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Primary hyperoxaluria in children in 2023
New guidelines, and new therapeutic strategies
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Primary hyperoxaluria(s): symptoms

Table 2. Features and Trestment e nherted Prmay Hypbequaurss. /- N/ N

Feature Type 1 Type 2 Typed
Chiomesomal location 2373 912 109242
Ageatonset Allages, although mostly in childheod Allages Allages

Presentation Calesum cwalate renal stones,

nephrocalcinosis, renal failure

Calcium axalate renal stones | Calcium oxalate rensl stones

Treatment

Supportiv treatment
Transplantation

Hydration, cirate, pyridosine
Liver and kidney

Hydration, citrate Hydration, citrate

Kidney et required — no reported
s of reml alre o o

~—__~"

Type 2
Risque KF 25%, 50% CKD
Increased oxalate and
glycerate
Usually isolated KTx

Type 1
Risk KF: almost 100%
Increased Oxalate and
glycolate
The most severe form
Combined or Sequential
LKT Type 3
The less severe form, 50%
CKD, exceptionnally KF
Increased Oxalate and
HOG/DHG

Increased Ox and
Cochat, NEJM 2013; Hoppe 2012 glycolate

The timeline of hyperoxaluria

= 1986 vt
5 = 006
Vel 1997 ko,

1925

nature Clinical practice recommendations for primary hyperoxaluria:
REVIEWS an expert consensus statement from ERKNet and OxalEurope

NEPHROLOGY 55 Geoothoff, Ella Metry?, isa Deesker?, Sander Garrelfs, Cacile Acquavive’, Reham Almardind,
Bodo Beck", Olivia Boyer”, dene?, 2 ¥, Asheeta
Gupta®, Bertrand Knebelmann®™, Giorgia Mandrile”, Shabbir Moochhala'’, Agnieszka Prytula’,

Jovana Putnik™, GillRumsby ", Neveen Soliman®, Bhaskar Somanit” and Justine Bacchetta™

Bacchetta, CKJ 2022; Groothoff Nature Reviews Nephrology 2023

Primary hyperoxaluria(s)

Table 2. Features and Treatment of the Inherited Primary Hyperoxalurias.

Feature Typel Type2 Type 3
Chromosomal location 29973 o9p132 109242
Age at onset All ages, although mostly in childhood A ages Allages
Presentation Calcium exalate renal stones, Calcium oxalate renal stones  Calcium exalate renal stones
nephrocalcingsis, renal fallure
Treatment
Supportive treatment  Hydration, citrate, pyridosine Hydration, citrate. Hydration, citrate
Transplantation Liver and kidney Kidney Mot required — o reported

‘cases of renal failure to date

Clinical presentations can be very different, especially in the PH1
sub-group

= From the neonatal onset with ESRD within the first months of life
= To the form with nephrolithiasis occuring during teenage or adulthood

= But also « relapse » on a renal graft in a patient with kidney failure of
<« unknown » origin

Cochat, NEJM 2013

PH1: a severe renal and systemic disease with a significant

mortality

:  ESPN-ERA-EDTA
Registry

9247 patients < 19
years

ESRD 1979 - 2009 ' e on RAT(mn) :
31 countries
100 PH1 pcraluts o e epocemem ey
Cause of Death ni%)
lications of dial 4118}
314
304)

Complications of liv antation
Infections (preumonia, bacterial sepsis)
M.

rans

Cachexia
Other / unknown

Harambat cJASN 2012; Groothoff Nature Reviews Nephrology 2023

Statements for genetics

[Grading
(Genetics
1 [We recommend genetic testing of each patient with high clinical and/or | (strong recommendation)
i ical suspicion.
2 |We recommend offering genetic counselling to PH patients and their | (strong recommendation)
[families.
ety
Ve A 01 561
e =
Genetic in primary {a: why it matters
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Statements for diagnosis

[Statements

[Grading
Diagnostics
3 [We recommend assessing urinary oxalate excretion, along with creatinine, by 24h urine _|A (strong recommendation)
lcollection.
a [We suggest that spot urine collections may be used in place of 24h c
clinically ine ratio
g [We recommend at least 2 positive urine assessments (Uox > URL] in order to establish B (strong recommendation)
g i f oxalate be done at the laboratory within 24 [B (moderate recommendation)
lhours, ple s kept at 4°C after collection.
7 [We recommend using age-related in B
ratios.

[presence of

[We i i i E ifavailable, in |0 (weak recommendation)
the diagnostic work-up of PH!
g We suggest H (Glycolate, L-glycerate, HOG, DHG) in the [B( moderate recommendation)

[We recommend PHI by g 2 where

lexclude PH1.

glycolateis |A
found in the presence of hyperoxaluria, noting that normal values of urinary glycolate do not

[we d PH2
found in the presence of hyperoxaluria.
e d ion of PH3

here increased urinary L-glycerateis [A (strong recommendation)

here increased HOG and DHG s
found in the presence of hyperoxaluria, noting that normal values of urinary HOG do not
lexclude PH3 .

[A (strong recommendation)

[We recommend measuring plasma oxalate levels only in patients with CKD 4, CKD 5 or 5.

[A (strong recommendation)

14 [We recommend interpreting plasma oxalate levels based on reference values taking the
limpact of kidney failure into account

B (strong recommendation)

Groothoff Nature Reviews Nephrology 2023

Statements for conservative management

[ \Grading

IConservative treatment

15 |We recommend promptly starting conservative B (strong
therapy in all patients with suspected PH

recommendation)

16 |We recommend starting hyperhydration (3.5-4
L/day in adults, 2-3 L/m?2 in children, to be
lconsumed throughout 24 hours), in all patients
\with suspected PH and preserved renal function.

[A-B (strong

recommendation)

17 |wWer monitoring hyper i B
based on urinary markers, the freq y (s

ldepending on disease severity.

18 |We re oral i ion of c

renal function

citrate (0.1-0.15 g/kg) in patients with preserved |[recommendation)

19 |We recommend a balanced diet to PH patients, |D (weak
lavoiding only few extreme high-oxalate
lcontaining products.

recommendation)

20  |We recommend testing pyridoxine |A (strong

lits dosage on urinary oxalate excretion

dose of 5 mg/kg/day

responsiveness in all PH1 patients and titrating |recommendation)

Groothoff Nature Reviews Nephrology 2023

A vicious circle in hemodialysis =
At least before RNAi therapies? -

ENDOGENOUS LIVER PRODUCTION

1 lemon => citrate content = 2.5-3 grams

”

A

4-7 mmol/1.73 m? per day =~
| [
DIALY DIALYSIS REMOVAL
HEMGDIA}.%S ! PERITONEAL (3 HD= 1-2 mmol/1.73 m? per day in adults and 3-4 in
— y

PD=

OVERALL
Standard HD (12 hrs/week)
Weekly clearance = 2-3 days of endogenous oxalate production
Accumulation of oxalate in target organs
Bone, vessels, eyes, etc...

Systemic oxalosis worsens in dialysis!
RNAi therapies will have no effect on oxalate release from bone...

children
less clearance

But potential interest if combined with HD?

Urine or plasma oxalate?

e e T T e—r—

e
Urine
« Oxalate +++ e Plasma
« Creatinine +++
« Threshold > + Oxalate +++
500pmol/day ; « Creatinine +++
When renal function is When renal function is
normal o impaired:
IS when eGFR is below 30

mL/min/1,73 m2

Cristalluria as a potential help for diagnosis
Genetic analysis as second-line diagnostic tool to confirm the diagnosis

Groothoff Nature Reviews Nephrology 2023

Primary hyperoxaluria 1 and bone:
oxalate osteopathy as the hallmark of systemic oxalosis

Patients often present with recurrent low-trauma fractures, bone
deformities, and severe bone pain

Bacchetta, Pediatr Nephrol 2010; Bacchetta, Bone 2015; Bacchetta, Pediatr Nephrol 2015; Mallik TIH 2020

Practical consequences for the management

« Increased risk of cytopenias because of the bone marrow invasion
- Resistance to EPO
Sometimes blood transfusions required, with the risk of anti HLA antibodies
- In adults severe anemia in a context of unexplained ESRD may lead to the diagnosis on a bone
marrow aspiration...

+ How to evaluate systemic bone storage?
- No gold standard
- No interest of DXA (increased BMD)
- Bone biopsy: not doable in routine, heterogeneity
- Bone MRI?
- 18F-FDG PET/CT and 99mTc-HMDP Bone Scan ?

Mallik TIH 2020  Perrin KIR 2022; Merz Pediatr Nephrol 2022



Statements for dialysis

\Statements \Grading

Dialysis treatment

21  |We suggest considering kidney replacement therapy X (moderate
before kidney failure has developed in those PH1 recommendation)
patients with a high risk for systemic oxalosis due to high
plasma oxalate values or those already suffering from
icomorbidity

22 |In case of no access or response to oxalate lowering X (strong

therapies, we recommend intensified hemodialysis, dose recommendation)
titrated to clinical condition, plasma oxalate levels and
laccording to what the patient and family can tolerate.

23 |We recommend a high flux hemodialyzer (>1m? capillary |C (moderate
surface per 1m2 BSA) with maximal blood flow (>150-  |recommendation)
200 cm3/min/m? BSA) when performing haemodialysi:

24 |We recommend personalising the dialysis regimen based|X (strong

lon clinical observations of oxalosis and plasma oxalate  [recommendation)
values, aiming to keep plasma oxalate values in the
range of non PH patients with kidney failure.

Groothoff Nature Reviews Nephrology 2023

P-Ox and cardiovascular outcomes in non PH patients...

High Oxalate Concentrations Correlate
with Increased Risk for Sudden Cardiac

Death in Dialysis Patients

101076

076133}
prreey gt frepese

Median oxalate concentration of 42.4 pmol/L
4th quartile: P-Ox > 59.7 pmol/L

Pfau JASN 2021

Statements for transplantation

[Grading

25 [Liver transplantation for PH should always be performed with complete |A (strong recommendation)
removal of the native liver

26 [The strategy for either sequentially or simultaneously performed liver |8 (moderate recommendation)
land kidney transplantation should be decided based on the clinical
situation and the preference of the local surgeon

27 [we to perform liver ion ideally combined with [X (strong recommendation)
kidney transplantation in PH1 patients with advanced disease
(eGFR<30) who do not respond to pyridoxine and have no access to

RNAi therapy

28 [Liver transplantation may be suggested in PH2 patients with advanced

N IC (moderate recommendation)
disease (eGFR<30)

29 [isolated kidney ion should be consit in PH1 patients B (strong recommendation)
lwith CKD stage 5D who are B6 pyridoxi i

30 |We recommend monitoring urinary oxalate and plasma oxalate at least _|C (moderate recommendation)
levery 6 months after liver transplantation until normalization (below
lupper limit) has been ished on at least 3 occasions.

31 |We recommend monitoring urinary oxalate and plasma oxalate at least |C (weak recommendation)
levery 6 months after kidney transplantation under B6 therapy or/and
RNAi_until ization; thereafter at least once per year.

Groothoff Nature Reviews Nephrology 2023

Specificities of plasma oxalate (Pox) measurements

= All labs do not have the same reference values +++
Most frequent normal level: < 5 pmol/L
. There may be some discrepancies between labs..

The follow-up of POx should be performed at the beginning of the dialysis session
whatever the type of management
A non-PH patient in dialysis has Pox levels well above the upper normal limit +++

Non-PH1 PHL
180 ESRD ESRD
Patients Patients
5 160 | Publication POx
% 140 | 126 POx in 1108 non PH dialysis patients 42 pmol/L
€ 20 | mon (4D study), Pfau 2021 JASN (median)
£ 100 80 pmoliL | POX in 135 non PH hemodialysis 47 pmol/L
g s patients, Metry NOT Epub 2023 (mean)
g w0
g s POX in 23 non PH hemodialysis 50 pmol/L.
@ patients, Marangella et al, Clinical (mean)
= a0 ; Science, 1991
* T
20 &
30 umollt
[}
Pre- Post- Pre- Post-

Hemodialysis

Groothoff Nature Reviews Nephrology 2023; Hoppe 1999

HP1 et transplantation: données récentes Oxaleurope

» Données OxalEurope

267 Tx entre 1978 et 2019

244 patients: 159 CLKT, 48 Tx rénales isolées, 37 SLKT

: B6 responsive: Tx rénale isolée peut étre une option

1 B6 non responsive: foie/rein, pas de différence combiné / séquentiel

86 non-responsive b CLKT vorsus SLKT

Event tree Survival (%)

|| B6responsive o

Metry, Kidney Int Reports 2022

RNAi therapies: a novel therapeutic group targeting
mRNAs

TECHNOLOGY ° VECTORS

e CHEMISTRY

iz RNAI y  Tospecifically bring RNAi to the To increase the time
to the mRNA to destroy target cells using IV or SC injections between injections




Two possible targets for RNAi therapies in PH

CYTOPLASM

o,

Lumasiran: the Illuminate A-B-C studies

ey ooy Ger e ey

PH

Lumasiran
Approval by FDA

1

020

Glycolate

|

———C

_.M.

MO PH1, 2 and 3
Targeting the final pathway
Nedosiran

e 1. Mo ccet sk pahsey. ALN.GOY trget hupatc 60,7 Copyight castance car Bearas et

386319048294,

Liebow J Am Soc Nephrol. 2017 ; Garrelfs, NEJM 2021; Shee Urology 2021; Hoppe Kidney Int 2021; Baum Kidney Int 2022

Lumasiran: the llluminate A-B-C studies

ILLU-C
Single-Arm, Phase 3 Study of I Percent Changs from Baseline
Lumasiran £ = Treatment Group. -—-.xnu.hu
CKD3b-5, including hemodialysis 4, )
Full-term infants to adults Ei =
Cohort A: no HD §2 °
Cohort B: HD EE -
B a0
Wa.otputanns el
] s o s s . o
Canents 15 % " s b a b

Michael AJKD 2022

Urinary azalals (mmoVZ4 by

W w2 3 w wis e
vasit

6 6 5

i i 3 n " i

Nedosiran: the PHYOX studies

PHYOX 1

Randomized, single-ascending-dose, phase 1 study:
HYOX1

Safety, pharmacokinetics, pharmacodynamics, and
exposure-response of subcutaneous nedosiran

25 healthy participants (Group A)

18 patients with PH1 or PH2 (Group B)

Model: fixed monthly dose of 160 mg in adults

Mean maxiumum reduction in 24-hr-UOx: 55%, day 57
67% of patients reached normal or near normal 24-hr-Uox

- somaaiea

mean £ 50

Sty visit

Hoppe Kidney Int 2021; Baum Kidney Int 2022

PHYOX 2
Randomized, nedosiran versus placebo, 2/1
29 HP1 and 6 HP2

€GFR > 30
Injection every month for 6 months
¢ - ¢

sy v

= ILLU-A . [ A v !,‘- [
- Randomized placebo controlled trial 2:1 i L =] Hyf - -
- 26 lumasiran / 13 placebo i ey i <t 1 -+t
. Age>6years P i LS .
= eGFR > 30 mL/min per 1.73 m? - - =
= Uox 24hr > 0.70 mmol/day per 1.73 m? —— R e e .
= Primary endpoint: % reduction of Uox
B o g =
. N b b 4
Li SM—
i -
i ILLU-B
!gj - Phase 3 Single-Arm Open-Label Study
iz In Young Children < 6 years
- . » eGFR>45
e St .
] . " o . g CoImi,
H : i bty
ek .|
fi
B oL
o N S L )

Garrelfs, NEJM 2021; Hulton Kidney Int Report 2021; Sas DJ, Genetics in Medicine 2022

Modalités pratiques et indications actuelles en France

= Lumasiran

= HP1 avant dialyse ou en dialyse

Teply Smay Sty Teoh

= Programme d’accompagnement des patients: FreeOse

-

| -

=)

=
=

= Sila dose est supérieure a 0,5 mL (94,5 mg), plusieurs flacons seront nécessaires

= Le volume maximal acceptable pour une injection unique est de 1,5 mL

= Les doses nécessitant plus de 1,5 mL doivent étre administrées par injections

multiples sous-cutanées

EMA EPAR information lumasiran update 25/11/2020; Figure provided by Alnylam

RNAi for all patients with HP1?

Group* Start.
Group A (VBS, Uox>15UL
GFRX30)
evidence of 3 SAE”
Group B(VES', based Lo >L5 UL
GFR>30)
VB6 responsive. severe disease) of aSAE
Geoup C(ves
@GFR <30)
of s SAE* Also stop treatment if theee s evidence of an SAE
‘OR Setencration 1 ciical coodtion reiated
10RNAI therspy”
Group © (V86 " dsciss
SGFR <30) " Aiso siop
VB senstve raply deterorsting
Kidney function i case of $GFR W clinial condition reated 1o RNAI therapy”
2030
Group € Not applicable
{nogenatc sedbys
‘dagnosis. lovels ‘committee; or evidence of 3 SAE". Also stop.
GFR <30) ‘therapy if the suspacted PH diagnosis is not
confirmed genetically
Group Vo5
{noongoing
Group G We do not recomenend starting Not applicable Nt appicabie
(full vB&) theeapy.

Groothoff Nature Reviews Nephrology 2023



Proposed algorithm: management in case of PH

« Al ptients aged <18 years weh kidney sicnes x| | AK patients wih eGFR <30 mimin1 73 mi
B ey stoves
« Al st agad »18 yoars weth recurront -2
Ve stcoe cpusoden ce rphice s cinos
«FRY30 mijrn 73
« a3 two urne oxalate assovements. Plasma oxatate assessmant
prefurably froe 24 h -
chicren
Normal urine oxalate Hyperoxsturia Myperoxalsema, corostad for GFR.
« U geneticassessment for P
il dachatnd, Iparcaatui « Exthats waier: oot
table - stan Va8
2 St VBA, ctrate, yparhyciation = Conuser intantind datyvn baved oo pssera
l_ » Consider s2artig RNAI therapy
P20 PHI a m
«Sip VS “ue ontn VB, | |+ VES A
= Na indicanon for RNA therapy Contider

o et ncemaloed « VB responsive mutation: consider RN theraoy.

Groothoff Nature Reviews Nephrology 2023

Isolated kidney Tx under lumasiran:
keep being proactive after transplantation +++

Isolated kidney Tx + RNAi

et

Tiaca
Fu £
H .

b :i 500 . Jiommaiensen

SN P
. 3
e - - >
6 9 12 15 18 21 20

Time to T (months)
A least 2 years to reach near-normalization of Uox

Infantile oxalosis
10 months on intensive dialysis before Tx at 3 years of age
Pox at Tx 53 pmol/L
18 months to reach near-normalization of UOX

Duclaux-Loras Pediatr Nephrol 2016; Sellier-Leclerc NDT 2022; Unpublished data from Lyon & Marseille

Other therapeutic possibilities: stiripentol

B ‘Oxalate synthesis by hepatocytes

Stiripentol
Inhibitor of LDH
= Approved for Dravet syndrome

Oxalate mmoll

Oupi  Sirpersd  sRNA AN

sipestol
A Urine oxalate excretion B Stiripentol therapy
04 in patients with Dravet syndrome: o2s-
» . ® Stpantct Stngsens
£ — 5 ou o * ooty 30mokolm
£o . 20,
é T o
En . ] o 5
. o
g o H + o
g §un=
E as
= s T 2
cl Dravet R R B A
Le Dudal JCI 2019 Doy

Real-life data: isolated renal transplant and lumasiran

1 N=5 patients, genetically confirmed PH1, isolated renal transplantation

Median age 26 (3-45 years)
After 13 (5-17) months on lumasiran while on intensive HD

= lIsolated kidney transplant, 3 living donors

»  Postoperative management: hyperhydration (3 L/m?2/day), potassium citrate if tolerated
(250 mg/kg/day), and lumasiran (% pyridoxine)

= Delayed graft functiol =0/5

= Dialysis after KTx: N=3/5

POx: 110 (20-150) pmol/L at lumasiran initiation
POx: 53 (10-72) pmol/L at KTx
At 3 months post KTx

= Pox: 7 (5-26) pmol/L

- eGFR : 60 (38-125) mL/min.1,73 m?

= Uox/creat on spot : 103(67-830) pmol/mmol

= In all patients isolated KTx was successful with at least 6 months of follow-
up (in 2 patients more than 1 year of FU)

Leclerc and al, NDT 2022, collaboration between Lyon, Marseille, Strasbourg and Amsterdam

Other therapeutic possibilities: Oxalobacter formigenes

Study characteristics Study design Primary outcome

= Pre-dialysis Pox (umoiiL)
& Single centre.
. @ oc5 baseiine 146.7
Primary hyperoxaloria type 1 | e Il Contiwstion S
¥, | (Pox 240 ymoln) ‘ treatment Washout study
v Gweoks 4 weeks 24 months — Month 12 -27.0
‘Stable hemodialysis regimen !
&g’ and vitamin B6 dose @ @
= S S Month24 524
Intervention: J
O’Q ocs ocs P<0.0001
(0CS) capsules » 2iday n=12 n=8
No change in Pox in natural history
‘Comparator: cohort -0.15 (~1.50 - 1.30)
NNatural history cohort (n=8) per month, P=0.84
nd-tw Hoppe B et al. NDT (2020)
[ @NDTSocial

Hoppe NDT 2020

Stiripentol and ethylene glycol intoxication

= Ethylene glycol intoxication in children with « anti-freeze » agents
= Colorless, odorless, sweet taste and syrupy consistency

= Ethylene glycol intoxication = acute oxalosis

= A pediatric concern +++

= Multisystemic injury: heart, brain, lung, kidney

= Metabolic acidosis

= Tubular precipitation of oxalate crystals => AKI within 2 to 72 hours
= Measurement of EG in blood or glycol in serum

Table 1. Serum v
Serum parameters
1 EG # stirpentol
e - Creatinine, yumol/| W63 781224
# Citrate alkalinization Bearbanate. mmol/| 074415 08156
= Renal replacement therapy Potassium, mmol/) 65224 48213
:. Inhibitors of alcohol Sodium, mmol/| 35247 w4237
dehydrogenase: fomepizole Chioride, mmol/l B¢79 6293
o : Seum anion Gap, mmol/l 3352111 B2
= Stiripentol in rats
tday2 ylene gly 6 animals/
©roup). Data are mean + SD. Student bilateral f tests (3ssuming Gaussian
i iologi pe: EC. ethylene gly

Schwerk Acta Paediatr 2007 / Barceloux J Toxicol Clin Toxicol 1999 / Levaternier 2018 / Bacchetta Pediatr Nephrol 2009 / Le Dudal JCI 2019
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Abstract

Background Nephroputhic cystinases (NC)is a Fare lysosomsl discase, leading (0 carly kidney failure and extra-renal comor-
bidities. ts prognosis strongly relies on early diagnosis and treatment by cysteamine. Developing economies (DEing) face
many challenges when reating patients for rane sl chronic disesses. The aim here s 10 evaluse the access to investigations
and treatment in D Eing. and to assexs for potential incqualities with Developed Fconomics (DEed).

and reimburement of genetic, biokogi-

Mathods In this international cross-sectional stixdy, 3 questionnaire on access, pri
cal analyses. and treatment was sent to nephrology centers worldwide during 20
Results A total of 109 centers responded, coming from 49 co and managing 741 patients: 43
genetics availability was 63% in DEing and 100% in
for 30% of DEing patients, and 4% of DEied patients.

ers from 30 DEing

DEied, whereas intra ke

4 y ye drops in DEing.
i can be delivered 10 only 7% vs. T4% of patients from DEing and DEcd, respectively.

s (namely genetics and IL-CL) and 1o cystesmine have impeoved in
DEing and T H e id it e e

ment is still profoundly insufficient, therefoee limiting their current use.

Keywords Nephropathic cystinosis - Cysteamine availability - Developing cconomies - Workwide disparities
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Results (preliminary) . guass

51 countries participating

103 responding (pediatric) 4 Y
nephrologists, geneticists and — ’ A \i&
urologists e

12 low income countries (24%)

13 middle income countries
(25%)

26 high income countries (51%)

mPotszsum cirate mPyridasine

[ et gt

1 lemon => citrate content = 2.5-3 grams
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How to bridge the gap?
Oxal’in the world study

Results (preliminary) . guas
51 countries participating ‘

103 responding (pediatric) ¥
nephrologists, geneticists and .— ’
urologists

12 low income countries (24%) e Tpe—

+ 13 middle income countries -
(25%) -1
* 26 high income countries (51%) - | | I |
S IETEY
Results (preliminary)

Access to freatments




Results (preliminary)
* 22% of the respondents had access to Lumasiran in a
commercial setting

« 31 countries access to Nedosiran in industry-
sponsored trials or as compassionate use products

Conclusion

« Large variation in the accessibility to diagnostics
and treatments between countries

* Low- and middle-income countries have less access
to diagnostic tools and treatments compared to
high-income countries

Results (preliminary)

Preference of care
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