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ABSTRACT

Introduction/Aims: Tofersen is approved for the treatment of amyotrophic lateral sclerosis (ALS) due to superoxide dismutase
1 mutations (SODI-ALS). Here we report serious neurologic adverse events (AEs) that occurred in the tofersen clinical trials in
people with SODI-ALS.

Methods: Serious neurologic AEs of myelitis, radiculitis, aseptic meningitis, and papilledema reported in the tofersen clinical
trials are described. Serious AEs were defined according to International Conference for Harmonization guidelines, and neu-
rologic AEs in clinical trials were diagnosed by investigators based on symptoms, clinical examination findings, and diagnostic
workup.

Results: Ten participants (approximately 7% of tofersen 100-mg-treated trial participants) experienced a total of 12 serious neu-
rologic AEs—4 of myelitis, 2 of radiculitis, 2 of aseptic meningitis, and 4 of intracranial hypertension (ICH) and/or papilledema.
All events but one resolved either spontaneously, with dosing interruption/modification, or with concomitant therapies. One
event was ongoing but improved as of December 2022. While 3 events led to tofersen treatment discontinuation, all other partic-
ipants were able to remain on treatment. No event was life-threatening or fatal.

Discussion: Some antisense oligonucleotides (ASOs) have been described as having pro-inflammatory properties. Aseptic men-
ingitis has been reported with nusinersen; however, myelitis, radiculitis, increased intracranial pressure, and papilledema have
not been reported with ASO treatment. These neurologic AEs should be considered when assessing the overall benefit/risk of
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tofersen treatment for SODI-ALS. Safety data from the open-label extension and expanded access program will continue to char-

acterize these events and further inform the safety profile of tofersen in SODI-ALS.

1 | Introduction

Mutations in the superoxide dismutase 1 (SOD1) gene cause
amyotrophic lateral sclerosis (ALS) in approximately 2% of
people living with ALS. SODI mutations cause motor neuron
death through toxic gain of function of the mutant SOD1 pro-
tein [1-4].

Tofersen is an intrathecally administered antisense oligonucle-
otide (ASO) designed to specifically mediate RNase H-dependent
SODI messenger RNA degradation to reduce synthesis of SOD1
protein [5-7]. Tofersen has been evaluated in a 3-part Phase
1/2/3 study (single ascending dose [SAD], multiple ascend-
ing dose [MAD], and Phase 3 [VALOR]) and its open-label ex-
tension (OLE), and is being evaluated in the ongoing Phase 3
ATLAS study.

In the completed MAD, completed phase 3 VALOR, and OLE
studies, 147 participants have received at least 1 dose of tofersen
100mg for a total of 312.56 participant-years of exposure as of
July 15, 2022; most adverse events (AEs) at the 100 mg dose were
of mild-to-moderate severity and were related to ALS disease
progression, lumbar puncture (LP), or were events commonly
seen in the general population [8, 9]. Some participants have had
serious neurologic AEs including myelitis, radiculitis, aseptic
meningitis, and intracranial hypertension (ICH) and/or papill-
edema. We report here the serious neurologic AEs of partici-
pants in the MAD, VALOR, and OLE clinical trials, all of which
occurred in participants receiving 100 mg of tofersen.

2 | Methods

The protocols and statistical analysis plans for these trials have
been previously published [8, 9]. The SAD study was a random-
ized (3:1), double-blind, placebo-controlled study of tofersen in
20 participants with ALS and assessed 10, 20, 40, and 60 mg of
tofersen. The MAD study was a randomized (3:1), double-blind,
placebo-controlled study of tofersen in 50 participants with
SODI-ALS and assessed 3 biweekly loading doses followed
by 2 monthly maintenance doses of 20, 40, 60, and 100mg of
tofersen [8]. The SAD and MAD studies evaluated the safety,
tolerability, and pharmacokinetics (PK) of tofersen. VALOR
was a Phase 3, randomized (2:1), multicenter, double-blind,
placebo-controlled trial in 108 participants with SODI-ALS
evaluating the efficacy, safety, tolerability, PK, and pharmaco-
dynamics of tofersen [9]. VALOR participants were randomized
to receive 3 loading doses administered once every 2 weeks over
the first month followed by 5 monthly maintenance doses of
tofersen (100 mg) or placebo for a total of 6 months [9]. The OLE
includes eligible participants (139 enrolled) with SODI-ALS
who completed the SAD, MAD, or VALOR studies. Some par-
ticipants in the OLE originally received lower doses of tofersen
(20, 40, or 60mg) if transitioning from the SAD or MAD co-
horts; OLE dose level was increased to 100 mg after evaluation
of safety data from the MAD.

AEs experienced between the time of the first dose of study
treatment and the last study visit as of a July 15, 2022, interim
data cut, and serious AEs (SAEs) experienced between the sign-
ing of the informed consent form and the final study visit as of
the same data cut date were reported. Additional reported fol-
low-up information for the events up through December 2022,
where applicable, are included in the case narratives. In accor-
dance with International Council for Harmonization E2A, an
SAE was defined as any untoward medical occurrence that at
any dose results in death, is life-threatening, requires inpatient
hospitalization or prolongs existing hospitalization, results in
persistent or significant disability/incapacity, results in a con-
genital anomaly, or is a medically important event in the opinion
of the Investigator [10]. Serious neurologic AEs included any AE
of myelitis, radiculitis, aseptic meningitis, or ICH/papilledema
that met serious criteria.

Serious neurologic AEs were diagnosed by investigators based
on symptoms, clinical examination findings, and diagnostic
workup, including magnetic resonance imaging (MRI) and ce-
rebrospinal fluid (CSF) analysis. CSF sampling was done pre-
dosing at each dosing visit. Routine CSF laboratory studies,
including CSF white blood cell count (WBC) and CSF protein,
were analyzed at local laboratories where the upper limit of nor-
mal was defined by each local laboratory and ranged from 0 to
10 cells/uL for CSF WBC and 30 to 60mg/dL for CSF protein.
High CSF protein was defined as the value exceeding the upper
limit of normal for the local laboratory reference ranges where
the analyses were performed. The shift to high reported in the
results section includes shift from normal baseline CSF protein
(within the reference range) to high, low baseline CSF protein
(below the lower limit of normal) to high, and unknown base-
line CSF protein to high. Per protocol, events were assessed by
the investigator as related to tofersen if there was a “reasonable
possibility” that the event was caused by the study drug, with
potential supporting factors including a temporal relationship
to the study drug, biological plausibility based on the mecha-
nism of action of tofersen, a positive rechallenge, improvement
following discontinuation or reduction in the dose, or lack of an
alternative explanation. SAE resolution was determined by the
investigator.

2.1 | Standard Protocol Approvals, Registrations,
and Patient Consents

The tofersen clinical trials [8, 9] were conducted in accordance
with Good Clinical Practice Guidelines of the International
Council for Harmonization and the ethical principles outlined
in the Declaration of Helsinki. The protocols were approved by
relevant ethics committees. Written informed consent was pro-
vided by the participants or their legal representatives.

Presented descriptions include information from the Biogen
clinical trial database and global pharmacovigilance data.
CSF values were obtained during diagnostic LPs as part of
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the event reported or were obtained pre-dose during the
clinical visit. CSF values listed herein were analyzed at local
laboratories.

3 | Results

A total of 147 participants were exposed to at least 1 dose of
tofersen 100 mg (Figure 1), 145 (98.6%) of whom reported at least
1 AE. The most commonly reported AEs were events consistent
with the natural history of ALS, common conditions in the gen-
eral population, or events related to the LP [8, 9].

Tofersen administration was commonly associated with pleo-
cytosis and elevated CSF protein; of the 147 participants ex-
posed to tofersen 100 mg, 79.6% had at least 1 CSF WBC value
>10 cells/uL and 89.7% had a shift to high in CSF protein.
The majority of these CSF abnormalities were not reported
as AEs per the Investigator; 24.5% of participants reported an
AE of MedDRA preferred term CSF protein increased, 16.3%
reported an AE of CSF WBC count increased, and 8.8% re-
ported an AE of pleocytosis. None of the reported AEs led to
study drug discontinuation or withdrawal from the studies
(Figures 2 and 3).

Ten (6.8%) of these 147 tofersen 100-mg-treated participants ex-
perienced serious neurologic AEs in the tofersen trials as of July
15, 2022. No similar events were experienced by participants
receiving placebo. The events are described briefly in Table 1.
More detailed participant descriptions can be found in the sup-
plement (Supporting Information, including Figures e-1, e-2,
e-3, and e-4). In summary:

Four participants (2.7%) experienced SAEs of myelitis, with 3 as-
sessed as related to tofersen by the Investigator. Prior to tofersen
treatment the participants had baseline CSF WBC ranging from
1 to 11 cells/uL and baseline CSF protein ranging from 21 to

SAD or MAD
(Tofersen 10 to 100 mg)
n=43
VALOR: tofersen-treated IR IHY Res 01
(Tofersen 100 mg)

n=72 Tofersen 100 mg

N =147

VALOR: placebo-treated
(Placebo)
n=32

FIGURE1 | Clinical trial participants who received tofersen 100 mg.
N=147 inclusive of all participants with SODI-ALS who received at
least 1 dose of tofersen 100 mg. 20 participants enrolled in the SAD, 50
participants enrolled in the MAD (including 2 participants who were
previously enrolled in the SAD following washout periods of 32 and
42weeks) [8], and 108 participants enrolled in VALOR (72 in the tofers-
en 100 mg treatment group and 36 in the placebo group) [9]. Of the 68
participants enrolled in the SAD and/or MAD studies, 43 participants
received at least 1 dose of tofersen 100 mg in the MAD and/or OLE stud-
ies. Of the 36 participants who received placebo in the VALOR study,
32 participants subsequently enrolled in the OLE and received at least
1 dose of tofersen 100mg. MAD, multiple ascending dose; OLE, open-
label extension; SAD, single ascending dose.

44mg/dL. The participants then had a range of 5-15 doses of
tofersen prior to the onset of myelitis, during which CSF WBC
ranged from 21 to 44 cells/uL, and CSF protein from 58 to
150mg/dL. Treatment varied among participants, and included
intravenous methylprednisolone with oral steroid taper, plasma
exchange, mycophenolate mofetil, and TNFa monoclonal an-
tibody therapy. Action with tofersen varied, with participants
continuing tofersen without interruption, interrupting until
resolution, or discontinuation of tofersen either immediately or
after a period of immunomodulatory treatment.

Two participants (1.4%) experienced SAEs of radiculitis, both re-
lated to tofersen as assessed by the Investigator. Prior to tofersen
treatment, the participants had a baseline range of CSF WBC
from 0 to 2 cells/uL, and a baseline CSF protein of 70 to 114 mg/
dL. The participants then had a range of 1 to 24 doses of tofersen
prior to the onset of radiculitis, during which the CSF WBC
ranged from 9 to 16 cells/uL and the CSF protein ranged from
131 to 200mg/dL. Treatment included supportive care with ei-
ther nonsteroidal anti-inflammatory drugs or other analgesics.
Both continued tofersen without interruption.

Two participants (1.4%) experienced SAEs of aseptic meningi-
tis, both related to tofersen as assessed by the Investigator. Prior
to tofersen treatment, the participants had a baseline range of
CSF WBC from 0 to 2 cells/uL, and a baseline CSF protein of 32
to 67.5mg/dL. The participants then received a range of 5 to 7
doses of tofersen prior to the onset of aseptic meningitis, during
which the CSF WBC ranged from 144 to 317 cells/uL, and CSF
protein from 95 to 185mg/dL. Treatment varied and included
empiric antibiotics and anti-viral therapy, methylprednisolone,
and analgesics. Action with tofersen varied, including continu-
ing without interruption and discontinuation.

Four participants (2.7%) experienced SAEs of papilledema and/
or ICH, all related to tofersen as assessed by the Investigator.
Prior to tofersen treatment, the participants had baseline CSF
WBC ranging from 2 to 14 cells/uL, and CSF protein ranging
from 21 to 62mg/dL. The participants then had a range of 7 to
18 doses of tofersen prior to the onset of papilledema and/or ICH
during which the CSF WBC ranged from 23 to 131 cells/uL, and
the CSF protein from 77 to 197 mg/dL. Treatment varied, and
included acetazolamide, methylprednisolone, and analgesics.
Action with tofersen varied, and included continuing without
interruption, interruption prior to resuming therapy, and dis-
continuation after a period of interruption.

4 | Discussion

Serious neurologic AEs have been reported in tofersen clinical
trials and have been published in the literature [9]. In this paper,
additional details regarding the presentation, clinical course, and
management of these 12 cases reported as of July 15, 2022, are pro-
vided to further inform healthcare providers and patients.

Four participants in tofersen clinical trials had clinical or ra-
diographic features consistent with myelitis (participants 1-4);
2 participants (participants 3, 4) were asymptomatic and only
discovered following imaging to evaluate other findings. One
participant (participant 1) had preexisting systemic sarcoidosis,
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FIGURE2 | CSF protein (A) and WBC (B) levels across the VALOR and OLE studies by visit as of July 15, 2022. Shaded boxes represent the 25th
to 75th percentile, whiskers represent furthest data point. Outliers are denoted by a+ or °, depending on whether the participant was in the early-

start tofersen group vs. delayed-start tofersen group, respectively. Number of participants with data at the specified visit is indicated below each sub-
figure. Yellow dashed line indicates the end of VALOR and the start of the OLE. Delayed-start tofersen 100-mg participants (blue) received placebo
in VALOR followed by tofersen 100 mg in the OLE; early-start tofersen 100-mg participants (red) received tofersen 100mg in VALOR and the OLE.
Outliers identified as data entry errors are not included in this figure. CSF, cerebrospinal fluid; DS, delayed-start; ES, early-start; OLE, open-label

extension; tof, tofersen; W, week; WBC, white blood cell.

though it was quiescent at study enrollment apart from uve-
itis. Although this participant had a complex medical history
and potential alternative explanation for the development of
myelitis, in the context of the other cases of myelitis reported
in the tofersen clinical trials, this case is included for the sake
of completeness. Three of these 4 participants were tested for

aquaporin-4 antibodies, which can be observed in neuromyeli-
tis optica spectrum disorder, and 2 were tested for anti-myelin
oligodendrocyte glycoprotein (MOG) antibodies, which can be
observed in MOG-immunoglobulin G-associated-associated en-
cephalomyelitis; neither antibody was detected [11]. Participants
5 and 6 were reported to have radiculitis. Myelitis and radiculitis
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FIGURE 3 | Peak CSF protein (A) and peak CSF WBC (B) Levels for each individual participant across the VALOR and OLE studies as of July
15, 2022. The peak value for each CSF WBC and protein, whether in tube 1 or tube 2, is indicated in these plots for each individual participant.
Participants 2, 7, and 8 had higher CSF WBC and/or CSF protein values at the time of the event (Table 1) than their peak values in the clinical trial
database; these values were diagnostic values obtained outside of the clinical trial, and at shorter intervals than typically measured at the scheduled
clinical trial visits. Data points that were identified as data entry errors were excluded, and the next highest peak value for the same participant was
utilized for this plot. CSF, cerebrospinal fluid; OLE, open-label extension; WBC, white blood cell.

likely represent clinical manifestations of a neuroinflammatory
response to tofersen.

Four participants had events featuring increased intracranial
pressure (ICP) with papilledema (participants 4, 8, 9, 10), 2 of
whom (participants 4, 8) had preceding features consistent with

aseptic meningitis. Meningitis can lead to elevated ICP, possi-
bly through impairment of CSF outflow and/or increased CSF
viscosity [12]. In 1 participant (participant 4), the events of asep-
tic meningitis, papilledema, and myelitis occurred within a few
months of each other, which prompts the question of whether in-
creased ICP was another manifestation of a neuroinflammatory
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| Summary of Participant Narratives.

Number CSF CSF
Relatedness of study Baseline Baseline protein  opening
of tofersen doses of CSF CSF during  pressure
Serious to event tofersen WBC protein event during
neurologic (investigator-  prior to (cells/ (mg/ CSF WBC during (mg/ event (cm  Action taken
Participant adverse event Clinical features determined) event? pL)® dL)® event (cells/pL)¢ dL)° H,0) with tofersen
Myelitis Rapidly progressive Unrelated 5 11 38 44 (77% 93 rising Not Continued for
(reported as weakness; lymphocytes; 23% to 150  measured/ ~6months then
neurosarcoidosis) numbness; pain; monocytes) rising (after not discontinuation
loss of ambulation to 88 (after 5days) 5days) reported
Myelitis Worsening bilateral leg Related 5 2 31 21 (90% 79 Not Discontinued
weakness; paraplegia; mononuclear cells) measured/
hypoesthesia <T10 not
dermatome; sphincter reported
dysfunction
Myelitis Asymptomatic Related 7 1 44 23 (rising to 94 58 Not Continued
(hospitalized for after 2 weeks) (rising to  measured/
CSF pleocytosis; 149 after not
imaging findings 2weeks)  reported
suggested myelitis)
Bilateral Headaches, blurred/ Related 144 3 21 46 77 38 Continued
papilledema/ deteriorating vision
intracranial
hypertension
Myelitis Asymptomatic Related 154 38 119 Two doses held,
then resumed
Radiculitis Back/thigh pain; Related 242 2 70 16 200 Not Continued
foot numbness; measured/
loss of balance not
reported
Radiculitis Low back/leg pain; Related 1 0 114 9 131 Not Continued
stiffness; gait changes measured/
not
reported
(Continues)
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TABLE1 | (Continued)
Number CSF CSF
Relatedness of study Baseline Baseline protein  opening
of tofersen doses of CSF CSF during  pressure
Serious to event tofersen WBC protein event during
neurologic (investigator-  prior to (cells/ (mg/ CSF WBC during (mg/ event (cm  Action taken
Participant adverse event Clinical features determined) event? pL)® dL)® event (cells/pL)¢ dL)° H,0) with tofersen
7 Aseptic Severe headache; neck Related 7 0 67.5 144 (lymphocyte 185 Not Discontinued
meningitis pain; stiffness; fever dominant) measured/
not
reported
8 Aseptic Headache; neck Related 5 2 32 317 95 Not Continued
meningitis stiffness; visual measured/
disturbances; not
nausea; confusion reported
Papilledema Headache; ear/ Related 7 131 (97% 197 18/20 (21,  Two doses held,
scalp tingling; lymphocytes) 2months then resumed
visual disturbances; later)
tinnitus; “brain fog”
9 Intracranial Headache; fever; Related 18 14 46 43 (100% 145 25.5 Two doses held
hypertension/ photophobia lymphocytes) after event was
papilledema considered
resolved, then
resumed every
other month
(subsequent
discontinuation)
10 Intracranial Recurrent bitemporal/ Related 9 2 62 23 82 28 Continued
hypertension/ bioccipital headaches
papilledema

Note: Baseline CSF values are obtained from the clinical trial database; CSF values during the event are obtained from the global pharmacovigilance data.
Abbreviations: CSF, cerebrospinal fluid; LP, lumbar puncture; OLE, open-label extension; SAE, serious adverse event; WBC, white blood cell.
2All study doses of tofersen were 100 mg with the exception of participant 5; participant additionally received doses at 40 and 60 mg before dosing was escalated to 100 mg as outlined in the narrative. Doses of placebo are excluded

from the total doses in the table.

YBaseline CSF values are the pre-tofersen baseline for the study in which the SAE occurred (VALOR or OLE) and are obtained from the clinical trial database.
°CSF values during the event are obtained from the global pharmacovigilance data and were either from scheduled LPs in the clinical trial or from diagnostic LPs outside of the scheduled clinical trial LPs.
dparticipant 4 received 3 loading doses followed by a 3-month dosing gap due to the COVID-19 pandemic followed by monthly maintenance doses.
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response that could unify and partially explain the diagnoses of
all 10 participants described herein.

There is a possibility that tofersen is associated with increased
ICP via a noninflammatory mechanism such as CSF outflow
obstruction. Importantly, there was no imaging evidence of
hydrocephalus in any participants, as distinguished from what
has been described with other intrathecal ASOs [13], and the
participants’ headaches, visual symptoms, and papilledema
all demonstrated improvement—either spontaneously, or with
treatment including acetazolamide and/or steroids. Of note, 2
of the 4 events involving intracranial hypertension/papilledema
were in participants with a medical history of obesity, a known
risk factor for elevated ICP [12]. Venous sinus thrombosis was
not identified in these participants.

CSF pleocytosis and elevated CSF protein were observed in
all participants who experienced serious neurologic events
(Table 1); however, not all participants who reported these SAEs
had their peak CSF WBC/protein values at the time of their clin-
ical event (Figures 2 and 3), and similar elevations in CSF WBC
and/or protein were common in tofersen-treated participants
who did not experience serious neurologic AEs. These CSF lab-
oratory findings are therefore not predictive of the development
of a neurologic SAE. Additionally, review of SODI mutation
variants did not demonstrate a predisposition to these serious
neurologic AEs.

Intrathecal ASO therapy is a relatively novel strategy to target
neurogenetic diseases. Some ASOs have been described to have
pro-inflammatory properties attributed to their phosphorothio-
ate backbone, which can activate complement through Factor
H binding [14, 15], leading to increased production of comple-
ment split products Bb and C3a [14]. However, complement
activation in response to ASOs has been best characterized in
non-human primates, which may be more susceptible than hu-
mans [14, 16]. Systemically administered ASOs can accumulate
in lymph nodes in animals, which may suggest their potential
to induce inflammation [14, 15]. ASO material can also accu-
mulate within macrophages, and ASOs can lead to cellular ac-
tivation, crosstalk between complement pathways and toll-like
receptors, and cytokine production, which can all contribute to
a pro-inflammatory response [14, 15].

Published literature on the clinical safety of intrathecal ASO
therapy is limited. A literature search was conducted to iden-
tify the safety profile of other intrathecal ASO treatments ap-
proved for neurologic diseases, which resulted in several papers
describing the safety of nusinersen in clinical trials and in the
post-marketing setting. Events of myelitis, radiculitis, increased
ICP, and papilledema do not appear to have been described with
nusinersen. Aseptic meningitis has been reported with nusin-
ersen, and is listed as an adverse reaction by the European
Medicines Agency [17-19]. The mechanism of aseptic meningi-
tis with nusinersen is unclear but may be due to a nusinersen-
mediated immunologic hypersensitivity, and/or direct irritation
of the meninges by route of drug administration [18].

While immune dysregulation has been observed in SODI-ALS
[20-23], there is very little literature suggesting a link between
these neuroinflammatory events seen and the disease itself. One

epidemiologic study reported that certain autoimmune diseases
conferred an increased risk of ALS [24], and there have been
3 published case reports of co-occurring ALS and seropositive
NMO-SD, each describing several years between the onset of the
2 disorders [25-27].

As these events were reported only in tofersen-treated partic-
ipants and not in placebo-treated participants, they are likely
caused by tofersen.

In the context of the risks of serious neurologic events of
myelitis, radiculitis, aseptic meningitis, and increased ICP/
papilledema, prescribers should consider the overall benefit/
risk profile when considering treatment of their patients with
tofersen. Tofersen has been available globally via an expanded
access program (EAP) since July 2021. Safety data collected
in the OLE study and EAP [28, 29] will allow continued char-
acterization of these neurologic events and further inform
the safety profile of tofersen across the SODI-ALS disease
spectrum.

5 | Conclusion

Some participants treated with tofersen 100 mg have reported
serious neurologic events. Although some events prompted
discontinuation of tofersen, most participants were able to
remain on tofersen, and most events resolved spontaneously,
with dosing interruption/cessation, or with management ac-
cording to the general standard of care. Some participants
with myelitis and radiculitis were treated with oral or intra-
venous corticosteroids or other immunosuppressive treat-
ments and improved. However, there are inadequate data to
determine if these interventions may help modify the course
of these events. Continued collection of safety data in clini-
cal trials and in the post-marketing setting will inform poten-
tial treatment of tofersen-associated myelitis and radiculitis.
Future safety data will also aid in further characterizing the
tofersen safety profile over time. Physicians treating people
with SODI-ALS should be aware of these serious neurologic
events and should weigh these risks against the benefits of
tofersen treatment.
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