndrome diagnosed during the second half of the 1st year of life

• Polyuria, polydipsia, dehydration

• Poor appetite, nausea, vomiting

• Phosphaturia, hypercalciuria                  Rickets

• Symptomatic hypocalcemia [after alkalinizing therapy]

• Growth impairment

• Decreased weight and height percentiles between 6-12 months of age

• Combination of CKD, acidosis, poor caloric intake, rickets

• Glomerular involvement                  progressive CKD [kidney failure ~ 10yrs]



DIAGNOSIS

• Phenotype: Fanconi syndrome, polyuria, FTT, short stature, rickets, corneal crystals

• Family history

• Elevated WBC/neutrophils cystine levels [expressed as nmol half-cystine/mg protein]

• Trough levels

• Genetically-confirmed diagnosis 



CYSTINOSIS IN ADULTS



MYOPATHY

• Myopathy – starting in hands               arms, legs, shoulders, neck, chest

• Poor tongue and lip strength, hypophonic speech, swallowing difficulties

• Restrictive lung disease

• EMG – myopathic

• NCV - normal



FERTILITY

• Both males and females - delayed puberty

• Males - Absence of secondary sexual characteristics

• Primary hypogonadism - low testosterone; elevated LH/FSH

• Azoospermia

• Females – no impairment in ovulatory function and may give birth [high risk pregnancies]

• Cysteamine should be discontinued during pregnancy [based on rats’ study]

• Kidney Int Rep 2024:9:214



CYSTINOSIN

• Cystine transporter outside the lysosome

• Driven by H+ gradient

• Additional functions                not all symptoms are corrected by cystine depletion

• Abnormal autophagy (autophagosomes, mitophagosomes, accumulation of perinuclear enlarged 

lysosomes)

• Endo-lysosomal dynamics

• Altered mTORC1 activity

• Increased cell death (physical rupture of membranes, oxidative stress, mitochondrial damage, direct 

stimulation of apoptosis)

• Altered glutathione metabolism                    oxidation  



AUTOPHAGY AND AUTOPHAGOSOMES

• Degradation of cytoplasmic organelles, proteins and macromolecules and recycling of the 

breakdown products

• Conserved eukaryotic cellular recycling process

• Plays major role in cell survival and maintenance

• Autophagosomes

• Double membrane vesicles engulfing intracellular material

• Transport the cargo to lysosomes for subsequent degradation 



AUTOPHAGOSOME

• Cell Discovery 2020:6:33



THE CTNS-MTORC1 AXIS COUPLES LYSOSOMAL 
CYSTINE TO EPITHELIAL CELL FATE

• Cystinosin interacts with the lysosomal membrane proteins that mediate fusion with 

autophagosomes

• Disturbing clearance of intracellular debris: misfolded proteins and damaged 

mitochondria

• Catabolic abnormalities are mirrored by anabolic programs for growth and proliferation

• In Ctns-/- rats, increased level in genes regulating cell cycle and driving proliferation

• Lack of PTC differentiation                LMW proteinuria

• MTORC1 inhibition as a potential therapeutic?



THE CTNS-MTORC1 AXIS COUPLES LYSOSOMAL 
CYSTINE TO EPITHELIAL CELL FATE

• Autophagy 2024:20:202



ABNORMAL ENDO-LYSOSOMAL DYNAMICS

• Defective receptor-mediated endocytosis in PTC

• Impaired trafficking of cubilin/megalin to the plasma membrane (In rat KO, also NaPi2a, 

SGLT2)*

• Impaired endocytosis

• Low molecular weight proteinuria, phospahturia, glycosuria

• *Hum Mol Genet 2022:31:2262



ER-ASSOCIATED DEGRADATION

• A variant referred to as cystinosin(7∆)

• Retained in the ER and undergoes ER-associated degradation (ERAD)

• ERAD targets misfolded proteins for ubiquitination and degradation by the proteasome 

[protein-degrading complex]

• Chaperons known to treat CFTR F508∆, facilitated folding and trafficking of cystinosin(7∆) 

in patient fibroblasts

• 70% reduction in luminal cystine

• Re-purposing and precision medicine

• JCI 2023:133(19): e169551 



TREATMENT

• Replacement of renal losses [TID/QID]:  potassium, phosphate and alkali supplementation

• Avoid dehydration episodes and maintain caloric intake

• Allow salt craving

• In infants/toddlers – consider PEG insertion

• Vitamin D supplements to increase calcium/phosphate GI absorption

• Consider thyroid hormone replacement, GH therapy or indomethacin

• Cysteamine eye drops

• KRT considerations similar to other etiologies with good outcome



LYSOSOMAL TRANSPORT DISORDER -
CYSTINE DEPLETING DRUGS

• Cysteine + PQLC2 transporters



DIFFICULTIES

• Short term effect – q 6 hour dose

• Halitosis

• Body odor

• Gastric ulcers



INTERNATIONAL STUDY – OUTCOMES OVER 5 
DECADES

• International cohort of 453 patients born 1964-2016

• Cysteamine proposed for use in 1970’s and introduced in 1980’s

• Minimum F/U 3 years

• Risk factors for progression: late initiation of cysteamine and high leukocyte cystine levels

• No specific effect to: gender, specific genetic variant, the use of Indomethacin or ACEi

• Improved linear growth associated with early initiation of cysteamine

• Kidney Int 2021: DOI: 10.1016/j.kint.2021.06.019



RENAL SURVIVAL AND CYSTEAMINE TREATMENT



CYSTEAMINE THERAPY DELAYS PROGRESSION

• 86 adult patients (mean age 26.7 yrs)

• 75 treated with cysteamine: initiated at mean age of 9.9 yrs; mean duration 17.7 yrs

• Age of ESRD 13.6 and 9.6 yrs for cysteamine initiation before or after 5 years, respectively

• Kidney Int 2012:81:179



EXTRA-RENAL COMPLICATIONS

• Hypothyroidism 62 (mean age 13.4)

• Diabetes 48 (mean age 17.1)

• Neuromuscular 32 (mean age 23.3)

• Myopathy (69%), swallowing impairment (53%), paresis (75%), stroke related (38%), mental 

deterioration (56%), seizures (31.3%)

• Cysteamine therapy delayed the development of complications

• Particularly if initiated < 5 years

• Even if initiated > 5 years

• Compliance?

• Leukocyte cystine level was optimal in 28% of patients



CAN VERY EARLY CYSTEAMINE MAINTAIN TUBULAR 
AND GLOMERULAR FUNCTION?

• 6 infants diagnosed with cystinosis before 2 mts of age (5 affected siblings; 1-NBS)

• Cysteamine initiated between 0.2-1.6 months 

• Last F/U: 2-18 years

• 4/6 never required K, P, HCO3, citrate supplementation

• 5/6 never required Ca supplements

• Generalized amino-aciduria in all (x4)

• 1/6 non-compliant and had reduced eGFR

• Mol Genet Metab 2022:136:232



A MULTI-CENTER SIBLING STUDY

• Siblings diagnosed with Cystinosis start treatment at a younger age

• Siblings show slower progression to ESKD

• Siblings display similar incidence of ERC independent of age at cysteamine initiation

• J Inherit Metab Dis 2023:46:43



TRANSITION FROM IR TO ER CYSTEAMINE

• 10 patients (pediatric and adults) from Norway

• Retrospective (transition ± 6 years)

• Comparable leukocyte cystine levels despite dose reduction

• Similar growth rate

• Halitosis: 4/7 improved, 1/7 unchanged, 2/7 worsened

• I patient switched back for ADR

• Pediatr Nephrol 2023:38:3671



CHANGE IN EGFR/YEAR IN NON-TRANSPLANTED



DR CYSTEAMINE TO NAÏVE INFANTS AND 
TODDLERS

• Prospective open-label study

• 15 children naïve to treatment – mean age 2.2 years

• 14/15 completed 12 months and 10/15 – 18 months

• 10/13 reached WBC cystine levels < 1 nmol ½ cystine/mg protein

• JIMD Reports 2022:63:66



• Improved height and weight Z scores

• eGFR 55.9                   63.8 ml/min/1.73m2

• No SAE related to the study drug

• No mention of GI symptoms/halitosis



DR CYSTEAMINE

• Non-inferior

• Better compliance

• Long-term studies are needed

• GI complaints?

• Expensive 

• What are the indications for naïve patients/switch from IR cysteamine?

• Improve access to medications around the globe



HEMATOPOIETIC STEM CELL GENE THERAPY

• Pre-clinical proof of concept - Cells 2021:10:3273

• Ctns-/- mice – a relevant mouse model for cystinosis (mild FS, CKD, thyroid, eye)

• Hematopoietic Stem and Progenitor Cells (analogous to human CD34+) of wild type mice

• Abundant tissue integration of BM-derived cells (matured into macrophages)

• Decreased cystine accumulation and preservation of kidney function

• Rescue corneal involvement 

• Cystinosin is a trans-membrane lysosomal protein and not a secreted enzyme –

• How does it work?



TUNNELING NANOTUBES (TNT)

• Plasma membrane extensions which can facilitate inter-cellular transport of organelles

• Direct cell contact

• TNT-mediated lysosomal transfer is bidirectional

• Stem Cells 2015: 33:301



OF MICE AND MEN

• Allogeneic HSPC transplantation and the risk of GVHD

• Allogeneic HSPC transplantation to a 16 year old cystinotic patient [treated with 

cysteamine] from a full-HLA matched unrelated donor

• Second transplantation from the same donor due to partial graft failure

• Severe GVHD and death of multi-resistant Ps pneumonia

• Nevertheless, kidney function stabilized, improved polyuria, photophobia score improved, 

decreased cystine accumulation in stomach biopsy



EX-VIVO GENE-MODIFIED CELL THERAPY

• Autologous HSPC gene therapy

• Myeloablation conditioning (reduced intensity) but no immunosuppressants post 

transplant

• A third-generation lentiviral vector has been shown to be safe

• Approval for recruitment of 6 patients



PHASE 1/2 FIRST IN HUMAN OPEN LABEL CLINICAL 
TRIAL CTNS-RD-04



CTNS MRNA DELIVERY IN CYSTINOSIS MODELS

• PTEC and podocytes derived from cystinosis patient

• Transfected with synthetic CTNS mRNA

• Sci Rep 2023:13:20961



THANK YOU!

• yaacovf@ekmd.huji.ac.il

mailto:yaacovf@ekmd.huji.ac.il
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