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Abstract

Sections

Primary hyperoxaluria (PH) is aninherited disorder that results from

the overproduction of endogenous oxalate, leading to recurrent kidney
stones, nephrocalcinosis and eventually kidney failure; the subsequent
storage of oxalate can cause life-threatening systemic disease. Diagnosis
of PHis often delayed or missed owing to its rarity, variable clinical
expression and other diagnostic challenges. Management of patients with
PH and kidney failure is also extremely challenging. However, in the past
few years, several new developments, including new outcome data from
patients with infantile oxalosis, from transplanted patients with type 1PH
(PH1) and from patients with the rarer PH types 2 and 3, have emerged. In
addition, two promising therapies based on RNA interference have been
introduced. These developments warrant an update of existing guidelines
on PH, based on new evidence and on abroad consensus. In response to
this need, a consensus development core group, comprising (paediatric)
nephrologists, (paediatric) urologists, biochemists and geneticists from
OxalEurope and the European Rare Kidney Disease Reference Network
(ERKNet), formulated and graded statements relating to the management
of PHon the basis of existing evidence. Consensus was reached following
review of the recommendations by representatives of OxalEurope,
ESPN, ERKNet and ERA, resulting in 48 practical statements relating

to the diagnosis and management of PH, including consideration of
conventional therapy (conservative therapy, dialysis and transplantation),
new therapies and recommendations for patient follow-up.
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Consensus statement

Introduction

Primary hyperoxaluria (PH) is agroup of autosomal recessive disorders
of glyoxylate metabolism that cause the overproduction of endogenous
oxalate —aredundant metabolic end product thatis excreted primarily
via the kidneys. In high concentrations, it tends to form crystals with
calciumintherenal tubules, leading to the formation of kidney stones,
nephrocalcinosis or both. In PH, the combination of intra-tubular and
interstitial deposits of calcium oxalate, chronic tubulo-interstitial
inflammation and kidney obstruction by stones leads to kidney fail-
ureinmore than 70% of patients. As soon as glomerular filtration rate
(GFR) falls below 30-40 ml/min/1.73 m?, hepatic oxalate production
exceeds renal removal, leading to systemic oxalate storage in various
tissues, including bone, heart, vessels, nerves and eye, and causing
life-threatening multi-organ disease.

Three biochemically defined types of PH exist (Fig. 1) of which
type 1 (PH1) is by far the most prevalent and has the worst prognosis.
Timely diagnosis and disease management can be challenging for all
three subtypes. Clinical practice guidelines for PH1 were published in
2012 (ref.1); however, most recommendations in those guidelines were
opinion based given the paucity of clinical data available at the time.
Inthe pastdecade, large registry analyses have delivered new insights
into the validity and pitfalls of diagnostic procedures, the outcomes of
PH2 and PH3 and the impact of available therapies>*. Importantly, the
introduction of two new therapies based on RNA interference (RNAi) —
both of which substantially lower endogenous oxalate production in
patients with PH1 — have influenced the management of this disease.

In response to these developments, members of OxalEurope —
a network of European scientists and physicians who specialize in
PH — and the metabolic workgroup of the European Rare Kidney Dis-
ease Reference Network (ERKNet), formed aworkgroup. Our goal wasto
update the 2012 guidelines and formulate new clinical practice recom-
mendations for the diagnostic approach to patients with a suspicion
of PH and the management of all types of PH with various stages of
kidney dysfunction. We aim to make clinical practice recommenda-
tions for worldwide application and have therefore added statements
for countries with restricted financial and medical means. We also
propose key future research questions in the field, which may further
help practitioners in clinical decision making. These guidelines are
endorsed by the European Society of Paediatric Nephrology (ESPN),
the European Renal Association (ERA) and ERKNet.

Methods

The core group and external voting panel

Therecommendations presented here were assembled by aconsensus
development core group and voted on by an external voting panel.
The core group consisted of paediatric nephrologists, geneticists,
biochemical researchers, nephrologists, a paediatric urologist, an adult
urologist and three PhD students working on PH, from eight European
countries (Belgium, France, Germany, Lithuania, Italy, Netherlands,
Serbia and the UK). All members of the core group were members of
OxalEurope and ERKNet, except for two of the three PhD students
(E.M.andL.D.). The voting panel consisted of 20 paediatric nephrolo-
gists, 11 nephrologists and 5 scientists or geneticists from 14 countries
(Belgium, Dubai, France, Germany, Hungary, Israel, Italy, Netherlands,
Norway, Spain, Switzerland, Turkey, the UK and the USA). Allmembers
of the voting panel had expertise in PH and were members of one or
more of the metabolic orinherited disease workgroups of ESPN, ERA,
ERKNet or OxalEurope. The core group was responsible for defining
the scope of the project, formulating the key questions, performing

the literature review, rating the quality of evidence, composing and
grading recommendations, considering the rationale for the recom-
mendations and drafting the initial and final versions of the manu-
script. Six thematic workgroups were formed by members of the core
study group to cover specific topics: the genetic basis of PH1-3 and
its clinical implications; the diagnostic work-up and monitoring of
PH in patients aged >1 year; the management of PH in patients aged
>1year; the specific management of infantile oxalosis; and the urologi-
calapproachto patients with PH.In addition, two physicians from Egypt
andJordan (R.A.,N.A.S.) added recommendations for the management
of PHin low-resource settings.

Statement development

To ensure that the statements derived from this work could be trans-
lated into actionable advice, the core group developed clinical ques-
tions based on the elements of the PICO framework — the patient (or
population) to whom the recommendation applies; the intervention
under consideration; the comparator of the intervention under con-
sideration (that is, compared with ‘no action’, placebo or an alterna-
tive intervention); and the outcomes affected by the intervention.
The resulting questions were addressed through literature searches
to identify papers published in the PubMed database between 1970
and 2022. We included randomized clinical trials (RCTs), prospective
uncontrolled and observational studiesirrespective of the number of
patients, and registry studies, retrospective studies and case series,
restricted to human studies in English (Supplementary Table 1). Each
PICO question formed the basis for a statement, and all workgroups
were asked to propose recommendations and provide a rationale for
their statements.

Grading system

Forty-eight statementsrelated tothe management of PH were graded by
individual members of the core group according to the system used
by the American Academy of Paediatrics* (Supplementary Figure 1).
These gradings were circulated to other members of the core group,
along with supporting evidence from the literature. Over the course
of six virtual meetings, consensus was reached within the group. The
statements and their gradings were then reviewed by the external
voting panel. The members of the voting panel were asked to provide
alevel of agreement for all 48 statements on a 5-point scale (strongly
disagree, disagree, neither agree nor disagree, agree, strongly agree —
according to the Delphi method®) and to suggest rewording if
appropriate.

All levels of agreement other than ‘l agree’ or ‘I strongly agree’
were defined as ‘no agreement’. If fewer than 70% of the voting panel
agreed withastatement, the process was restarted by the core group.
Atleast 70% agreement was achieved for 46 of 48 statements. For one of
thestatements withinsufficientagreement (statement 8, relating to the
assessment of calcium oxalate crystal volume (so-called ‘crystalluria’)),
13 of the17 ‘no agreement’ votes were ‘1 do not agree’ and ‘1 do not disa-
gree’ with most comments indicating insufficient availability and/or
insufficient experience with the recommended approach. Hence, the
core group decided to leave statement 8 unchanged, with a footnote
that crystalluria cannot replace genetic testing or biochemical urinary
assessment to establish a diagnosis of PH. This proposal was sent to the
voting panel and accepted by all. The other statement for which agree-
ment was insufficient (statement 21, relating to the early initiation of
kidney replacement therapy) was revised, and subsequently agreed
upon by more than 70% of the voting panel.
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Management recommendations

These clinical practice recommendations have been developed to
provide guidance to health-care professionals for the diagnosis and
management of children and adults who are suspected to have, or
are diagnosed with, PH, on the basis of the available evidence from
studies and the opinions of experts in the field. Our clinical practice
recommendations areintended as aguide, not asadictate. We outline
48statements that summarize our recommendations for the manage-
ment of PH (Table 1) and outline the rationale for each of these in the
separate sections. We also provide recommendations for the general
monitoring of patients with PH (Box 1) along with reference values
of biomarkers (Supplementary Tables 2 and 3). We further provide
indications for RNAi therapy and recommendations for monitoring
patients while on RNAi therapy (Table 2 and Box 2) and an algorithm
for the management of patients with or suspected to have PH (Fig. 2).

Diagnostic approach

Rationale for genetic assessmentin PH

An exhaustive review of the genetic basis of PH has been published
elsewhere®. In brief, we regard genetic testing as the gold standard
for the diagnosis of all three types of PH. We therefore recommend
thatall patients who are suspected to have PH should undergo genetic
assessment, as genetic confirmation of PH and typing are pivotal to the
management of these patients, and assessment of biochemical param-
eters can be unreliable. PH1 has on average a far worse outcome than
PH2 or PH3 and should be treated and monitored more vigorously*>.
New RNAi therapies have so far proved effective only in patients with
PH1. Moreover, some PH1genotypes are strongly associated with thera-
peutic response to pyridoxine; hence, genetic assessment can provide
extremely important information for the clinical care of these patients,
especiallyin patients with severekidney failureinwhomthe biochemical
response to pyridoxine can be difficult to measure.

Ideally, genetic testing for PH1-3 should be performed as early as
possible, but within30 days of a patient presenting with suspected PH
andsevere kidney failure (eGFR <30 ml/min/1.73 m?). Genetic confirma-
tion of suspected PHwith eGFR >30 ml/min/1.73 m*should be carried
out promptly, but note that turnaround times for such tests can vary
between countries’. Genetic counselling for couples in which both
partners are carriers of mutations that predispose to PHlisimportant
to enable early diagnosis and management of affected offspring.

PH1. PH1results fromadeficiency in theliver-specific, peroxisomal, pyri-
doxal phosphate-dependent enzyme, alanine-glyoxylate aminotrans-
ferase (AGT), which is encoded by AGXT (Fig. 1a). Although more than
200 mutations have been described in AGXT, p.Gly170Argis the most fre-
quentin Western populations and accounts for approximately 28-30%

of mutantalleles®'; ¢.33dupC is more commonin other regions®>2,

PH2. PH2 results from a deficiency in the enzyme glyoxylate and
hydroxypyruvate reductase (GRHPR), which is expressed in many tis-
sues and is encoded by GRHPR (Fig. 1b). The most common mutation
among Caucasian patients with PH2 is a single nucleotide deletion,
¢.103delG, whichaccounts for 31-35% of all cases in this population. By
contrast, patients of Asian ancestry more often have a 4 bp deletion,
¢.404+3_404+6del (previously described as c.[403_404+2delAAGT])>’.

PH3. PH3 results from the loss of function of the mitochondrial
enzyme, 4-hydroxy-2-oxoglutarate aldolase (HOGA), which is pre-
dominantly found in the liver and kidney” (Fig. 1c). A report based on

data from a large European database of patients with PH3 identified
37 mutations in HOGAI. The splice mutation ¢.700+5G>T was the most
common with an allelic frequency (AF) of 46%, followed by ¢c.569C>T
(AF 8%) and c.944-46delAGG (AF 5%)°. The ¢.944-46delAGG mutation
was common among patients of Ashkenazi Jewish descent’. Of note,
the mutation profile of patients with European ancestry differs from
that of patients of Chinese descent in whom a splice site mutation,
c.834_834+1GG>TT, accounted for 50% of mutant alleles in one series
with no evidence of ¢.700+5G>T found in this cohort™.

Genotype-phenotype association. Evidence exists for associations
between genotype, disease phenotype and therapeutic responsive-
ness in PH1. Patients with PH1resulting from homozygous p.Gly170Arg
or p.Phel52lle mutations combined with a common polymorphism
p.ProllLeu —the so-called minor allele — are most likely to respond to
pyridoxine therapy, resulting inasignificant decrease and sometimes
normalization of urinary oxalate levels. These patients also have a
significantly higher median age of kidney failure onset than patients
with PH1 with other, pyridoxine-insensitive mutations®'®", although
kidney failure may still occur in infancy’. Other non-truncating PH1
genotypes may also be associated with pyridoxine responsiveness, but
evidence in support of such associations is less clear. No biochemical
or clinical genotype-phenotype correlation has been found for PH2 or
PH3 (refs.2,9,17).

Rationale for biochemical assessment

Biochemical assessment has animportantrolein the diagnostic work-
up of patients with symptoms suggestive of PH and can focus genetic
testing. It can also be used as an indication of therapeutic response.
However, measurement of oxalate and relevant metabolites is not
without difficulty and one must interpret the results carefully, taking
all potential flaws into account.

Urine oxalate. Suspicion of PH in a patient with normal kidney func-
tion should be investigated initially by measurement of urine oxalate
ina24 hurine sample, collected into acid or acidified within 24 h after
collectiontoachieve a pH of <2to aid sample preservation and oxalate
solubility'®. Non-acidified 24 h collections must be acidified and well
mixed inthelaboratory to ensure that oxalate crystals are resolubilized
before aliquoting as failure to resolubilize oxalate crystals can result
in falsely low readouts (G. Rumsby, unpublished work). Samples with
pH>8 are unsuitable for analysis of urine oxalate, as oxalogenesis can
occur in vitro under such conditions”. Correction of oxalate level
for body surface area to 1.73 m? enables interpretation of paediatric
results using the adult reference range, with accepted normal values
of <0.46 mmol/24 h. As 24 h collections are inconvenient for patients
and difficult for children, a random urine sample can also be used
for preliminary analysis but it must be normalized to urinary creati-
nine level®’. Acidification of such samples can be carried out in the
laboratory provided the sample is kept at 4 °C after collection'.
The ratio of urine oxalate to creatinine falls rapidly in the first year of
lifeand plateaus ataround 5years of age. Thus, age-adjusted reference
ranges are required. In adults, sex differences in creatinine excretion
imply the existence of sex differences in urine oxalate-to-creatinine
ratios® (Supplementary Table 2). Preterm infants without PH have
significantly higher urinary oxalate-to-creatinine ratios than infants
without PH who are born at term*. Hyperoxaluria can also occur in
patients who receive total parenteral nutrition, in patients with an
excessive dietary intake of gelatin-rich foods (for example, sweets®) or
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oxalate-richfoods (for example, spinach, beetroot or dark chocolate)
and in patients with increased intestinal absorption of oxalate owing
to fat malabsorption — asituation thatis defined as secondary hyper-
oxaluria*. Avery-low-calcium diet can also increase intestinal oxalate
absorption and therefore urinary oxalate level®. Of note, 24 h oxalate
excretion does not correlate perfectly with oxalate-to-creatinine ratio,
possibly as aconsequence of imperfect urine collections and the effect
ofbody size, whichinfluences creatinine excretion and may therefore
affect the oxalate-to-creatinine ratio?. However, available evidence

suggeststhat either measurement can be used to monitor response to
treatment”. The intra-individual biological coefficient of variation
(CVy,,) — that is, the natural day-to-day variation of oxalate excre-
tion by one person — is normally high for both 24 h urine oxalate and
the oxalate-to-creatinine ratio in healthy individuals (43% and 79%,
respectively)?. In patients with PH, the mean CV,, is around 14% for
24 h urinary oxalate excretion with a corresponding mean reference
change value of 32% (ref. 28). Thus, a decrease in urine oxalate of at least
one-thirdisrequired tobe certain of a definite response to treatment.
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Fig. 1| Glyoxylate metabolism in primary hyperoxaluria. a, Simplified causes high oxalate levels is yet to be determined. Two hypothetical mechanisms
overview of glyoxylate metabolism in patients with primary hyperoxaluriatype 1 areindicated: HOG could act as an inhibitor of GRHPR or it could be transported
(PH1), characterized by a deficiency in alanine-glyoxylate aminotransferase into the cytosol where it is converted into glyoxylate by an unknown cytosolic
(AGT), which leads to increased levels of glycolate, glyoxylate and oxalate. aldolase. d, Overview of the working mechanisms of lumasiran and nedosiran.
b, Simplified overview of glyoxylate metabolismin patients with PH type 2 (PH2), Lumasiran inhibits the production of glycolate oxidase (GO); nedosiran
characterized by a deficiency in glyoxylate and hydroxypyruvate reductase inhibits the production of L-lactate dehydrogenase (LDH). AspAT, aspartate
(GRHPR), which leads to raised levels of glyoxylate, L-glycerate and oxalate. aminotransferase; DHG, 2,4-dihydroxyglutarate; HYPDH, hydroxyproline
¢, Simplified overview of glyoxylate metabolismin patients with PH type 3 (PH3). dehydrogenase; HOGA, 4-hydroxy-2-oxoglutarate aldolase; 1IPSCDH,
The exact mechanism by which 4-hydroxy-2-oxoglutarate (HOG) deficiency Al-pyrroline-5-carboxylate dehydrogenase.
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Table 1| Consensus statements on the management of patients with or suspected to have PH

Statement Statement Grading

number

Genetics

1 We recommend genetic testing of each patient with high clinical and/or biochemical suspicion of PH A (strong recommendation)

2 We recommend offering genetic counselling to patients with PH and their families A (strong recommendation)

Diagnostics

3 We recommend assessing urinary oxalate excretion, along with creatinine, by 24h urine collection A (strong recommendation)

4 We suggest that spot urine collections may be used in place of 24 h urine collections where clinically necessary, C (moderate recommendation)
provided that oxalate assessment is expressed as the oxalate-to-creatinine ratio

5 We recommend at least two positive urine assessments (urine oxalate higher than the upper reference limit) B (strong recommendation)
to establish hyperoxaluria

6 Acidification of urine samples for oxalate assessment can be done in the laboratory within 24 h, provided the B (moderate recommendation)
sample is kept at 4°C after collection

7 We recommend using age-related reference values in interpreting urinary oxalate-to-creatinine ratios B (strong recommendation)

8 We suggest including assessment of urinary calcium oxalate crystal volume, if available, in the diagnostic work-up of PH* D (weak recommendation)

9 We suggest measuring PH urine metabolites (glycolate, L-glycerate, HOG, DHG) in patients with hyperoxaluria B (moderate recommendation)

10 We recommend confirming a diagnosis of PH1 by genetic testing in situations in which increased urinary glycolate A (strong recommendation)
is found in the presence of hyperoxaluria, noting that normal values of urinary glycolate do not exclude PH1

M We recommend confirming a diagnosis of PH2 by genetic testing in situations in which increased urinary L-glycerate A (strong recommendation)
is found in the presence of hyperoxaluria

12 We recommend confirming a diagnosis of PH3 by genetic testing in situations in which increased HOG and DHG are A (strong recommendation)
found in the presence of hyperoxaluria, noting that normal values of urinary HOG do not exclude a diagnosis of PH3

13 We recommend measuring plasma oxalate levels only in patients with CKD stage 4 or higher A (strong recommendation)

14 We recommend interpreting plasma oxalate levels on the basis of reference values, taking the impact of kidney B (strong recommendation)

failure into account

Conservative treatment

15 We recommend prompt initiation of conservative therapy in all patients with suspected PH B (strong recommendation)

16 We recommend starting hyperhydration (3.5-41/day in adults; 2-31/m?BSA in children, to be consumed throughout  A-B (strong recommendation)
24h), in all patients with suspected PH and preserved kidney function

17 We recommend monitoring hyperhydration on the basis of urinary markers; the frequency of monitoring B (moderate recommendation)
is dependent on disease severity

18 We recommend oral administration of potassium citrate (0.1-015g/kg) in patients with preserved kidney function C (moderate recommendation)

19 We recommend that patients with PH receive a balanced diet, avoiding only foods that contain extremely high D (weak recommendation)
levels of oxalate

20 We recommend testing pyridoxine responsiveness in all patients with PH1 and titrating its dose based on urinary A (strong recommendation)

oxalate excretion

Dialysis treatment

21 We suggest considering kidney replacement therapy before kidney failure has developed in patients with PH1 who X (moderate recommendation)
are at high risk of systemic oxalosis due to high plasma oxalate values or those already suffering from comorbidities

22 In situations of no access or response to oxalate-lowering therapies, we recommend intensified haemodialysis, X (strong recommendation)
which is dose titrated to the clinical condition and plasma oxalate levels, and in accordance with the tolerance
levels of the patient and family

23 We recommend using a high-flux haemodialyser (>1m? capillary surface per 1m? BSA) with maximal blood flow C (moderate recommendation)
(>150-200 cm®/min/m? BSA) when performing haemodialysis

24 We recommend personalizing the dialysis regimen based on clinical observations of oxalosis and plasma oxalate X (strong recommendation)

values, aiming to keep plasma oxalate values in the range of values for patients with kidney failure without PH

Transplantation

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

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

27 We recommend that liver transplantation is combined with kidney transplantation in patients with PH1and X (strong recommendation)

advanced disease (€GFR <30 ml/min/1.73m?) who do not respond to pyridoxine and have no access to RNAi therapy
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Table 1 (continued) | Consensus statements on the management of patients with or suspected to have PH

Statement Statement

number

Grading

Transplantation (continued)

28 Liver transplantation may be suggested in patients with PH2 and advanced disease (€GFR <30 ml/min/1.73m?) C (moderate recommendation)
29 Isolated kidney transplantation should be considered in patients with PH1and stage 5D CKD who are homozygous B (strong recommendation)
for pyridoxine-responsive mutations
30 We recommend monitoring urinary and plasma oxalate levels at least every 6 months after liver transplantation C (moderate recommendation)
until normal values (that is, below the upper limit of normal), are obtained on at least three occasions
31 We recommend monitoring urinary and plasma oxalate levels at least every 6 months after kidney transplantation C (weak recommendation)
for patients receiving pyridoxine or/and RNAi therapy until levels normalize, and thereafter at least once per year
Urology
32 We recommend following the EAU guidelines for surgical management X (strong recommendation)
33 We suggest PCNL and ureteroscopy instead of ESWL as intervention to remove stones in PH C (moderate recommendation)
34 We recommend following the EAU guidelines on imaging X (moderate recommendation)
35 We suggest that patients with PH should have lifelong imaging follow-up B (strong recommendation)
36 We suggest that patients with PH should have annual imaging follow-up D (weak recommendation)

Infantile oxalosis

37 Infantile oxalosis is defined as stage 5D CKD due to PH before the age of 1 year X (strong recommendation)
38 We suggest performing bone X-rays only in case of bone symptoms C (moderate recommendation)
39 We recommend performing eye examination at time of diagnosis and to repeat as indicated B (strong recommendation)
40 We recommend performing cardiac ultrasound at time of diagnosis and to repeat at least yearly C (moderate recommendation)

RNAi therapy

41

We suggest that the benefit of RNAi therapy should always be weighed against its potential long-term risks
in patients with PH1

X (strong recommendation)

42

We recommend treatment with RNAi therapy under the following conditions:
1. PH1is genetically established in patients of any age AND

2. patients are biochemically unresponsive to pyridoxine OR have a mutation consistent with pyridoxine
unresponsiveness AND

3. urine oxalate excretion is >1.5 times the upper reference limit AND

4. patients demonstrate a clinical phenotype of PH1, characterized by active stone disease AND/OR
nephrocalcinosis AND/OR renal impairment

B (strong recommendation)

43

We recommend treatment with RNAi therapy under the following conditions:

1. PH1is genetically established in patients of any age with a mutation consistent with pyridoxine unresponsiveness
and eGFR <30 ml/min/1.73m? OR

2. patients are suspected to have PH1 based on findings of elevated plasma oxalate and plasma glycolate levels
with stage 5D CKD, but are awaiting genetic confirmation

B (strong recommendation)

44

We suggest treatment with RNAi therapy under the following conditions:

1. PH1is genetically established in patients of any age AND

2. partial pyridoxine responsiveness has been biochemically established up to urinary oxalate remaining >1.5 times
the upper reference limit of normal AND

3. patients demonstrate a clinical phenotype of PH1, characterized by active stone disease AND/OR
nephrocalcinosis AND/OR renal impairment

B (moderate recommendation)

45

We suggest treatment with RNAi therapy under the following conditions:
1. PH1is genetically established AND

2. pyridoxine unresponsiveness is biochemically established OR patients have a mutation consistent with
pyridoxine unresponsiveness AND

3. urine oxalate excretion is >1.5 times the upper reference limit AND
4. patients have no ongoing clinical disease

C (weak recommendation)

46

If RNAi therapy is not available, we suggest testing other medications that are currently under investigation
(for example, stiripentol).

D (weak recommendation)

47

We do not recommend administering RNAI therapies to patients with PH who are pyridoxine-responsive and have
normalization of urinary oxalate excretion

C (moderate recommendation)

48

We suggest that continuation of RNAi and other specific new therapies should be based on annual re-evaluation
of biochemical and clinical efficacy

X (strong recommendation)

5D, stage 5, dialysis-dependent; BSA, body surface area; CKD, chronic kidney disease; DHG, 2,4-dihydroxyglutarate; EAU, European Association of Urology; eGFR, estimated glomerular
filtration rate; ESWL, external shock wave lithotripsy; HOG, 4-hydroxy-2-oxoglutarate; PCNL, percutaneous nephrolithotomy; PH, primary hyperoxaluria; RNAi, RNA interference. *Assessment
of crystalluria is not sufficient to confirm a diagnosis of PH and must be validated by genetic testing or assessment of urinary oxalate and specific metabolites.
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Box 1

Recommended routine follow-up in patients with PH1

on conventional therapy

Follow-up of PH1biomarkers

e Measure plasma oxalate levels only for patients with chronic
kidney disease (CKD) grade 4 or higher; measurements should
be performed every 3-12 months depending on the clinical status,
CKD stage and type of management

o Assess urinary oxalate and creatinine level every 3-12 months
depending on the clinical status, CKD stage and type of
management

e We suggest monitoring plasma and urine glycolate if indicated
(for example, to determine response to pyridoxine)

Renal lithiasis or nephrocalcinosis

e Perform kidney ultrasound at least yearly in patients who have not
yet reached stage 5D CKD to assess the presence of stones and
nephrocalcinosis

¢ More frequent follow-up may be required depending on the
kidney ultrasound at baseline

¢ Avoid irradiating examinations as much as possible and use
low-dose scans if required

Growth assessment
o Plot the height (or length) and weight on growth charts in infants
(monthly) and preschool children (3 monthly) and in older
children (6 monthly)
e Calculate annual height velocity
e Measure head circumference every 3 months in infants and small
children

Bone metabolism and skeletal health
e Measure serum intact parathyroid hormone (iPTH), calcium,
phosphorus, alkaline phosphatase (ALP) and bicarbonate levels
every 1-12 months depending on the clinical status and CKD stage

We therefore recommend that urine oxalate measurements are
repeated on atleast two, but preferably three occasions to confirmthat
levels areelevated, particularly if findings are equivocal. The exclusion
of high-oxalate foods for 24 h before sampling may resolve equivocal
results. Urine oxalate above 1 mmol/1.73 m? per day is strongly sugges-
tive of PH. Exclusion of enteric causes of hyperoxaluria (for example,
chronic pancreatitis, cystic fibrosis, inflammatory bowel syndrome or
bariatric surgery) in which the degree of hyperoxaluria may overlap
with PHis required before further metabolic or geneticinvestigations®.
Agreementbetween laboratories in measurements of urine oxalate is
typically good, reflecting the availability of calibration materials and
external quality assurance schemes. Most laboratories measure oxalate
after its conversion into hydrogen peroxide with oxalate oxidase, but
liquid chromatography-tandem mass spectrometry (LC-MS) and gas
chromatography-mass spectrometry (GC-MS) are also used and may

have slightly different outcomes of no clinical significance®®.

o Check for bone osteopathy by physical examination
o Perform radiographs in case of bone symptoms

Eyes and retina assessment

o Perform a fundus examination at least yearly in the infantile forms
of primary hyperoxaluria (PH) 1 before transplantation

o Consider fundus examination at least yearly in patients with PH1
and estimated glomerular filtration rate (eGFR) <30 ml/min/1.73 m?
or on dialysis

¢ In non-infantile forms of PH1 or after transplantation in patients
with infantile PH1, perform a fundus examination at baseline,
and adapt the frequency of follow-up to initial results and global
evolution of the disease

Heart

o Perform a cardiac ultrasound (preferably by speckle tracking
ultrasound) at least yearly in patients with PH1 with eGFR
<30 ml/min/1.73m? or on dialysis

¢ In the non-infantile forms of PH1 or after transplantation in
patients with infantile PH1, perform a cardiac ultrasound
(preferably by speckle tracking ultrasound) at baseline, and adapt
the frequency of follow-up to initial results and global evolution
of the disease

¢ In case of cardiac impairment on cardiac ultrasound, a cardiac
MRI may be performed

Endocrine functions
e Check thyroid stimulating hormone and thyroxine levels at least
yearly; more frequently if after treatment
o Check 25-hydroxy vitamin D levels at least yearly
o Inteenagers and adults, be aware of the risk of hypogonadism

Urinary PH metabolites. Analyses of urinary PH metabolites can pro-
vide additional support for a preliminary diagnosis of PH and can aid
triage of patients for genetic analysis. Unfortunately, measurement
of these urinary metabolites — glycolate, L-glycerate, 4-hydroxy-2-
oxoglutarate (HOG) and 2,4-dihydroxyglutarate (DHG) — are offered
only by specialist laboratories but they can be analysed using the same
sample as used for urine oxalate measurement Urine glycolate is ele-
vated in approximately 75% of cases of PH1 (Supplementary Table 2);
however, this metabolite is not specific for PH; levels can change
in response to diet. In addition, urinary glycolate levels are grossly
elevated in patients with glycolate oxidase deficiency*~?, which is a
relatively benign disorder, although it was associated with hyperox-
aluria in at least one case®. Urine L-glycerate is elevated in patients
with PH2; however, false negatives can result fromurinary organicacid
screens, and use of a specific assay, which has been demonstrated to
have 100% sensitivity, is therefore advised’. HOG and DHG are both

Nature Reviews Nephrology | Volume 19 | March 2023 | 194-211

201


http://www.nature.com/nrneph

Consensus statement

markers of PH3; however, HOG is unstable®* and canlead to false nega-
tive results® whereas DHG has 100% sensitivity**. Comparison of results
between laboratories is currently impossible for these analytes as no
international calibrators exist and one must therefore rely on local
reference ranges.

Plasma oxalate. Plasma oxalate levels should only be used for the
diagnosis of PHin patients with kidney failure. In these patients, oxalate
excretion has declined to such an extent that urine results are mislead-
ing. Plasmaoxalate results from different laboratories can vary substan-
tially, reflecting the difficulty in measuring this analyte, a paucity of
calibrators and lack of external quality assurance material®’. Reference
values can also vary significantly between laboratories. Acomparison
ofthe three most commonly used methods for measurement of plasma
oxalate — GC-MS, ion chromatography-mass spectrometry (IC-MS)

and oxalate oxidase — showed that IC-MS values were 33% lower than
the GC-MS values but similar to those achieved with oxalate oxidase”.
Anexplanationfor these discrepancies may be that the oxalate oxidase
and IC-MS methods both require deproteinization of the sample by
ultrafiltration, causing reduced overall recovery.

Plasma oxalate levels increase with decreasing eGFR regardless
of aetiology, but are typically higher in patients with PH*, Patients on
dialysis who do not have PH can have average plasma oxalate levels of
50-60 pmol/l, although inter-individual differences and differences
resulting from the method of assessment exist***2. Plasma oxalate
levels can decrease by half during ahaemodialysis (HD) session*’. Thus,
especially in the era of RNAi therapies, evaluation of plasma oxalate
levelsin patients with PH1 who are undergoing dialysis should be com-
pared with values from dialysis populations without hyperoxaluria
rather than with those from healthy individuals.

Table 2 | Recommended management and monitoring of patients with PH1 on RNAi therapy

Group?® Start Cessation criteria after 6 months of therapy Six-monthly analyses for 5 years and cessation criteria
Group A(VB6~,  Werecommend starting therapy Uox >1.5 UL or less than a 30% reduction in Uox®  SAE or deterioration in clinical condition related
eGFR >30) or a deterioration of the clinical condition or to RNAI therapy®
evidence of a SAE®
Group B (VB6*,  We suggest starting therapy, based  Uox >1.5 UL or <30% reduction Uox®; or SAE or deterioration in clinical condition related
eGFR >30) on patient characteristics (not fully  deterioration of clinical condition or evidence to RNAI therapy®

VB6 responsive, severe disease)

of a SAE°®

Group C(VB6,  We recommend starting therapy

Decrease in Pox <20% from baseline or

Stop if decrease in Pox is <20%%¢ from baseline: discuss

eGFR <30) deterioration of clinical condition or evidence options if the decrease in Pox is <30% from baseline®®.
of a SAE® Also stop treatment if there is evidence of an SAE
OR deterioration in clinical condition related
to RNAI therapy®
Group D (VB6*,  We suggest starting therapy based  Decrease in Pox <20% from baseline®f or Stop therapy if the decrease in Pox is <20%**; discuss
eGFR <30) on patient characteristics (not fully  deterioration of clinical condition as assessed options if the decrease in Pox is <30%%'. Also stop
VB6 sensitive, rapidly deteriorating by a committee; or evidence of a SAE® treatment if there is evidence of a SAE or deterioration
kidney function in case of eGFR in clinical condition related to RNAi therapy®
20-30)
Group E We recommend starting therapy Decrease Pox <20% of baseline or deterioration  Not applicable
(no genetic with monthly monitoring of Pox of clinical condition as assessed by a
diagnosis, levels committee; or evidence of a SAE®. Also stop
eGFR <30) therapy if the suspected PH diagnosis is not
confirmed genetically
Group F We suggest starting therapy Uox >1.5 UL or <30% reduction Uox of baseline; ~ SAE or deterioration in clinical condition related
(no ongoing in adults and recommend starting or deterioration of clinical condition as to RNAI therapy®

clinical disease) therapy in children

assessed by a committee; or evidence of a SAE®

We do not recommend starting
therapy

Group G
(full vB6")

Not applicable

Not applicable

eGFR, estimated glomerular filtration rate (units: ml/min/1.73m?); PH, primary hyperoxaluria; Pox, plasma oxalate; RNAi, RNA interference; SAE, severe adverse event; UL, upper level reference
value; Uox, urinary oxalate excretion; VB6, vitamin B6 (also known as pyridoxine). *Group A patients are defined as patients of any age with (genetically established) PH1; and biochemically
established non-responsiveness to pyridoxine therapy or with mutation consistent with pyridoxine unresponsiveness; and urinary oxalate excretion >1.5 times the upper reference limit (based

on at least two samples); and a clinical phenotype of PH1, characterized by active stone disease and/or nephrocalcinosis and/or renal impairment (but with éGFR >30 ml/min/1.73m?). Group

B patients are defined as patients of any age with genetically established PH1; and biochemically established partial responsiveness to pyridoxine therapy (that is, urinary oxalate level 1.0-1.5
times the upper reference limit of normal while on pyridoxine treatment); and a clinical phenotype of PH1, characterized by active stone disease and/or nephrocalcinosis and/or renal impairment
(but with eGFR >30 ml/min/1.73m?). Group C patients are defined as patients of any age with genetically established PH1; and a mutation consistent with pyridoxine unresponsiveness and eGFR
<30ml/min/1.73m2 Group D patients are defined as patients of any age with genetically established PH1; and a mutation consistent with pyridoxine responsiveness and eGFR <30 ml/min/1.73m?
Group E patients are defined as patients with clinically suspected PH1 with stage 5 CKD based on elevated plasma oxalate levels (>80 pmol/Lin those with stage 5D CKD; >10 pmol/Lin patients not
on dialysis) and plasma glycolate levels, but awaiting genetic confirmation. Group F patients are defined as patients of any age with genetically established PH1; and biochemically established
non-responsiveness to pyridoxine therapy or with a mutation consistent with pyridoxine non-responsiveness; and urinary oxalate excretion >1.5 times the upper reference limit (based on at least
two samples); and no ongoing clinical disease. Group G patients are defined as patients of any age with genetically established PH1; and biochemically established full pyridoxine responsiveness
(urinary oxalate less than the upper reference limit of normal while on pyridoxine treatment); and a clinical phenotype of PH1, characterized by active stone disease and/or nephrocalcinosis
and/or renal impairment (but eGFR >30 ml/min/1.73m?). ®Uox per 24 h or Uox-to-creatinine ratio. °Deterioration should be evaluated in the context of the individual patient; recurrent attacks due
to pre-existing stones are not a criterion for failure. Only consider SAEs that are potentially related to lumasiran. “Evaluated in patients on a stable dialysis regimen or in pre-dialysis patients with

a stable eGFR; otherwise discussion. °In patients who do not undergo kidney transplantation during therapy course. In patients who do undergo kidney transplantation, evaluate the response

to RNAI therapy on Pox, taking into account the expected reduction in relation to eGFR and estimation of stored oxalate. High Uox levels after kidney transplantation may be the result of

oxalate release from bone. fIn patients who have not undergone kidney transplantation; in patients who do undergo kidney transplantation, consider stopping lumasiran 3 months after kidney
transplantation if Uox excretion is normalized; repeat measurement of Uox every month and restart lumasiran if Uox increases >1 UL.
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Kidney stone analysis. Analyses of kidney stonesin patients with PH1
have demonstrated that these are typically calcium oxalate mono-
hydrate (whewellite) stones and have a peculiar morphology (white
or paleyellow with adisorganized internal structure instead of brown
witharadiatinginner structure) reflecting their speed of formation*.
Stones from patients with PH2 or PH3 frequently contain mixtures
of calcium oxalate and calcium phosphate and therefore cannot be
distinguished from those of idiopathic stone formers. Recognition of
stoneburdenand their speed of recurrence are therefore more useful
indicators of ametabolic cause in patients with PH2 or PH3 than analysis
of stone composition.

Crystalluria. Crystalluria — that is the assessment of urinary calcium
oxalate crystal volume and morphological analysis of urinary crystals —
can be helpful in the diagnostic evaluation and assessment of thera-
peutic efficacy in stone formersin general*. The finding of >200 pure
whewellite crystals per cubic millimetre in the urinary sediment is
highly suggestive of PH1, especially in young children. The specificity
of this finding is lower in the adult population. Nonetheless, this rapid,
non-invasive and inexpensive test enables the rapid exclusion of other
crystal species not normally found in the urine, such as cystine***,
Oxalate crystal volume measurement canalso be useful for post-trans-
plantation monitoring in patients with PH1, as positive crystalluria
indicates the risk of calcium oxalate deposits on the graft. The goal
after transplantation is to achieve negative crystalluria or an oxalate
crystal volume of <100 pm*/mm? by means of hydration and other
symptomatic measures®.

Therapy

Rationale for conservative therapy

Urine dilutionis key to preventing the formation of calcium oxalate kid-
ney stones in patients with PH***° A study of children with urolithiasis
butwithout PH found that diuresis above 1 ml/kg/h nearly eliminated
the risk of calcium oxalate supersaturation®’; however, it isimportant
tonote that this advice accounts for non-PH stone formers and that this
level of diuresisis probably insufficient to eliminate stone formationin
patients with PH. Toguarantee adequate urine dilution, the EAU advises
afluid intake of 3.5-4 1 daily for adults and 1.5 I/m?body surface area
(BSA) for children with PH to achieve a urine volume of least 2.5 per
24 h. Asafluidintake of 1.5 I/m*BSA might not necessarily produce suf-
ficient urine volume, we recommend a fluid intake of at least 2-3 1/m?
BSA for children with PH®'. A gastrostomy tube may be indicated to
meet this high fluid intake in infants. We recommend adapting fluid
management to optimize urinary oxalate excretion as determined by a
morningspot urine analysis. If possible, assessment of crystalluria can
also be useful to monitor the efficacy of fluid management**.

Only one small cohort study has demonstrated a benefit of
oral potassium citrate administration in a dosage of 0.1-0.15 g/kg
in patients with PH*. Other studies have found that the use of urine
alkalizers, including citrate, was not associated with improved renal
outcomes in children with PH*>, However, on the basis of the reasoning
thatcitrate binds to calcium and may decrease calcium oxalate crystal
formation, we do recommend including citrate in the therapeutic
work-up of patients with PH.

Studies of the effect of dietary oxalate restriction are also con-
tradictory. One case series from 2018 reported a 30-40% decrease
inurinary oxalate excretion after restriction of dietary oxalate in two
patients with PH, whereas another study failed to show beneficial
effects of a low-oxalate diet?***. Considering the impact of dietary

Box 2

Recommended biochemical
analyses in patients on RNA
interference therapy

Patients with PH and eGFR >30 ml/min/1.73m?

e Should be monitored every 3-6 months during the first year or
therapy and thereafter every 6 months for 5 years, and thereafter
once yearly

e Analyses should include assessment of urinary levels of oxalate,
glycolate, citrate, calcium and creatinine (2x24h), as well as
assessment of kidney function, electrolytes, vitamin B6 level
(if indicated), liver enzymes, ultrasonography of bone and heart
(including speckle tracking) and an eye examination

Patients with PH and eGFR <30 ml/min/1.73m? or stage 5D
chronic kidney disease
¢ Analyses that should be performed every 3 months include
assessment of plasma oxalate level, kidney function,
electrolytes, vitamin B6 level (if indicated), liver enzymes
e Ultrasonography of bone and heart (including speckle tracking)
and an eye examination should be performed yearly

Kidney transplant recipients with PH
e Assuming estimated glomerular filtration rate (eGFR) of the
transplanted kidney is >30 ml/min/1.73m?, follow the guidance
outlined for patients with primary hyperoxaluria (PH) and
eGFR >30ml/min/1.73 m? with the addition of plasma oxalate
measurements, until parameters are normalized

oxalate restriction on quality of life, we do not recommend a low-
oxalate diet, but we suggest limiting the intake of products that contain
very high amounts of oxalate, such as spinach, rhubarb, chocolate
and nuts.

Pyridoxine (vitamin B6) is effective in lowering urinary oxalate
excretion in a subgroup of patients with PHI (refs. 55-59). Pyridoxine
responsiveness, defined as a >30% decrease in urinary oxalate excre-
tion after at least 3 months of treatment with an optimal dose of pyri-
doxine?®°°! is most often achieved in patients with p.Gly170Arg and
p.Phel125lle mutations; however, patients with other non-truncating gen-
otypes, suchas p.Gly41Arg mutation, may also (partially) respond®®*%6¢,
We therefore recommend starting pyridoxine supplementation in all
patients suspected to have PH and in all patients with genetically proven
PHL1. Earlier recommendations of dosages up to 20 mg/kglack evidence.
A 2005 study found no support for additional benefits of doses above
5mg/kg>. Aslong-term, high-dose pyridoxine s potentially neurotoxic,
we suggest administering a maximum of 5 mg/kg and only use higher
doses in selected patients with close monitoring. We also recommend
thatall patients with PH1are tested for pyridoxine responsiveness; urine
oxalate measurements should be repeated onatleast two occasions after
atleast2weeks of pyridoxine administration for evaluation of pyridoxine
responsiveness, defined as a mean decrease of >30% between the two
samples®. If responsive, the dose of pyridoxine should be gradually
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taperedtothelowest dose that maintains anoptimal reductioninurinary
oxalate level. Dose monitoring should eachtime be based on at least two
assessments of urinary oxalate per dose. Frequent follow-up assessment
of urine oxalate levelis notindicated in patients who do not respond to
pyridoxine and are not on RNAi therapy. However, in patients who do
respond to pyridoxine, urine oxalate should be checked frequently until
the adequate dose is determined. At later time points, urinary oxalate
levels can be checked twice per year.

Indication and rationale for dialysis

Dialysis treatment may be indicated in patients with PH who have
progressed to stage 4-5 CKD before the development of uraemia,
depending on the potential risk of systemic oxalosis. Clinical indica-
tions for early onset of dialysis are high plasma oxalate levels despite
oxalate-lowering therapy (RNAi therapy or pyridoxine) and signs of
systemic oxalosis. Hard, direct evidence to support this statement
is lacking, but circumstantial evidence suggests that oxalate stor-
ageis a key threat in patients with PH and stage 5 CKD, and that high
plasmaoxalate levels areindicative of tissue storage. In such patients,

treatment should aim to minimize oxalate storage, and to achieve this
goal, intensive dialysis may be necessary as a bridge to liver trans-
plantation. Estimates of endogenous oxalate production in patients
with PH1 range from 4 mmol daily to 7 mmol daily®*, whereas mean
oxalate removal rates with regular dialysis regimens are only
1.0-1.4 mmol daily®®. Consequently, regular dialysis regimens are una-
bleto counteract the high rate of oxalate production in these patients®®
and systemic oxalate accumulation will continue. Liver transplan-
tation should therefore be performed as soon as possible®®. Mean,
weekly rates of oxalate elimination are similar for conventional HD
comprising thrice-weekly sessions and daily peritoneal dialysis (PD)
(3.9 mmol/1.73 m2 BSA and 3.5 mmol/1.73 m? BSA, respectively). How-
ever, the rate of oxalate removal per minute is significantly higher
for HD than PD (mean 116 ml/min/1.73 m2 BSA and 7 ml/min/1.73 m?,
respectively)®. Moreover, a2006 study found that administration of
six, 4.5 h sessions of HD per week with a high-flux filter achieved the
removal of 24 mmol/1.73 m?per week, which approaches estimates of
weekly oxalate production (28-37.7 mmol per week)**“. We therefore
recommend intensive HD over PD, preferably using a high-flux dialyser

Normal urine oxalate

Check other causes of stones or nephrocalcinosis.
If excluded, check urine oxalate once more in case
of severe disease and consider genetic assessment

PH2 or PH3
* Stop VB6
o No indication for RNAi therapy

Fig.2|Recommendations for the management of patients with suspicion

of primary hyperoxaluria. The diagnostic work-up for patients with estimated
glomerular filtration rate (eGFR) >30 ml/min/1.73 m?and suspected primary
hyperoxaluria (PH) should include at least two urine oxalate assessments
(preferably froma24 h urine collection). If genetic assessment reveals a mutation
consistent with vitamin B6 (VB6; also known as pyridoxine) non-responsive

o All patients aged <18 years with kidney stones or
nephrocalcinosis and eGFR >30 ml/min/1.73 m?

o All patients aged >18 years with recurrent (>2)
kidney stone episodes or nephrocalcinosis and
eGFR >30 ml/min/1.73 m?

« At least two urine oxalate assessments,
preferably from 24 h urine collection

» Oxalate-to-creatinine ratio spot urine in small
children

Hyperoxaluria

» Genetic assessment for PH

o Exclude enteric cause of hyperoxaluria

» Urine hyperoxaluria metabolites, if available
» Start VB6, citrate, hyperhydration

PH1

» VB6 fully or partially responsive: continue VB6,
measure response, consider RNAI if urine oxalate
is not normalized

* VB6 non-responsive: RNAI therapy indicated

PHIL, RNA interference (RNAI) therapy is indicated. Patients who are partially

All patients with @GFR <30 ml/min/1.73 m?
and nephrocalcinosis or kidney stones

pl Lt
P [

(plasma glycolate levels if available)

Hyperoxalaemia, corrected for GFR

« Urgent genetic assessment for PH

» Exclude enteric disease

e Start VB6

o Consider intensified dialysis, based on plasma
oxalate level

» Consider starting RNAi therapy

PH1

* VB6 non-responsive mutation: RNAi
therapy indicated

» VB6 responsive mutation: consider RNAi therapy,
based on plasma oxalate level

Consider isolated kidney transplantation, based on
plasma oxalate response to VB6 and/or RNAi
therapy; otherwise consider combined liver-kidney
transplantation

responsive to VB6 therapy may also be eligible for RNAi therapy if hyperoxaluria
persists. In patients with a suspicion of PH and eGFR <30 ml/min/1.73 m?,
diagnostics should include plasma oxalate assessments. If genetic assessment
reveals a mutation consistent with VB6 non-responsive PH1, RNAi therapy is
indicated. Patients with (partial) VB6 responsive mutations might be eligible
for RNAi therapy depending on plasma oxalate levels.
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with maximal blood flow®”. We suggest daily HD sessionsif tolerated,
combined with nocturnal PD if needed and tolerated, bearing in mind
that such a dual approach to dialysis increases both the risk of infec-
tious complications and the burden on the patient and carers. PD treat-
ment can be optimized by adjusting the dwell time and dwell volume
according to a peritoneal equilibration test. Increased numbers of
cycles and exchanges per day while optimizing dwell time will result
ingreater removal of oxalate®*,

For patients on HD, we suggest that pre-dialysis plasma oxalate
levels are maintained at around 50-70 pmol/l, which is the concen-
tration of plasma oxalate in patients on dialysis without PH, noting
previous comments about assay differencesin different populations.
However, reference values for patients on dialysis without PH may
vary between laboratories, and residual diuresis should be taken into
account®® (E. Metry, unpublished work) (Supplementary Table 3).
Oxalate accumulation is usually progressive in patients with PH on
dialysis®, although one case report described the reversal of oxalosis
with intensive dialysis’™. For an intensive dialysis regimen, we recom-
mend increasing the weekly number of sessions rather than prolonging
the duration of each session, since the effectiveness of HD to remove
oxalate decreases over the course of asessionas aresult of decreasing
plasma oxalate®®. This strategy has been shown to effectively lower pre-
dialysis plasma oxalate values”. Specific attention should be given to
phosphate controlin patients receiving intensive dialysis, as hypophos-
phataemiamay further worsenbone disease and mineralization defects
in patients with PH. We propose a shared decision-making approach to
dialysis, taking into account whether patients and their families could
tolerate daily dialysis sessions with or without nocturnal PD.

Rationale for transplantation

Liver transplantation remains the only cure for PHI. A substantial
body of evidence demonstrates that liver transplantation can reverse
hyperoxaluriaand prevent the further development of oxalate-related
disease in patients with PH1. The native liver should be removed at trans-
plantation. Auxiliary liver transplantation is regarded as an obsolete
procedure as it will not adequately reduce oxalate overproduction’.
Three reports that advocate the use of auxiliary liver transplantation
have not — in our opinion — shown convincing data to support their
conclusion”, One study described a pyridoxine-responsive patient
inwhom plasma oxalate dropped from 34.8 umol/I while on dialysis to
3.6-8.3 umol/l after transplantation; however, both values are normal
when corrected for eGFR, and there is no mention of oxalate urinary
excretion™. A second study did not mention oxalate values at all”,
whereas the third reported lowering of plasma oxalate levels (by up
to 65 pmol/l 6 months after auxiliary liver transplantation) but not nor-
malization, and also does not mention oxalate excretion’. For patients
with PH and kidney failure who undergo kidney transplantation, com-
bined liver and kidney transplantation (CLKT) results in better kidney
graft survival thanisolated kidney transplantation (87% versus 14% at
15years, P< 0.0); adjusted HR for graft failure 0.14 (95% C10.05-0.41),
although patientsurvival is similar’® %, Three other high-quality studies
have reported 5-year kidney graft survival rates of 48-89% for CLKT and
14-45% for kidney transplantation’”°"®, Data from 267 patients with
PH1fromthe OxalEuroperegistry who had undergone transplantation
confirmed that event-free survival was better after CLKT than after
isolated kidney transplantation among patients who were insensitive
to pyridoxine therapy (P < 0.001)*’but notamong pyridoxine-sensitive
patients (P= 0.411). This finding supports a strategy for isolated kidney
transplantation in selected patients who respond to pyridoxine with

normalization or near normalization of urinary oxalate excretion. The
OxalEurope registry study reported comparable outcomes for simulta-
neous and sequentially performed liver-kidney transplantation (n =159
and n =37, respectively). Twelve patients underwent pre-emptive
liver transplantation with poor outcomes®, and we therefore cannot
recommend this approach.

Data on the impact of liver transplantation among patients with
PH2 are scarce owing to the rarity of the disease and the assumed
better outcome of these patients compared with patients with PH1.
However, a2019 study of 101 patients with PH2 found that 22 patients
reached stage 5 CKD atamedian age of 40 (34-48) years of age. Ten of
these 22 patientsunderwent isolated kidney transplantation, for which
1-year and 5-year cumulative kidney allograft survival (censored for
death) were only 43% and 29%, respectively”. One of these ten patients
underwent two deceased-donor kidney transplantations within 2 years,
and three of the patients received a second kidney transplant 5, 6 and
22yearsafter thefirst graft. Two of the three patients died 3and Syears
after the repeat kidney transplantation”. Only one patient underwent
CLKT; however, the transplanted liver demonstrated primary graft non-
function, and the patient died 1year later as a result of sepsis®. Adverse
outcomes of isolated kidney transplantation were also described in a
casereportofarare paediatric patient with advanced CKD due to PH2
(ref. 83). However, two cases of successful CLKT in patients with
PH2 have been reported. The first was a 44-year-old man who under-
went CLKT with normalization of urinary oxalate and glycerate
excretion and good graft function of both organs®‘. The second was
a41-year-old man who had a failed isolated kidney transplant owing
to oxalate nephropathy but underwent subsequent successful CLKT
with normalization of urinary oxalate excretion after 9 months®. By
contrast, a 2022 report described a 26-year-old man in whom liver
transplantation after a kidney graft did not reduce oxalate excretion
or prevent kidney graft loss due to oxalate nephropathy®.

Rationale for urological management
As evidence for stone management specifically in patients with PH
is lacking, we recommend that clinicians follow the treatment algo-
rithms for urolithiasis as outlined in the EAU guidelines®. Several
studies have highlighted the superiority of percutaneous nephroli-
thotomy (PCNL) over external shock wave lithotripsy (ESWL) for stone
removal in patients with PH1 (refs. 88-90). In a cohort study in paedi-
atric patients with PH, ESWL resulted in a stone-free rate of just 20%
(1of Sinterventions) in patients with PH1 and 47% (8 of 17) in patients
with PH2 (ref. 88). Patients with PH2 may respond better than those with
PH1to ESWL treatment, as these patients tend to have mixed oxalate-
phosphate stones, although the numbers of patients studied are too
small for areliable comparison of the two approaches. In a study of
54 urological procedures performed in 14 patients with PH1, use
of 23 primary ureteroscopy (URS) procedures in 11 patients achieved
astone-free rate of 57%; by contrast, ten primary PCNL procedures
resultedinaninitial stone-free rate of 70%, which increased to 90% after
thesecond PCNL. PCNL was most successful and achieved the highest
stone-free survival rate. ESWL was only performed in eight cases (five
patients) of acute obstructive stones with a success rate (defined as
a>50% reduction in stone burden) of 63%%°. Furthermore, two small
case series in children with PH1 described a decline in kidney func-
tion after ESWL, although this decline might reflect the normal course
of PH*%,

The finding that PCNL is typically the most successful approach
for reducing the symptomatic need for multiple treatments under
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general anaesthesia needs to be balanced with the risks of stricture
with ureteroscopy and the better availability and lower cost of ESWL.

Hyperhydration should be continued at all times in the peri-
operative period of any urological or other surgical procedure, which
also implies that any form of pre-operative liquid fasting should be
avoided”, as even mild dehydration can lead to acute kidney injury
in patients with PH. Otherwise, current anaesthesiological guide-
lines should be followed. Monitoring of fluid status peri-operatively
isstrongly recommended.

Patients with PH should undergo frequent imaging of the kid-
neys after surgery. Although ultrasonography is the most commonly
used imaging modality for these patients®*, astudy inanon-PH cohort
showed that non-enhanced CT might be more sensitive than ultrasound
for the identification of renal calculi®. In that study, 77 of 101 calculi
identified by CT scan were missed by ultrasonography®. Itis unclear to
whatextent this finding can be applied to patients with PH, given the life-
long nature of the condition and ongoingrisk of recurrent stones even
after periods of being stone free. One study found that the number of
stones did not correlate with kidney function over time or the risk
of kidney failure among patients with PH; however, the risk of kidney
failure was higher among patients with PH with nephrocalcinosis after
adjustment for stone numbers®,

To determine the frequency of monitoring we recommend that
the EAU guidelines for high-risk patients are followed, with the excep-
tion that the patients should not be discharged from follow-up. After
2 years of 6-monthly imaging, follow-up with imaging on at least a
yearly basis should be considered for all patients with PH on medical
treatment for stone disease.

Rationale for the management of infantile oxalosis

Infantile oxalosis, defined as stage 5 CKD due to PH before the age of
1year is the most severe form of PH1 and is characterized by oxalate
depositions causing multi-organ failure®’. Registry data from 2022
showed that 96% of these patients had signs of systemic oxalosis'®.
Infantile oxalosis has only been reported in children with PH1. Although
patients with PH2 are as likely as those with PH1to present with nephro-
calcinosis and urolithiasisininfancy, progression to stage 5 CKD does
not usually occur before 15 years of age’.

More than 50% of children with PH1 diagnosed in infancy present
withstage 5 CKD'*?*%, The most common clinical featuresinclude poor
feeding and failure to thrive. Some children may exhibit seizures due to
electrolyte disturbancesinadvanced CKD. Moreover, alarge proportion
of infants exhibit significant nephrocalcinosis and/or urolithiasis.

This group of patientsis particularly challenging in terms of medi-
cal management, given issues relating to dialysis access, the need for
tailored dietary prescription and tube feeding to meet nutritional
targets, the frequent onset of fractures and the presence of electrolyte
disturbances resulting from an intensified dialysis regimen. There-
fore, these patients should be managed in highly specialized paedi-
atric nephrology centres with expertise in dialysis and solid organ
transplantation in small children, and with access to multidisciplinary
care. To avoid unnecessary radiation exposure, bone X-rays should
be performed only in case of bone symptoms, as proposed in general
paediatric guidelines onbone impairment in kidney failure®.

New therapies

Until very recently, treatment of PH1 was supportive, burdensome to
patientsand only partly effective. Even good compliance with hyperhy-
drationand citrate therapy cannot prevent the development of kidney

failurein patients with PH1. New therapies, particularly those based on
RNAi, have shown promise in reducing oxalate productionin patients
with PH1, at least in the short term. Emerging data that demonstrate
clinical efficacy suggest that these drugs may indeed revolutionize the
management of PH1in the near future.

Indication and rationale for the uses of RNAi therapies
Two RNAi therapies are now available or under trial for patients with
PH1 (Fig. 1d). Lumasiran (Oxlumo; Alnylam) has received marketing
authorization by the EMA and FDA as an orphan drug for the treat-
ment of PH1. Lumasiran is designed to silence the gene that encodes
the enzyme glycolate oxidase, which catalyses the conversion of gly-
colateinto glyoxylate. In the Illluminate ARCT of 39 patients with PH1,
patients aged >6 years on lumasiran showed a mean reduction in uri-
nary oxalate excretion of 65% compared with 11% in patients treated
with placebo (P < 0.001). Of patients who received lumasiran, 84%
had urinary oxalate levels below 1.5 times the upper level of reference
values after 6 months of treatment, whereas no patientinthe placebo
group achieved a similar reduction. Fifty-two per cent of patients on
lumasiran showed normalization of urinary oxalate excretion®. An
extension study showed a sustained response after 12 months of
follow-up'®. In llluminate B — an open label study of 18 children aged
<6years,includinginfants —lumasiran treatment was associated with
aleast-squares reductioninthe spoturinary oxalate-to-creatinineratio
of 72% within 6 months of treatment, and 50% of patients achieved a
urine oxalate-to-creatinine ratio within 1.5 times of the upper limit of
normal'®. Inllluminate C —an open label trial of 21 patients with eGFR
<45 ml/min/1.73 m? lumasiran treatment was associated with an average
decrease in plasma oxalate level of 42% (95% C1 34-51%) after 6 months
of treatment among patients on dialysis (n =15) and 33% (95% CI -15
to—82%) in patients not receiving dialysis'’’>. The adverse effects in all
trials were minor (injection site reactions).

Nedosiran (Dicerna/Novo Nordisk) isanother RNAi drug, which
is designed to inhibit the production of L-lactate dehydrogenase A
(LDHA), which is essential for the cytosolic conversion of glyoxy-
late into oxalate. In theory, this mechanism of action should make
it effective for all types of PH. In the open label, phase | PHYOX 1
study of patients with PH1 or PH2, nedosiran was associated with
an average 55% reduction in urine oxalate level and a lowering of
urinary oxalate excretion to <1.5the upper limit of normal in 67% of
patients'®. However, a sub-analysis of patients with PH2 showed no
effectinthese patients. Similarly, the PHYOX 2 RCT, which included
patients with PH1 or PH2 and eGFR >30 ml/min/1.73 m? reported a
59% reduction in urinary oxalate level with nedosiran treatment in
patients with PHI1, but no significant response in patients with PH2
(ref.104); 81% of patients with PH1 achieved normalized or near nor-
malized (<1.5 times the upper limit of normal) urinary oxalate excre-
tion after 6 months of treatment. The lack of response in patients
with PH2 may reflect the wide tissue distribution of GRHPR and the
consequential systemic nature of PH2, which is difficult to target
with a liver-specific therapeutic such as nedosiran. Only one case
report has described the use of nedosiranin a patient with dialysis-
dependent PHL1. In this patient, nedosiran significantly reduced
plasma oxalate levels'®. No data are yet available on the effects of
nedosiranin patients with PH3.

Impact of RNAi therapy on clinical disease and management. Luma-
siranand nedosiran have the potential to markedly improve outcomes
of patients with PH1. However, so far, insights into the impact of these
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agents on the clinical phenotype of PH1 — that is, on kidney stone
recurrence, regression of nephrocalcinosis and, mostimportantly, the
further deterioration of kidney function — can be gleaned only from
casereports and short-term studies.

Six-month outcome data from the Illuminate C study showatrend
towards a lower rate of kidney stone events among patients on luma-
siran than among those in the placebo group, with no worsening of
nephrocalcinosis'®. This effect was maintained in the 12-month exten-
sion study, which also showed an improvement in nephrocalcinosis
among those onlumasiran'®. Kidney function remained stableinboth
the placebo and treatment groups in the extension study. A low titre
ofantidrug antibodies was found in one patient on lumasiran therapy.
This finding must be followed up, as antibody formation could hamper
the efficacy of the drug. Preliminary data from patients with lumasiran
and preserved kidney function after 30-48 months of treatment with
lumasiran support the notion that the drug positively impacts the clini-
cal course of disease by preventing adecline inkidney function and the
occurrence of new stones (E. Metry, unpublished work).

To what extent these drugs might replace the need for liver trans-
plantation is unclear at present. One report of an adult patient who
underwent an isolated kidney transplantation while receiving luma-
siran therapy described an increase in serum creatinine level from
140 pmol/lto 240 pmol/l after transplantation. Akidney biopsy at the
time revealed acute rejection and signs of oxalate nephropathy. The
creatinine level dropped to 169 pmol/l after 10 weeks of anti-rejection
therapy, and plasma oxalate levels dropped to 21 pmol/I'”, suggesting
that oxalate nephropathy had not been the reason for the temporary
decline in kidney function'®, Another case report described the use
of lumasiran after kidney transplantation in a 5-year-old with a missed
diagnosis of PH1. Graft function was maintained with a combination
of intensive kidney replacement therapy and lumasiran, which sug-
gests that this drug could potentially replace liver transplantation in
selected patients with PH1 (ref. 109). A series of five patients with PH1
and isolated kidney transplantation also did not find any evidence of
oxalate graft nephropathy in any of the patients treated with luma-
siran"’. Given the paucity of current knowledge, the decision not to
perform liver transplantation in a patient with PH1 and stage 5 CKD
on lumasiran should be taken carefully, with careful consideration of
the specific aspects of each case and with extensive monitoring of the
patient. For example, if a decision is made to performisolated kidney
transplantation and initiate lumasiran therapy, it isimportant that all
possible precautions are taken to prevent the development of oxalate
graft nephropathy from potentially stored oxalate, such as through
prolonged intensive hyperhydration and alkalinization as soon as pos-
sible during the post-operative period, as lumasiran has noinfluence on
previously systemically stored oxalate'”. Indeed, patients undergoing
CKLT can continue to release oxalate from bone for months or even
years after transplantation™.

In summary, both RNAi therapies have been shown to be highly
effectiveinlowering endogenous oxalate productionin patients with
PH1, and early clinical outcome data are encouraging. However, more
follow-up data are warranted to fully appreciate the effect of these
drugs onreducing stone disease and preventing kidney failure.

Stiripentol

Stiripentol is an LDHA-targeted oral commercial medication for the
genetic epileptic encephalopathy Dravet syndrome. Of note, patients
with Dravet syndrome typically have lower urinary oxalate excretion
than healthy individuals. One report of a patient with PH1 and good

kidney functiondescribed a significant reductionin urine oxalate level
after 10 weeks of treatment'? In another report of an 18-month-old
patient with PH1 characterized by a pyridoxine-responsive mutation,
administration of stiripentol led to a significant reduction in urinary
oxalate level to normal values™. However, other case reports — albeitin
patients with advanced kidney failure — found no benefit of stiripentol
therapy"*'™. A trialis currently underway to determine the efficacy of
stiripentolasmonotherapy in patients aged >6 months with PH1-3 and
an eGFR of >45 ml/min/1.73 m? (ref. 116).

Management of PH in low-resource countries

The burden of PH varies between regions and is dependent on
several factors, including its prevalence, its rate of early detec-
tion — which is determined by its recognition by health-care pro-
fessionals and the availability of affordable diagnostic tools — and
on access to therapeutic resources, including intensive dialysis
regimens, transplantation and novel therapies'”. High rates of
consanguinity — which has been linked to socioeconomic status —
may also resultin a higher prevalence of rare inherited kidney dis-
eases, such as PH1, in some regions™. Delayed diagnosis, the lack
of availability of diagnostic tools and of therapeutic modalities or
resources add to the challenge of diagnosing and managing PH"® and
widen the health and life-expectancy gap between high-income
and low-income regions. Low- and middle-income countries (LMICs)
aretherefore encouraged to act by promoting awareness of PHamong
physicians through a high index of clinical suspicion to enable early
diagnosis and timely medical management, including testing of pyri-
doxineresponsiveness. Screening of patients with dialysis and stage 5
CKD of unknown aetiology should also be encouraged, using available
resources to diagnose cortical and medullary nephrocalcinosis that
could otherwise be missed orinaccurately labelled as hyperechogenic
oratrophickidneys. Suchanapproach should avoid catastrophic diag-
nosis of PH after kidney transplantation, whichis associated with arate
of early graft failure of >75% and serious comorbidities, and is relatively
common in low-resource countries™’.

The frequency of late diagnosis is reflected by the fact that the
most common presentation of PH1in LMICs is stage 5 CKD, especially
in those aged <5 years®’®; 16-65% of patients with PH1 present with
kidney failure’®'?*'?!, and infantile oxalosis is particularly common
in some regions’®. No epidemiological data exist on PH2 and PH3 in
LMICs.

The genetic landscape of PH1in LMICs varies according to the
geographical region®®'*°"*, Diagnosis is challenging, and diverse
diagnostic tools are often unavailable'>”. However, ultrasound and
X-ray are often available, inexpensive and provide valuable informa-
tion on the extent of stone disease or nephrocalcinosis and on bone
disease due to systemic oxalate and should be performedin all patients
suspected to have PH. Proper measurement of 24 h urine oxalate and
urine calcium are mandatory and should be repeated at least once, but
preferably twice for diagnosis. Assessment of plasma oxalate is often
notperformed, butis extremely importantin patients with CKD stage 4
or higher and concurrent nephrocalcinosis to establish or rule out a
diagnosis of PH. Biochemical analysis to determine the presence of
calcium oxalate monohydrate stones is recommended if available®,
Facilities for genetic diagnosis of PH and PH type are lacking in most
LMICs. The establishment of collaborative research programmes
withinstitutions from high-resource countries might be a solution to
address this problem and facilitate genetic diagnostics. In addition,
advancesin next generation sequencing technologies may lead to the
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Box 3

Future research

Several topics require further research to better understand the
pathophysiology and optimum treatment of primary hyperoxaluria
(PH). These include:

e PH2 — approaches to the management of PH2, including a
better understanding of the systemic versus liver-specific
consequences of the systemic disease or liver disease
PH3 metabolism and pathophysiology and outcome
e The in vivo sensitivity of patients with PH1-associated point
mutations other than p.Gly170Arg and p.Phe152lle to vitamin B6
derivatives
Follow-up of RNA interference (RNAI) therapies to establish their
long-term safety and efficacy
The impact of RNAI therapy in patients with PH1 with stage 5
chronic kidney disease on systemic oxalosis and the need for
liver transplantation
The nature (epigenetic) and impact of discordance in PH1
The roles of potential new other therapies:

- CRISPR-Cas9 HAOT1 or LDHA knockout

- Chaperone therapy

- Gene therapy (AGXT)

The development of a reliable diagnostic tool, including the
potential role of stable isotopes, for the diagnosis of PH in
patients who present with kidney failure

The impact of diet on hyperoxaluria for all types of PH
Assessment of (early) systemic oxalosis, including the potential
role of PET-CT scans

availability of affordable genetic diagnosis and/or screening of PH1in
communities where it is prevalentin the future.

Conservative treatment is of paramount importance to prevent
the formation of further stones and decline of renal function, particu-
larly inregions with hot climates. Hydration, including the insertion of
gastrostomy tubeininfants, use of crystallization inhibitors and pyri-
doxine are recommended once the diagnosis is suspected, particularly
inthese settings'”’. Health systems in LMICs should focus on ensuring
early accessto such low-cost measures to avoid subsequent additional
costs, morbidity including disability and to reduce mortality risk.

Akey challenge in some LMICs is a lack of dialysis service and/or a
lack of resources to finance intensive dialysis, which contributes to the
pooroutcome of patients with PH1and stage 5 CKD. Access to organtrans-
plantation, particularly liver transplantation, is alsoresource dependent
and lacking in many LMICs. The limited possibilities for intensive dialy-
sis and liver transplantation in LMICS makes access to the novel RNAi
therapies even more important, given their relative ease of administra-
tion. Improved access to these medications might be a game changer
in improving PH1 care and reducing global health-care disparities'**.
Implementation of differential pricingis arequirement for this to happen.

Unanswered questions and research agenda
Several topics require further research (Box 3), some of which have
the potential to directly affect the management of patients with PH.

Theimpact of RNAi therapies on current management
strategies

Although the two available RNAi therapies look promising, further
research is needed to determine the extent to which they improve
clinical outcomes. The clinical efficacy of these therapies in terms of
reduction in stone disease, prevention of kidney failure and preven-
tion of systemic oxalosis in patients with kidney failure at the start of
therapy, as well as their cost-effectiveness, require careful study. One
of the most urgent questions is whether and under what conditions
RNAi therapy can safely replace liver transplantation in patients with
PH1 and kidney failure and to what extent it may reduce the need for
intensified dialysis regimens.

Pyridoxine responsiveness in PH1

More data are warranted to identify the factors that determine the
responses to pyridoxine of patients with PH1and point mutations other
than p.Gly170Arg and p.Phel52lle.

Other potential new therapies

New approaches for the reduction of oxalate and its substrate, such as
CRISPR-Cas9-induced knockout of glycolate oxidase and LDHA, or the
use of CHK-336, an oral LDHA inhibitor thatis currently in phase I trials,
may lead to new therapies for PHin the near future. Chaperone thera-
peutics are another promising approach to restore enzyme function
and reduce oxalate levels. Some of these drugs, such as pyridoxal phos-
phate or dequaliniumchloride (DECA), may provide benefitsin patients
with PH1 (ref. 129). DECA is FDA approved for the treatment of bacte-
rial vaginosis; in a cell model of PH1 characterized by a prol1G170Arg
mutationin AGXT, DECA promoted the peroxisomal retargeting of AGT
and enhanced the effect of simultaneously administered pyridoxine.

Interpretation of plasma oxalate as biomarker for response

to therapy

The management of patients with PH1 who present with stage 5 CKD can
be challenging, asthere are no good reference values for plasma oxalate
level in stage 5 CKD and as systemic oxalate deposition can mask the
clinical response of oxalate-lowering therapies. The in vivo measure-
mentof endogenous oxalate and glycine production from glycolate by
infusion oflabelled glycolate and oxalate may be useful in this regard™.
This method could potentially prevent unnecessary liver transplan-
tation in patients with PH1 and stage 5 CKD who are fully sensitive to
pyridoxine, as has been shown in two cases, although this possibility
requires confirmation in further studies (S. Garrelfs, unpublished work).

The pathophysiology and management of PH2 and PH3
Nospecifictherapies are currently available for the two rarest types of
PH—PH2 and PH3. Akey hurdle for the development of effective drugs
is the fact that the pathophysiology of these diseases remains poorly
understood. However, available evidence suggests that PH2 is less
benign than previously thought and currently, the exact management
strategy for patients with PH2 and stage 5 CKDS5 remains unclear.

Conclusions

Foralongtime, PH has beenanextremely challenging disease for physi-
cians. Owingtoitsrarity, diagnostic hurdles and heterogeneity in pheno-
type, diagnosis was often established only in patients with advanced
disease and kidney failure. New insights into the disease course for
all three subtypes and into the outcomes of different transplantation
strategies in pyridoxine-sensitive and non-sensitive patients with PH1,
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andtheintroduction of promising RNAi therapies for PH1, have changed
the existing paradigms in management of PH. We intend these clinical
practice recommendations to guide physiciansin this newerafor PH.
Further developments in the near future will determine the extent to
which RNAi therapies willimprove the long-term outcomes for patients
with PH and whether these developments may serve as a basis for the
emergence of new therapies.

Published online: 5 January 2023
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