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Abstract: Primary hyperoxaluria (PH) is a rare genetic disease caused by excessive hepatic production and elevated urinary excretion of
oxalate that leads to recurrent nephrolithiasis, nephrocalcinosis and, eventually, kidney failure. As glomerular filtration rate declines, oxalate
accumulates leading to systemic oxalosis, a debilitating condition with high morbidity and mortality. Although PH is usually diagnosed
during infancy, it can present at any age with different phenotypes, ranging from mild symptoms to extremely debilitating manifestations.
PH is an autosomal recessive disorder and, to date, three types have been identified: PH1, PH2 and PH3. PH1 is the most common and most
aggressive type, accounting for almost 80% of primary hyperoxaluria diagnoses. Until 2020, general treatment for PH1 consisted mainly in
high fluid intake, urine alkalization, surgical management of recurrent nephrolithiasis and eventually, if and when kidney failure occurred,
intensive dialysis regimens and transplantation strategies (simultaneous or sequential liver-kidney transplant or isolated liver/kidney
transplant in carefully selected patients). Specific treatment did and still consists in administration of pyridoxine hydrochloride, although
it is only effective in a subset of PH1 patients. Lumasiran, a novel biological drug based on mRNA interference that has been recently
approved in the US and European Union, showed promising results and is set to be a turning point in the management of PH1. This
literature review aims to summarize the available evidence on PH1 treatment with lumasiran, in order to provide both pediatric and adult
nephrologists and clinicians with the knowledge for the identification and management of PH1 patients suitable for treatment.
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Introduction: Primary Hyperoxaluria Type | — Disease Overview
The term hyperoxaluria refers to an elevated urinary excretion of oxalate, generally above 45 mg/1.73 m?/24h (0.50
mmol/1.73 m?/24h, conversion factor 0.011 mmol/mg) with normal values in healthy individuals below this threshold.'

Oxalate Metabolism

Oxalate is the ionic form of oxalic acid and is obtained from exogenous sources (eg, nuts, chocolate, beetroot, rhubarb
and spinach) and endogenous synthesis.” The endogenous synthesis of oxalate takes place in the liver where glyoxylate
acts as an intermediate molecule generated either by the oxidation of glycolate (via the glycolate oxidase) or from
metabolism of hydroxyproline found in collagen or dietary sources.’ Defects in the metabolism of glyoxylate — as seen in
primary hyperoxaluria — lead to accumulation of glyoxylate, conversion of glyoxylate to oxalate via a lactate dehydro-
genase type A (liver-specific) and ultimately to oxalate overproduction. Under physiological conditions, oxalate is both
absorbed daily by the gut from dietary sources and endogenously produced by the liver; oxalate is then handled by the
kidney via glomerular filtration — that depends on plasma oxalate levels — and tubular secretion and reabsorption*
mediated by SLC26A6 and SLC26A1, respectively.”
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Classification of Hyperoxaluria

Hyperoxaluria can be classified as: primary, secondary and unclassified. While secondary hyperoxalurias depend on
different causes such as increased dietary intake of oxalate enriched food,’ intestinal fat malabsorption (also called
enteric hyperoxaluria seen in bariatric surgery and inflammatory bowel diseases’), excessive intake of oxalate precursors
such as vitamin C*'° and alteration in the intestinal microflora,'’ primary hyperoxalurias (PHs) are a group of genetic
diseases that lead to excessive hepatic production and consequent elevated urinary excretion of oxalate.'?

Epidemiology of Primary Hyperoxaluria

The estimated prevalence of PHs is approximately 1 to 3 cases/1,000,000,'*!'* although population analysis conducted by
Hopp et al demonstrated that the inferred prevalence of PH may be higher (1:58.000)."> PHs are also responsible for 1%
of end-stage kidney disease (ESKD) in the pediatric population in some European studies,'® although prevalence may
vary in different endemic countries. PH is classified into three different groups: type 1 (PH1), type 2 (PH2) and type 3
(PH3). PHI is the most common and severe form, accounting for approximately 80% of all cases and it is caused by
a genetic defect of the AGXT gene that encodes for a liver-specific peroxisomal enzyme called alanine-glyoxylate
aminotransferase (AGT),'” PH2 (8-9% of the cases in a European cohort'®) is caused by a genetic defect of the GRHPR
gene that encodes for the glyoxylate reductase/hydroxypyruvate reductase (GR/HPR)'® and PH3 (7-8% of the cases in
a European cohort®®) is caused by mutations in the HOGAI gene that encodes for the mitochondrial 4-hydroxy
2-oxoglutarate aldolase 1 (HOGA1);*" all enzymes involved in the hepatic metabolism of oxalate.’

Clinical Manifestations of Primary Hyperoxaluria

All three conditions are characterized by recurrent nephrolithiasis, nephrocalcinosis and eventually kidney failure. Based
on that, as glomerular filtration rate (GFR) declines, oxalate accumulates and when it exceeds its plasmatic super-
saturation threshold (currently set at 30 memol/L) it starts to accumulate as calcium oxalate deposits in extrarenal organs
and soft tissues leading to a condition called systemic oxalosis. Involvement of the myocardium, cardiac conduction
system, bones, bone marrow, vessels, eyes, skin and central nervous system have been described, which is not only

2223 although cases of improved organ function after specific

extremely debilitating, but also more resistant to treatment,
treatment are present in the literature.>* Recent evidence has suggested a non-linear correlation between eGFR and
plasma oxalate levels, with no clear cut-off point, but rather an exponential increase of plasma oxalate levels for eGFR
values below 60 mL/min/1.73 m?.?> Moreover, a recent analysis conducted by Milliner et al demonstrated a statistically
significant inverse correlation between eGFR and plasma oxalate levels even at early stages of chronic kidney disease (1—
3b),%® however, these results need further validation as there are controversial data in the literature.”” PH is usually
diagnosed during adolescence or adulthood, however, it can present at any age and under-recognized symptoms may be
present since infancy. It is characterized by inter-individual clinical variability with different phenotypes, ranging from
mild symptoms to extremely debilitating manifestations. As already stated above, PH1 is the most aggressive form and in
10% of the cases (at least in Europe and North America®®) it can present as infantile oxalosis. This form is characterized
by a very early onset of symptoms (usually before the age of 1) such as failure to thrive, vomiting, oligo-anuria and
bilateral nephrocalcinosis alongside a quick progression towards ESKD (by 3 years of age in 80% of the cases) needing
intensive renal replacement regimens.”’ This form represents a life-threatening condition and therefore should be
promptly diagnosed and treated.

Treatment Options for PHI

Before the approval of specific treatments, PHI management consisted mainly in a general approach that could be
applied to all subtypes of primary hyperoxaluria, with the exception of pyridoxine hydrochloride, recommended only for
PHI patients — pyridoxine hydrochloride or vitamin B6 is metabolised to pyridoxal phosphate, an essential cofactor of
AGT;? it is considered a first-line therapy in PHI patients with B6-responsive mutations. Conservative measures can be
proposed in case of preserved kidney function and they should be promptly initiated once the diagnosis is established.
These measures consist mainly in massive hydration and urine alkalinization. The recommended volume of fluid intake is
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above 3 L/m? per day equally distributed throughout the 24 h.>' Ensuring an adequate fluid intake allows the reduction of
urinary supersaturation for calcium oxalate (SS CaOx), therefore preventing crystals aggregation, stone formation and
growth. While in adults this goal is more easily achievable (except in cases of severe fluid losses such as diarrhea,
vomiting and fever that require intravenous administration of fluids), in infants and small children a feeding tube or
a gastrostomy may be required. Urinary alkalinization can be achieved through the administration of potassium citrate (or
sodium citrate in patients with chronic kidney disease and/or hyperkalemia) that reduces SS CaOx>* by increasing citrate
excretion and urinary pH. The recommended dose is 0.10-0.15 g/kg/day (0.5-0.8 mmol/kg/day).’' Restriction of dietary
oxalate intake has been proven to be of limited efficacy, since the main source of oxalate in PH1 patients is endogenous
and intestinal oxalate absorption seems to be lower compared to the general population,®® although an adequate dietary
calcium intake is usually recommended to increase oxalate binding in the gastrointestinal tract.>**> Generally, surgical
procedures to remove uncomplicated renal calculi are not recommended; however, in case of obstruction with or without
acute kidney injury (AKI), infection or recurrent nephrolithiasis endoscopic procedures are preferred.*’ When kidney
failure occurs, intensive dialysis regimens such as high efficacy dialysis, daily hemodialysis (HD), nocturnal dialysis,
combined HD and peritoneal dialysis should be promptly initiated. Conventional intermittent dialysis alone is unable to
remove plasma oxalate properly; plasma oxalate is generated at a rate of 4-7 mmol/1.73 m?, while conventional dialysis
removes oxalate at a rate of 1-2 mmol/1.73 m? per day in adults and 3—4 mmol/1.73 m? per day in children.**>®

For decades, the only available option to correct the defective metabolism of glyoxylate in PHI has been liver
transplantation, possibly in combination with kidney transplantation (both simultaneous and sequential) in case of kidney
failure. Pre-emptive liver transplantation at chronic kidney disease (CKD) stage G3b KDIGO is usually recommended to
avoid systemic oxalosis,”' although it raises ethical concerns and could burden patients with a still intact organ function
with long-term immunosuppression. Isolated kidney transplantation is currently not an option, with the exception of

3941

selected B6-responsive cases. However, this treatment is burdened with elevated morbidity and mortality and

obviously, life-long immunosuppressive therapy.

Lumasiran: Mechanism of Action (Pharmacodynamics and

Pharmacokinetics)

Lumasiran is a subcutaneously administered drug based on the mechanism of RNA interference. RNA interference is
a biological process designated to regulate — more specifically, to silence — cellular gene expression via small interfering
RNAs (siRNAs).*** siRNAs are short double-stranded RNAs (dsRNAs) that interfere with cellular translation and
prevent messenger RNAs (mRNAs), produced by cellular transcription, from being decoded into proteins by
ribosomes.** Lumasiran is a synthetic double-stranded siRNA conjugated with the carbohydrate N-acetylgalactosamine
(GalNAc) that targets the hydroxyacid oxidase 1 (HAOI) gene in hepatocytes, more specifically, it prevents HAO!
mRNA translation to the enzyme glycolate oxidase (GO). In the hepatocyte peroxisomes, GO catalyzes the conversion of
glycolate to glyoxylate, which is the direct precursor of oxalate. Therefore, a reduction in GO expression results in
a reduction of oxalate production and an increase in glycolate levels.*>**® Proof of GO’s inhibition efficacy in reducing
oxalate production came from a study conducted by Martin-Higueras et al in double knockout mice Haol-/-Agxti-/-*
As a consequence of GO’s inhibition glycolate can reach elevated plasma and urinary levels;*** glycolate is an acid
(glycolic acid) and therefore can potentially cause metabolic acidosis. Further studies are needed to evaluate this effect
and its long-term outcomes. Hepatic selectivity is guaranteed by the interaction of GalNAc to the asialoglycoprotein
receptor 1, highly expressed by the hepatocytes.’® This receptor facilitates the hepatic uptake of the siRNA via

endocytosis, and, once in the acidic endosome, the siRNA is released from GalNAc*?*

and can exert its gene-
silencing function.

Because GO is upstream of the defective AGT enzyme, lumasiran acts independently of the specific AGXT mutation
and it is only used for PH1.

First pre-clinical studies conducted on wild-type mice demostrated lumasiran’s efficacy in silencing HA0O! mRNA,
even after a single dose. Lumasiran’s efficacy was subsequently proved in a murine model of the disease (Agxt/-/-), in

which a single dose (3 mg/kg) of subcutaneously administered lumasiran proved to reduce urinary oxalate by 50% in 2-3
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weeks, with an effect lasting up to 7 weeks. On the other hand, multiple administrations of different doses four days per
week (respectively, 0.3, 1 and 3 mg/kg) induce more than 95% of HAO! mRNA silencing and an almost complete
suppression of urinary oxalate excretion.*’

With regard to pharmacokinetics, once administered, lumasiran is rapidly absorbed with a maximum plasma concen-
tration reached after 4 hours and a plasma protein binding of 85%, and distributes primarily to the liver. As a consequence,
lumasiran plasma half-life of elimination is very short (5.2 hours). Plasma clearance in adults was 26.5 L/h, while urinary
clearance ranged from 2.0 to 3.4 L/h in both affected adults and children. Although lumasiran is primarily metabolized in

the liver in a non-CYP450-dependent manner, a relatively small percentage (7% to 26%) is excreted by the kidneys.”'

Lumasiran: Current Clinical Evidence

Preclinical and clinical evidence of lumasiran efficacy comes from several studies (Table 1), most of which are currently
active. In 2016, the first Phase I/II study was initiated to assess safety, tolerability, pharmacokinetics and pharmacody-
namics of subcutaneously administered lumasiran in healthy adult subjects and patients with PH1 (clinicaltrials.gov
identifier: NCT02706886). This was a randomized, single-blind, placebo-controlled trial with single and multiple
ascending doses of lumasiran.’® The study was composed of two parts: part A evaluated single doses in ascending
dose groups (0.3, 1, 3 or 6 mg/kg) in 32 healthy adult participants; part B evaluated two lumasiran doses (1.0 mg/kg once
a month or 3.0 mg/kg once a month) in 20 adults and children (> 6 years of age) affected by PH1. In both part A and B,
participants were randomly assigned 3:1 to lumasiran or placebo. The primary outcome of this study was the incidence of
adverse events, with secondary exploratory outcomes being parameters such as pharmacokinetics and pharmacody-
namics. In part A, adverse events were reported in 83% and 63% of participants receiving lumasiran and placebo,
respectively. The most frequent adverse events in the lumasiran-treated group were upper respiratory tract infections (eg

Table | Registered Preclinical and Clinical Trials Involving Lumasiran

Study Name NCT Phase Status Population End Date
Identifier

Study of lumasiran in | NCT02706886 | /Il Completed | Part A: Healthy subjects -

healthy adults and Part B:

patients with primary o Aged 6-64 years

hyperoxaluria type | ® 24-hour urinary oxalate excretion > 0.7

mmol/24 h per 1.73 m2
® eGFR > 45 mL/min/1.73 m2

OLE NCT03350451 | Il Active, not | Adults and children affected by PHI June 2023
recruiting

ILLUMINATE-A NCTO03681184 | I Active, not | PHI patients: January 2024
recruiting ® > 6 years of age

o eGFR = 30 mL/min/1.73 m2

ILLUMINATE-B NCT03905694 | llI Active, not | PHI patients: August 2024
recruiting ® < 6 years of age

® eGFR > 45 mL/min/1.73 m2 if 2 12 months of age
® not abnormally high sCr if < 12 months of age

ILLUMINATE-C NCTO04152200 | il Active, not | PHI patients: July 2025
recruiting ® eGFR < 45 mL/min/1.73 m?if 2 12 months of age
o clevated sCr if < 12 months of age

o stable hemodialysis allowed

BONAPHIDE NCTO04982393 | Prospective Recruiting Patients diagnosed with PH| will be managed and September 2028
observational treated per routine clinical practice
study
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nasopharyngitis and rhinitis), headache and injection site reactions. Only one lumasiran-treated healthy subject developed
a serious adverse event, that was assessed as not drug-related. In part B, adverse events were reported in 59% of
lumasiran-treated PH1 patients compared to 67% of the placebo group. The most common adverse events were
abdominal pain, headache, rhinitis, nephrolithiasis and cough. Serious adverse events were reported in 1 placebo-
treated patient and 2 lumasiran-treated patients, although they were assessed as not related to the drug. In all the 20
PHI patients that received lumasiran in part B, a rapid and sustained reduction in 24-hour urinary oxalate was observed
post last dosing (mean maximum reduction 75%) as well as reduction in plasma oxalate levels, with all patients achieving
normal or near-normal 24-hour urinary oxalate levels. All 20 patients entered an extension study (clinicaltrials.gov
identifier: NCT03350451) where they received lumasiran 3 mg/kg once every three months. The positive results
regarding the lowering of urinary and plasma oxalate levels, already seen in the phase I/II study, were confirmed.
Three phase-III studies investigating lumasiran in PH1 patients have been designed. In the randomized, double-blind,
placebo-controlled clinical trial ILLUMINATE-A (clinicaltrials.gov identifier: NCT03681184°%), patients affected by
PHI who were >6 years of age and had an eGFR >30 mL/min/1.73 m® were randomly assigned to subcutaneous
lumasiran (3 mg/kg given at baseline, at month 1, 2, 3 and 6) or placebo in a 2:1 ratio for six months.>* 39 patients were
enrolled (26 receiving lumasiran and 13 receiving placebo), with only one withdrawing from the trial. The primary
outcome regarding the percentage decrease in urinary oxalate excretion was expressed as least-square mean (LSM)
difference between the lumasiran and the placebo group. LSM from baseline to month 6 was —53.5% (—65.4% in the
lumasiran group and —11.8% in the placebo group). This reduction in urinary oxalate excretion was confirmed in every
subgroup of patients adjusted for baseline oxalate excretion, baseline pyridoxine use and baseline eGFR. At month six,
84% of patients who received lumasiran had a near-normalization (defined as not higher than 1.5 times the upper limit of
normal) of urinary oxalate levels vs 0% in the placebo group, with 52% reaching normalization of urinary oxalate
excretion. After month six, all patients entered an extension period of up to 54 months, where lumasiran-receiving
patients continued on lumasiran while placebo-receiving patients switched to lumasiran: the beneficial effects of
lumasiran on urinary oxalate levels were confirmed. Two clinical exploratory end points were also investigated: kidney-
stone event rate and ultrasound-assessed nephrocalcinosis. Kidney-stone event rate was reduced after six and twelve
months (1.09 and 0.85 events per person-year, respectively) of lumasiran in the lumasiran/lumasiran group compared to
the twelve months prior randomization (3.19 events per person-year), while in the placebo/lumasiran group the kidney-
stone event rate remained the same after 6 months of placebo compared to the twelve months prior randomization (0.66
vs 0.54 events per person-year) and was reduced after 6 months of lumasiran (0.17 events per person-year). In patients
who had two ultrasound evaluations at month 1 and month 6, 3 out of 22 lumasiran-receiving patients showed an
improvement in nephrocalcinosis, compared to none in the placebo group; nephrocalcinosis worsened in 1 out of 12
placebo-receiving patients compared to none in the lumasiran group. Given the exclusion of children <6 years of age in
ILLUMINATE-A, a second open-label, phase-III trial (ILLUMINATE-B, clinicaltrials.gov identifier: NCT03905694)
assessed lumasiran efficacy in reducing urinary oxalate excretion in this population with an eGFR >45 mL/min/
1.73 m?>* if aged >12 months, or normal serum creatinine, if aged < 12 months. 18 patients were enrolled and lumasiran
was administered in different doses according to weight: patients who weighed < 10 kg received 6 mg/kg once a month
for three months, subsequently tapered at 3 mg/kg monthly; patients who weighed 10-20 kg received 6 mg/kg once
a month for the first three months followed by 6 mg/kg every 3 months; patients who weighed > 20 kg received 3 mg/kg
once a month for the first three months followed by 3 mg/kg every three months. In this trial, lumasiran was confirmed to
be able to reduce spot urinary oxalate: creatinine ratio at month six compared to baseline (LSM percent reduction in spot
UOx: Cr was 72.0%) as well as plasma oxalate levels (31.7%). Change in eGFR (evaluated only in patients >12 months
of age) and change in kidney-stone event rate compared to the twelve months prior randomization were respectively
minimal and absent. Of the 14 (78%) patients with baseline nephrocalcinosis, 3 had bilateral improvement, 5 had
unilateral improvement, and no patients worsened after 6 months of treatment. The third non-comparative Phase III trial,
ILLUMINATE-C (clinicaltrials.gov identifier: NCT04152200) intends to evaluate lumasiran efficacy and safety in PH1
patients of all ages with impaired kidney function (eGFR <45 mL/min/1.73 m?) including patients undergoing stable

51,55

hemodialysis and patients on stable doses of vitamin B6. 6 patients with advanced PHI1 were enrolled in cohort

A and 15 patients undergoing hemodialysis were enrolled in cohort B, lumasiran was administered following the same
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regimens as in ILLUMINATE-B, previously reported in the paper. Data from the 6-month primary analysis period
showed that patients in both cohorts had significant reduction in plasma oxalate (POx). In cohort A, percent change in
POx from baseline to months 6 led to a LSM reduction of 33.3% (95% CI, —15.16 to 81.82). In cohort B, percent change
in predialysis POx from baseline to month 6 led to a LSM reduction of 42.43% (95% CI, 34.15 to 50.71). Reduction in
POx was evident by Month 1 and persisted through the end of the 6-month primary analysis period. BONAPHIDE
(clinicaltrials.gov identifier: NCT04982393) is a prospective observational study that aims to describe the natural history
and progression of patients diagnosed with PH1 and to characterize the long-term real-world safety and effectiveness of
lumasiran. The trials’ most relevant results are summarized in Table 2. In November 2020, lumasiran was approved for
the treatment of PH1 in all age groups in the European Union (EU) and in pediatric and adult patients in the United States
(US). Current recommended regimens of subcutaneous lumasiran consist of a loading dose and a maintenance dose based
on body weight (Table 3). For affected patients with an eGFR between 30 and 90 mL/min/1.73 m?, dose adjustment is
not required. However, limited data are available for patients with an eGFR <30 mL/min/1.73 m?, on dialysis and/or
under 1 year of age; therefore, lumasiran should be cautiously administered and closely monitored in these patients. The
role of lumasiran in the treatment of the infantile form of PH1 still needs to be completely clarified and widely evaluated,
however, there are some case reports in the literature that show evidence of lumasiran’s efficacy in improving clinical
manifestations and quality of life in infantile forms.”®

Patient Selection and Place in Therapy

Lumasiran is currently approved for patients affected by PH1. Although evidence from the above-mentioned clinical
trials supports the safety and efficacy in adult and pediatric patients, data on pregnant women and patients >65 years of
age are less clear. More specifically, EMA indications declare that there is no need for dose adjustment in patients >65
years old, while FDA states that data in the literature are not sufficient to determine whether this population responds
differently from younger patients. With regard to patients with liver disease, since lumasiran has not been studied in
patients with severe hepatic impairment, EMA states that no dose adjustment is required in patients that present with
transient elevation of total bilirubin (total bilirubin >1.0 to 1.5x upper limit of normal [ULN]), however it should be
cautiously administered in patients with moderate or severe hepatic impairment. Similarly, FDA does not recommend any
dose adjustment for mild and moderate hepatic impairment (respectively, defined as total bilirubin >1.0 to 1.5x ULN or
AST >1.0x ULN and total bilirubin >1.5 to 3.0x ULN with any AST). To date, lumasiran is only available for patients
with a definite diagnosis of PHI.

Novel Therapies

Despite the fact that primary hyperoxaluria is an extremely rare condition, the interest in developing novel therapeutic
strategies has been growing over the last few years. Recently, novel technological approaches have been proposed.
Nedosiran, a novel therapy based on a siRNA technology similar to lumasiran but targeting hepatic lactate dehydrogen-
ase (LDH) activity, holds promising results. Nedosiran is a GalNac-conjugated siRNA that targets the LDH subtype
A (LDHA, primarily expressed in the liver), the enzyme that catalyzes the final cytosolic conversion of glyoxylate to
oxalate, a common step in all 3 subtypes of PH. In murine models of both PH1 and PH2, nedosiran showed sustained
reduction of 24-hour urinary oxalate excretion.”” A Phase 1 study was conducted on healthy volunteers and patients with
PHI1 or PH2 (clinicaltrials.gov identifier: NCT03392896) in which a single dose of nedosiran showed acceptable safety
and a urinary oxalate-lowering effect in both type 1 and type 2 of PH.>® A phase III study aiming at evaluating the safety
and efficacy of nedosiran in children and adults with PH1 and PH2 was also conducted, but results are yet to be published
(clinicaltrials.gov identifier: NCT03847909). Another strategy based on LDHA inhibition, is the one of stiripentol, an
anti-convulsant usually administered to children affected by Dravet syndrome. Stiripentol shares the mechanism of action
with nedosiran, hepatic selectivity and ability to reduce urinary oxalate excretion. A clinical trial evaluating stiripentol
efficacy in the treatment of PH1, 2 and 3 was concluded last year, although results are still to be published (clinicaltrials.
gov identifier: NCT03819647), and 5 cases are currently recorded in the literature.’ ®? Other strategies that target the
underlying metabolic defect of PH currently under development and/or investigation are: substrate reduction therapies as
such as the one using CRISPR/Cas9 technologies targeting either glycolate oxidase or lactate dehydrogenase,
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Table 2 Clinical Trials’ Most Relevant Results for Lumasiran

Clinical Trials Results AE**
UOx* POx*

ILLUMINATE-A ® Lumasiran determined a 65% mean No serious adverse events. The
reduction in UOx in treated adverse events were mainly
patients vs 12% reduction in injection site reactions (erythema,
placebo patients pain, pruritus, swelling)

® 84% lumasiran-treated patients
reached UOx at or < 1.5 x ULNT
(= 0.771 mmol/24 h/1.73m?) vs 0%
of placebo patients

® 52% of lumasiran-treated patients
reached normal ranges of UOx vs
0% of placebo patients

ILLUMINATE-B ® Lumasiran determined a 72% mean
reduction in spot urinary oxalate:
creatinine ratio

® 50% of lumasiran-treated patients
reaching UOx at or < 1.5 x ULN'

® 9% of lumasiran-treated patients
reached UOx < ULN'

ILLUMINATE-C ® 33% of reduction in POx* in 24% injection site reactions
cohort A (6 patients with
advanced PHI not on
hemodialysis at study start)

® 42% of reduction in pre-
hemodialysis POx in cohort
B (15 PHI patients on
hemodialysis)

Abbreviations: *UOx, urinary oxalate; Pox, plasma oxalate; **AE, adverse events; TULN, upper limit of normal.

Table 3 Recommended Lumasiran Regimens Based on Body Weight, Currently Approved in the US and EU

Body Weight Loading Dose Maintenance Dose (Begin | Month After the Last Loading Dose)

Less than 10 kg 6 mg/kg once monthly for 3 doses 3 mg/kg once monthly

10 kg to less than 20 kg 6 mg/kg once monthly for 3 doses 6 mg/kg once every 3 months (quarterly)

20 kg and above 3 mg/kg once monthly for 3 doses 3 mg/kg once every 3 months (quarterly)

replacement therapies such as gene therapy, cell therapy and enzyme replacement therapy; pharmacological chaperone
therapy.®> On the other hand, since the deposition of calcium oxalate (CaOx) crystals in the kidney leads to the activation
of several pathways that mediate kidney damage, strategies that aim to treat renal manifestations of PH are also under

development (anti-inflammatory, anti-fibrotic and crystallization preventing therapies).>***

Conclusions

In conclusion, despite being a rare disease, PH has witnessed incredible progresses in its treatment over the last few years.
Results from the ILLUMINATE trials led the way to the very recent approval by FDA and European Union of lumasiran for
the treatment of PH1, a pivotal milestone for an ultra-rare yet potentially life-threatening disease. Simultaneously, research is
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making important progress in unravelling the underlying pathophysiology of PH, allowing not only a better understanding of
the disease, but also the identification of novel potential therapeutic targets. Further studies are nevertheless needed to assess
lumasiran’s long-term safety and ability to prevent and possibly reverse systemic oxalosis, an extremely debilitating condition
that, to date, has only liver transplantation as specific therapeutic option.
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