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Risdiplam distributes and increases SMN protein in both the
central nervous system and peripheral organs
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1 | INTRODUCTION

Spinal muscular atrophy (SMA) is caused by the deletion and/or
mutation of the Survival of Motor Neuron 1 (SMN1) gene, resulting
in insufficient levels of functional SMN protein and selective vulner-
ability of motor neurons.*? A second SMN gene, SMN2, produces
only low levels of functional SMN protein which are insufficient to
fully compensate for the lack of the SMN1 gene.>* The orally admin-
istered small molecules risdiplam (RG7916; RO7034067, 7-(4,7-dia-
zaspiro[2.5]octan-7-yl)-2-(2,8-dimethylimidazo[1,2-b]pyridazin-6-yl)py-
rido[1,2-a]pyrimidin-4-one)) and RG7800 (RO6885247, 2-(4-ethyl-6-
methyl-pyrazolo[1,5-a]pyrazin-2-yl)-9-methyl-7-(1-methyl-4-piperidyl)
pyrido[1,2-a]pyrimidin-4-one) were designed to modify SMN2 mRNA
splicing, by promoting inclusion of exon 7, thereby increasing full-
length SMN2 mRNA production and levels of functional SMN protein
in patients with SMA.

The hallmark of SMA is the progressive degeneration of a-motor
neurons in the brain stem and spinal cord that causes muscle atro-
phy, weakness, and disease-related complications that can impact
survival.> Accumulating evidence challenges the idea that SMA is
solely a disease of motor neurons. SMA is increasingly described as
a disease affecting tissues and cell types beyond the motor neuron,
suggesting that effective disease intervention may require body-wide
correction of SMN protein levels to achieve a complete reversal or
amelioration of the disease state.’”’ This is consistent with the
requirement of peripheral SMN restoration for long-term rescue in a
severe SMA animal model.81°

SMN protein is ubiquitously expressed throughout the body and
is implicated in several basic cellular functions.'* SMN protein may
have a role in many cells and tissues, such as skeletal muscle, heart,
bone, and autonomic and nervous systems; and deficiencies may
contribute to the disease state.>”12

A significant clinical benefit has been observed with therapies that
increase levels of functional SMN protein. Recently, an antisense
oligonucleotide therapy (nusinersen, Spinraza®), which is administered
intrathecally, was approved in the U.S. and European Union for the
treatment of SMA in pediatric and adult patients. Both Spinraza® and
risdiplam (having different molecular targets) act by promoting exon 7
inclusion in SMN2 mRNA, leading to increased production of func-
tional SMN protein.**> Approval of Spinraza® as a treatment for
SMA in adult and pediatric patients validated the mechanism of action
and effectiveness of SMN2 mRNA-splicing therapies.

RG7800 was the first small molecule SMN2 splicing modifier to
enter human clinical trials.?® In the Phase 1 MOONFISH trial
(NCT03032172) no serious adverse events were reported following
RG7800 administration in patients with Type 2 and 3 SMA. How-
ever, dosing was suspended due to off-target retinal findings of
RG7800 in long-term, nonclinical safety studies in monkeys.

Risdiplam is an orally administered, small-molecule SMN2 pre-
mRNA splicing modifier, optimized in terms of pharmacokinetic (PK)
characteristics and with enhanced specificity toward SMN2 exon 7
splicing relative to other SMN2 splicing modifiers.t” Risdiplam

demonstrated a higher in vitro and in vivo efficacy in cellular and

mouse models of SMA, a larger safety window in preclinical models
(including to off-target retinal findings) and an improved human PK
profile compared with RG7800.7 Risdiplam increases SMN2FL
mRNA production and distributes into the central nervous system
(CNS) and peripheral tissues by avoiding interaction with human
multidrug resistance protein 1 (MDR1); a transport protein that
restricts brain exposure.

The primary objectives of these preclinical studies were to assess
in vitro characteristics, as well as the extent of central and peripheral
tissue distribution of risdiplam, and to evaluate biomarker levels fol-
lowing risdiplam dosing in animal models of SMA. These studies are
of importance since the relationship between drug exposure in tis-
sues and organs, and biomarkers evolution in preclinical models pro-
vide the basis for estimating functional SMN protein level increases
in target tissues from the easily measured biomarker response in
patients’ blood following risdiplam treatment. Blood sampling is mini-
mally invasive for patients. Therefore, functional SMN protein level
increases in blood can be expected to reflect similar increases in
functional SMN protein levels in the CNS, muscle, and other key
organs affected in SMA. Risdiplam is under investigation in the SUN-
FISH (Type 2/3 SMA; NCT02908685), FIREFISH (Type 1 SMA;
NCT02913482), and JEWELFISH (non-naive Type 2/3 SMA;
NCT03032172) clinical studies, with the potential to address a broad
range of patients.*®

2 | MATERIALS AND METHODS

Risdiplam structure and method of synthesis can be found in refer-
ence.r” RG7800 structure and method of synthesis can be found in

reference.*®

2.1 | In vitro transport assay

Parent porcine kidney epithelial LLC PK1 (Lewis Lung Cancer Por-
cine Kidney 1) and canine kidney epithelial MDCKII (Madin-Darby
Canine Kidney) cell lines were used. LLC-PK1, MDCKII, L-MDR1
(LLC-PK1 cells transfected with human MDR1), L-Mdrla (LLC-PK1
cells transfected with rodent Mdr1a), M-BCRP (MDCKII cells trans-
fected with human Breast Cancer Resistance Protein; BCRP), and M-
Berpl (MDCKII cells transfected with rodent Bcrpl) cell lines were
obtained from Dr. Alfred Schinkel (The Netherlands Cancer Institute,
Amsterdam, the Netherlands), and used under a license agreement.
The rodent Mdrla is a murine protein and shares 95% amino acid
sequence identity with the rat Mdr1a,'® henceforth referred as “ro-
dent” Mdrla throughout the manuscript. The assays were conducted
as previously described.?%?* Briefly, cells were cultured on semiper-
meable 96-well inserts (surface area 0.11 cm?, pore size 0.4 mm;
Millipore), and bidirectional transport measurements were performed
either at Day 3 or 4 after seeding. The medium was removed from
the apical (100 mL) and basolateral (240 mL) compartments and
replaced on the receiver side by culture medium without phenol red
and with or without inhibitor (zosuquidar, 1 uM for L-MDR1 and
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L-Mdrla; Ko143, 1 uM for M-BCRP and M-Bcrp). Transcellular
transport was initiated by the addition of media to the donor com-
partment containing test substrate (risdiplam or RG7800, tested at
1 pM) and 10 pM Lucifer yellow (Sigma-Aldrich). Lucifer yellow was
included to confirm monolayer integrity and reference substrates
were incubated as controls to MDR1/Mdrla or BCRP/Bcrp activity.
Plates were incubated for 3.5 hours at 37°C and 5% CO, under
continuous shaking (100 rpm). Samples (triplicates for each condi-
tion) were taken from the donor and receiver compartments and
analyzed by scintillation counting or high-performance liquid chro-
matography with tandem mass spectrometry, as previously
described for liquid chromatography, 10ADvp pump system (Shi-
madzu, Kyoto, Japan) coupled with a PAL HTS auto-sampler (CTC
Analytics, Zwingen, Switzerland) was used, and for MS, APl 4000 or
QTrap4000 system equipped with a Turbolonspray source (Sciex,

Framingham, MA).2°

For data evaluation the following equations were used:
P _ 1 " dqQ
PP AX G dt,

where P,,,, A, Co, and dQ/dt represent the apparent permeability,
the filter surface area, the initial concentration, and the amount
transported per time period, respectively. P, values were calculated
on the basis of a single time point. Transport efflux ratios (ERs) were

calculated as follows:

~ PapBA
ER = b opAB’

where P,,,BA is the permeability value in the basolateral-to-apical
direction, and P,p,AB is the permeability value in the apical-to-baso-

lateral direction.

2.2 | Animals

Thirteen animal studies were carried out as listed in Table 1.

All studies were carried out in Association for Assessment and
Accreditation of Laboratory Animal Care International certified facili-
ties, and the protocols for animal experiments were approved by the
Institutional Animal Care and Use Committee.

Studies 1 and 2 used Friend Leukemia virus B (FVB) heterozy-
gous or wild-type littermates from either the SMNA7 mouse colony
(Study 1, age postnatal day [PND] 10) or the C/C-allele SMA mouse
colony (Study 2, adult mice). In Studies 3, 11 and 12, SMA C/C-
allele SMA mice were derived from FVB.129(Bé)-Smnitm5(Smn1/
SMN2)Mrph/J strain from The Jackson Laboratory (stock number
008604) and dosing was initiated when mice were ~7 weeks old. In
Studies 4 and 5, SMNA7 mice were derived from FVB.Cg-Tg
(SMN2*delta7)4299Ahmb Tg(SMN2)89Ahmb strain from The Jackson
Laboratory (stock number 005025) and dosing was initiated at
PND3.

For Studies 6, 7, and 8, adult Wistar Hannover Crl:WI (Han) rats
were obtained from Charles River Laboratories, (Margate, UK or
Raleigh, NC). For Study 7, pigmented (Brown Norway BN/Crl) rats
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were used. For both Studies 6 and 7, dosing was initiated in adult
rats and in Study 8, dosing was initiated at PND22.
In Studies 9 and 10, purpose-bred cynomolgus monkeys (Macaca

fascicularis) were between 24 and 26 months old at the start of dosing.

2.3 | Study design in mice (Studies 1, 2, 3, 4, 5, 11,
and 12)

Two different mouse models of SMA were utilized for these studies.
For studies in adult mice, the C/C-allele mouse model of mild SMA
was utilized. C/C-allele mice have a near-normal life span but show
decreased muscle function, reduced body weight gain, and peripheral
necrosis in comparison to normal mice.??> Neonatal SMNA7 mice, a
mouse model of severe SMA, were also used. These mice die
approximately 2 weeks after birth.2%

For oral dosing of adult mice, compounds were formulated as a
suspension in 0.5% hydroxypropylmethyl cellulose with 0.1% Tween
80. For intraperitoneal (IP) dosing of juvenile mice, compounds were
formulated in dimethyl sulfoxide and administered at a dosing vol-
ume of 2.5 ml/kg. For repeat administration, the compounds were
administered once daily. For Study 5, mice were dosed IP from
PND3 to PND23 and dosed by oral gavage from PND24 onward.
For information on doses and length of dosing for each individual
study, please see Table 1.

After dosing, blood was collected by terminal cardiac puncture at
specified time points and plasma and tissues collected for compound
analysis. The concentrations of test compound in plasma and tissues
were quantified by liquid chromatography tandem mass spectrome-
try. Plasma or tissue samples were extracted by protein precipitation
method and the extracts were separated by a reverse HPLC column
utilizing Waters Acquity UPLC and detected using a Micromass
Quattro Ultima Mass Spectrometer. Chromatograms were integrated
using Masslynx 4.1 software. The lower limits of quantification
(LLOQ) were 0.002 pg/mL (plasma; Studies 2, 3, 12), 0.0025 pg/mL
(plasma; Study 1, 4, 5), 0.010 pg/mL (plasma; Study 11), 0.01 pg/g
(brain; Studies 1, 2, 3, 11), 0.02 pg/g (brain; Study 4, 5), 0.25 ng/g
(brain; Study 12), 0.01 pg/g (quadriceps; Study 3), 0.025 pg/g (quadri-
ceps; Study 11, 12), or 0.04 pg/g (quadriceps; Study 4).

To measure increase in brain and muscle SMN protein, mice were
killed with carbon dioxide as per Institutional Animal Care and Use
Committee guidelines one hour after the last dose and the brain and
quadriceps were collected. Tissues were not perfused before
collection. Tissue samples were collected, homogenized, transferred to
a 96-well plate and were diluted in RIPA buffer. Samples were run in
duplicate and averaged. SMN protein was quantified using
Homogeneous Time Resolved Fluorescence (HTRF, Cisbio Bioassays)
as previously published.'* Total protein content was quantified in each
tissue homogenate using the BCA assay according to the manufac-
turer's protocol. The HTRF signal for SMN protein was normalized to
the total protein concentration for each sample, generating the AF
SMN signal/total protein. To measure SMN protein in blood, blood
was obtained by cardiac puncture. SMN protein was quantified using

electrochemiluminescence immunoassay utilizing a Meso Scale
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Discovery Sector Imager 6000 instrument as previously published.
SMN protein concentrations (pg/mL) were determined by comparison

to a standard curve prepared with recombinant human SMN protein.?*
SMN treated KO

SMN vehicle KO*
SMN vehicle KO is the mean SMN protein level normalized to the

Changes in SMN protein levels are reported as

total protein for each control mouse and then this ratio is averaged
across the vehicle-dosed group in knock-out (KO) mice. SMN treated
KO is the SMN protein level normalized to the total protein for each

compound-dosed KO animal.

2.4 | Study design in rats (Studies 6, 7, and 8)

Risdiplam was administered orally by gavage once daily as a solution in
10 mM ascorbic acid/0.01 mg/mL sodium thiosulfate pentahydrate,
pH 3, and the dosing volume was 10 ml/kg (Study 6) or 4 ml/kg
(Study 7, 8). For information on doses and length of dosing for each
individual study, please see Table 1. Each animal was killed under
isoflurane anesthesia. Animals were exsanguinated by the severing of
major blood vessels. Terminal blood samples were taken from the
jugular vein immediately prior to exsanguination and collected into
tubes containing K3-EDTA anticoagulant. The entire brain was col-
lected into labeled 7 mL Precellys® homogenization tubes (CK14),
snap-frozen in liquid nitrogen and stored on dry ice. Tissues were
homogenized by bead beating and/or diluted with blank tissue homo-
genate or blank rat plasma. The analyte was isolated from matrix
(EDTA plasma or tissues homogenate) by protein precipitation with
acetonitrile/ethanol containing the internal standard (*3C, D2 stable
isotope-labeled risdiplam) and separated from other constituents of
the sample by narrow-bore HPLC. Detection was accomplished utiliz-
ing heated electrospray (HESI) MS/MS positive-ion selected reaction
monitoring mode (SRM). CSF and tissue samples were quantified
against rat plasma calibration curves diluted with the appropriate blank
tissue homogenate or blank plasma. The LLOQ for risdiplam was
0.250 ng/mL in rat plasma using 20 puL aliquots, 0.500 or 1.00 ng/mL
in CSF and 2 ng/g in tissues using 20 pL of tissue homogenate.
Unbound (free) plasma concentrations (Cu_p) were calculated by
multiplying the measured total concentration in plasma by the mea-
sured free fraction in plasma (16% in adult rat). The CSF-to-unbound
plasma partition coefficient (Kp,uu) was calculated as follows:
Kp,uu :CCC—USDF where C_CSF is the concentration in the CSF. The
predicted Kp,uu (pKp,uu) was derived according to equation (5)
1

from?®: pKp,uu = 7 ER where v is a fixed parameter (0.753) and

ER the efflux ratio measured in L-Mdr1a cells.

2.5 | Study design in monkeys (Studies 9 and 10)

Risdiplam was administered orally by gavage once daily as a solution
in 10 mM ascorbic acid/0.01 mg/mL sodium thiosulfate pentahydrate,
pH 3, and the dosing volume was 1.5 ml/kg (Study 9) or 5 ml/kg
(Study 10). For information on doses and length of dosing for each
individual study, please see Table 1.

At the end of dosing, animals were killed, and terminal plasma
and tissues were collected and stored frozen. In Study 10, brain
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stem and cortex samples (0.5 g) were separately collected. A sample
of 0.5 mL of CSF was collected from all animals.

Tissues were homogenized and diluted with blank cynomolgus
monkey plasma. The analyte was isolated from matrix as described
for Studies 6-8. Detection was accomplished utilizing HESI MS/MS
in positive ion SRM. The LLOQ in cynomolgus monkey plasma was
0.250 ng/mL (Study 9) or 0.500 ng/mL (Study 10) using 20 pL ali-
quots. All other samples were quantified against cynomolgus monkey
plasma calibration curves. Due to sample dilution, the resulting
LLOQs were 0.500 ng/mL in CSF (Study 9) and between 0.500 and
5000 ng/g in tissues (10.0 ng/g in brain). For Study 10, a dedicated,
sensitive CSF method with LLOQ 0.100 ng/mL was used. Unbound
(free) plasma concentrations were calculated by multiplying the mea-
sured total concentration in plasma by the measured free fraction in

plasma (15% in adult cynomolgus monkeys).

2.6 | Rat Quantitative Whole-Body
Autoradiography (QWBA) study design (Study 13)

Wistar rats received either a single oral dose of *C-risdiplam (by
gastric gavage), or a single intravenous dose of *C-risdiplam (by tail
vein injection). Dose levels were 5 or 2 mg/kg, for oral and intra-
venous doses, respectively. For whole-body autoradiography, follow-
ing deep anesthesia under isoflurane, single animals were killed by
cold shock (in a mixture consisting of an excess of dry-ice in hexane)
at the following times after dosing: 10 min for the IV-dosed animals
and 2, 24, 72, and 168 hours for the oral-dosed animals. Once fully
frozen, the carcasses were prepared for, and subjected to, whole-
body autoradiography procedures. Radioactivity concentration in tis-
sues was quantified from the whole-body autoradiograms, using a
validated image analysis system. After exposure in a copper-lined,
lead exposure box for 7 days, the imaging plates were processed
using a FUJI FLA 5000 or 5100 radioluminography system (Raytek
Scientific Ltd). The electronic images were analyzed using a validated
PC-based image analysis package (Seescan2 software, Lablogic).
While under terminal anesthesia, blood (approximately 3 mL) was
collected from each of the animals by cardiac puncture into tubes
precoated with lithium heparin. Blood and plasma were assayed for

total radioactivity.

3 | RESULTS

3.1 | Transport in vitro assays

Risdiplam showed an average passive permeability in parental LLC-
PK1 cells of around 350 nm/s. Similar permeability was observed in
L-MDR1, L-Mdral, M-BCRP, and M-Bcrp cells in the presence of inhi-
bitor. Risdiplam was found not to be a substrate of human MDR1
with an ER of 2.2, but a weak substrate of rodent Mdrla (ER = 3.7).
The predicted CSF-to-unbound plasma partition coefficient (pKp,uu)
based on the rodent ER and model from? is therefore 0.33. Ris-
diplam was a weak human BCRP substrate with an ER of 3.7 and a

strong Bcrp substrate in rodents with an ER of 44.
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RG7800 was also a highly permeable compound, with an average
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passive permeability in LLC-PK1 cells of >100 nm/s and was also
not a substrate of human MDR1.

3.2 | Risdiplam tissue distribution

During the preclinical development of risdiplam, brain, and muscle tis-
sues, as well as key organs affected in SMA, were collected as pri-
mary or secondary endpoints in a variety of PK, pharmacodynamics
(PD), and toxicology studies. Single or repeat daily oral or IP adminis-
tration of risdiplam for up to 39 weeks showed similar total drug
levels in plasma, brain, and muscle of mice (n = 90), rats (n = 148),
and monkeys (n = 24) (Figure 1A,B). CSF levels of risdiplam in mon-
keys reflected those of free, nonbound compound in plasma. A minor
deviation from unity was observed in rat CSF levels compared with
free plasma levels (Figure 1C) and in mice brain levels compared with
total plasma (Figure 1A). The observed in vivo Kp,uu in rats was 0.28.

A strong correlation was observed between concentrations of
risdiplam in plasma and levels of risdiplam in tissues over a wide
range of concentrations (Figure 1A-C), indicating that the total
plasma is representative of tissue concentrations. There was no obvi-
ous deviation from unity in one particular dose group or with
increasing dose (Supplemental Data Figure 1). The largest dataset
was obtained on brain tissue concentrations in 189 animals (Fig-
ure 1A). In Study 10, brain samples from the stem and cortex regions
of monkeys (n = 22) demonstrated very similar risdiplam concentra-
tions (average cortex/brain stem concentrations ratio of 1.10, range
0.71-1.59). These two values were averaged for each individual ani-
mal shown in Figure 1A.

In Study 10, tissue drug levels were maintained after daily dosing
in monkeys receiving risdiplam daily for 39 weeks. At the end of the
dosing period, some monkeys remained on study but no longer
received the drug (recovery animals). Drug levels were below the limit
of quantification (BLQ) in plasma, CSF, and brain after 22 weeks' treat-
ment-free recovery period (muscle not sampled). In nonhuman pri-
mates, the ratios of total risdiplam concentration in plasma to brain
and muscle concentrations were close to 1 for all tissues measured.
Specifically, in Study 9 following oral dosing of risdiplam at 3 mg/kg/
day for 7 days in monkeys (n = 2), total plasma concentrations
(794 ng/mL) matched those in brain (783 ng/g) and muscle (668 ng/g),
whereas CSF drug level (53.5 ng/mL) were within the same range of
the calculated free compound concentration in plasma (119 ng/mL)
(Figures 1C and 2).

The time-course of risdiplam concentrations in tissue and plasma
is shown for adult rats (Figure 3A,B) and adult FVB mice (Figure 3C,
D). Parallel time courses of drug levels were measured in plasma,
brain, CSF, and muscle, up to 48 hours after the last dose, confirm-
ing a parallel elimination in those tissues (Study 7, Figure 3A). A simi-
lar decreasing trend, with plasma and brain levels decreasing in
parallel, was confirmed after 28 days of daily dosing in rats (Fig-
ure 3B) and after single PO or IP dose in mice (Figure 3C,D). Abso-
lute levels of risdiplam in rat brain were in the same range as total
plasma levels in both Figure 3A,B. Brain levels were slightly higher
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FIGURE 1 Risdiplam tissues concentration vs risdiplam plasma
concentration: A, brain (n = 189) (Studies 1-4, 6-10). B, muscle

(n = 37) (Studies 4,7,9), and C, CSF (n = 35) (Studies 7,9,10) of mice
(open squares), rats (open triangles), and monkeys (open circles)
following single or repeat PO or IP administration. Each symbol
represents data coming from an individual animal. The solid line
represents the line of unity. The dotted lines represent threefold
variation around unity. CSF, cerebrospinal fluid; IP, intraperitoneal;
PO, per os

or slightly lower than plasma depending on interexperimental vari-
ability (Figure 3A,B). This is also quite apparent in Figure 1A where
the symbols for rats (triangles) are on either side of the unity line. In
rats dosed at 7.5 mg/kg/day PO (Study 8), brain-to-total-plasma ratios
after 90 days of dosing were close to 1 (0.92 average for n = 13),
and drug levels in plasma and brain samples were BLQ after a fur-
ther 8 weeks of recovery treatment-free period (n = 6).

Radioactivity was rapidly and widely distributed following oral
administration of **C-risdiplam in the rat QWBA, with the majority
of tissues measured attaining peak concentrations at 2 hours (the
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first sampling point). Concentrations of radioactivity declined over
the duration of the study in plasma and tissues. Tissue/plasma ratios
of radioactivity were high in the bone marrow (5.5), kidney cortex
(9.1), kidney medulla (4.1), liver (7.2), lung (7.1), heart (2.4), pancreas
(4.7), spleen (8.0), trachea (2.7), mucosa of small intestine (3.4), large
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intestine (1.5), and rectum (4.1) 2 hours after oral administration. Tis-
sue/plasma ratios 10 minutes after IV administration were similar to
the oral 2-hour ratios in all tissues including intestinal mucosa.

In a tissue distribution study in two cynomolgus monkeys, muscle,

brain, heart, and larynx drug levels were all within the total plasma

concentration, with less than 30% difference (Study 9, Figure 2). Bone

marrow and spleen showed a high interindividual variability, with tis-

sue/plasma ratio around 5. Tissue/plasma ratios were higher for kidney

(10), liver and duodenum (both 33). In the same study, two other mon-

keys were killed 6 weeks after the last dose, and drug levels in plasma,

CSF, muscle, brain, heart, and bone marrow were all BLQ. Risdiplam

concentrations in duodenum, spleen, and larynx were below 1 ng/g

and around 4 ng/g in both liver and kidney.

Duodenum . . . Lo
CSF == Similar tissue distribution studies in rat and monkeys, and rat
Free plasma-z . . QWBA were also performed using RG7800. Following oral adminis-
NJ ,@Q \“QQ QQQQ tration, RG7800 widely distributed and was present in key tissues
K

) L and organs affected in SMA (brain, muscle, bone, mucosa of the Gl
Plasma or tissue risdiplam

concentrations (ng/mL or ng/g) tract, pancreas, liver, lung, heart, kidney, and spleen) at concentra-

tions equal to or higher than total plasma.
FIGURE 2 Risdiplam tissue distribution in cynomolgus monkeys.
Risdiplam concentration in plasma (ng/mL), CSF (ng/mL) and tissues
(ng/g) of cynomolgus monkeys (n = 2) at Day 7 following once daily
PO dosing (3 mg/kg/day for 7 days, Study 9). The blue and back bars
represent the individual values for each of the two individual
monkeys. CSF, cerebrospinal fluid; PO, per os

3.3 | SMN protein increase in CNS and periphery

Several PD studies investigated the effect of orally administered small
molecule SMN2 splicing modifiers on SMN protein levels in key target
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FIGURE 3 Time course of plasma and tissue risdiplam concentrations in mice or rats following PO or IP, single or repeat administration of
risdiplam. A, Time course in plasma (open circles), brain (open downward triangles), muscle (open squares), unbound plasma (open upward
triangles), and CSF (open lozanges) in adult rats following 4 days of 3 mg/kg daily dosing PO (Study 7, n = 6 or 7 rats per time point). B, Time
course of plasma and brain in adult rats following 28 days of 3 mg/kg daily dosing PO (Study 6, n = 2 per time point). C, Time course of
plasma and brain in adult FVB mice following a single dose of 10 mg/kg PO (Study 2, n = 3 per time point). D, Time course of plasma and
brain in juvenile FVB mice (PND10) following a single dose of 3 mg/kg IP (Study 1, n = 3 per time point). In all graph, symbols represent mean
with standard deviation. CSF, cerebrospinal fluid; FVB, friend leukemia virus B; IP, intraperitoneal; PND10, postnatal day 10; PO, per os
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tissues of SMA mouse models. In C/C-allele SMA mice dosed once
daily for up to 30 days, RG7800 increased SMN protein levels in

blood and to a similar extent in brain and muscle (Figure 4A,B). In

study 11, a similar fold increase was observed in the three tissues
over the 30-day period (Figure 5). In Study 12, after 10 days of daily
doses, multiple tissues were harvested from C/C-allele SMA mice and
analyzed for SMN protein. Blood, brain, spinal cord, and skin showed
an SMN protein fold increase between 1.64 and 2.02, whereas in the
pancreas, SMN protein increased by almost fourfold (Figure 6). In
some tissues, there was little difference in baseline SMN protein
levels in mutant C/C-allele SMA mice relative to heterozygous mice
reducing the window to measure an effect. Consistent with this,
SMN protein fold increase was minimal in the liver (1.1 on average),
whereas a 23% and 31% SMN protein increase from baseline was
observed in muscle and heart, respectively (Figure 6).

These findings were confirmed while dosing risdiplam: a similar
dose-dependent increase in SMN protein levels in brain and muscle
(0.1 mg/kg/day: brain 28%, muscle 32%; 1 mg/kg/day, brain 206%,
muscle 210%) was observed after 7 days of once daily dosing in
SMNA7 mice (Study 4, n = 6 or 7 per dose) (Figure 7,*” Risdiplam
also prolonged survival of SMNA7 mice (Study 5) when dosed once
daily with risdiplam for 219 days.” In Study 5, SMN protein level
increases were measured relative to SMN levels in heterozygous
control animals and a correlation was observed between increase in
SMN protein in blood and in brain. In the same study, risdiplam was
shown to improve phenotype and motor function, to prolong sur-

vival and to increase body weight gain in SMNA7 mice.*”

4 | DISCUSSION

Orally administered small molecule SMN2 splicing modifiers (ris-
diplam and RG7800) have been developed to target SMN2 alterna-
tive splicing selectively in both the peripheral organs and CNS by
penetrating the blood brain barrier. According to the free drug

hypothesis, only the nonprotein-bound molecules are available for
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FIGURE 5 SMN protein increase in blood, brain, and muscle of
SMA mice following administration of RG7800. SMN protein
increase from baseline (reported as ratio of SMN protein levels in
treated vs control) in brain, muscle, and blood over time (Study 11,
n = 5 per time point) in adult C/C-allele SMA mice following single
or repeat once daily doses of RG7800 (10 mg/kg/day) PO for up to
30 days. Symbols represent mean with standard deviation. PO, per
os; SMA, spinal muscular atrophy; SMN, survival motor neuron

interaction with their targets.?>? Hence, to achieve a meaningful
prediction of pharmacological efficacy in humans, the preclinical
assessment of new drug entities requires an accurate estimate of
the concentration of the unbound drug at the site of action. In this
study, we have shown that, as expected from in vitro data, risdiplam
freely distributed from the blood into the CNS and multiple tissues
in animals, and is expected to behave similarly in human based on
the same mechanistic rationale.

Both risdiplam and RG7800 show high passive permeability,
which is important for Gl and tissue uptake, and are not MDR1 sub-
strates in humans, which would otherwise restrict brain distribu-
tion.2> In rat pKp,uu was estimated at 0.33 based on rodent Mdrla
ER, which is in line with the observed in vivo Kp,uu of 0.28, confirm-
ing Mdrla as the principal mechanism lowering rat CSF levels (Fig-
ure 1C) and mice brain levels (Figure 1A). Still, this property did not
limit SMN protein increase in mouse brain. Risdiplam is also a strong
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FIGURE 4 SMN protein increase in muscle and blood vs brain of SMA mice following administration of RG7800. A, SMN protein increase
from baseline (reported as ratio of SMN protein levels in treated vs control) in muscle vs brain of adult C/C-allele SMA mice following single or
repeat (up to 30 days) doses of 10 mg/kg/day PO of RG7800 (studies 11 and 12, n = 59). B, SMN protein increase from baseline (reported as
ratio of SMN protein levels in treated vs control) in blood vs brain of adult C/C-allele SMA mice following single or repeat (up to 30 days)
doses of 10 mg/kg/day PO of RG7800 (studies 11 and 12, n = 59) (n = 74). Each symbol represents data coming from an individual animal. The
solid line represents the line of unity. PO, per os; SMN, survival motor neuron
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FIGURE 6 SMN protein increase in different tissues following
administration of RG7800. SMN protein increase from baseline
(reported as ratio of SMN protein levels in treated vs control) in
different tissues in adult C/Callele SMA mice following repeat

(10 days) doses of 10 mg/kg/day PO of RG7800 (Study 12, n = 5).
Bars represent mean with standard deviation. PO, per os; SMA,
spinal muscular atrophy; SMN, survival motor neuron
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FIGURE 7 SMN protein increase in muscle vs brain in SMA mice
following administration of risdiplam. SMN protein increase from
baseline (reported as ratio of SMN protein levels in treated vs
control) in muscle vs brain of adult C/C-allele SMA mice (Study 3,

n = 4 per dose) dosed 1, 3, or 10 mg/kg/day PO for 10 days, and
postnatal day 10 SMNA7 mice (Study 4, n = 6 or 7 per dose) dosed
0.1, 0.3, 1, or 3 mg/kg/day PO for 7 days. The solid line represents
the line of unity. Each symbol represents data coming from an
individual animal. PO, per os; SMA, spinal muscular atrophy; SMN,
survival motor neuron; SMNA7, truncated SMN protein

rodent Bcrp substrate in vitro, but this interaction was not apparent
in vivo, since rodent CSF levels were successfully predicted based
on the weak Mdrla interaction alone. This apparent disconnect for
brain penetration of rodent Bcrp substrates has also been observed
with other molecules.??’This is in alignment with risdiplam's high
passive permeability (350 nm/s). Furthermore, while risdiplam is not
a human MDR1 substrate, it is also only a weak human BCRP sub-
strate, and CSF levels of risdiplam in cynomolgus monkeys reflected
those of free plasma levels, indicating a lack of relevance of BCRP
for this molecule in monkeys. Since monkeys are considered the
closest species to humans regarding efflux transporters (>95% amino
acid sequence homology for both BCRP and MDR1), it is reasonable
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to anticipate human CSF levels to be in line with what was observed
in monkeys.2® Therefore, the total drug concentration in CSF or the
unbound concentration in plasma in humans should be good esti-
mates of the pharmacologically active compound available to modify
SMN2 alternative splicing in the CNS.

Brain penetration in monkey brain stem and cortex areas was
similar. It is expected that risdiplam will show a similar behavior in
humans. In each of the three species studied (mice, rats, and mon-
keys) risdiplam showed elimination from the central compartment
parallel to plasma, independently of species, dose or duration of dos-
ing. Several weeks after dosing cessation, the drug was fully elimi-
nated, with drug levels being BLQ in brain, CSF, and plasma.

Consistent with drug exposure in the CNS, SMN protein levels
increased in a dose-proportional manner in the brain of SMNA7 and
C/C-allele mouse models of SMA after treatment with risdiplam
(Studies 3 and 4) or with RG7800 (Studies 11 and 12). Robust brain
penetration and increased SMN protein levels in brain have been
previously shown for several small molecules SMN2 splicing modi-
fiers structurally related to risdiplam and administered orally.*4%2?
These molecules, including risdiplam, not only improved survival,
body weight, phenotype, and motor behavior in different mouse
models of SMA but also prevented motor neuron loss and rescued
synaptic pathology in mice.?*1¢1” These preclinical data indicate
that, based on the same mechanistic rational, risdiplam should also
distribute into the CNS in patients with SMA after oral administra-
tion (of an oral solution): thus, this is expected to lead to functional
SMN protein level increases in the CNS and preservation of lower
alpha motor neurons.

Denervation and atrophy of skeletal muscles, as well as intrinsic
abnormalities in SMA skeletal muscle cells, are thought to contribute
directly to SMA disease pathogenesis.®*? The free drug hypothesis
applies to all tissues and unbound drug in plasma is also expected to
be in equilibrium with free drug in the muscles. In this study, we
show that risdiplam distribution to, and elimination from, muscle tis-
sue correlates with plasma levels in mice, rats, and monkeys. Impor-
tantly, this profile is independent of dose, duration of dosing or
species. We also demonstrated that SMN protein levels increased in
a dose-proportional manner in the muscle of two different mouse
models of SMA treated with risdiplam. Excellent muscle penetration
and increased SMN protein levels in muscle have been shown previ-
ously for several small molecules SMN2 splicing modifiers structurally
related to risdiplam and administered orally. Published data showed
a dose-dependent amelioration of muscle atrophy in SMA mice, and
the overall increase in muscle size reflected an increase in the myofi-
ber size and number.***?? Similar reductions in muscle atrophy
with risdiplam were observed in mouse models of SMA.Y” These pre-
clinical results suggest that, based on the same mechanistic rational,
risdiplam should also distribute into muscles of patients with SMA
after oral treatment and should result in a similar increase in func-
tional SMN protein levels in muscles than in blood.

Both the rat QWBA and the monkey tissue distribution studies
confirmed a wide distribution of risdiplam with elimination parallel to
plasma. Risdiplam levels equivalent to, or higher than, the total
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plasma levels in bone, mucosa of the Gl tract, pancreas, liver, lung,

B
PHARMACOLOGICAL
SOCIETY

heart, kidney, and spleen were therefore confirmed in rodents and
nonhuman primates. Those tissues have been specifically described
as affected in SMA, beyond the CNS and muscle.>® We also show
here that RG7800 distributed widely in C/C- allele mice and led to
increased SMN protein levels in other key organs affected in SMA in
addition to an increase in blood, CNS, and muscle (Figure 6). Data
from these studies are consistent with previous reports showing sys-
temic distribution and a similar magnitude in SMN protein level
increase in blood and multiple tissues, including brain, in different
mouse models of SMA treated with SMN2 splicing modifiers struc-
turally related to risdiplam.141627

In contrast, due to intrathecal administration and inefficient cell
membrane penetration, Spinraza® effects are likely limited to the
CNS.71080 The nonclinical package for nusinersen (publicly available
information [eg, from U.S. Summary Basis for Approval]) states that
the antisense oligonucleotide is delivered to the CNS where SMN
protein is increased and leads to improved phenotype of mouse
models of SMA. Systemic administration of nusinersen to neonatal
mice increased SMN protein in the spinal cord and robustly rescued
severe SMA mice, much more effectively than intracerebroventricu-
lar administration. Subcutaneous injections extended the median
lifespan from 16 to 108 days median survival compared with intrac-
erebroventricular administration.”

As an orally administered product, risdiplam increases functional
SMN protein levels in both the CNS and peripheral tissues in animal
models and it is also expected to do so in patients based on the
same mechanistic rational. This may be more beneficial than a thera-
peutic agent solely targeting the motor neurons of the spinal cord.

In mouse models of SMA, a 100% or greater increase in brain
SMN levels above vehicle results in near-normal phenotype.29 Here
we demonstrate that, in mouse models of SMA treated with oral
small molecule SMN2 splicing modifiers including risdiplam, the per-
centage increase in SMN protein in peripheral blood (and muscle
and other tissues) correlates with that in the CNS (Figures 4-7). This
indicates that a change in SMN protein in blood could be used as a
surrogate, or biomarker to monitor increases of SMN protein levels
in the CNS. Another important advantage of risdiplam is the durabil-
ity of the effect. As we have shown in this current work, protein
levels follow compound exposure in plasma and tissues and will stay
elevated (relative to the untreated control) as long as the drug is
administered, without attenuation of the effect. As SMA is a chronic
progressive disease, this persistent upregulation of functional SMN
protein levels in all organs and tissues is expected to result in dur-
able benefit to the patient.

In conclusion, this study demonstrates that risdiplam distributes
well into the CNS and peripheral tissues, including muscle, blood,
and brain, of mice, rats, and monkeys following single or repeated
oral or IP dosing. Risdiplam increased functional SMN protein levels
in the CNS and periphery of mouse models of SMA by a similar
magnitude. Recent early interim data from SUNFISH Part 1,
showed a dose-dependent, up to 2.5-fold average increase in func-
tional SMN protein in the blood of patients with SMA treated with

risdiplam.3! These in vitro and in vivo preclinical data strongly sug-
gest that functional SMN protein increases seen in patients’ blood
following risdiplam treatment should reflect similar increases in
functional SMN protein in the CNS, muscle, and other peripheral

tissues.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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