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Abstract

The primary hyperoxalurias (PH 1, 2, and 3) are rare autosomal recessive disorders of glyoxylate metabolism resulting in
hepatic overproduction of oxalate. Clinical presentations that should prompt consideration of PH include kidney stones,
nephrocalcinosis, and kidney failure of unknown etiology, especially with echogenic kidneys on ultrasound. PH1 is the
most common and severe of the primary hyperoxalurias with a high incidence of kidney failure as early as infancy. Until the
recent availability of a novel RNA interference (RNAi) agent, PH care was largely supportive of eventual need for kidney/
liver transplantation in PH1 and PH2. Together with the Oxalosis and Hyperoxaluria Foundation, the authors developed a
diagnostic algorithm for PH1 and in this report outline best clinical practices related to its early diagnosis, supportive treat-
ment, and long-term management, including the use of the novel RNAi. PH1-focused approaches to dialysis and kidney/
liver transplantation for PH patients with progression to chronic kidney disease/kidney failure and systemic oxalosis are sug-
gested. Therapeutic advances for this devastating disease heighten the importance of early diagnosis and informed treatment.

Keywords Primary hyperoxalurias - Primary hyperoxaluria type 1 - PH - RNA interference agent - Kidney transplant -
Combined liver-kidney transplant - Nephrocalcinosis - Nephrolithiasis

Introduction

The primary hyperoxalurias (PH) are rare autosomal reces-
sive disorders of glyoxylate metabolism resulting in hepatic
overproduction of oxalate. Excess oxalate is excreted by the
kidneys and can precipitate as insoluble calcium oxalate
crystals causing urolithiasis, nephrocalcinosis, and progres-
sive kidney impairment requiring dialysis and kidney/liver
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transplantation. Three types of PH (PH1, PH2, and PH3)
have been molecularly characterized [1, 2]. PHI is caused
by mutations in the AGXT gene encoding the liver-specific
enzyme alanine:glyoxylate aminotransferase and is the most
common and severe form of PH with the highest incidence
of kidney failure [3]. PH2 is caused by mutations in the
GRHPR gene encoding the enzyme glyoxylate reductase/
hydroxypyruvate reductase which is not liver-specific.
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Kidney stones are common in PH2, and kidney failure has
been described [4]. PH3 is caused by mutations in HOGA 1
encoding 4-hydroxy-2-oxoglutarate aldolase type 1 predom-
inantly expressed in the liver and kidney [5]. PH3 causes
recurrent urolithiasis, often in early childhood, with kidney
failure rarely ensuing [6].

Until the recent introduction of liver-directed RNAI
therapy to reduce oxalate production, PH care was largely
supportive of eventual need for transplantation in PH1 and
sometimes PH2. With the advent of effective oxalate-low-
ering therapy other than transplantation, the need for early
diagnosis and treatment to potentially prevent end organ
damage becomes more compelling. We present suggested
best practices intended to complement the recently published
OxalEurope and ERKNet expert consensus clinical practice
recommendations for PH [7]. Additionally, we provide rec-
ommendations for the diagnosis and treatment of PH at all
stages of the disease, including best practices for dialysis and
transplantation, and we comment on PH2 and PH3 and their
diagnosis and management.

Methods

In 2020, the Oxalosis and Hyperoxaluria Foundation
charged a group of international experts in PH (neph-
rologists, urologists, basic scientists, nurses, dieticians,
and geneticists) with creating best-practice guidance for
PH patient care. Due to its rarity, randomized controlled
clinical trials in PH are few, all with small patient num-
bers. Hence, in addition to published literature, the group
also used a structured review of clinical diagnosis and
management to define best practices by Delphi tech-
niques [8]. Cochrane Library, MEDLINE, and Embase
databases were searched with the terms “primary hyper-
oxaluria type 1,” “primary hyperoxaluria type 2,” “pri-
mary hyperoxaluria type 3,” “oxalosis” in combination
with the terms “pathophysiology,” “diagnosis,” “treat-
ment,” “dialysis,” “transplant,” “liver and kidney trans-
plantation,” “liver only and kidney only transplantation,”
and “novel agents” to identify citations since January
1, 2010, for expert review, supplemented by commonly
referenced or noteworthy older publications identified
by group members.

Diagnosis of primary hyperoxaluria

An algorithm for PH diagnosis is provided (Fig. 1) [9].

PH diagnosis is strongly considered in patients with
recurrent calcium oxalate stones, nephrocalcinosis,
progressive chronic kidney disease (CKD) of unknown
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etiology, or a family history of stones and CKD. Younger
age at onset, larger stone burden, and nephrocalcinosis
increase the likelihood of underlying genetic disorders
such as PH. PH should also be suspected when a kidney
biopsy shows parenchymal calcium oxalate crystals under
polarized light.

Urinary oxalate (Uox) > 0.5 mmol (45 mg)/day/1.73
m? body surface area (BSA), in the absence of second-
ary sources of oxalate, is consistent with PH. In children,
24-h Uox should be corrected to 1.73 m? BSA. However,
due to challenges with timed urine collection, random
urine ox/creatinine ratios are often used, and to interpret
Uox results, age-specific normal values are referenced
(Table 1) [10, 11]. Since oxalate is cleared by kidney excre-
tion, Uox in PH patients with markedly reduced GFR may
be < 0.5 mmol (45 mg)/day/1.73 m? BSA. Plasma oxalate
(Pox), though elevated in all patients with kidney failure,
is even higher in those with PH and can help differentiate
PH from other kidney disease [12—-15]. A laboratory with
experience in oxalate assays should be used. Moreover, the
processing of samples to measure Pox can be challenging,
and reference values vary depending on the assay used and
the reference laboratory. Hence, clinicians must be aware
of these possible confounding variables in interpreting Pox
measurements.

A presumptive diagnosis of PH by Uox or Pox is
confirmed by molecular testing of AGXT, GRHPR, and
HOGA1I genes. Screening of siblings using targeted
genetic testing [16] should ensue given their risk for
severe disease even if asymptomatic [17]. Whenever
genetic testing is performed, it is important for genetic
counseling to be offered as well, optimally by a geneti-
cist or certified genetics counselor who understands the
ramifications of both positive and negative test results.
In families known to be at risk for PH, the potential for
prenatal diagnosis should be shared with families, and
again genetic counseling accompanying results of fetal
testing is paramount.

Management of PH (Box 1: M1-M11)
Fluids (M2)

Aggressive hydration lowers Uox by dilution, reducing
the risk of calcium oxalate crystallization [9, 18]. Place-
ment of a gastrostomy tube (g-tube) facilitates consistent
fluid intake, particularly if achieving targeted hydration
is problematic or the stone burden increases. A g-tube
may also help achieve nutritional goals and assist with
hydration and medication administration post-transplant
[9, 19].
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Box 1 Best practices for medical management of primary hyperoxaluria

M1: Maintain best possible GFR [9, 18]

1. Maintain brisk urine flow with hydration

2. Avoid dehydration

3. Limit exposure to nephrotoxins

M2: Fluid management [9, 18, 20]

1. Oral fluid intake 2-3 liters/m*/BSA/day

2. If oral intake difficult (e.g. young infants, developmental delay), consider g-tube placement

3. If vomiting, diarrhea, or reduced oral/enteral intake use i.v. fluid for hydration

M3: Oral inhibitors of calcium oxalate crystallization in the urinary tract [18, 21-23]

1. Potassium citrate 1-2 meq/kg/day in children, 15-30 meq/day in adults divided bid or tid. Consider sodium citrate or sodium bicarbonate if eGFR < 30 ml/min/1.73 m?

2. Magnesium as oxide, gluconate, or carbonate

M4: Diet [24, 25]

1. Avoid excess intake of high oxalate foods

2. Maintain recommended daily intake of calcium

3. Avoid high dose vitamin C supplementation (oxalate precursors)

MS: Monitor stone formation by clinical history and ultrasound at 6-12 month intervals

M6: Monitor kidney function by serum creatinine, or cystatin C at a minimum annually and more frequently as GFR declines: annually for stage 1-3a; 3—6 monthly for stage
3b; 3 monthly for stage 4; monthly for stage 5

M7: Reduction of hepatic oxalate production is the most definitive and effective management strategy for the prevention and management of oxalate damage (stones, progres-
sive CKD, and oxalosis) and can be accomplished with:

a. Pharmacological doses of pyridoxine in PH1 with fully or partially sensitive variants

b. RNAI therapy in PH1 patients

c. Liver +/- kidney transplant in PH1 & PH2 with advanced CKD (Box 3)

M7a: Pyridoxine management:[26—28]

o Pyridoxine 5 mg/kg/day (maximum dose 1 gram daily) starting dose orally as a treatment trial in all patients with higher urine oxalate, followed by maintenance in pyridox-
ine responsive patients with genetically confirmed PHI; efficacy should be assessed in patients with mutations with no data on pyridoxine sensitivity

e Repeat 24-hour urine after 3 months. Pyridoxine responsiveness defined as > 30% reduction in oxalate excretion. However, consider continuing pyridoxine if associated
with any sustained decline > 15% in Uox in the absence of toxicity.

o Continue pyridoxine indefinitely and despite kidney failure, should it occur, if responsive and/or if a pyridoxine sensitive mutation is confirmed

o For patients diagnosed with PH1 after kidney failure, consider pyridoxine use despite difficulty in assessing pyridoxine responsiveness

M7b: RNAI therapy [29-33]

o Following genetic confirmation of PH1, initiate RNAi therapy if available in patients who are not fully pyridoxine sensitive

o Continue RNAI therapy if there is evidence of effectiveness (normal or near normal Uox or > 30% reduction from baseline) and in patients with advanced CKD or who are
dialysis dependent with documented reduction in plasma oxalate

o Choice of RNAI agent (lumasiran vs. nedosiran) should be determined based on experience and accessibility; even though relative efficacy not compared, separate trials on
lumasiran and nedosiran showed similar effect in reducing urine oxalate levels

o Refer to product monograph for specific dosing instructions

MS8: Monitor Pox and Uox levels every 3-6 months while on pyridoxine and/or RNAI therapy to ensure adherence to treatment and ongoing efficacy

M9: Oxalosis management principles and monitoring [13]

o Maintain Pox as low as possible through all CKD stages to reduce the risk of oxalosis

o Initiate dialysis in advanced CKD with a prescription to optimize oxalate removal (Box 2) and perform transplantation in a timely manner (Box 3)

M10: Measurement of Pox [34, 35]

® Monitor Pox to evaluate oxalosis risk and to assess dialysis adequacy according to CKD stage

O CKD 1-3a: 6-12 monthly

O CKD 3b: 6 monthly

O CKD 4: 3 monthly

O CKD 5: monthly (after the longest interdialytic interval in patients on dialysis)

o Hold supplemental vitamin C (if any) 24 hours prior to blood sampling

o Clinicians should be familiar with the assay used and expected reference ranges

M11: Clinical evaluation and diagnostic tests for oxalosis

o Clinical evaluation with careful history and physical exam at diagnosis then annually for CKD 1-3a, 3 monthly for CKD 3b—4, monthly for CKD 5

e Diagnostic tests at diagnosis then annually in CKD 3b—4, 6 monthly in CKD 5 and more frequently with symptoms

O Kidneys: image for stones and nephrocalcinosis

O Eyes: visual acuity and fundoscopy for oxalate deposition. Fundus photography for longitudinal comparison if available, balancing need for sedation with potential ben-
efit. OCT better localizes oxalate crystals if available [36]

O Heart: echocardiography. Strain imaging may be more sensitive to assess effects of oxalate deposition than standard echocardiography [37, 38]

O Bone: image at diagnosis then as clinically indicated, and if bone pain or fractures occur. Radiological features of bone oxalosis may mimic secondary hyperparathy-
roidism and adynamic bone. Bone biopsies are not routinely performed [39-43]. MRI [44, 45], pQCT and high resolution pQCT [46, 47] are techniques under study.
Plasma fibroblast growth factor 23 may also be monitored [48]

bid, twice a day; BSA, body surface area; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; MRI, magnetic resonance
imaging; OCT, optical coherence tomography; PHI, primary hyperoxaluria type 1; PH2, primary hyperoxaluria type 2; pQCT, peripheral quan-
titative computed tomography; Pox, plasma oxalate; tid, three times a day; Uox, urine oxalate
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Primary Hyperoxaluria Diagnosis

KIDNEY STONE + NORMAL KIDNEY FUNCTION

CHRONIC KIDNEY DISEASE (CKD STAGES 3 TO 4) OR ON DIALYSIS

« Calcium oxalate stones in children, recurrent calcium oxalate stones or history of stones prior
to age 21yrs in adults, or nephrocalcinosis

« Predominantly calcium oxalate stones

« Family member with childhood stones, recurrent calculi, or unexplained CKD/kidney failure

+ Family member with PH

Any patient with advanced CKD and:
« Calcium oxalate stones
« Calcium oxalate tissue deposits
+ Examine any kidney or other biopsy for calcium oxalate crystals with polarized light
« Nephrocalcinosis

Urine oxalate >0.5 mmol (45 mg)/1.73 m?/24 Hours* OR random urine oxalate/urine creatinine > « Measure plasma oxalate
normal™ « Ifresidual kidney function measure 24 hour urine oxalate* (or oxalate creatinine ratio in young
v children)
Confirm high urine oxalate with repeat testing and measure urine metabolites if available
(glycolate, L-glycerate, 4-hydroxy-2 oxoglutarate)™* Urine oxalate >0.5 mmol/mol Cr or 45 mg/1.73 m2/24 Hours
andjor

v

Plasma oxalate >20 pmol/L

Secondary causes present?
« Malabsorption
« Gastrointestinal Disease
« Very high oxalate and low calcium diet
« Premature infant

v

YES

v

Evaluate and treat

| Perform genetic testing for PH type 1 (AGXT), PH type 2 (GRHPR), and PH type 3 (HOGAI)™* |

H Homozygosity or compound heterozygosity for pathogenic variants of AGXT, GRHPR, or HOGAT
Based on clinical AGXT Variants GRHPR Variants HOGAI Variants
presentation, Confirmed*** Confirmed*** Confirmed****
consider:
« Clinical
management of | PH type 1 | | PH type 2 | | PH type 3 |

hyperoxaluria

* Research
testing for novel
genetic causes
of PH*™

Utilize lab with experience measuring experience measuring serum and urine oxalate.
* Random oxalate/creatinine ratios vary significantly by age. Consult pediatric reference range tables for interpretation.

*“** |f available, guided by the Hyperoxaluria panel interpretative report which includes recommendations for molecular testing
(high glycolate may indicate PHI, high L-glycerate may indicate PH2, and high 4-hydroxy-2 oxoglutarate may indicate PH3)

=+ f diagnosed with PH or if clinical presentation may indicate novel genetic cause, contact The OHF at ohf.org or info@ohf.org for

resources, and if interested, to determine eligibility for OHF research protocol or registry.

Fig. 1 Diagnostic evaluation for patients suspected to have primary hyperoxaluria (PH)

Table 1 Normal urinary oxalate/creatinine ratio by age of the child

[11]

Age Urine oxalate/creatinine ratio
mmol/mmol mg/mg
< 6 months <0.37 <0.29
6-23 months <0.26 <0.20
2-5 years <0.14 <0.22
6-12 years <0.08 <0.06
> 13 years <0.04 <0.03

Crystallization inhibitors (M3)

Potassium citrate and magnesium can reduce stone for-
mation and kidney injury. Potassium citrate should be
used as adjunctive therapy with hypocitraturia, elevated
urinary supersaturation of calcium oxalate, or increas-
ing stone burden. Pharmacologic dose citrate is neces-
sary since augmenting dietary citrate is less effective in
PHI [18, 21, 22, 24]. Magnesium as oxide, gluconate,
or carbonate is considered when there is low 24-h urine
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magnesium excretion, high supersaturation of calcium
oxalate, or increasing stone burden [23]. Titrate crys-
tallization inhibitor dose based on urine pH (goal pH
6.5-7.5), 24-h urine citrate levels or urine citrate/creati-
nine ratios if 24-h urine is not possible and if available,
24-h urine supersaturation profile.

Dietary oxalate (M4)

In PH, hepatic oxalate overproduction is profound, and
dietary oxalate contributes only modestly to Uox excretion.
Though limiting high oxalate foods is appropriate, strict
avoidance is not beneficial [25].

Imaging (M5)

Given the propensity for nephrolithiasis with necessary
urologic procedures in PH, periodic imaging of the kid-
neys and urinary tract is important to assess the efficacy of
treatment to prevent new stone formation and to identify
stones requiring intervention. In children and adolescents,
ultrasound is the preferred imaging modality.



Pediatric Nephrology

Therapies to lower hepatic oxalate
production

Pyridoxine (M7a)

Pyridoxine, a co-factor in the hepatic oxalate pathway,
reduces oxalate production in a subset of PH1 patients
with G170R, G41A, F1521, and 1244T mistargeting vari-
ants [26-28]. Pyridoxine treatment in G/70R homozy-
gosity may reduce Uox to normal or near normal levels,
with Uox levels falling by 25-50% in G170R heterozy-
gotes [49-51]. There is also clinical evidence for pyri-
doxine responsiveness in F 1521, and pyridoxine sensitiv-
ity may characterize other missense mutations as well [2,
28] since most such pathogenic variants remain untested.
Up to 20% of PH1 patients normalize Uox excretion with
pyridoxine, and 30% may experience a partial response
[24, 28, 49, 52, 53]. Pyridoxine is not effective in PH2
and PH3.

A pyridoxine trial is provided to all PH1 except those
with known unresponsive AGXT mutations. A starting
daily dose of at least 5 mg/kg is usually provided, with
doses generally limited to < 10 mg/kg, with a maximum
dose of 1000 mg daily. When kidney failure is present,
pyridoxine response is difficult to assess, so therapy is
provided unless there is a known unresponsive genetic
mutation. Although high doses may be associated with
peripheral neuropathy, pyridoxine is typically well toler-
ated and can be effective even in advanced CKD [54].
Patients taking > 10 mg/kg/day should have an annual
assessment for peripheral nerve dysfunction.

New therapies
RNAi therapeutics

At this time, two commercially produced RNAI thera-
pies for PH1 exist, and they are described briefly below.
They have been approved by regulatory agencies based on
clinical trials, and it is likely that more information about
their most efficacious clinical use will be learned with
ongoing real-world experience and clinical trial extension
data. Detailed information about each drug such as dos-
ing specifics or adverse sequelae are best found in each
manufacturer’s package insert for these preparations, as
they reflect the information the manufacturer has shared
to gain regulatory approval and are updated as required by
these agencies. There is currently no data directly compar-
ing different RNAi products for PH, and the choice of any
specific RNAI is more likely to reflect local practice, drug
availability, and individual patient parameters.

Lumasiran (M7b)

Lumasiran (Oxlumo™), the first liver-directed RNAi
approved for the treatment of PH1 by regulatory agencies
[29, 30], reduces Uox excretion independent of PH1 geno-
type. Lumasiran targets glycolate oxidase (GO), the enzyme
converting glycolate into glyoxylate. Decreased hepatic pro-
duction of glyoxylate reduces the generation of its primary
downstream product oxalate while increasing upstream gly-
colate, which is soluble and readily excreted. Lumasiran is
not effective in PH2 or PH3.

Administered subcutaneously, lumasiran reduces Uox and
Pox in PH1 patients with normal kidney function, CKD, and
on dialysis. In initial clinical trials, no serious side effects
were noted, though long-term data is needed to assess lon-
gitudinal efficacy and safety as well as outcomes of kidney-
only transplant under RNAi. With a reduction in Uox and
Pox, supportive therapy may also be weaned [55].

Nedosiran

Nedosiran, a second hepatic RNAi therapy, uses GalNAc-
targeting ligands to inhibit lactate dehydrogenase (LDHA),
the enzyme that catalyzes the final step in oxalate produc-
tion. In a double-blind study of nedosiran-treated PH1
patients > 6 years old with GFR > 30 ml/min/1.73 m?, mean
Uox approached normal at six months. PH2 patients were
also studied but demonstrated highly variable Uox excre-
tion, and further studies are needed to determine efficacy
in both PH2 and PH3 [56]. Nedosiran was well tolerated
with no serious adverse effects. Nedosiran (Rivfloza™) was
FDA approved in October 2023 for ages 9 and older, with
GFR > 30 ml/min/1.73 m”.

Other treatments in development

Small molecule inhibitors of GO and LDHA such as stiripen-
tol are the focus of ongoing study, as is CRISPR technology-
assisted gene editing [57, 58]. See ClinicalTrials.gov and
search for “primary hyperoxaluria” for current information.

Liver transplantation

Although liver transplantation restores oxalate production
to normal in PH1 and substantially reduces oxalate pro-
duction in PH2, it entails significant clinical risk, requires
a live donor or use of an organ from an already-limited
supply of deceased donor organs, and is very costly (refer
to Panel 3 for Transplant Guidelines). Accordingly, for
the management of PH patients with preserved kidney
function, with the availability of RNAi therapy to reduce
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hepatic overproduction of oxalate, liver transplantation is
not recommended [59, 60].

Best practices for PH patients with advanced
CKD and kidney failure

Ongoing injury from oxalate nephropathy in PH leads to
progressive CKD, the risk of which is proportional to Uox
excretion [61]. Kidney failure occurs in any PH type but is
especially frequent in PH1. High Pox in PH patients with
low GFR causes multisystem injury and complicates both
dialysis and transplantation outcomes [62].

Oxalosis (M9-M11)

Oxalosis defines the deposition of calcium oxalate crystals
in tissues of any organ system. Kidney (nephrocalcinosis),
bone (sclerosis, impaired growth, bone pain, pathological
fractures), eye (retinal deposits causing fibrosis, corneal
deposits, optic disc atrophy, compromised visual acuity),
bone marrow (erythropoiesis-stimulating agent resist-
ant anemia), heart (cardiomyopathy, arrhythmias), blood
vessels (ischemic cutaneous ulcers), nerves (peripheral
neuropathy), and skin (livedo reticularis, subcutaneous
nodules, cutaneous necrosis mimicking calciphylaxis)
are commonly affected. As GFR declines, kidney oxalate
clearance decreases, and Pox levels rise. Although nephro-
calcinosis can occur at any time in PH due to high oxa-
late concentrations in the glomerular filtrate, extrarenal
deposition of calcium oxalate occurs with Pox concentra-
tions > 30—45 pmol/L that exceed the plasma saturation
threshold [12, 15]. Pox concentrations in this range typi-
cally occur with GFR < 30 ml/min/1.73 m? and often occur
earlier in PH1 [51]. Without therapy lowering hepatic oxa-
late production, early and intensive dialysis is needed at
that point to reduce oxalosis.

With infantile oxalosis, the most severe PH1 form,
kidney failure develops in the first months of life, and
these children may develop severe oxalosis within
months despite aggressive hemodialysis (HD) [15].
Although HD removes oxalate more efficiently than per-
itoneal dialysis (PD), neither treatment matches oxalate
generation in the absence of therapy lowering hepatic
oxalate production, leading inevitably to systemic oxa-
late deposition [12, 63, 64].

Since the risk of life-threatening complications from
oxalosis increases progressively in PH patients with kidney
failure, early transplantation has been a key goal prior to the
availability of RNAI therapy.

@ Springer

Dialysis (Box 2: D1-D3)
Dialysis initiation (D1)

Pox in non-dialysis patients reflects the equilibrium
between hepatic production and kidney elimination. Pox
levels are normal or mildly elevated in PH patients with
eGFR > 40 ml/min/1.73 m? but rise quickly with lower
GFR [13]. With dialysis dependency, Pox levels reflect
the complex interplay of hepatic production, residual
kidney function, dialysis clearance, and tissue deposi-
tion [65].

To mitigate oxalosis risk, dialysis is started with Pox
levels > 30—45 pumol/L or GFR < 30 ml/min/1.73 m? [15],
recognizing that Pox levels at any given GFR vary between
patients based on hepatic oxalate production, PH type,
genotype, and treatments reducing oxalate production [24].

Infants represent a special group as their GFR is nor-
mally low at birth and increases over the first months of life.
Serial monitoring of Pox and GFR is needed to assess how
Pox levels change if kidney function improves or worsens.

Dialysis management (D2)
Hemodialysis frequency and duration

HD frequency and duration should be determined by Pox
levels, as well as standard dialysis management param-
eters such as electrolyte and volume balance and dialysis
adequacy. Without significant residual kidney function or
effective therapy lowering oxalate production, a standard
3-day-per-week HD regimen is insufficient, as is peritoneal
dialysis (PD) monotherapy.

The majority of Pox clearance occurs during the first
1-2 h of a dialysis session, followed by significant Pox
rebound post-HD [66, 67, 73]. Thus, frequent dialysis
treatments are more effective than less frequent but longer
sessions [68]. Serial Pox measurement, estimation of daily
oxalate generation, and measurement of oxalate dialysis
clearance are important factors to consider when prescrib-
ing dialysis duration and frequency to prevent progressive
oxalosis [73].

Peritoneal dialysis (D3)

Guidance on the role of PD in PH management is shown
in D3.

Outside of an absolute lack of HD resources or as a
rare adjunct to HD, PD is not recommended in PH in the
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Box 2 Best practices for dialysis in primary hyperoxaluria patients with advanced CKD

D1: Initiation of Dialysis [13, 15, 24, 65]
e Pox > 3045 pmol/L
e eGFR < 30 ml/min/1.73 m? in PH1; eGFR < 20 in PH2 and PH3

o If Pox is unknown in a patient with known or suspected PH in CKD 4-5, start dialysis while awaiting Pox, especially if oligoanuric. Obtain
Pox as soon as possible, before dialysis initiation (if possible) or immediately before a dialysis session.

o In patients with suspected PH and rapidly progressive CKD or kidney failure, initiate pyridoxine while awaiting confirmation of diagnosis

o In infants with known PH1, monitor serum creatinine and Pox every 2 weeks and initiate dialysis if creatinine is higher than expected for age

and Pox increases progressively to > 30-45 pmol/L
D2: Dialysis Frequency and Duration [66—72]

o Goal of dialysis is to reduce Pox and maintain at < 30—45 pmol/L for as much time as possible between dialysis sessions
e HD either intermittent or nocturnal is preferred due to better oxalate clearance in patients not on RNAI therapy or fully pyridoxine responsive
e HD 6-7 days per week is required in the absence of effective reduction of oxalate production by pyridoxine or RNAI therapy or residual

kidney function

o Weekly hours of HD should be determined by Pox, degree of oxalosis, and residual kidney function, but not less than 12 hours/week if Pox >

30 pmol/L

o Goal is oxalate reduction ratio > 50% per treatment; blood flow (dialytic clearance) > 6—7 ml/kg/min per dialysis session in children
e Use a high flux dialyzer with surface area > patient’s BSA. In infants, smaller dialyzer if needed to keep extracorporeal volume < 10-15% of

blood volume

o In children, blood flow rates of 150-200 ml/min/m? BSA (approximately 57 ml/kg/min) optimize oxalate removal [66]

e Optimal dialysate flow rate >2 times blood flow rate [67, 69]

e Home nocturnal HD has been shown to improve oxalosis symptoms in adults [70, 71]
o Predilution HDF does not substantially augment oxalate clearance in the era of high flux biocompatible filters [67], but there is no contraindi-

cation to its use. Minimal data exists on post-dilution HDF [72]
D3: Peritoneal Dialysis

PD monotherapy is not recommended but may be considered in the following circumstances:
e Adjunctive in combination with HD, if sufficient HD to achieve target Pox cannot be provided, keeping in mind the significant burden of
concomitant PD and HD on quality of life for the patient and family and the small incremental increase in oxalate clearance achieved by PD

[63, 66]

e PD monotherapy if hepatic oxalate production is well controlled by pyridoxine or RNAi therapy and Pox < 30 pmol/L; specific outcome data

with this approach is not yet available [16, 26, 27, 29, 49, 50]

o PD monotherapy when the patient has sufficient residual kidney function to maintain Pox < 30 pmol/L
o Aggressive PD monotherapy if HD is not feasible. PD monotherapy should include:

e Peritoneal equilibration testing to determine optimal dwell time

o Pox monitored monthly. If Pox increasing, increase peritoneal solute clearance by increasing length of therapy, increasing cycle number,

and/or addition of 1-2 daytime exchanges in patients on CCPD

BSA, body surface area; CCPD, continuous cycling peritoneal dialysis; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate;
HD, hemodialysis; HDF, hemodiafiltration; PD, peritoneal dialysis; PHI, primary hyperoxaluria type 1; PH2, primary hyperoxaluria type 2;

PH3, primary hyperoxaluria type 3; Pox, plasma oxalate

absence of oxalate-lowering therapy due to its inability to
achieve sufficient oxalate clearance.

Transplantation (Box 3: T1-T7)
Transplant planning (T1)

Oxalosis risk increases as GFR decreases. In the absence
of effective treatment to lower hepatic oxalate production,
organ transplantation should be planned with eGFR <45 ml/
min/1.73 m? [24, 74].

Transplantation may not be feasible before initiation of
dialysis in many PH1 patients, and previously undiagnosed
patients may present with kidney failure. In such situations,
transplantation timing depends on existing oxalosis and the
potential for this burden to compromise allograft function.

With severe oxalosis and Pox levels > 70 umol/L at diag-
nosis, treatment to lower Pox such as RNAIi therapy should
be commenced with aggressive dialysis initiated and main-
tained prior to transplantation to allow for mitigation of
the systemic oxalate burden that may damage the kidney
allograft post-transplant when oxalate stores are mobilized
and excreted.

While delaying transplant until Pox falls below a
supersaturation level of 30—45 umol/L optimizes allo-
graft protection, in most PH1 dialysis patients, this level
is unachievable even with the addition of oxalate low-
ering therapy. The benefits of kidney transplantation
outweigh the risks associated with continued months of
dialysis unless there is evidence of severe oxalosis with
Pox > 70 umol/L [75]. Although three case reports sug-
gest that bilateral native nephrectomies may decrease
both the need for post-transplant HD and the risk for kid-
ney allograft injury [76, 83], the benefit of this approach
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in PH1 is unproven, and nephrectomy decisions should
be individualized, weighing the kidney contribution to
total oxalate burden against potential adverse surgical
consequences (T1).

Policies defining medical eligibility for transplant list-
ing and prioritization differ from country to country and
are subject to regulatory review and revision. Transplant
centers should maintain familiarity with such policies to
advance timely transplant when medically eligible.

In PH, initial poor allograft GFR can predispose to signifi-
cant early allograft injury from the pre-existing oxalate bur-
den. Donor factors adding to the risk of delayed graft function
include older donor age, smaller donor size, cold ischemia
time, and distance of the donor’s kidney from the recipient.

The ramifications of using a relative heterozygous for a
pathogenic AGXT variant as a donor remain unclear. Although
heterozygotes may have reduced AGT enzyme activity, they
typically have normal Uox excretion and remain unaffected
by stones or oxalate-related CKD. Good transplant outcomes
from obligate heterozygote donors have been reported [77].

Transplantation in fully pyridoxine-responsive PH1
patients or those receiving RNAi therapy who have
advanced CKD (Stage 4-5) (T2)

In PH patients responsive to pyridoxine or RNAi therapy,
ongoing availability and adherence to these therapies should
be ascertained prior to transplant.

With G170R variant homozygosity, isolated kidney trans-
plantation with ongoing pyridoxine treatment can succeed
[50]. In pyridoxine-responsive patients who do not normal-
ize urine oxalate with pyridoxine or who manifest extensive
oxalosis, liver-kidney transplant [50] or kidney transplant
alone with RNAIi therapy should be considered.

RNAIi therapy appears highly effective in reducing
hepatic oxalate production and has changed approaches to
transplantation in PH1. Although current clinical experi-
ence with RNAI use and kidney-only transplant is limited
[59], longitudinal effectiveness and pertinent long-term
treatment concerns will be clarified by ongoing study of this
now increasingly adopted approach. Similarly, the utility of
RNAI as a “rescue” therapy when PH is newly diagnosed
after kidney transplantation will need to be elucidated.

Transplantation without complete pyridoxine
responsiveness or in the absence of available

or effective RNAi therapy (T3)

PH1

In patients without complete pyridoxine responsiveness or

access to effective RNAI therapy, liver-kidney transplanta-
tion is recommended, and isolated kidney transplantation is
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avoided. Studies have demonstrated up to six times higher rates
of kidney allograft survival in liver-kidney vs. kidney-only
transplantation at 5 years and 15 years post-transplant [78].

When liver-kidney transplants are done, either a
sequential liver-kidney transplant (SLKT) or combined
liver-kidney transplant (CLKT) approach may be used.
With SLKT, the liver is transplanted first, followed by
a kidney when oxalate metabolism becomes normal. In
CLKT, both organs are transplanted at the same surgery.
CLKT or SLKT appear equally effective and are recom-
mended therapy for kidney failure in the absence of avail-
able RNAI therapy [78, 79].

PH2

To date, RNALI therapeutics have not been shown to be effec-
tive in PH2. Early reports suggest that Uox becomes nor-
mal after a combined liver-kidney transplant [80], and this
treatment may benefit those with severe disease or extensive
oxalosis. Some PH2 patients do well following kidney-only
transplantation, however, so transplant type needs individu-
alization (T4).

PH3
Progression to kidney failure has rarely been reported (T5).

Peri-operative and post-transplant management
(T6-T7)

Peri-operative and immediate post-transplantation manage-
ment, including fluid management and indications and tim-
ing for post-transplant dialysis, are outlined in T6.

When the transplanted kidney functions well, Pox lev-
els decline quickly [15], but may remain above normal for
months [81] depending on GFR, systemic oxalate burden,
and hepatic graft function or completeness of response to
RNAI therapy or pyridoxine.

With delayed kidney allograft function or inadequate
urine output, Pox levels may stay high, and dialysis post-
transplant may be needed to reduce Pox rapidly and may
be the safest way to protect the allograft from oxalate
injury. Serial monitoring of Pox in the immediate post-
transplant period helps guide dialysis decisions, making
the rapid turnaround of post-transplantation levels cru-
cial to limit or avoid post-transplant dialysis. Typically,
once Pox levels consistently remain <20 umol/L, dialysis
is not needed [82]. Some centers prefer CKRT as the
initial post-transplant modality as it allows for continu-
ous oxalate removal without a concern for rebound to
injurious levels.

Maintenance post-transplantation management is outlined
in T7.
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Box 3 Best practices for transplantation planning in primary hyperoxaluria patients with kidney failure

T1: Transplant planning [24, 74-77]

1. PH patients should be referred for transplant assessment in CKD 3b or 4, prior to Pox levels > 3045 pmol/L

2. Selection of liver and kidney vs. kidney alone transplantation should be informed by PH type and treatment available to reduce hepatic oxalate production, its effectiveness,
and reliability of its availability after transplant. See T2-T5

3. Recommend prompt transplantation in most patients to minimize oxalosis progression

4. Throughout the transplant workup period, optimize oxalate removal by dialysis and/or measures to lower hepatic oxalate production. Ideally, Pox should be < 60 pmol/L
before proceeding to kidney transplant alone in the following circumstances: patients on RNAI therapy; pyridoxine sensitive PH1 patients; patients with PH2; and/or CLKT

5. Significant systemic oxalate burden may threaten kidney allograft function and may warrant delay until reduction of oxalate burden with intensive dialysis and/or use of
agents to reduce hepatic oxalate production when available

6. Transplanting centers should have availability of rapid turnaround of Pox levels; ability to initiate HD/CKRT quickly if required post-transplant; and pathology expertise to
discern oxalate crystals on biopsy specimens

7. Native nephrectomy either prior to or at the time of kidney transplant may be considered to protect the allograft from oxalate deposition from excretion of stored oxalate

T2: Transplantation in PH1 patients with CKD stages 4-5 with full pyridoxine responsiveness or those receiving RNAi treatment: [50, 59]

1. In the setting of full pyridoxine responsiveness or control of oxalate production with RNAI treatment, consider kidney-only transplant

2. Donation by donors with heterozygous mutation do not preclude kidney only donation

T3: Transplantation in PH1 in the absence of available or effective RNAI therapy or complete pyridoxine responsiveness [78, 79]

1. CLKT is recommended

2. SLKT or CLKT result in similar rates of patient and graft survival

o Local medical resources and expertise along with consideration of specific patient factors and the donor source should determine the choice of SLKT vs. CLKT

3. Deceased donor organs: regional and national policies may include PH-specific policies defining medical eligibility criteria for listing and prioritization of kidney, liver,
and CLKT for both adult and pediatric patients

4. Attention to donor factors that could minimize delayed graft function such as donor age, size and geographical location to avoid prolonged cold ischemia time are impor-
tant

T4: Transplantation in PH2 [80]

PH2 patients may do well following kidney only transplant, however, in those with significant oxalosis, liver transplantation may be considered, pending reports of additional
experience.

T5: Transplantation in PH3

There are no reports of transplantation in PH3 and understanding of changes in oxalate metabolism in this PH type remain incomplete. Kidney only transplantation is recom-
mended pending further evidence

T6: Peri-operative and early post-transplant management [15, 75, 81, 82]

1. Transplant recipients with Pox > 30 pmol/L should receive HD in the immediate pre-operative period to reduce the Pox level if suitable dialysis access is available

2. Transplant recipients should be kept adequately hydrated while NPO before transplantation to avoid effective volume contraction, while avoiding volume overload

3. Follow local immunosuppression protocols including induction and maintenance immunosuppression in cases of kidney-only transplant or CLKT. If there is delayed
kidney allograft function, consider delay in the start of calcineurin inhibitors with use of an alternate induction protocol, or lower target drug levels if introduced early, to
minimize nephrotoxicity

4. Ensure optimal hydration intraoperatively (2-3 L/m?/day) if feasible to allow rapid clearance of oxalate as effective GFR is restored

5. Continue intravenous hydration (2-3 L/m%day) postoperatively after transplantation as tolerated with attention to overall fluid balance

6. Avoid use of furosemide or other loop diuretics in PH patients after transplantation when possible; use a thiazide diuretic if needed

7. Observe without dialysis if prompt allograft function achieved with excellent urine output from the transplant kidney (> 1-2 ml/kg/hr) in the immediate post-transplant
period

8. Start dialysis promptly (CKRT or intermittent HD), if transplant urine output is sub-optimal (< 1 ml/kg/hr) and/or daily Pox monitoring is not feasible in patients with high
pre-transplant Pox levels

9. Continue CKRT or daily HD until graft function is established and Pox is < 20 pmol/L. Ensure maintenance of adequate intravascular volume during dialysis

T7: Post-transplant maintenance, monitoring and management

1. Continue optimal hydration (2-3 L/m?/day) after transplantation until Uox excretion remains consistently within the normal range

e 6—12 months or longer may be required to eliminate the excess oxalate, depending on pre-transplant systemic oxalate load

2. Recommend to monitor Pox levels. Suggested frequency is:

o Daily in the first post-transplant week if there is delayed graft function. Reduce to once weekly during the first month post-transplant; once monthly during months 2—4
post-transplant; every 3 months until 1 year post-transplant

o In kidney only transplant recipients receiving RNAi or pyridoxine treatment, Pox should be measured every 3 months thereafter

o With any occurrence of acute kidney injury, measure Pox level promptly, with follow up levels guided by results and ongoing kidney function

3. Recommend to monitor urine oxalate levels. Suggested frequency:

o Monthly for 6 months and then every 3 months during the first year

o In liver transplant or CLKT recipients, 6 monthly after the first year until consistently within the normal range

o In kidney only recipients receiving RNAi or pyridoxine treatment, 3 monthly indefinitely

4. Initiate crystallization inhibitors post kidney transplant when tolerated and continue until Uox normalizes (Box 1)

CKD, chronic kidney disease; CKRT, continuous kidney replacement therapy; CLKT, combined liver—kidney transplant; eGFR, estimated glo-
merular filtration rate; HD, hemodialysis; NPO, nothing by mouth; PD, peritoneal dialysis; PHI, primary hyperoxaluria type 1; PH2, primary
hyperoxaluria type 2; PH3, primary hyperoxaluria type 3; Pox, plasma oxalate; SLKT, sequential liver—kidney transplant; Uox, urine oxalate
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Pox is monitored at least weekly for 4 weeks post-trans-
plant, and then at least monthly. By 6 months post-trans-
plant, with stable Pox <20 umol/L, levels can transition to
every 3 months until a year post-transplant, with this fre-
quency maintained indefinitely for those treated with RNAi
or pyridoxine. With any acute kidney injury and drop in
GFR, Pox should be measured urgently.

Uox levels post-transplant reflect systemic oxalate burden
going into transplantation. Brisk hydration (2-3 L/m*/day)
with crystallization inhibitor prescription is necessary until
Uox is consistently normal. Uox should be assessed monthly
for at least 6 months and then every 3 months until a year
post-transplant, with this frequency maintained indefinitely
for kidney-alone recipients treated with RNAi or pyridoxine.
Uox should be measured every 6—12 months until normal
following liver transplantation.

Patient advocacy groups that exist in many countries
(for example Oxalosis and Hyperoxaluria Foundation in
North America) are an invaluable resource for patients and
families, providing support and education while promot-
ing research and innovation. Contact information for such
groups should be provided routinely. To locate details on
patient advocacy organizations dedicated to primary hyper-
oxaluria like the Oxalosis and Hyperoxaluria Foundation,
seek information through reputable sources or inquire with
healthcare professionals and online forums.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00467-024-06328-2.
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