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Primary hyperoxalurias (PHs) are a group of inherited alterations of the hepatic glyoxylate metabolism. PHs classification
based on gene mutations parallel a variety of enzymatic defects, and all involve the harmful accumulation of calcium
oxalate crystals that produce systemic damage.
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| 1. Primary Hyperoxalurias: Pathology and Current Treatment

Primary hyperoxaluria (PH) is a rare disease of liver metabolism that results in excess oxalate production and urine
excretion (hyperoxaluria). Its estimated prevalence in clinical studies is around 1-3 per million population X, although
recent genomic investigations suggest significant underdiagnosis . Indeed, genomic studies identify such number of
mutant alleles in the general population that a prevalence of one in 58,000 individuals could be a good estimate [, This
severe disease is caused by genetic changes that alter glyoxylate and hydroxyproline metabolism resulting in
overproduction of oxalate by the liver . Other situations in which elevated oxalate in the urine is due to excessive intake
or absorption of oxalate or its precursor are known as secondary hyperoxalurias.

PH1 (OMIM #259900) is the most common and severe form of PH, due to mutations in the AGXT gene (coding for
alanine: glyoxylate amino-transferase, AGT) 4 and accounts for about 80% of PH cases. Other hereditary hyperoxalurias
include PH2 (OMIM #260000), caused by mutations in the GRHPR gene (coding for glyoxylate/hydroxypyruvate
reductase, GRHPR) and PH3 (OMIM #613616), caused by mutations in the HOGA1l gene (coding 4-hydroxy-2-
oxoglutarate aldolase 1, HOGAL). All three forms of PH are inherited as autosomal recessive diseases and the possibility
exists that additional types of PH (non PH1-PH3) might be described in the future.

Loss of function mutations in any of these three genes result in a deficit to detoxify glyoxylate, which is then converted into
oxalate by hepatic lactate dehydrogenase (LDH). Since humans have no enzyme capable of degrading oxalate, this
dicarboxylic compound must be eliminated primarily by the kidneys, where it can complex with calcium to form crystals
and calcium oxalate (CaOx) stones (Figure 1). Patients with primary hyperoxaluria experience high concentrations of
oxalate in the urine from birth. PH1 patients typically yield oxalate excretion > 1 mmol/1.73 m? per day (normal range <
0.5 mmol) . The increased urinary excretion of oxalate results in urinary CaOx supersaturation, which leads to crystal
aggregation, urolithiasis, and/or nephrocalcinosis. Nephrocalcinosis or recurrent urolithiasis can cause renal
tubulointerstitial inflammation and fibrosis and, if persistent, end-stage kidney disease. In addition, urolithiasis
complications such as infection and obstruction and the surgical interventions to treat urolithiasis, also contribute to renal
damage in affected patients.

o

: [} glycolata \\- H)kg/“@

=]
H o o glyoxylate
(dRr4-hydroxy-Lproline - 7 4 pyruvate

==

—— — (R}-d-hydroxy-2-oxoglutarate
Mitochondria

glycolate glyoxylate oxalate

Cytosol



Figure 1. Schematic representation of the hepatic glyoxylate metabolism and calcium oxalate formation. Glyoxylate is a
very reactive aldehyde produced in the intermediary metabolism of glycine, (4R)-4-hydroxy-L-proline and glycolate as the
best known sources in humans. Lactate dehydrogenase (LDH) oxidizes cytosolic glyoxylate into oxalate, an end product
of metabolism that can precipitate as tissue-damaging calcium oxalate. Two organelles play crucial roles in glyoxylate
detoxification. Alanine-glyoxylate aminotransferase (AGT) plays a central role converting glyoxylate into glycine in the
peroxisome, while mitochondrial and cytosolic glyoxylate can be reduced to glycolate by glycolate reductase /
hydroxypyruvate reductase (GRHPR), preventing excessive oxidation to oxalate by LDH. Mitochondrial hydroxyproline
metabolism via hydroxyproline dehydrogenase (HYPDH) results in the production of (R)-4-hydroxy-2-oxoglutarate that is
normally split into glyoxylate and pyruvate by 4-hydroxy-2-oxoglutarate aldolase 1 (HOGAL).

The typical clinical presentation is either recurrent kidney stone episodes at a young age and/or chronic renal failure. In
many instances, most frequently in PH1, oxalate nephropathy results in end stage renal disease (ESRD) (Figure 2). The
consequences of declining kidney function can be particularly severe in these conditions, since the oxalate load can no
longer be eliminated, and plasma oxalate levels rise to life-threatening levels . In PH patients with kidney failure, dialysis
cannot remove enough oxalate to keep up with daily production, resulting in oxalate deposition in skin, retina, heart,
vessels, bones and other organs (systemic oxalosis), leading to severe morbidity and death.

Figure 2. Calcium oxalate crystals (bright birefringent crystals) are shown in a kidney biopsy of a PH1 patient with chronic
renal disease. Note the tubular damage and atrophy, interstitial inflammation and fibrosis secondary to calcium oxalate
deposits.

Current strategies to reduce kidney damage try to reduce CaOx crystal formation through high urine volume and
medications such as citrate and magnesium, and in some PH patients pharmacologic doses of pyridoxine can reduce
oxalate production 8. Very large daily fluid intake is required as well as medications taken multiple times daily,
compromising quality of life. Further, while these treatments may decrease the effects of hyperoxaluria, in most PH
patients they do not eliminate recurring stones or ESRD. The burden of frequent symptomatic kidney stones and their
associated pain, hospitalizations and need for interventional procedures, and the burden of ESRD, intensive dialysis,
systemic oxalate deposition, and transplantation is enormous. Kidney transplantation alone has a high failure rate due to
oxalate injury. Thus, for the severe forms of PH combined liver and kidney transplantation is the only curative treatment to
date but it has significant morbi-mortality and problems associated with donor organ shortage and life-long
immunosuppressive treatment (€,

Substrate reduction therapy (SRT) targeting glycolate oxidase (GO) was proposed as a novel therapeutic approach A&
with no nocive effects I Recently, the FDA and EMA agencies have approved the first pharmacological treatment
for PH1, based on siRNA inhibition of GO (lumasiran), after it has revealed promising results, meeting its primary efficacy
endpoint and all tested secondary endpoints.

2. Therapeutic Approaches in Development Against Primary
Hyperoxalurias: Brief Overview

The arrival of lumasiran to the market means an important achievement towards the efficient pharmacological treatment of
PH1 and constitutes the third example of siRNA drug approved for clinical use L2131,

Many other therapeutic approaches are being currently developed against PHs in general and against PH1 specifically,
being this one the most severe type of PH. Such approaches include gene/protein/cell therapies, small drug
administration (chaperones and enzyme inhibitors) or the use of oxalate degrading bacteria or enzymes. These strategies



are aimed at different targets, whether focused on producing a decrease of the plasmatic oxalate or on minimizing the
renal damage subsequent to CaOx crystallization. An interesting classification of the therapeutic approaches attending to
the organs or systems at which they are targeted can be found in the recent review by Kletzmayr et al. 14!,

In summary, both, biotechnological therapeutic agents and small-molecule drugs, are under exploration for the treatment
of PHs (Figure 3). Small molecule drugs constitute a classical approach and, in contrast to biopharmaceuticals, present
the advantage of possible oral administration and, in general, lower production costs. Besides, more is known about the
possible secondary outcomes upon chronic administration or administration to children 12, Enzymatic inhibition using
small drugs is a successful approach for the treatment of uncountable diseases. Being small drugs a promising
therapeutic option, in this review we want to summarize the attention that is currently being paid to small-molecule drugs
in the developing treatments for PHs.
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Figure 3. Summary of biopharmaceuticals and small drug approaches under development for the treatment of PHs.
2.1. Therapeutic Approaches Aimed at the Lowering of the Oxalate Plasmatic Concentration.
2.1.1. Recovery of Defective Activity

The aim of this approach is normalizing the glyoxylate altered metabolism by recovery of the defective activity.

Current research on cell therapy against PHs, pursues the transplantation of genetically modified autologous hepatocyte-
like cells (HLCs), which are obtained from pluripotent stem cells of PH patients (PH-iPSCs). In preliminary investigations
for PH1 treatment, these PH1-iPSCs have been successfully transformed ex vivo with a lentiviral vector encoding wild-
type AGT, to obtain HLCs with significant AGT expression 18, In this sense, CRISPR/Cas9 technology has become an
essential tool to deliver Agxt gene in PH1-iPSCs (1118l Gene therapy is also being investigated as a therapeutic option
for PH1 at this level 2. Major progress has been made towards in vivo delivery of AGT. Effectively, injection of liver-
directed vectors encoding AGT to AGT-deficient mice decreased the urinary oxalate and prevented oxalate crystalluria 29
(2101221 protein therapy with wild-type AGT is another therapeutic option under research for PH1. In this direction, AGT
variants with enhanced stability have been obtained leading the way to enzyme-replacement therapy in PH1 23], Besides,
polypeptide-based AGT conjugates have successfully been internalized in the cellular model of PH1 CHO-GO, restoring
AGT activity inside the peroxisomal compartment 24, Moreover, against PH1, AGT mRNA constructs have been screened
in vitro and in wild-type mice for the production of a functional AGT enzyme. Up to 40% reduction in urinary oxalate has
been observed using this methodology, suggesting that mRNA encoding AGT led to increased expression and activity of
the AGT enzyme in liver (23],

The recovery of the defective AGT activity is also being addressed by the use of small drugs. In this case,
pharmacological chaperones have been observed to promote the correct folding of AGT and its correct localization in the
subcellular compartments [28127]128129]30] pyridoxine is currently used in the treatment of PH1 as it is able to rescue the
effect of misfolding mutations of AGT, though its effectivity is only associated to certain folding-defective AGT variants 1
(321 pyridoxamine and pyridoxal can exert the same stabilizing effect 231, and so does aminooxoacetic acid 241331,

2.1.2. Substrate Reduction Therapy (SRT)

Another important strategy is the inhibition of key enzymes involved in the production of glyoxylate. The aim is decreasing
the hepatic concentration of glyoxylate, which is the substrate giving rise to oxalate formation in PHs. This SRT is being
developed at the level of GO 4 and hydroxyproline dehydrogenase (HYPDH) inhibition 8B4, while the first target gives



rise to useful drugs against PH1, the second one is aimed against PH2 and PH3 [B8IB9 GO catalyses the formation of
glyoxylate from glycolate in the hepatic peroxisomes, where AGT is in charge of detoxifying glyoxylate in physiological
conditions (Figure 1). In fact, silencing of GO mRNA with siRNA is the successful mechanism of the approved drug
lumasiran BB Other results support the success of this strategy against PH1 in different studies in vivo (Agxt1”- mice)
(15][42][43]144]  Another biotechnological approach in exploration for GO silencing is the GO deletion using in vivo
CRISPR/Cas9 technology 23146l However, GO inhibition is also being assessed with small-molecule drugs 4748149150
Bl Recently, furylsalicylic derivatives have been reported to decrease oxalate production in Agxt1”- mouse hepatocytes,
being this phenotypic effect to some extent related to GO inhibition. However, a multiple-target mechanism was suggested
for these molecules, possibly including lactate dehydrogenase A (LDHA) inhibition #2. Other type of recently reported GO
inhibitors (GOi's) with nanomolar activity present triazole core structure 11,

More enzymatic inhibitors in development for SRT are HYPDH inhibitors B2, HYPDH is the first enzyme in the
hydroxyproline catabolism in liver and kidney towards glyoxylate formation, which is detoxified by the enzyme GRHPR in
mitochondria and cytosol (Figure 1). Double Grhpr KO (PH2 model) and Prodh2 KO (HYPDH KO) mice showed no CaOx
crystal deposition in kidneys when challenged with hydroxyproline in diet, supporting the utility of HYPDH as a target
against PHs B9, HYPDH inhibition by small molecules is under development and general structures of these molecules
are available 2. However, the structural information so far is not too specific and, for that reason, HYPDH inhibition is no
further detailed in this review.

2.1.3. Lactate Dehydrogenase A (LDHA) Inhibition

Another possibility is the prevention of oxalate formation by direct inhibition/silencing of the enzyme in charge of its
formation from the accumulated glyoxylate, the hepatic isozyme LDHA (Figure 1) B354 Following this strategy, useful
therapeutic agents might be found against the three types of PHSs. In this sense, biotechnological agents (siRNA) as well
as small inhibitors are being studied as potential drugs [E2E8157],

2.1.4. Regulating Oxalate Uptake/Secretion at Intestinal Level

Oral administration of probiotic bacteria or probiotics-derived factors are alternative therapeutic approaches under
development against PHs [B8IBAEAE162] These agents can degrade dietary oxalate, preventing its absorption at intestinal
level. The consequence is a decrease of plasmatic and thus, urinary oxalate. Some species of Lactobacillus and
Bifidobacterium are being studied BUE364]  Especially interesting is Oxalobacter formigenes as, besides its oxalate-
degrading activity, it has been proved to be effective stimulating oxalate secretion by the intestinal epithelium helping its
clearance from plasma, in PH1 mice [BUIE5I66] and human PH patients 6768169,

2.2. Therapeutic Approaches Aimed at the Minimization of the Renal Damage Provoked by CaOx
Crystallization

The loss of renal functionality in PHSs, is related to the inflammatory response produced by CaOx crystals deposition in the
renal tubular cells, as it leads to chronic fibrogenesis. Thus, the anti-inflammatory therapy has been suggested as a
therapeutic strategy in PHs as well as in other crystal accumulation pathologies Z9Z1, |t has been demonstrated that the
inhibition of NLRP3, a component of the NALP3-inflammasome, using small molecules reduces the production of pro-
inflammatory cytokines IL-13 and IL-18 and this effectively prevents kidney fibrosis and attenuates renal inflammation in
mouse models, without immunosuppressive side effects /2. The same way, small antagonists of IL-18 8l and TNF-a 4
receptors, have been seen to protect from CaOx nephropathy in mice.

Inhibition of CaOx crystallization is another strategy under research aimed at the elimination of the renal damage caused
by crystal deposition 87 | this sense, important advances have been made recently, with the discovery of a new
powerful class of CaOx inhibitors based in multivalent inositol phosphate molecules that can inhibit the crystallization
process as well as the CaOx-cell interactions that lead to kidney damage [Z8].
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