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of oxalate in the body.

Primary hyperoxalurias (PHs) are a family of rare,
autosomal-recessive genetic disorders first described by
Lepoutre in 1925 (REF'). PH prevalence has been esti-
mated to be <3 in 1,000,000 (REF.?), or as high as 1 in
58,000 (REF."). PHs involve an overabundance of oxalate,
which is synthesized in the liver and excreted renally”.
Oxalate and calcium combine and form calcium oxalate
(CaOx) salts, which are highly insoluble and organize to
form recurrent urolithiasis and nephrocalcinosis, lead-
ing to progressive renal insult and eventually end-stage
renal disease (ESRD)". In patients with PHs, inflam-
mation secondary to oxalate-induced tubular toxicity,
nephrocalcinosis and renal obstruction by stones are
thought to drive chronic kidney disease progression’,
which in turn initiates a vicious cycle, as the decrease
in glomerular filtration rate (GFR) leads to less oxalate
excretion. Eventually, systemic accumulation of calcium
oxalate can manifest in extra-renal tissues such as the
skin, retina, bones and heart, and this accumulation is
often fatal®.

Oxalate is synthesized in the liver from its main pre-
cursor glyoxylate’. Cellular oxalate production occurs
via three primary steps: first, mitochondrial catabolism
of hydroxyproline from collagen turnover and metab-
olism of animal proteins to produce glycolate; second,
peroxisomal metabolism of glycolate from mitochon-
drial catabolism and vegetables and fruit to glyoxylate;
and third, cytosolic transport of glyoxylate leading to
oxalate synthesis (FIC. 1).

Mitochondrial catabolism of hydroxyproline involves
conversion of 4-hydroxy-2-oxoglutarate (HOG) into
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glyoxylate and pyruvate by 4-hydroxy-2-oxoglutarate
aldolase (HOGA1)®. Glyoxylate derived from mitochon-
drial catabolism and vegetables and fruit is converted
into glycolate by glyoxylate reductase/hydroxypyruvate
reductase (GRHPR)*"’. Glycolate can then be delivered
to the peroxisome, where it is oxidized into glyoxy-
late by glycolate oxidase''. In peroxisomes, glyoxylate
and L-alanine are transaminated by alanine:glyoxy-
late aminotransferase (AGT), a pyridoxal 5’-phosphate
(PLP)-dependent enzyme, to form pyruvate and glycine,
respectively'”. Glyoxylate in the cytosol can either be
converted back into glycolate by GRHPR or into oxalate
by lactate dehydrogenase (LDH)".

Deficiencies in different genes of glyoxylate metab-
olism lead to three types of PH (FIC. 1). Primary hyper-
oxaluria type 1 (PH1) involves functional loss of AGT,
encoded by AGXT, which leads to accumulation of glyoxy-
late in the cytosol and its LDH-mediated conversion to
oxalate'. Over 200 AGXT mutations have been described
(Human Gene Mutation Database). Mutation frequen-
cies differ according to ethnicity, but the three most
common worldwide are p.G170R, ¢.33dupC and p.1244T,
which account for ~ 30%, 11% and 6% of AGXT mutant
alleles, respectively’. PH1 accounts for ~80% of all PHs,
with a prevalence of 1-3 cases per million people and
an incidence of 1 in 120,000 live births, although these
numbers could be underestimated owing to a lack of
widespread genetic screening'>'®. PH1 is the most severe
form of the disease, with nearly all patients with PH1
progressing to ESRD"". ESRD is diagnosed at the median
age of 24 years in patients with PH1 (REF"9), and 20-50%

NATURE REVIEWS | UROLOGY

VOLUME 19 | MARCH 2022 | 137


http://www.hgmd.cf.ac.uk
http://orcid.org/0000-0001-5378-7650
mailto:kevin.shee@
ucsf.edu
mailto:kevin.shee@
ucsf.edu
mailto:marshall.stoller@ucsf.edu
mailto:marshall.stoller@ucsf.edu
https://doi.org/10.1038/s41585-021-00543-4
https://doi.org/10.1038/s41585-021-00543-4
http://crossmark.crossref.org/dialog/?doi=10.1038/s41585-021-00543-4&domain=pdf

REVIEWS

Key points

e Primary hyperoxalurias (PHs) are a devastating family of rare, autosomal-recessive
genetic disorders that lead to multisystem oxalate deposition, nephrolithiasis,
nephrocalcinosis and end-stage renal disease.

¢ Traditional treatment paradigms are limited to conservative management, dialysis
and inevitably transplantation of the kidney and liver, which is associated with high
morbidity and the need for lifelong immunosuppression.

* New therapeutics being developed for PHs take advantage of biochemical knowledge
about oxalate synthesis and metabolism to specifically target these pathways, with
the goal of decreasing the accumulation and deposition of plasma oxalate in the body.

* New therapeutics can be divided into classes, and include substrate reduction therapy,
intestinal oxalate degradation, chaperone therapy, enzyme restoration therapy and
targeting of the inflammasome.

* Lumasiran, amRNA therapeutic targeting glycolate oxidase, was the first primary
hyperoxaluria-specific therapeutic approved by the European Medicines Agency and
the FDAin 2020.

e Future work includes further clinical trials for promising therapeutics in the pipeline,
identification of biomarkers of response to PH-directed therapy, optimization of drug
development and delivery of new therapeutics.

of patients with PH1 have advanced ESRD at the time of
diagnosis'>*. ESRD outcomes are also worse in patients
with PH1, with a risk of death roughly three times higher
than patients with ERSD without PH1 (REF%).

Primary hyperoxaluria type 2 (PH2) involves func-
tional loss of GRHPR, encoded by GRHPR, which
decreases metabolism of glyoxylate and leads to
increased LDH-mediated oxalate synthesis'* (FIC. 1).
Thirty-nine different mutations in GRHPR have been
described (Human Gene Mutation Database, accessed
12 June 2021). The most common mutations reported
are ¢.103delG and c.403_404 + 2del AAGT; in one study,
¢.103delG accounted for 37% of mutant alleles and
€.403_404 + 2del AAGT accounted for 18% worldwide’.
The exact disease prevalence is unknown but estimated
to be ~10% of PHs?"*. Patients with PH2 tend to have
a less severe phenotype than those with PH1, with the
absence of infantile oxalosis and ESRD occurring in only
20-25% of patients™*.

Primary hyperoxaluria type 3 (PH3) involves func-
tional loss of HOGA1, encoded by HOGA1. The exact
mechanism through which HOGA1 impairment
contributes to downstream oxalate accumulation is
unclear but has been hypothesized to involve either
HOG-mediated inhibition of GRHPR or direct catab-
olism of HOG to generate glyoxylate by a cytosolic
aldolase'”. In total, 33 different HOGAI mutations have
been identified (Human Gene Mutation Database). The
most frequently described mutation is ¢.700+ 5G>T,
which accounts for ~50% of all mutant alleles®. PH3 is
less severe than PH1 and PH2, and tends to present with
early symptomatic nephrolithiasis in the first months to
years of life®*>%.

Broadly, the traditional treatment pathway of PHs
involves conservative medical management, followed
by dialysis and eventual liver and kidney transplant in
the setting of ESRD?. The advent of next-generation
sequencing and other genomic testing techniques have
brought about an era of precision medicine, in which
disease-modifying genes and relevant pathways can be
dissected and targeted with novel therapeutics. These

new drugs have shown promise in clinical trials; for
example, RNA interference therapeutic lumasiran
demonstrated both effectiveness and tolerability in
phase III clinical trials, leading to approval by both the
FDA and European Medicines Agency (EMA) for use
in PH1 (REFS*%).

This Review covers current treatment paradigms
for PHs, discusses available data on new therapeutics
and their mechanisms of action, and examines future
directions for novel research in the field.

Traditional management options

Traditional treatment options for PH are limited (FIG. 2).
An aggressive increase in fluid intake (in the order of
3-41 per day) is reccommended in all patients with PH,
and in infants who cannot self-improve their fluid intake
this treatment could result in the placement of a gastro-
stomy tube to ensure fluid intake overnight®. Dietary
changes have traditionally been thought to be irrelevant
in PH1, as the fraction of dietary oxalate excreted into
urine is very low (<5%)’'. However, a 2018 study demon-
strated that decreased oxalate and hydroxyproline die-
tary intake leads to reduced urinary oxalate excretion
in some patients*. Citrate compounds (such as potas-
sium citrate and sodium citrate), commonly prescribed
to treat kidney stone disease, inhibit crystallization by
binding available free calcium and alkalizing urine®.
Similarly, orthophosphates (neutral phosphates) delay
stone formation by reducing calcium oxalate crystalli-
zation in patients with PH; results from a study in which
25 patients were treated with orthophosphates and pyr-
idoxine showed significantly reduced urinary supersat-
uration with calcium oxalate (P<0.001) and increased
inhibition of calcium oxalate formation (P<0.001)*.

Pyridoxine (vitamin B), which is metabolized to
pyridoxal-5’-phosphate (PLP, the essential cofactor
of AGT) was first shown to be effective in decreasing
plasma oxalate levels in a subset of patients with PH1
in 1967 (REF*). Pyridoxine leads to a decrease in urine
oxalate in ~30% of patients with PH1, particularly those
with Gly170Arg and Phel521Ile genotypes, although
pyridoxine-sensitive patients eventually develop ESRD as
well”. Results of a small prospective clinical trial of pyri-
doxine in 12 patients demonstrated adequate response,
defined as >30% reduction in mean relative urine oxalate
in 50% of the cohort*. The mechanism of action of pyr-
idoxine in PH involves multifactorial activity on AGT:
pyridoxine has been shown to increase expression, cata-
lytic activity and peroxisomal import of AGT, restoring
the function of the enzyme lost in PH1 (REF.”).

When PH reaches the ESRD stage, dialysis treatment
is started. Frequent and short haemodialysis sessions
with high flux filters, typically 2-3 h daily, have been
shown to be more efficient than longer, less frequent
dialysis regimens, such as standard haemodialysis regi-
mens of three times weekly’®*. The addition of noctur-
nal peritoneal dialysis can increase oxalate elimination
further*. However, even daily haemodialysis and peri-
toneal dialysis sessions are unable to eliminate sufficient
levels of oxalate to decrease systemic build-up, and
dialysis is usually a temporary stopgap before definitive
treatment™.
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The only definitive cure for PH is transplantation of
the liver, the source of oxalate production®. This pro-
cedure is typically performed as combined liver and
kidney transplantation (CLKT), which has shown to be
superior to isolated kidney transplant (IKT) for kidney
graft survival, reported to be 76% for CLKT and 14% for
IKT at 5 years®. Survival outcomes and liver graft sur-
vival at 5 years for CLKT have been reported to be 80%
and 72%, respectively””*. IKT is an option for specific
populations of patients, including patients who are not
surgical candidates and patients who respond to pyri-
doxine therapy"', but is limited by poor graft survival®.
The optimal timing of liver transplant relative to kidney
transplant and whether transplant is done combined
or sequentially remains unknown and the subject of
debate®. For example, a study in which 201 patients
received liver and kidney transplantation showed no dif-
ferences in survival, liver graft outcomes or kidney graft
outcomes between patients receiving CLKT and those
receiving sequential liver and kidney transplantation.
Transplantation is a morbid procedure associated with
operative risks, graft rejection, post-transplant organ
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Fig. 1| Oxalate synthesis pathway and molecular mechanisms leading to primary
hyperoxaluria. In mitochondria, 4-hydroxy-2-oxoglutarate (HOG) is converted into
glyoxylate and pyruvate by 4-hydroxy-2-oxoglutarate aldolase (HOGA1). Glyoxylate
reductase/hydroxypyruvate reductase (GRHPR) converts glyoxylate into glycolate.

In peroxisomes, glycolate from mitochondrial catabolism and vegetable and fruit is
oxidized into glyoxylate by glycolate oxidase (GO), whereas glyoxylate and L-alanine are
transaminated by alanine:glyoxylate aminotransferase (AGT), a pyridoxal 5’-phosphate
(PLP)-dependent enzyme, to form pyruvate and glycine, respectively. In the cytosol,
glyoxylate can be converted into oxalate by lactate dehydrogenase (LDH). Deficiency

in AGT or GRHPR leads to the accumulation of glyoxylate in the cytosol and its increased
conversion into oxalate by LDH. Different components of the oxalate pathway are
mutated in primary hyperoxaluria (text highlighted in red). PH1, primary hyperoxaluria
type 1; PH2, primary hyperoxaluria type 2; PH3, primary hyperoxaluria type 3.
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failure and lifelong immunosuppressive medications and
their adverse effects**, therefore providing a window of
opportunity for the development of new therapeutics.

New clinically available therapeutic options

New therapeutics being developed for PHs take advan-
tage of biochemical knowledge about oxalate synthesis
and metabolism to specifically target these pathways,
with the goal of decreasing the accumulation and depo-
sition of plasma oxalate in the body. Current therapeutic
classes of drugs that have been clinically tested can be
divided into three strategies: substrate reduction ther-
apy (SRT), which seeks to target key enzymes responsi-
ble for oxalate production; enhanced intestinal oxalate
degradation through administration of oral enzymes
or probiotics; and chaperone therapy for misfolded
proteins (TABLE 1; FIG. 2).

Substrate reduction therapy. SRT is a definitive thera-
peutic approach to treating metabolic disorders caused
by accumulation of dangerous substrates by target-
ing key enzymes responsible for their production'.
The ideal SRT target for PH must satisfy two primary
requirements: the target must be a key step in the oxalate
metabolic pathway; and the inhibition of the target must
lead to minimal off-target effects. To date, two targets
have emerged for the treatment of PH: glycolate oxidase
and lactate dehydrogenase (LDH).

Glycolate oxidase (encoded by HAOI) is an enzyme
that catalyses the synthesis of glyoxylate, the precur-
sor molecule for oxalate, in hepatocytes'’. Patients
with inherited loss-of-function mutations in glyco-
late oxidase do not display any phenotype other than
high urine glycolate levels, which suggests that thera-
peutic inhibition will probably be tolerated”. Multiple
inhibitors of glycolate oxidase have been identified,
including 4-carboxy-5-dodecylsulfanyl-1,2,3-tiazole
(CDST) and 4-carboxy-5-[(4-chlorophenyl) sulfanyl]-
1,2,3-thiadiazole (CCPST), although these inhibitors
have not made it into clinical trials because of issues
with dosing and adverse effects’”*. A therapeutic RNA
interference (RNAi) drug against glycolate oxidase
(ALN-GO1) was shown to decrease urinary oxalate in
mice, rats and non-human primates®. This preclinical
success led to the development of lumasiran (Oxlumo),
which is ALN-GOL tethered to N-acetylgalactosamine
for targeted delivery to hepatocytes®. Lumasiran
demonstrated 65.4% mean reduction in urinary oxalate
relative to baseline, with no deaths or serious adverse
events, in 26 patients with non-ESRD PH aged >6 years
in ILLUMINATE-A, a double-blind, placebo-controlled
phase III trial®". Initial data from the completed phase III
ILLUMINATE-B trial (NCT03905694) presented at the
2020 American Society of Nephrology (ASN) confer-
ence indicate promising results of lumasiran treatment
in patients with non-ESRD PH1 aged <6 years, reporting
a 72% mean reduction in urinary oxalate:creatinine
ratios at 6 months™. The phase III ILLUMINATE-C trial
(NCT04152200), which involves patients with PH1 and
ESRD, completed enrolment in December 2020, but has
not released any results yet*. Based on the success of
the trials so far, lumasiran was approved by the EMA
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Fig. 2 | Summary of the current state of primary hyperoxaluria treatment. Traditional
management options for primary hyperoxaluria (PH) include pyridoxine, citrate com-
pounds, neutral phosphates, dialysis, and liver and kidney transplantation. New areas

of therapeutic development include substrate reduction therapy, intestinal oxalate
degradation, chaperone therapy, enzyme restoration therapy and targeting of the
inflammasome. Therapeutics tested clinically in PH are highlighted in green, therapeu-
tics tested in preclinical models of PH are highlighted in yellow, and therapeutics that
have only been tested in other diseases but might be promising for PH are highlighted

in red. AGT, alanine:glyoxylate aminotransferase; AGT-PGA-AGT, alanine:glyoxylate
aminotransferase cross-linked to moieties of polyethylene glycol (PEG) and polyglutamic
acid (PGA); DECA, dequalinium chloride; IL-1BRi, interleukin-1p receptor inhibitor;
iPSCs, induced pluripotent stem cells; NLRP3i, NOD-, LRR- and pyrin domain-containing
protein 3 inhibitor; OxDC CLEC, oxalate decarboxalase cross-linked crystals;

TNFRi, tumour necrosis factor receptor inhibitor.

in October 2020 (REF.*) and the FDA in November
2020 (REF?), being the first specific treatment for PH1
approved by either agency.

LDH catalyses conversion from glyoxylate into oxa-
late in the cytosol of hepatocytes, the final step in the
oxalate synthesis pathway'*. People with LDH deficiency
do not display any pathological phenotype, which sup-
ports the potential tolerability of therapeutic inhibition™.
Stiripentol (Diacomit), an anti-epileptic drug initially
used for Dravet syndrome™, has been shown to be a
potent inhibitor of LDH, and was demonstrated to
lower urine oxalate in cell cultures, animal models and
a patient with PH1 who had preserved kidney function®.
A phase II clinical trial (NCT03819647) investigating
stiripentol for the treatment of PH is ongoing™. Of note,
a case report showed that stiripentol was unable to sig-
nificantly reduce plasma oxalate levels in a patient with
PH1 and ESRD, suggesting difficulty in treating patients
with PH1 showing a severe phenotype*’. Nedosiran is
an RNAI drug targeting LDH that had preclinical suc-
cess in decreasing plasma oxalate in animal models*,
and was granted Rare Paediatric Disease Designation
by the FDA in June 2020 (REF®). The results from the
phase I PHYOX1 trial (NCT03392896) demonstrated
tolerability of nedosiran and a mean maximal reduction
of urinary oxalate levels of 66% (range of 35-100%) in
25 healthy volunteers and 18 patients with PHI (REF?").
PHYOX2, a phase II double-blind, placebo-controlled,
randomized trial (NCT03847909) assessing the safety

and efficacy of nedosiran in patients aged 26 years
achieved the primary end point, demonstrating a sta-
tistically significant reduction from baseline in urinary
oxalate excretion compared with placebo (P <0.0001)%.
A case report published in 2021 demonstrated an excep-
tional response to nedosiran treatment in a patient
with PH1 and ESRD who was awaiting CLKT; after
6 months of treatment, the patient had a drastic reduc-
tion in plasma oxalate (from 55.5 pmol/l to 13.9 umol/l),
leading to decreasing weekly dialysis appointments from
six to three, and deferral of CLKT in favour of contin-
ued nedosiran treatment®. Finally, a small-molecule
inhibitor of LDH, CHK-336, was granted Rare Pediatric
Disease Designation by the FDA based on demonstra-
tion of dose-dependent reduction and normalization
to wild-type levels of urinary oxalate in PH1 mouse
models®’. CHK-336 will be tested in a phase I clinical
trial planned to initiate at the end of 2021 (REF*).

Intestinal oxalate degradation. Promoting intesti-
nal degradation of oxalate can lead to decreased oxa-
late absorption, thereby reducing plasma and urine
oxalate levels and ameliorating the PH phenotype®.
Methods of decreasing absorption of intestinal oxalate
trialled in PH include probiotic administration and oral
enzyme administration.

Natural intestinal bacterial flora, consisting of bac-
teria such as Oxalobacter formigenes, thrive on con-
sumption of oxalate, which is broken down as an energy
source®. In animal models, oral administration of
O. formigenes has been shown to reduce levels of oxalate
in urine and plasma through intestinal excretion of endo-
genous oxalate®”. A phase I clinical trial showed that
oral O. formigenes is safe and well-tolerated, leading to
a reduction in urinary oxalate levels in 16 patients®®.
Oxabact, a lyophilized formulation of O. formigenes, was
granted FDA Rare Pediatric Disease Designation in June
2020 (REF*). Randomized phase II/III studies to date have
confirmed the tolerability of Oxabact, but have shown
no changes in urinary oxalate concentrations after 8 or
24 weeks of treatment; authors from these studies cited
low bacteria viability and insufficient treatment time as
possible reasons for drug failure”””'. Another phase III
clinical trial for Oxabact (ePHex; NCT03116685) com-
pleted enrolment in April 2020, with results expected
at the end of 2021 (REF"). Compassionate use has been
reported in two case reports that showed the potential
of Oxabact in combination with intensive dialysis in
infantile oxalosis, which is an early-onset severe pres-
entation of PH1 in children under 6 months of age,
resulting in reduced plasma oxalate and halting of
disease progression’>"*.

An alternative method of intestinal oxalate
removal is enzyme administration therapy, in which
oxalate-degrading enzymes, typically purified from
non-human sources, can be orally administered
to degrade intestinal oxalate in a safe and tolerable
manner”. The enzyme that is primarily used is oxalate
decarboxylase (OxDC), typically purified from fungi and
bacteria, which converts oxalate into formate and carbon
dioxide’. OxDC is available in multiple formulations that
have been clinically tested, including Nephure, Oxazyme
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and reloxaliase. Nephure is purified OxDC from
Synechococcus elongatus’. To date, enzyme administra-
tion therapy with OxDC formulations have only been
clinically tested in healthy individuals and patients with
secondary hyperoxaluria, which, unlike PH, is not caused
by genetic errors of metabolism, but by increased dietary
ingestion of oxalate, precursors of oxalate, or alterations
in intestinal microflora’™. A completed prospective,
randomized study of Nephure in healthy adult volun-
teers on a 4-day controlled high-oxalate, low-calcium
diet demonstrated a 24% reduction (P<0.001) in 24-h
oxalate excretion compared with placebo™. Oxazyme
is purified from Bacillus subtilis and was found to sub-
stantially reduce oxalate content in vitro®. Results of an
unpublished phase I clinical trial of oxazyme in 2012
demonstrated a significant reduction of urinary oxa-
late in 8 patients with secondary hyperoxaluria after
Roux-en-Y gastric bypass (P=0.018; NCT01127087)*,
but additional clinical studies have not been initiated or
performed to date. Reloxaliase, formerly ALLN-177,is an
encapsulated crystalline form of OxDC from B. subtilis®.
In a phase I clinical trial, reloxaliase demonstrated an
ability to reduce urinary oxalate by 11.6 +2.7 mg/day in
30 healthy volunteers with hyperoxaluria induced by
ingestion of a high-oxalate diet (P=0.0002)*. In a sub-
sequent study, treatment with reloxaliase in 5 patients
with nephrolithiasis with enteric hyperoxaluria and
11 with idiopathic hyperoxaluria led to a mean reduc-
tion in urine oxalate excretion of 14 mg/24h, and was
well tolerated®. Reloxaliase has received orphan drug
designation for PH, and a phase II clinical trial including
patients with PH is ongoing (NCT03391804)".

Chaperone therapy. The most common AGT mutations
in PHI1 result in a conformational change of the protein
that can lead to increased aggregation or degradation,
decreased or abolished enzyme function, and/or overall
instability of the protein®*. Chaperone therapy uses
small-molecule therapeutics capable of restoring a func-
tional enzyme conformation, and has been successfully
employed in other disorders, such as lysosomal storage
disease and cystic fibrosis®*.

REVIEWS

Pyridoxine has been shown to be effective in spe-
cific AGT variants at least in part because of its action
on protein folding, determined by immunoprecipita-
tion and thermal denaturation studies in cell culture
and in vitro®. Specific mutations in AGT that lead to
protein misfolding include the two most common
mutations in PH1, Gly170Arg and Phel52Ile, which
affect 30-40% and 20% of patients, respectively®='.
Pyridoxine treatment in patients with PH1 with sensi-
tive mutations have the potential to return urine oxalate
levels to normal and prevent development of ESRD”. In
cellular models of PH1, pyridoxal 5’-phosphate (PLP),
the active component of pyridoxine, was shown to both
shift conformational equilibrium towards a more sta-
ble conformation of AGT, and promote acquirement
and maintenance of a dimeric AGT structure, which is
crucial for functionality®. Interestingly, combined bio-
informatic and molecular studies have shown an inverse
correlation between the degree of destabilization and
misfolding induced by an AGT mutation and the extent
of pyridoxine responsiveness, suggesting that pyrido-
xine function as a chaperone is a relatively late event in
AGT folding and, therefore, a threshold beyond which
pyridoxine can rescue the effects of destabilizing AGT
mutations could exist™.

Betaine, also known as trimethylglycine, is a modi-
fied amino acid that is involved in methylation reactions,
detoxification of homocysteine and anti-inflammatory
functions™. In cell culture models of PH, betaine has
been shown to exert a stabilizing effect on specific patho-
genic AGT variants, including Phe152Ile, Glyl170Arg and
I1e244Thr”*". Besides pyridoxine, betaine is the only
chaperone therapeutic that has been clinically tested in
an unpublished randomized phase II crossover clinical
trial (NCT00283387)* in which patients with PH1 were
treated with betaine (n=10) or placebo (n=10); treat-
ment was well tolerated without severe adverse effects,
but no decrease was found in urinary oxalate excretion
in the betaine treatment cohort™. Lack of efficacy might
be a result of limited sample size or betaine formulation
or dose, and further studies are needed to determine the
utility of betaine treatment in PH.

Table 1 | Targeted clinical therapeutics in PH1

Therapeutic Therapeutic Drug Trial phase References
strategy mechanism
Substrate reduction GO inhibition Lumasiran (ALN-GO1) FDA-approved UP (NCT04152200)°"**
therapy LDH inhibition Nedosiran (DCR-PHXC) ~ Phaselll UP (NCT03847909)°"
Stiripentol Phase Il UP (NCT03819647)
CHK-336 Phase I? up
Restoration of Protein folding Pyridoxine (vitamin By) FDA-approved SREEE
i‘g;f(gfnqglt;”nzyme chaperones Betaine Phase Il UP (NCT00283387)
Intestinal oxalate Probiotics Oxabact Phase lll UP(NCT03116685)"%77
degradation Oral enzyme Nephure b 7
sy Oxazyme Phase | UP(NCT01127087)
Reloxaliase (ALLN-177) Phase Il FLE

GO, glycolate oxidase; LDH, lactate dehydrogenase; PH1, primary hyperoxaluria type 1; UP, unpublished. “Ongoing clinical trial
*Completed randomized clinical trial, but no FDA phase designation
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Misfolding of proteins affects their function and also
their proper subcellular localization”. For example, the
common Gly170Arg mutation has been shown to lead
to mislocalization of AGT within the mitochondria
without affecting its enzymatic function in mamma-
lian cell cultures'®. Mitochondrial transport inhibitor
dequalinium chloride (DECA), FDA-approved for oral
and vaginal antibacterial treatment'”’, is a chaperone
protein that has been shown to reduce oxalate secretion
by correction of Glyl70Arg-mediated mislocalization
of AGT in vitro'”. Similarly, emetine, a medicinal
alkaloid, has been shown to decrease oxalate excretion
in vitro through its action as a chemical chaperone,
which rescues mislocalization of Gly170Arg-AGT'”.
To date, these medications have not been tried in a
clinical setting.

In summary, chaperone therapy and SRT-enhanced
intestinal oxalate degradation are clinically tested ther-
apeutic strategies to combat PH that have shown vary-
ing degrees of clinical success. These therapeutics have
begun transforming the lives of patients with PH1,
although determining long-term efficacy and patient
outcomes is ongoing.

Preclinical strategies in development

Multiple therapeutics for PH have shown some evidence
of efficacy in preclinical studies, but have yet to be trans-
lated into clinical application. These include enzyme
restoration therapy (ERT), CRISPR-Cas9 SRT and ERT,
and inhibition of the inflammasome (FIC. 2).

Enzyme restoration therapy. PHs are caused by enzyme
deficit or dysfunction; thus, direct administration of the
deficient enzyme, known as ERT, is an obvious thera-
peutic strategy. To date, therapeutic efforts have focused
on the enzyme deficient in PH1, AGT, with promising
results obtained in preclinical models. ERT can be
achieved through a direct or an indirect approach.

Direct ERT in PH1 involves AGT restoration in
host hepatocytes. The first engineered form of the AGT
enzyme (AGT-RHEAM) developed for ERT reported
high catalytic activity and stability'*, but had no ave-
nue for delivery into cells. A fusion protein of AGT
with a N-terminal cell-penetrating Tat peptide was
then developed and successfully internalized in a cell
culture model of PH1, but it was limited in therapeutic
potential because of the strong immunogenicity of the
Tat peptide'®. Lastly, a subsequently developed form
of AGT cross-linked to moieties of polyethylene glycol
(PEG) and polyglutamic acid (PGA) (AGT-PGA-AGT)
has been shown to reach the peroxisome and metabolize
glyoxylate in cell culture models of PH1, and achieved
stability and non-immunogenicity in plasma'®. Another
method of direct ERT involves the delivery of lipid
nanoparticle-encapsulated mRNA. Successful delivery of
AGT mRNA was demonstrated in Agxt-knockout mice,
with a resultant 40% reduction in urinary oxalate'”’”.
Finally, direct ERT can also be performed through viral
delivery of AGT complementary DNA (cDNA), which
has been shown to significantly reduce urine oxalate by
2.7-3.6-fold (P<0.05) in Agxt-knockout mice in two
Studiesl()s,l()‘).

Indirect ERT strategies include ex vivo restoration
of AGT in the patient’s own stem cells before differ-
entiation into hepatocytes and reimplantation into the
liver, or liver cell transplantation from a healthy donor.
Successful restoration of AGT expression was demon-
strated in induced pluripotent stem cells (iPSCs) from
fibroblasts of patients diagnosed with PH1, but cells
failed to retain edited AGT upon differentiation into
hepatocyte-like cells''’; a subsequent study addressed
the AGT-retention problem with the introduction of
a liver-specific transthyretin promoter, which success-
fully provided hepatocyte-like cells showing rescued
AGT expression after differentiation'''. Alternatively,
indirect ERT can be performed through liver cell trans-
plantation from healthy donors, which has been shown
to substantially reduce plasma oxalate in a case report of
a 15-month-old patient with severe systemic oxalosis'"’.
However, biopsy specimens taken from many areas
of the explanted liver did not show any donor cells
5 months after transplant, highlighting that liver repo-
pulation is a major challenge for indirect AGT replace-
ment, because corrected hepatocytes will only represent
a small percentage of total hepatocytes. Strategies to
address liver repopulation after indirect ERT include
decreasing the relative fitness of host liver cells using
radiotherapy and increasing the relative fitness of cor-
rected hepatocytes using hepatocyte growth factor,
which was successful in a mouse model of PH1 (REF.'").

CRISPR-Cas9 therapy. CRISPR-Cas9 gene editing has
the advantage of being permanent compared with the
transient gene silencing technology of RNAI (such as
lumasiran and nedosiran). Approximately 20 phase I/II
clinical trials involving CRISPR-Cas9 delivery for
therapeutic use in single-gene diseases are ongoing,
including sickle cell anaemia, -thalassaemia, leukaemia,
non-small-cell lung cancer and more, but long-term
follow-up data are limited''*. CRISPR-Cas9 technology
remains a clinical challenge owing to important limi-
tations, including off-target effects, toxic effects and
delivery challenges'".

Off-target effects, defined as induction of mutations
at sites other than the intended on-target site, have
been shown to occur at a frequency of at least 50%''°.
Double-stranded break repair by non-homologous
end joining (NHE]J) can lead to unexpected mutations
or genomic rearrangements'’’. Methods of decreasing
NHE] in favour of the less common but higher fidel-
ity homology directed repair (HDR) include chemical
or genomic silencing of NHE]"'®'", or the introduc-
tion of Cas9 nickase (Cas9n), which induces specific
single-stranded breaks (SSBs) to promote HDR''®.
Decreasing DNA binding affinity of Cas9 and optimiz-
ing single guide RNA (sgRNA) targeting are two strat-
egies to prevent Cas9 from binding to incorrect sites
and causing unwanted alterations'"”. Cas9 mutants with
decreased binding affinity of Cas9 have been created,
including SpCas9, evoCas9 and HiFiCas9 (REFS'**')).
Similarly, platforms have been designed to optimize
sgRNA sequences against target genes based on com-
putational algorithms, such as E-Crisp, CRISPR-design,
CasOFFinder and sgDesigner''®!*>'%,
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Toxic effects caused by CRISPR-Cas9 delivery and
gene editing can have multiple causes. DSBs can trigger
apoptosis instead of gene editing, often in a p53-mediated
manner'?*'*, Immunotoxicity as a result of delivery of
CRISPR-Cas9 was described in a 2019 study showing
that >50% of healthy donors have pre-existing anti-
Cas9 antibodies against the most commonly used Cas9
orthologues, SaCas9 and SpCas9 (REF.'*).

Finally, delivery of CRISPR-Cas9 cargo into patients’
tissues remains a barrier to its widespread clinical use.
The most commonly used delivery method involves
viral vectors, typically adenovirus and lentivirus, but
these methods have some limitations, including a toxic
effect at high doses in animal models'”, limited car-
rying capacity'” and the potential for host immune
activation'”. Non-viral delivery systems include
lipid-based delivery (such as lipofectamine)'** and
cell-penetrating peptides'’, but current limitations
are relatively poor uptake and translocation efficiency
into cells compared with viral approaches. Other deliv-
ery mechanisms remain largely untested in vivo'*.
These limitations mean that successful application of
CRISPR-Cas9 in PH has been restricted to preclinical
models, including cell culture and animal models, and
has not yet been attempted clinically'*. The preclini-
cal data are especially promising for SRT, primarily for
inhibition of glycolate oxidase and LDH. Liver-specific
delivery of a sgRNA targeting mouse Haol led to the
prevention of oxalate over-production and kidney
damage in Agxt-knockout mice'*, and another study
showed similar efficacy using sgRNA to target Haol in
Agxt®N-mutant rats'*. The same group showed that
sgRNA knockdown of Ldha, decreasing LDH expres-
sion by 50% compared with untreated controls, led to
a significant reduction in urinary oxalate levels at 1, 3
and 6 months in AGXTP?**N-mutant rats (P<0.003)"°.
Using CRISPR-Cas9 for ERT in PH has not currently
been attempted, but is a feasible future application of the
technology.

Targeting the inflammasome. One of the primary
mechanisms of renal failure in PH is oxalate-induced
inflammation and activation of downstream inflam-
matory response pathways'”’~'*’. One crucial inflamma-
tory pathway mediator in PH is NOD-, LRR- and pyrin
domain-containing protein 3 (NLRP3), which is an
intracellular sensor that detects cellular insults and
activates downstream release of the pro-inflammatory
cytokines IL-1{ and IL-18 and subsequent cell death'*.
NLRP3-null mice were shown to be protected against
progressive kidney failure and cell death compared with
NLRP3 wild-type mice''. Other crucial inflammatory
mediators are the tumour necrosis factor receptors 1
and 2 (TNFR1 and TNFR2), which lead to the release
of pro-inflammatory cytokines IL-6 and TNF and, sub-
sequently, to apoptosis'’. TNFR1-null or TNFR2-null
mice fed a high oxalate diet did not develop nephro-
calcinosis or chronic kidney disease compared with
wild-type mice'*.

Rationally, targeting of NLRP3, TNFR1 and TNFR2,
and pro-inflammatory cytokines could result in
improved renal outcomes in patients with PH. Many

REVIEWS

therapeutics are being developed for other diseases that
could be translatable to PH; however, these therapies
have not yet been clinically tested in patients with PH,
and models of hyperoxaluria (such as high oxalate diet
mouse models) used in the corresponding studies might
not completely capture the situation in PH. NLRP3 tran-
scriptional inhibition with the microRNA miR-223 has
been shown to prevent inflammasome activation and
cytokine release in mouse models of intestinal inflamma-
tion'*“. The small-molecule NLRP3 inhibitor CP-456773,
also known as CRID3 and MCC950, decreases renal
inflammation and fibrosis in mouse models'*. OLT1177
(dapansutrile) is another small-molecule NLRP3 inhibi-
tor that has been shown to reduce inflammation induced
by IL-1P and IL-18 production in preclinical models
of chronic inflammatory diseases, including cultures of
lipopolysaccharide (LPS)-stimulated macrophages,
neutrophils and monocytes and LPS-challenged mice'*°.
Results from completed phase II trials for gout'*” and
knee osteoarthritis (NCT01768975)'* demonstrated
that OLT1177 is safe in humans and efficient for NLRP3
inhibition, and warrants further exploration in PHI1.
IL-1P receptor antagonist anakinra (Kineret) has been
shown to protect from CaOx nephropathy in mice,
reducing inflammation and kidney damage’. Anakinra
is already FDA-approved for rheumatoid arthritis,
cryopyrin-associated periodic syndromes (CAPS), and
deficiency of the interleukin-1-receptor antagonist
(DIRA)', and has shown promising results in multi-
ple clinical trials for hidradenitis suppurativa'’, peri-
carditis””!, COVID-19 (REF."*?) and other inflammatory
conditions, although it has not been clinically tested in
PH. Anakinra might, therefore, be a therapeutic oppor-
tunity in PH1 and warrants testing in clinical trials.
Finally, TNFR blockade by R-7050, a cell-permeable
compound, decreased the inflammatory and fibrotic
response to intrarenal CaOx crystallization in wild-type
mice fed an oxalate-rich diet, a model of hyperoxaluria'®.

In summary, ERT, CRISPR-Cas9 for SRT and ERT,
and inhibition of the inflammasome, although clinically
untested in PH thus far, are promising therapeutic strat-
egies that warrant testing for tolerability and efficacy in
clinical trials for PH.

Conclusions

PH is an extremely exciting area of preclinical and clin-
ical research, in which some of the newest therapeutics
are drastically influencing the lives of patients today.
The FDA approval of lumasiran, and the FDA Rare
Pediatric Disease Designation of nedosiran, CHK-336,
and Oxabact are exciting, but still much more work
is needed. For the newest clinically successful drugs,
long-term safety and outcomes data are lacking, and
the rate at which patients develop resistance to these
therapeutics is unknown. Furthermore, many of the
published clinical trials for these new therapeutics have
been restricted to patients without ESRD, and case stud-
ies suggesting utility in these cohorts of patients with
more severe disease are just emerging. Heterogeneity of
response to these therapeutics is also a challenge, which
could strongly affect the need for transplantation in
patients. Identifying biomarkers of patients’ response
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is crucial for successful clinical implementation of
PH therapies, and might also invite novel strategies or
combination therapies in the future. For developmen-
tal stage therapeutics, such as CRISPR-Cas9 and AGT
fusion proteins, optimizing delivery strategies and min-
imizing off-target effects remain important challenges
to address. Additional therapeutics that are already

FDA-approved for other indications, such as anakinra,

might also have potential in PH. Moreover, in vitro and
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