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Lumasiran for primary
hyperoxaluria type 1. What we
have learned?
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Department of Nephrology, The Children’s Hospital, Zhejiang University School of Medicine, National
Clinical Research Center for Child Health, Hangzhou, China

Primary hyperoxaluria type 1 (PH1) is a rare autosomal recessive genetic disorder
caused by mutations in the AGXT gene. The hepatic peroxisomal enzyme alanine
glyoxylate aminotransferase (AGT) defects encoded by the AGXT gene increase
oxalate production, resulting in nephrocalcinosis, nephrolithiasis, chronic kidney
disease, and kidney failure. Traditional pharmacological treatments for PH1 are
limited. At present, the treatment direction of PH1 is mainly targeted therapy
which refer to a method that targeting the liver to block the pathway of the
production of oxalate. Lumasiran (OxlumoTM, developed by Alnylam
Pharmaceuticals), an investigational RNA interference (RNAI) therapeutic agent, is
the first drug approved for the treatment of PH1, which was officially approved by
the US Food and Drug Administration and the European Union in November
2020. It is also the only drug that has been shown to decrease harmful oxalate.
Currently, there are 5 keys completed and ongoing clinical trials of lumasiran in
PH1. Through the three phase Il trials that completed the primary analysis period,
lumasiran has been shown to be effective in reducing oxalate levels in urine and
plasma in different age groups, such as children, adults, and patients with
advanced kidney disease, including those on hemodialysis. In addition to clinical
trials, cases of lumasiran treatment for PH1 have been reported in small infants,
twin infants, and children diagnosed with PH1 after kidney transplantation. These
reports confirm the effectiveness and safety of lumasiran. All adverse events were
of mild to moderate severity, with the most common being mild, transient
injection-site reactions. No deaths or severe adverse events were reported. This
article reviews PH1 and lumasiran which is the only approved therapeutic drug,
and provide new options and hope for the treatment of PH1.
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lumasiran, primary hyperoxaluria type 1 (PH1), RNA interference (RNAI), pediatrics,
targeted therapy

Introduction

Primary hyperoxaluria (PH) is a rare autosomal recessive disorder characterized by
high endogenous oxalate synthesis and secretion with an estimated prevalence of 1-3
cases per million people (1). In 20%-50% of cases, severe renal insufficiency, or
relapses after kidney transplant, occur before diagnosis (2). Increasing oxalate
concentration leads to the crystallization of calcium oxalate (CaOx), which causes
inflammation and tissue fibrosis, leading to urolithiasis, nephrocalcinosis, and
progressive renal damage, eventually leading to chronic kidney disease and end-stage
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renal disease (ESRD), which requiring renal replacement
therapy (1, 3, 4). Under ESRD conditions, a significant
decrease in oxalate filtration results in an increase in plasma
oxalate (POx) levels, leading to further accumulation of
calcium oxalate in the kidney and extrarenal tissues such as
skin, bone, heart, retina, and the central nervous system (1, 3,
4). Primary hyperoxaluria can be classified into three types
according to different affected genes. Primary hyperoxaluria
type 1 is caused by mutations in the AGXT-gene, which
encodes alanine-glyoxylate aminotransferase, a pyridoxal 5
-phosphate-dependent enzyme (5). The mutant gene of
primary hyperoxaluria type 2 is GRHPR-gene, which encodes
glyoxylate reductase/hydroxypyruvate reductase, and primary
hyperoxaluria type 3 is caused by mutations in the HOGA1-
gene, which encodes the enzyme 4-hydroxy-2-ketoglutarate
aldolase (5). In the above three types of primary hyperoxaluria,
type I is the most common and severe, which accounting for
80% of all patients. Almost all patients with PH1 progress to
ESRD, which is diagnosed at the median age of 24 years (6).
PHI1 is estimated to account for 1%-2% of pediatric ESRD
population in registries from USA, UK, and Japan (7). Most
patients with PH1 present in childhood or early adolescence,
and the natural course of untreated PH1 is a progressive decline
in renal function, often accompanied by symptomatic
nephrolithiasis.

Targeted therapy has always been a new direction of the
treatment of PHI, including chaperone therapy, substrate
reduction therapy, intestinal oxalate degradation, and so on.
Lumasiran, which will be introduced in this paper, is one of
the therapeutic drugs in substrate reduction therapy, that
reduces the production of glyoxylate and pathological oxalate
through inhibiting glycolate oxidase by silencing the HAO1
gene encoding glycolate oxidase (8). Lumasiran received its
first approval for the treatment of PHI in all age groups in
the EU on the November 2020 and was approved in the USA
for the treatment of adult and children in the same month
(9). In recent vyears, clinical trials of lumasiran in the
treatment of PH1 have been completed successively, and more
and more cases of lumasiran in the treatment of PHI have
been reported. All these suggest that lumasiran has good
efficacy in the treatment of PHI1 with little side effects.
Lumasiran provides new direction and hope for the treatment
of PH1. We discuss the mechanism action of lumasiran in the
treatment of PHI, clinical trials and case reports involving
efficacy, and observed side effects, focusing on the experience
to date in the use of lumasiran for PHI.

Pathogenesis of primary
hyperoxaluria type 1

The occurrence of primary hyperoxaluria is mainly due to
the increased production of endogenous oxalic acid excretion.
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Oxalate is a metabolic end product excreted by urine, and the
kidneys keep plasma oxalate levels within normal limits by
removing excess oxalate. The removal of oxalate is mainly
dependent on the kidney, and synthesis is performed by its
main precursor glyoxylate in the liver. In mitochondria,
hydroxyproline derived by collagen turnover and metabolism
of animal proteins is converted to 4-hydroxy-2-oxoglutarate
(HOG), which then converted into glyoxylate and pyruvate by
4-hydroxy-2-ketoglutarate aldolase (HOGAL), as one pathway
for glyoxylate production (6). Glyoxylate in mitochondria is
converted by glyoxylate reductase/hydroxypyruvate reductase
(GRHPR) into glycolate, which goes into peroxisome along
with the glycolate which produced by the metabolism of
vegetables and fruits, where glycolate is oxidized into
glyoxylate by glycolate oxidase (GO), and this is the other
pathway for glyoxylate production (6).
transaminated  in by

aminotransferase (AGT) to form pyruvate and glycine, along

Glyoxylate are
peroxisome alanine-glyoxylate
with L-alanine (6). The above two glyoxylate metabolic
pathways in mitochondria and peroxidase can ensure that
glyoxylate is further metabolized. All glyoxylate that comes
from the mitochondria and peroxidase and enters into the
cytosol is converted to oxalate by lactate dehydrogenase
(LDH) or can also be converted by glyoxylate reductase/
hydroxypyruvate reductase (GRHPR) to glycolate, which then
enter into the peroxisome to complete the above cycle and to
avoid the accumulation of glyoxylate (6). When the enzymes
related to glyoxylate metabolism appear deficient, glyoxylate
accumulates in the cytosol and will be converted into a large
amount of oxalate by lactate dehydrogenase (LDH) (6).
the of
production is the deficiency of hepatic glyoxylate metabolizing

Therefore, underlying cause increased oxalate
enzymes (1) (Figure 1).

Key metabolic enzymes in the above metabolic process
include alanine-glyoxylate aminotransferase (AGT), 4-hydroxy-
(HOGA1),

hydroxypyruvate reductase (GRHPR). These enzymes are

2-ketoglutarate aldolase glyoxylate reductase/
encoded by different genes, mutations in different genes will
lead to the deficiency of different enzymes, resulting in different
types of primary hyperoxaluria. Among them, alanine-
glyoxylate aminotransferase (AGT) is encoded by the AGXT
gene, and the mutation of this gene is the genetic basis of PHI.
Most of the current studies on PH1 gene mutations are from
Western Europe, North Africa, and the Middle East. 52% of the
patients have Western European ancestry, and 43% of the
patients were originally from North Africa or the Middle East
(10). So far, more than 190 mutations have been identified in
the AGXT gene (11), among which the three most common
p.G170R, ¢.33dupC and p.I244T, accounting for
approximately 30%, 11% and 6% of the AGXT mutant alleles
However, the
epidemiology, of AGXT
genotypes in Asia, especially in China, remain unclear. In a

were

respectively in European population (2).

characteristics, and outcomes
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FIGURE 1

Pathogenesis of primary hyperoxaluria type 1 and the mechanism action of lumasiran. HOGA, 4-hydroxy-2-oxoglutarate aldolase; GRHPR, glyoxylate
reductase/hydroxypyruvate reductase; AGT, alanine:glyoxylate aminotransferase; GO, glycolate oxidase; LDH, lactate dehydrogenase.

single center study and systematic review of primary
hyperoxaluria type 1 gene in Chinese, p.Gly41Trp and
p-Leu33Met were the first reported mutations in AGXT, while
GI70R, 1244T and F152I, the three most common AGXT
mutations mentioned in other reports, were extremely rare in
Chinese population (12). It should be noted that due to the
small sample size of this single-center study and the limited
reporting on PHI in Chinese population, some variants that are
also common in other populations were not identified in the
Chinese population.

Treatment of primary hyperoxaluria
type 1

The therapeutic options available for PH1 are poor, most of
which are symptomatic treatment, and the treatment effect can
only delay the occurrence of ESRD. Therefore, the only
confirmed and effective treatment for PH1 is dual liver-kidney
transplantation, which can effectively treat metabolic defects,
but may have long-term risks, including the need for lifelong
immunosuppression (13). The therapeutic strategy for PHI
can be summarized as preserving renal function by preventing
CaOx formation or deposition (13). There are traditional

approaches that are already in use and new therapies that are
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being investigated, among which targeted therapy based on
disease pathogenesis has become a new field of research for
PH1 treatment.

Traditional treatment

One conservative treatment strategy in the early stages is
hyperhydration, which increases daily fluid intake (over
day) (14).
populations, such as infants and children, gastrostomy tubes

3L/m*> body surface area per For special
can be used to ensure adequate hydration day and night, such
as fluid loss (fever, vomiting, diarrhea) or surgery patients,
intravenous fluids can be given in advance (14). Dietary
restrictions are thought to have a limited impact on PHI1
patients in the past (4), but a study showed a possible benefit
from a low-oxalate diet (15), with vitamin C (which is
directly converted to oxalate) (13) and oxalate-rich foods
(such as spinach, chocolate, rhubarb, sweet potatoes, cocoa,
15).
Traditional treatments also include the use of crystallization

nuts, and tea) as the main foods to restrict (4, 13,
inhibitors, such as citrate, which increase the solubility of

CaOx in urine by forming a complex with calcium, reducing
calcium and oxalate precipitation, and thereby reducing CaOx

frontiersin.org


https://doi.org/10.3389/fped.2022.1052625
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Gang et al.

supersaturation (4, 13). Traditional treatment is symptomatic
rather than etiological.

Targeted therapy

The future therapeutic strategies for PH1 are mainly
targeted therapies, derived from the molecular basis of PHI,
which aims to restore AGT expression, reduce glyoxylate
synthesis, improve AGT folding efficiency, and use a
that the glyoxylate
detoxification capacity (13). At present, targeted therapies that

functional enzyme rescues liver’s
have passed clinical trials or are under study include
chaperone therapy, substrate reduction therapy, intestinal
oxalate degradation, and so on.

Chaperone therapy is a small-molecule therapy capable of
restoring a functional enzyme conformation change resulting
from the most common AGT mutations in PHI, ultimately
presenting an overall instability of the protein (6). One of the
targeted therapeutic agents that has been used clinically to
AGT  activity in
supraphysiological doses of vitamin B6, usually administered

restore chaperone therapy  was
as pyridoxine hydrochloride (16). Pyridoxine, a prosthetic
group for AGT, as well as a molecular chaperone, can
promote correct folding of the AGT protein, increase
expression, catalytic activity and peroxisomal import of AGT
(16, 17). In a PHI cellular model, pyridoxine 5 -phosphate
(PLP), the active ingredient of pyridoxine, was shown to shift
the stable AGT

conformation (18). Two common mutations on the G170R

conformation equilibrium to a more
and F152I sequences resulted in a misphenotype of AGT
peroxisome to mitochondria, and decreased AGT activity
in vitro studies (18). The role of vitamin B6 result in
successful peroxisomal re-routing of mutant AGT protein, so
as to achieve the target effect of restoring AGT activity. This
treatment has not been confirmed in reliable clinical trials,
but according to the available retrospective case series and
studies, only about 30%-50% of patients with PHI respond to
supraphysiological doses of pyridoxine, and some susceptible
genotypes exist in this subset (including ¢.508G>A
(p-Glyl70Arg), c454T >A (p.Phel52Ile) and c.121G>A
(p.Gly41Arg) mutations) (1). Therefore, this therapy is not
effective for all patients with PHI.

In addition to chaperone therapy, another clinically tested
therapeutic strategy is substrate reduction, which targets key
enzymes in the oxalate metabolic pathway and requires that
inhibition of the target must lead to minimal off-target effects
(6). There are now three potential targets to treat PH1, which
are GO (glycolate oxidase), LDHA (the major hepatic form of
LDH), HYPDH (hydroxyproline dehydrogenase), targeted
either by enzyme active site inhibition or RNA interference
(19). At present, most of the drugs for targeted therapy using
enzyme active site inhibition against the above three targets
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have been proved effective in animal experiments, lack of
relevant completed clinical trials. In a genetically modified
mice with GO deficiency and only high urine glycolate levels,
a GO inhibitor, 4-carboxy-5-[(4-chlorophenyl)sulfanyl]-1,2,3-
thiadiazole (CCPST), was shown to be effective in reducing
oxalate production, suggesting that GO could be used as an
efficient target for substrate reduction therapy in PH1 (20).
However, the above drug targeting the inhibition of this
enzyme active site have not been made into clinical trials. As
the major hepatic form of LDH, LDHA catalyses conversion
from glyoxylate into oxalate in the cytosol of hepatocytes as a
final step in oxalate generation (21), so it is also considered as
another target. Although LDH plays an important role in the
interconversion of pyruvate and lactate in tissues, according to
relevant reports, LDH-deficient patients do not exhibit any
liver-specific phenotype (3), which is also considered as the
basis for the safety of this target. In animal models of PHI
and PH2
hyperoxaluria, hepatic LDH has also been shown to be an

and mouse models of chemically induced
effective target (22), notably, the results of LDHA silencing in
a PH2 mouse model were less convincing (23). Stiripentol
(Diacomit) has now been shown to be a potent inhibitor of
LDH and has been shown to reduce urine oxalate in cell
cultures and animal models, whereas the drug was originally
used as an antiepileptic agent for Dravet syndrome (6). But
Stiripentol did not reduce plasma oxalate levels in dialysis
dependent PH1 patients (24), according to a case report,
which we conclude that does not have a good effect on every
type of PH1 patients particularly showing a severe phenotype.
As the first step in catalyzing hydroxyproline decomposition,
hydroxyproline dehydrogenase becomes the third target
because of its deficiency leading to no other significant
pathological sign (13). Following to the characteristics of the
enzyme, there are three substrate analogs that can be used as
inhibitors, but of which have not entered the clinical trial
stage (25). Therefore, this target has not been feasible and safe
in clinical practice.

In addition to the above methods of inhibiting enzyme
active sites, another method of substrate reduction is RNA
interference, which is a natural means of silencing gene
expression mediated by small interfering RNA (siRNA) (26).
Small interfering RNA (siRNA), which is initiated by double-
stranded RNA (dsRNA) in vivo and sliced by ribonuclease IIT
(19), binds to a cytoplasmic protein complex (RNA-induced
the
corresponding protein (17). Since 2004, this innovative

silencing complex) to prevent translation into
technology has been widely used in drug development
programs and entered clinical trials (3). The targets of
substrate reduction therapy by iRNA are also focused on GO,
LDHA and HYPDH. The targets of substrate reduction
therapy by iRNA method are also focused on GO, LDHA and
HYPDH, and positive results have been achieved in animal

models. Among the three targets mentioned above, GO was
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the first to be developed, which is encoded by the HAO1 gene
and catalyzes the oxidation of glycolate to glyoxylate mainly
in liver peroxisomes and has been shown to be a good drug
target to reduce oxalate formation in animal models (13).
Frishberg Y et al. first
asymptomatic glycolic aciduria preceded the pre-clinical
trials and has mutations in HAO1 encoding GO (27). The
results indicated that the expression of the deficient splicing

introduced children who has

variant of glycolate oxidase was the cause of isolated
asymptomatic glycolic aciduria (27). These studies provide
potential for the development of new methods for the
treatment of primary hyperoxaluria with substrate reduction.
Using data from these animal models, Lumasiran, a drug
based on ALNGO1 conjugated to N-acetyl galactosamine (3),
targets the mRNA of GO to prevent the conversion of
glycolate to glyoxylate, thereby reducing oxalate (17). This
article will focus on Lumasiran. Nedosiran (DCR-PHXC), an
iRNA drug targeting LDHA, which reduces the cytosolic
conversion of glyoxylate to oxalate by silencing LDHA (4),
has been demonstrated in animal models and is currently
undergoing phase III clinical trials (16). Furthermore, it was
awarded Rare Paediatric Disease Designation by the FDA in
June 2020 (6). Therefore, this drug has promising clinical
potential in the treatment of PHI1. There are few studies on
drugs targeted for HYPDH by iRNA. Only Xingsheng Li
et al. reported that HYPDH-siRNA could reduce urine
oxalate synthesis in mice models of PHI (28). The efficacy
and safety of the target need to be confirmed by more
animal models and clinical trials.

In addition to the targeted therapies described above, new
treatments also include oxalate removal, which reduces the
levels of plasma and urine oxalate by reducing the absorption
of intestinal oxalate (6), including probiotics (such as
Oxalobacter formigenes) and oral enzymes (such as Alln-177)
administration (4). However, neither of them was in phase III
clinical trials, nor the efficacy has not yet been determined
(19, 29). Among the above-mentioned therapeutic methods,
the substrate reduction method based on iRNA targeting
strategy is the most mature in clinical practice. Lumasiran,
which targets GO, and Nedosiran, which targets LDHA, have
the greatest body of evidence in clinical trials so far. In this
paper, we focus on lumasiran.

Mechanism action of lumasiran

According to the pathogenesis of PH1 described above,
glycolate produced by body metabolism is converted into
glyoxylate, the direct precursor of oxalate, by GO in liver
peroxisome. Therefore, one of the ways to treat PHI is to
reduce the expression of GO. At present, there are two
methods that can target GO, one is enzyme active site
inhibition, the second is RNA interference. Whereas none

Frontiers in Pediatrics

05

10.3389/fped.2022.1052625

of the candidate molecules for enzyme active site inhibition
have entered clinical trials, lumasiran, a drug prepared by
RNAi therapy, has proven to be clinically effective (30). In
general, lumasiran, developed by Alnylam Pharmaceuticals,
inhibits oxalate synthesis by silencing the expression of the
GO-encoding HAO1 gene with RNAi therapy, thereby
reducing oxalate levels in urine and plasma (9).

Lumasiran is a synthetic double-stranded small interfering
RNA (siRNA) covalently conjugated with the N-
acetylgalactosamine (GalNAc) (30, 31). Its ligand, GalNAg, a
carbohydrate with high affinity for asialoglycoprotein receptor
(ASGPR), which has a targeting effect, trigger endocytosis by
binding to ASGPR, that delivering the siRNA preferentially
targeted to the liver cytoplasm and adding into the RNA-
induced silencing complex (30). In this complex, the antisense
strand of lumasiran binds to the complementary sequence of
the HAO1 mRNA, leading to its cleavage (9, 30). The lack of
intact HAOI mRNA, which involved in the encoding of GO,
inhibits oxalate production. Due to GO being upstream of
AGT, the deficient of which leads to PH1, the mechanism of
action of lumasiran is independent of the underlying AGXT
gene mutation (32) (Figure 1).

Pharmacokinetics of lumasiran

Due to the rapid targeted uptake of lumasiran by the liver,
it is rapidly distributed to the liver once administered and
causes a rapid decline in plasma lumasiran levels (30).
According to pharmacokinetic studies, lumasiran exhibited
linear to slightly nonlinear, time-dependent activity in
plasma (9). The average time to reach a maximum plasma
concentration is 4 h after administration, the plasma protein
binding can exhibit moderate to high (77%-85%), and it can
be detected up to 24-48 h post dose (9, 30, 31). The average
terminal plasma half-life is 52h, the apparent central
volume of distribution in adults is 4.9 L, and the plasma
clearance is 26.5L/h (9, 30, 31). Urinary clearance in both
adults and children ranged from 2.0 to 3.4 L/h, with urinary
excretion accounting for 7%-26% of the dose administered
(9, 30, 31). Because lumasiran has a long half-life in liver
and its pharmacokinetic characteristics in plasma, its
administration frequency of once monthly or quarterly can
still maintain the pharmacodynamic effect of the drug within
the dosing interval without drug accumulation in plasma (9,
30). It is important to note that because of this, plasma
concentrations do not reflect the extent or duration of
lumasiran activity (9). Studies have shown that lumasiran is
approved for use in all age groups (9), because of its stable
pharmacokinetics which are not affected by age, race, sex,
mild/moderate renal impairment, or mild/moderate liver
impairment (30).
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Dosing regimen of lumasiran

Lumasiran is routinely administered subcutaneously,
according to the FDA specification for lumasiran approved in
November 2020. The administration regimen is determined
based on body weight. The loading dose was 6 mg/kg once
monthly for 3 consecutive months and the maintenance dose
was 3 mg/kg once monthly for those less than 10kg. For
those patients who was 10 kg to less than 20 kg, the loading
dose was also 6 mg/kg once monthly for 3 consecutive
the

maintenance dose. While for those 20kg and above, the

months and 6 mg/kg once every 3 months for
loading dose was 3 mg/kg once monthly for 3 consecutive
months and the maintenance dose was 3 mg/kg once every 3
months. No dose adjustment is necessary in patients with an
eGFR between 30 and 90 ml/min/1.73 m’ In the FDA
specification, lumasiran should be cautiously administered and
closely monitored in patients with an eGFR <30 ml/min/
1.73 m?, on dialysis and/or under 1 year of age, although dose
adjustment is not mentioned. According to the
ILLUMINATE-C clinical trial, which has completed the
preliminary analysis period of 6 months, the safety and
efficacy of lumasiran in the above patients can be confirmed,
and the dose does not need to be adjusted. However, the
extension of the trial has not yet been completed, and the use

of the drug in these patients remains to be seen.

Clinical evidence and evaluation of
lumasiran

Registered preclinical and clinical trials
involving lumasiran

Preclinical and clinical trials of lumasiran comes from 5
studies, one of which is completed, and the others are
currently active. The first phase I/II study of Lumasiran was
initiated in 2016 and currently completed, which is a first-in-
human, randomized, single-blind, placebo-controlled trial
(NCT02706886) to evaluate the safety, pharmacokinetic, and
pharmacodynamic of lumasiran in healthy adult participants
and patients with PH1 (33). The study was divided into two
parts: In Part A, 32 healthy adults were randomly assigned at
3:1 to lumasiran or placebo accepted ascending doses (0.3, 1,
3 or 6 mg/kg); In part B, 20 children (>6 years of age) and
adults with PH1 were also randomly assigned at 3:1 to
lumasiran or placebo receiving the doses of 1 mg/kg monthly,
3 mg/kg monthly, or 3 mg/kg quarterly (33). The results
showed a 66% reduction in 24-h urinary oxalate excretion
from baseline (1.69 mmol/24 h/1.73 m?) with a maximum
reduction of 75% in the lumasiran group in part B. All
patients achieved 24-h urinary oxalate levels <1.5 times the
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upper limit of normal (<0.46 mmol/24 h/1.73 m?) (33). In
terms of adverse events, most cases were mild to moderate in
severity, including abdominal pain (18%), headache (18%),
rhinitis (12%), nephrolithiasis (12%), and cough (12%). There
were no severe adverse events in the lumasiran group, and
two patients had adverse events related to lumasiran which
consisted of mild or moderate transient injection-site
reactions. Therefore, lumasiran has an acceptable safety
profile (33).

At the end of the phase I/II study, all 20 patients in Part B
were re-enrolled in a new study (NCT03350451), which is
considered to be a long-term, open-label extension Phase 2
trials for continued dosing of 3 mg/kg quarterly with an
estimated completion date of June 2023 (31). At a data cut-off
March 1 2021 (median exposure 28 months) showed at
Month 24 from baseline a 67.5% decrease in 24-h urinary
oxalate excretion, a 72.2% decrease in 24-h urinary oxalate
creatinine ratio, and a 51.0% decrease in plasma oxalate levels.
In all patients, the 24 h urinary oxalate levels were less than
1.5 times the upper limit of normal (34). The most common
lumasiran-related adverse events reported were injection site
reactions, all of which were mild (34). Thus, consistent with
the results of previous trials, lumasiran showed good efficacy
and safety in children (>6 years) and adults.

There are currently three ongoing phase III trials.
ILLUMINATE-A is an ongoing, randomized, double-blind,
placebo-controlled phase III trial (NCT03681184) involving 39
PHI patients (>6 years of age with an eGFR>30 ml/min/
1.73 m*) who were randomly assigned at 2:1 to lumasiran or
placebo where subjects were given 3 mg/kg once monthly for
three doses, followed by maintenance doses given once every
3 months beginning 1 month after the last loading dose (35).
The main analysis period was 6 months, and then it entered
an extended period (up to 54 months) with lumasiran
recipients continuing treatment with lumasiran 3 mg/kg
quarterly and placebo recipients switching to lumasiran
treatment with a loading dose of 3 mg/kg once monthly for 3
months and a maintenance dose of 3 mg/kg quarterly (35,
36). The analysis of trial data for the 6-month primary
analysis period has been completed. It shows that the least-
squares mean (LSM) difference between the lumasiran and
placebo group for the change in 24-h urinary oxalate
excretion was —53.5% (P<0.001), with a reduction in the
lumasiran group of 65.4% and an effect seen as early as
month 1 (35). At Month 6, the 24 h urinary oxalate levels
were less than 1.5 times the upper limit of normal in 84% of
The
difference in the percent change in the plasma oxalate level
(lumasiran minus placebo) was —39.5% (P<0.001) (35).
Adverse

lumasiran recipients who received lumasiran (35).

events were also mild, transient injection-site
reactions (35). The longest observation period reported in this
trial was 24 months (in extended period), and the clinical

results were also encouraging, with changes in 24-h urinary
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oxalate excretion, 24-h urinary oxalate levels, and plasma
oxalate levels consistently decreasing from baseline without
significant serious adverse events (36). It should be noticed
that a limitation of this trial was that patients younger than 6
years of age or with an eGFR of less than 30 ml/min/1.73 m?
were not included. The trials that including the above two
groups of patients were ILLUMINATE-B and ILLUMINATE-
C, respectively.

ILLUMINATE-B (NCT03905694) is an ongoing, single-arm,
open-label, multinational phase III trial of patients aged <6 years
with PHI1 (N = 18), with an eGFR >45 ml/min/1.73 m? for those
>12 months of age or a normal serum creatinine for patients <12
months of age (37). Similar to the ILLUMINATE-A trial, a 6-
month preliminary analysis of the ILLUMINATE-B trial has
been completed, while a 54-month long-term extension period
is ongoing. The dosing regimen used in the trial was the
described with load and
maintenance doses based on body weight. The least-squares

standard drug dose above,
mean reduction from baseline in spot urinary oxalate:
creatinine ratio was 72.0%, and the least-squares mean
reduction in plasma oxalate was 31.7%, according to the
analysis of the results of the 6-month completed trial (37). The
most common adverse events were transient, mild, injection-
site reactions (37). Therefore, the efficacy and tolerability
profile of Lumasiran in children aged <6 years in this study
were consistent with those reported in the ILLUMINATE-A
trial (37). The data of the 12-month extended trial of
ILLUMINATE-B have been reported. The spot urinary oxalate:
creatinine ratio was maintained at 72% at month 12. The mean
reduction from baseline in plasma oxalate level was improved
to 47% at month 12. The most common adverse event was still
proved to be a mild, transient injection site reaction.The results
of the more than 12 months extended trial have not been
reported (38). The trial lacked a placebo control group due to
the limited number of patients aged <6 years with a diagnosed
PHI (37). Similarly, the absence of PHI1 patients with
abnormal renal function was a limitation of this study.
Evaluation of the efficacy and safety of Lumasiran in PH1
patients of all ages with impaired kidney function was
performed in the ILLUMINATE-C trial (NCT0452200), which
was a multicenter, multinational, single-arm, open-label Phase
3 study enrolled 21 patients of all ages with PHI, eGFR <45
ml/min/1.73 m* (if age >12 months) or elevated serum
creatinine (if age <12 months), and POx > 20 umol/L at
screening, including patients with or without systemic oxalosis
(39). The trial consisted of a 6-month primary analysis period
and a long-term (54 months) extension period and was
divided into two cohorts, in which Cohort A consisting of six
patients who were not on hemodialysis at the time of study
enrollment while Cohort B consisting of 15 patients who were
receiving hemodialysis at the time of study enrollment (39).
Data from the completed 6-month preliminary analysis period
showed significant reductions in plasma oxalate (POx) in both
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cohorts, with least-squares mean reduction in POx of 33.3%
in Cohort A and 42.4% in Cohort B from baseline (39).
Studies have shown that the most common adverse events
continue to be mild, transient injection-site reactions (39).
Therefore, the efficacy and safety of lumasiran are acceptable.
POx mean % reduction from baseline at month 12 was 69.3%
and 34.3% in Cohorts A and B, respectively. POx AUCq 54},
mean % reduction from baseline between hemodialysis
sessions was 40.9% at month 12 (Cohort B). It should be
mentioned that at 12 months of observation, two patients in
Cohorts A started hemodialysis. In Cohorts B, one patient
received kidney transplantation, stopped hemodialysis and
continued lumasiran treatment; one patient received a liver/
kidney transplant and stopped lumasiran treatment.The most
common adverse events were the same as at 6 months.
Combined with partial trial data that have been completed,
Lumasiran can continuously reduce POx in PHI1 patients with
CKD 3B-5, which has been proved to be effective and safe (40).

ILLUMINATE-A, ILLUMINATE-B, and ILLUMINATE-C
are ongoing which were expected to finish in January 2024,
August 2024, and July 2025, respectively. Lumasiran has a
good efficacy and safety in PHI1 patients of all ages and with
or without impaired kidney function, based on the completed
data of three phase III clinical trials, namely, ILLUMINATE-
A, ILLUMINATE-B and ILLUMINATE-C. It also provides
reference evidence for clinical application of lumasiran. In
addition, BONAPHIDE (NCT04982393)
observational study, currently recruiting, that aims to describe

is a prospective

the natural course of patients with PHI and to evaluate the
long-term efficacy and safety of lumasiran (31).

Case studies

PH1 is a rare disease with a wide range of clinical
manifestations, some of which are mild or asymptomatic, and
even ESRD being their first presentation (7). So, it is rarely
diagnosed early. Thus, the number of patients younger than 6
years of age who were enrolled in the above trials, especially
those younger than 1 year of age when they consented to the
trials, was even smaller, with only 3 patients in ILLUMINATE-B,
of which the minimum age was 3 months (37). To date, the
youngest case report of lumasiran treatment for PH1 has been
published at 9 days of age (41), and one case of twin male
infants receiving lumasiran at 12 months of age has been
reported (42).

Marie et al. reported the effect of lumasiran for PHI in
small infants (41). The first child was antenatally diagnosed of
PH1 because his older sister was diagnosed with CKD stage 5
at 4 months of age, and UOx/creat and POx levels elevated
immediately after birth (41). The first subcutaneous injection
the day 9,
hyperhydration and potassium citrate were performed from

of lumasiran was administered at and
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month 2 (41). Although well tolerated, the outcome was
unsatisfactory: the patient was found to have grade III
nephrocalcinosis after 2 months of lumasiran treatment (41).
Lumasiran treatment was therefore continued, but the dose
was adjusted to 6 mg/kg/month with the addition of off-label
stiripentol for only 2 months (41). After the seventh injection,
UOx/creat decreased to normal (41). After the ninth injection,
the dose was reduced to 3 mg/kg, while UOx/creat remaining
stable (41). After 10 months of follow-up, kidney function
remained normal and nephrocalcinosis was relieved to some
extent (41). The other two patients, aged 2.5 months and 3.5
months, had significant clinical manifestations, and started
lumasiran therapy shortly after diagnosis (41). Both patients had
a marked decrease in UOx/creat and POx, and the latter had an
improvement in nephrocalcinosis, but the former did not (41).
No specific adverse events were observed in these three infants
(41). This case report provides a reference for the treatment of
small infants with PHI, because of lumasiran having a good
efficacy and safety. Early diagnosis and intervention are very
important for PH1 patients. Due to the short follow-up time
and the first patient also received Stiripentol, the efficacy and
safety of lumasiran still need to be observed.

Khaled et al. reported lumasiran treatment of PHI in
dizygotic twin gestation males delivered at 31 weeks of
gestation, whose father had a 12-year history of kidney stones
(42). Twin A was treated for kidney stone obstruction at 9
months of age, and still had recurrent kidney stone symptoms
and urinary tract infection despite surgical intervention (42).
After genetic analysis confirmed PHI1, he was started on
potassium citrate-citrate acid solution (Polycitra K) and
pyridoxine at 11 months of age and was on lumasiran with the
standard therapeutic dose at 12 months of age, while potassium
citrate-citrate acid solution and pyridoxine were discontinued
(42). Twin B was found to have nephrocalcinosis at 10 months
of age and was treated with Polycitra K and pyridoxine before
the gene confirmation of Twin A were available, and lumasiran
injection was also started at 12 months of age (42). During the
8-month follow-up, there was no obvious evidence of disease
recurrence and serious adverse events (42). So far this is the
first report of PHI on twins and also the first report of who
were treated with lumasiran (42). This case report also suggests
the clinical practice basis for the efficacy and safety of
lumasiran in the treatment of young children with PHI.

For the use of lumasiran in patients outside of clinical trials,
in addition to infants, cases have been reported in child who was
confirmed PHI after kidney transplant. The child whose mother
having a history of polycystic kidney disease was found to have
renal insufficiency when he was 5 years old, the cause of which
was unknown and was thought to have renal dysplasia (43). He
received a living-unrelated donor kidney transplant at age 7
years (43). The creatinine level increased on post-operative day
2 although surgical intervention. Hemodialysis was started on
postoperative day 8 (43). Considering systemic oxalosis as the
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cause of transplant dysfunction, a genetic testing was sent and
PHI was confirmed (43). Lumasiran was started on post-
operative day 34 and hemodialysis was discontinued gradually
at approximately 4 months after transplantation (43). The
decrease in urine oxalate levels during the first 5 months after
initiation of lumasiran was consistent with that observed in
clinical trials, he was able to maintain kidney function due to
aggressive renal replacement therapy as well as the initiation of
new targeted therapies for the disease (43). This demonstrates
the efficacy and safety of luamsiran in the treatment of patients
requiring hemodialysis after kidney transplant.

Discussion

Primary hyperoxaluria type 1 is a rare recessive autosomal
disorder caused by alanine-glyoxylate-aminotransferase (AGT)
deficiency and is the most common and severe of three types
of primary hyperoxaluria (1, 5). The accumulation of excess
oxalate exceeds the threshold for renal excretion, which
accumulates in the kidney and gradually in other organs,
eventually leading to systemic oxalosis (44). Thus, PHI1 is a
devastating disease for kidney that can rapidly progress to
ESRD in severe cases. An effective treatment for PHI, a
disease with defective liver metabolism, is liver transplantation
that is associated with morbidity and mortality (11). For
patients with ESRD, liver-kidney transplantation is required,
which increases the risk of morbidity and mortality. Before
the introduction of new therapeutic agents, PH1 was treated
with conservative regimens including intensive water intake,
prescription of vitamin B6 and oral crystallization inhibitors,
but it was not effective in preventing the occurrence of ESRD
(44). Lumasiran, approved by the European Union and the
United States in November 2020 for the treatment of PHI
patients of all ages, is a liver-directed RNA interference
therapy, targeting the messenger RNA of glycolate oxidase
(44), which can reduce the production of hepatic oxalate to
achieve the purpose of treatment.

The high efficacy of lumasiran in the treatment of PHI is
evident from the five clinical trials described above and the
related case reports. But there are still some things that
clinicians should be aware of. First, these clinical trials
demonstrating the efficacy of lumasiran have not yet been
completed, and the longest follow-up for data analyses
reported has been less than 24 months. In the case reports
that have been published, the efficacy of lumasiran has been
observed for even shorter periods, being a challenge to
whether lumasiran is effective in the long-term treatment of
PHI1 disease. Second, in all clinical trials and published case
reports, lumasiran was administered on top of conservative
treatment (high water intake, potassium citrate with or
without pyridoxine). Therefore, if lumasiran has a good
curative effect, whether the conservative treatment can be
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stopped, and whether this will have an impact on the
therapeutic effect of lumasiran in long term follow-up. Third,
considering the mechanism action of lumasiran and its
excellent performance in clinical trials and case reports, it is
worth studying whether double liver/kidney transplantation
can be replaced by isolated kidney transplantation and RNAi
therapies in the future treatment strategy for PH1 (45, 46).
This approach is intended to reduce the complications and
mortality of liver transplantation, and complications of long-
term immunosuppressive therapies (46). Anne-Laure Sellier-
Leclerc et al. reported five PHI patients of isolated kidney
transplantation in combination with lumasiran, all of whom
showed no signs of recurrent oxalate nephropathy after at
least 6 months of follow-up (46). This seems to prove the
feasibility of the scheme. However, Nizar et al. reported a case
of recurrence of early oxalate nephropathy after kidney
transplantation in a PH1 patient treated with lumasiran (47),
which making the effectiveness of this approach questionable.

Compared with the efficacy of lumasiran, the safety of
lumasiran needs more attention. Through clinical trials and
related case reports, adverse events were concentrated on mild
injection-site reactions, and no serious adverse events were
identified. Likewise, the long-term safety of lumasiran remains
to be seen, as the observation period of each clinical trial
remaining short. In addition, the mechanism of action of
lumasiran also poses certain challenges to the safety of this
drug. Since lumasiran inhibits oxalate synthesis by silencing
the expression of HAO1 gene encoding GO by RNAI therapy,
whether long-term silencing of this gene will have related
consequences is unknown. However, in rare cases of HAOI
biallelic loss of function variants (30), no obvious disease
phenotype was found, which provided a certain basis for the
safety of lumasiran. In addition, for patients with PHI, the
biochemical hallmark is glycolic aciduria and together with
of PHI,
inhibition of GO results in the failure of glycolic acid in

hyperoxaluria. According to the pathogenesis
peroxisome to convert to glyoxalic acid, resulting in increased
plasma glycolic acid levels (31). Further studies are needed to
evaluate the effects of this glycolic acid buildup, for example,
as glycolate is an acid (glycolic acid), whether it leads to
metabolic acidosis needs to be explored.

The last thing to mention is the cost of lumasiran.
Lumasiran’s specifications are 94.5 mg/0.5 ml each and the
unit price is $67,980.00. Depending on the dosage, the annual
cost of treatment can be up to $340,000.00 for patients less
than 10 kg, up to $540,000.00 for patients between 10 and
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