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1. The applicant is hereby notified that the international search report and the written opinion of the International Searching
Authority have been established and are transmitted herewith.

Filing of amendments and statement under Article 19:
The applicant is entitled, if he so wishes, to amend the claims of the International Application (see Rule 46):

When? The time limit for filing such amendments is normally two months from the date of transmittal of the
International Search Report.

How?  Directly to the International Bureau of WIPQO, 34 chemin des Colombettes
1211 Geneva 20, Switzeriand, Fascimile No.: (41-22) 338.82.70

For more detailed instructions, see PCT Applicant's Guide, International Phase, paragraphs 9.004 -9.011.

2. I:l The applicant is hereby notified that no international search report will be established and that the declaration under
Article 17(2)(a) to that effect and the written opinion of the International Searching Authority are transmitted herewith.

13. D With regard to any protest against payment of (an) additional fee(s) under Rule 40.2, the applicant is notified that:

EI the protest together with the decision thereon has been transmitted to the International Bureau together with any
applicant's request to forward the texts of both the protest and the decision thereon to the designated Offices.

D no decision has been made yet on the protest; the applicant will be notified as soon as a decision is made.

4. Reminders

The applicant may submit comments on an informal basis on the written opinion of the International Searching Authority
to the International Bureau. These comments will be made available to the public after international publication. The

International Bureau will send a copy of such comments to all designated Offices unless an international preliminary

examination report has been or is to be established. :

Shortly after the expiration of 18 months from the priority date, the international application will be published by the
International Bureau. If the applicant wishes to avoid or postpone publication, a notice of withdrawal of the international
application, or of the priority claim, must reach the International Biireau before the completion of the technical preparations for
international publication (Rules 90bis.1 and S0bis.3). . ’
Within 19 months from the priority date, but only in respect of some designated Offices, a demand for international preliminary
" examination must be filed if the applicant wishes to postpone the entry into the national phase until 30 months from the priority
date (in some Offices even later); otherwise, the applicant must, within 20 months from the priority date, perform the
prescribed acts for entry into the national phase before those designated Offices. In respect of other designated Offices, the
time limit of 30 months (or later) will apply even if no demand is filed within 19 months. For details about the applicable time
limits, Office by Office, see www.wipo.int/pct/enftextsftime_limits.html and the PCT Applicant's Guide, National Chapters.

Within 22 months from the priority date, the applicant may request that a supplementary international search be carried
out by a different International Searching Authority that offers this service (Rule 45bis.1). The procedure for requesting
supplementary international search is described i the PCT Applicant's Guide, International Phase, paragraphs 8.006-8.032.

. ‘Name and mailing address of the international Searching Authority | Authorized officer
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PATENT COOPERATION TREATY

PCT

INTERNATIONAL SEARCH REPORT

(PCT Article 18 and Rules 43 and 44)

Applicant's or agent's file refi
PP gents e reference FOR FURTHER see Form PCT/ISA/220
137510297WO1 ACTION as well as, where applicable, item 5 below.
International application No. International filing date (day/month/year) (Earliest) Priority Date (day/monih/year) -
PCT/US2019/065936 12 December 2019 (12-12-2019) 14 December 2018 (14-12-2018)
Applicant
BIOGEN MA INC.

This international search report has been prepared by this International Searching Authority and is transmitted to the applicant
. according to Article 18. A copy is being transmitted to the International Bureau.

This international search report consists of a total of 5 sheets.

Itis also accompanied by a copy of each prior art document cited in this report.

1. Basis of the report
a. With regard to the language, the international search was carried out on the basis of:

the international application in the language in which it was filed

D atranslation. of the international application into , Which is the language
of a translation furnished for the purposes of international search (Rules 1 2.3(a) and 23.1(b))

This international search report has been established taking into account the rectification of an obvious mistake
authorized by or notified to this Authority under Rule 91 (Rule 43.6bis(a)).

o

00 O

With regard to any nucleotide and/or amino acid sequence disclosed in the international application, see Box No. I.

Certain claims were found unsearchable (See Box No. Il

Unity of invention is lacking (see Box No I1I)

4. With regard to the title,
X the text is approved as submitted by the applicant

L]

the text has been established by this Authority to read as follows:

5. With regard to the abstract,
the text is approved as submitted by the applicant

the text has been established, accofding to Rule 38.2, by this Authority as it appears in Box No. IV. The applicant
may, within one month from the date of mailing of this international search report, submit comments to this Authority

6. With regard to the drawings,
a. the figure of the drawings to be published with the abstract is Figure No. 5
as suggested by the applicant _
D as selected by this Authority, because the applicant failed to suggest a figure
I:l as selected by this Authority, because this figure better characterizes the invention
b. D none of the figures is to be published with the abstract

Form PCT/ISA/210 (first sheet) (Janyary 2015)



International application No.

INTERNATIONAL SEARCH REPORT | PCT/US2019/065936

BoxNo.l  Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)

1. With regard to any nuclectide and/or amino acid sequence disclosed in the international application, the international search was
carried out on the basis of a sequence listing: .

‘a, forming part of the international application as filed:
in the form of an Annex C/ST.25 text file.

D on paper or in the form of an image file.

b. D furnished together with the international application under PCT Rule 13fer.1 (a) for the purposes of international search
only in the form of an Annex C/ST.25 text file.

c. D furnished subsequent to the international filing date for the purposes of international search only:

D in the form of an Annex C/ST.25 text file (Rule 13fer.1(a)). _
D on paper or in the form of an image file (Rule 13ter.1(b) and Administrative Instructions, Section 71 3).

2. D In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished, the required
statements that the information in the subsequent or additional copies is identical to that forming part of the application as
filed or does not go beyond the application as filed, as appropriate, were furnished.

3. Additional comments:

Form PCT/ISA/210 (continuation of first sheet (1)) (January 2015)
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INTERNATIONAL SEARCH REPORT

International application No

PCT/US2019/065936

?. CLASSIFICATION OF SUBJECT MATTER

NV. C12N15/113 A61P25/14
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimurn documentation searched (classification system followed by classification symbols)

C12N

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the intemational search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X WO 2015/153800 A2 (ISIS PHARMACEUTICALS : 1-41
INC [US]) 8 October 2015 (2015-10-08) :
page 60 - page 61

page 65 - page 66; claim 65; examples

15-19 v
the whole document

X ALEX MCCAMPBELL ET AL: "Antisense 1-41
oligonucleotides extend survival and
reverse decrement in muscle response in
ALS models",

JOURNAL OF CLINICAL INVESTIGATION,

vol. 128, no. 8, 16 July 2018 (2018-07-16)
» pages 3558-3567, XP055679194,

GB

ISSN: 0021-9738, DOI: 10.1172/JCI199081
figure 1; table 1
the whole document

_/__

Further documents are listed in the continuation of Box C. See patent family annex.

* Spegial cat ies of cited documents :
pesial calegories of olte T° later document published after the intemational filing date or priority

date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance :

“E" earlier application or patent but published on or after the international “X* document of partioular relevance; the claimed invention cannotbe

filing date . considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other “Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is I
"0" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art
'P" document published prior to the intemational filing date but later than .
the priority date claimed °&" document member of the same patent family
Date of the actual completion of the intemational search . Date of mailing of the international search report
24 March 2020 01/04/2020
Name and maliling address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

l. (+31-70) 340-2040, .
Fas(v31-70) 340 3018 Spindier, Mark-Peter

Form PCT/ISA/210 (second sheet) (April 2005) )

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2019/065936

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Oligonucleotides: Translation from Mouse

‘Models to Human Neurodegenerative

Diseases",

NEURON,

vol. 94, no. 6, 21 June 2017 (2017-06-21),
pages 1056-1070, XP085093439,

ISSN: 0896-6273, DOI:

- 10.1016/J.NEURON.2017.04.010

the whole document

Category* | Gitation of document, with indication, where appropriate, of the relevant passages. | Relevant to claim No.
A WO 2018/204786 Al'(VOYAGER THERAPEUTICS 1-41
INC [US]) 8 November 2018 (2018-11-08) ‘
the whole document
A SCHOCH KATHLEEN M ET AL: "Antisense 1-41

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2. of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International applicationv No

PCT/US2019/065936
Patent document - Publication Patent family Publication

cited in search report date member(s) date

WO 2015153800 A2 08-10-2015 AU 2015240761 Al 22-09-2016
AU 2019268063 Al 12-12-2019
CA 2942394 Al 08-10-2015
CL 2016002509 Al 09-06-2017
CL 2018001897 Al 16-11-2018
CL 2019002535 Al 14-02-2020
CN 106459972 A 22-02-2017
EP 3126499 A2 08-02-2017
JP 6622214 B2 18-12-2019
JP 2017513469 A 01-06-2017
JP 2019201664 A 28-11-2019
KR 20170012207 A 02-02-2017
SG 10201906520R A 27-09-2019
SG 11201608109T A 28-10-2016
US 2017037410 Al 09-02-2017
US 2020040342 Al 06-02-2020
WO 2015153800 A2 08-10-2015

WO 2018204786 Al 08-11-2018 AU 2018261790 Al 28-11-2019
CA 3061652 Al 08-11-2018
EP 3618839 Al 11-03-2020
SG 11201909870S A 28-11-2019
WO 2018204786 Al 08-11-2018

Form PCT/ISA/210 (patent family annex) (April 2005)




The type of information contalned in this sheet may change during the pilot for improving

the usefulness of thl% new service.’ PCT/USZG 19/065936

Information on Search Strategy - Pilot phase (see 0J 2015, AS6) Application Number

EPO FORM P04A42

TITLE: COMPOSITIONS AND METHODS FOR TREATING AND PREVENTING AMYOTROPHIC LATERAL
SCLEROSIS

APPLICANT: BIOGEN MA INC.

IPC CLASSIFICATION: C12N15/113, A61P25/14
EXAMINER: Spindler, Mark-Peter

CONSULTED DATABASES: DOSYS; INET, WPI, NPL

CLASSIFICATION SYMBOLS DEFINING EXTENT OF THE SEARCH:
IPC:

CPC: C12N15/1137, 1- C12N2310/321, 012N2310/3525 C12N2310/11, C12N2310/315,
C12N2310/3341, C12N2320/35

FI/F-TERMS:
KEYWORDS OR OTHER ELEMENTS FEATURING THE INVENTION:
SOD1, superoxide dismutase 1

ALS, amyotrophic lateral sclerosis

antisense, gapmer, ISIS666853, BIIB067

dosage regimen




PATENT COOPERATION TREATY

From the

INTERNATIONAL SEARCHING AUTHORITY

PCT
' WRITTEN OPINION OF THE
see form PCTASA/220
' INTERNATIONAL SEARCHING AUTHORITY
(PCT Rule 43bis.1)

Date of mailing

(day/monthjyear) see form PCTASA210 (second sheet)
Applicant's or agent's file reference FOR FURTHER ACTION
see form PCTASAR20 - See paragraph 2 below
International application No. International filing date (day/monthyear) Priority date (day/month/ear)
PCT/US2019/065936 12.12.2019 14.12.2018

International Patent Classification (IPC) or both national classification and IPC

INV. C12N15/113 A61P25/14

Applicant
BIOGEN MA INC.
1. This opinion contains indications relating to the following items:
& Box No. | Basis of the opinion
O BoxNo. Il Priority
O Box No. [l Non-establishment of opinion with regard to novelty, inventive step and industrial applicability
[0 Box No. IV Lack of unity of invention
Box No.V  Reasoned statement under Rule 43bis.1(a}(i) with regard to novelty, inventive step and industrial
applicability; citations and explanations supporting such statement
O Box No. VI Gertain documents cited
[0 Box No. VIl  Certain defects in the international application
B Box No. VIl Certain observations on the international application
2.  FURTHER ACTION
If a demand for internationél preliminary examination is made, this opinion will usually be considered to be a
written opinion of the International Preliminary Examining Authority ("IPEA") except that this does not apply where
the applicant chooses an Authority other than this one to be the IPEA and the chosen IPEA has notifed the
International Bureau under Rule 66.1bis(b) that written opinions of this International Searching Authority
will not be so considered. i ‘
If this opinion is, as provided above, considered to be a written opinion of the IPEA, the applicant is invited to
submit to the IPEA a written reply together, where appropriate, with amendments, before the expiration of 3 months
from the date of mailing of Form PCTASA220 or before the expiration of 22 months from the priority date,
whichever expires later.
For further options, see Form PCT/ASA220.
Name and mailing address of the ISA: Date of completion of Authorized Officer .
this opinion s@*“" .
g) European Patent Office see form : g 0) Y
P.B. 5818 Patentlaan 2 ' Spindler, Mark-Peter H .) 7
NL-2280.HV Rijswijk - Pays Bas PCTASA210 P % &
Tel. +31 70 340 - 2040 Telephone No. +31 70 340-0 0’)’-@,...,.,,,“-*
Fax: +31 70 340 - 3016

Form PCTASA237 {(Cover Sheet) (January 2015)




WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING AUTHORITY ' PCTAUS2019/065936

_Box No.| Basis of the opinion

1. With regard to the language, this opinion has been established on the basis of:

=
O

4. 0

the international application in the language in which it was filed.

a translation of the international application into , which is the language of a translation furnished for the
purposes of international search (Rules 12.3(a) and 23.1 (b)).

This opinion has been established taking into account the rectification of an obvious mistake authorized
by or notified to this Authority under Rule 91 (Rule 43bis.1(a))

With regard to any nucleotide and/or amino acid sequence disclosed in the international appllcatlon this
opinion has been established on the basis of a sequence listing:

a. X forming part of the international application as filed:

X in the form of an Annex C/ST.25 text file.
-0 on paper or in the form of an image file.
b. O furnished together with the international application under PCT Rule 13ter.1(a) for the purposes of
international search only in the form of an Annex C/ST.25 text file.
c. [ furnished subsequent to the international filing date for the purposes of international search only:
[ in the form of an Annex C/ST.25 text file (Rule 13ter.1(a)). .
O on paper or in the form of an image f|Ie (Rule 13ter.1(b) and Admmlstratlve Instructions, Section

7183).

In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished,
the requwed statements that the information in the subsequent or additional copies is identical to that
forming part of the application as filed or does not go beyond the application as filed, as appropriate, were
furnished.

5. Additional comments:

Form PCT/ASA/237 (January 2015)



WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING AUTHORITY PCTAUS2019/065936

Box No.V  Reasoned statement under Rule 43bis.1(a)(i) with regard to novelty, inventive step or
industrial applicability; citations and explanations supporting such statement

1. Statement

Novelty (N) Yes: Claims 1-41
No: Claims
Inventive step (IS) Yes: Claims

No: Claims 1-41
Industrial applicability (IA) Yes: Claims 1-41

No: Claims

2. Citations and explanations

see separate sheet

Box No. VIl Certain observations on the international application

The following observations on the clarity of the claims, description, and drawings or on the question whether the
claims are fully supported by the description, are made:

see separate sheet

Form PCTASA/237 (January 2015)



WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING '
AUTHORITY (SEPARATE SHEET) _ PCT/US2019/065936

Re ltem V

Reasoned statement with regard to novelty, inventive step or industrial
applicability; citations and explanations supporting such statement

The following documents appeared to be relevant; the numbering will be adhered to in
the rest of the procedure:

D1 WO 2015/153800 A2 (ISIS PHARMACEUTICALS INC [US]) 8 October
2015 (2015-10-08) o

D2 ALEX MCCAMPBELL ET AL: "Antisense oligonucleotides extend survival
and reverse decrement in muscle response in ALS models", JOURNAL OF
CLINICAL INVESTIGATION, vol. 128, no. 8, 16 July 2018 (2018-07-16),
pages 3558-3567, XP055679194

1 Inventive Step

The present application does not meet the criteria of Article 33(3) PCT, because the
subject-matter of claims 1-41 does not involve an inventive step.

1.1 The scope of claim 20 is considered broader than the scope of the other
independent claims. The following analysis is hence based on claim 20.

1.2 Document D1 is regarded as being the closest prior art to the subject-matter of »
claim 20, and discloses:

a syringe comprising the antisense oligonucleotide ISIS666853 which is
adapted for intrathecal administration of said oligonucleotide at a dose of
4,120r 35 mg (ex. 19) -

1.3 The subject-matter of claim 20 therefore differs from this known syringe in that
the dose is about 20 mg, about 40 mg, about 60 mg or about 100 mg.

1.4 No technical effect resulting from this difference can be stated.

1.5 The problem to be solved by the present invention may therefore be regarded
as the provision of a further dosage form of antisense oligonucleotide
ISIS666853. -

Form PCT/ISA/237 (Separate Sheet) (Sheet 1) (EPO-April 2005)



'WRITTEN OPINION OF THE Internationalvappliéation No.
|NTERNAT|ONAL SEARCHING ‘
AUTHORITY (SEPARATE SHEET) ' : - PCT/US2019/065936

1.6 The solution proposed in claim 20 df the present application cannot be
considered as. involving an inventive step (Article 33(3) PCT) for the following
reasons: :

The mere provision of a further dosage form of a known oligonucleotide
does not confer an inventive step. Current claim 20 is not limited to a
specific medical purpose let alone to a specific species. Any effect
achieved with a fixed dose in one species (e.g. in humans) cannot be
extrapolated to other species (e.g. in.mice). Besides, it is also not plausible
that a specific dosage regimen which provides an effect for one disease
(e.g9. ALS) will have the same (or at least similar) effect for a different
unrelated disease (e.g. cancer).

1.7  Likewise, the subject-matter of the independent claims 1-8 & 21-28 is also
considered not inventive. |

Documents D1 and D2 both disclose the antisense oligonucleotide ISIS666853
as effective inhibitor of SOD1 in vitro and in vivo for use in treating ALS. Neither
of the documents discloses treatment of human patients. However, the
determination of an effective dosage regimen falls within the routine of the
skilled person. For a new medical treatment based on a dosage regimen, a new
teaching that will lead to a new clinical situation is required in order to involve an
inventive step. In particular, the application fails to provide any unexpected
technical effect arising from the lower doses (20 mg, 40 mg or 60 mg). With
regard to the highest dose of 100 mg it is noted that no therapeutic effect is
shown for a single dose treatment, i.e. wherein the oligonucleotide is
administered only once.

Itis additionally noted that claims 5-8 & 25-28 are not limited to a clear medical
implementation as no therapeutic or preventive purpose is mentioned in said
claims.

1.8 Dependent claims 9-19 & 29-41 do not contain any features - which, in
combination with the features of any claim to which they refer, meet the
requirements of the PCT in respect of inventive step.

Claims 9, 10, 29 & 30 relate to specific SOD1 mutations. Said mutations were
already known in the prior art. Said mutations do on their own not render said
claims inventive.

The features of claims 11-19 & 31-41 fall within the routine of the skilled person
when determining an effective dosage regimen.

Form PCT/ISA/237 (Separate Sheet) (Sheet 2) (EPO-April 2005)



WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING
AUTHORITY (SEPARATE SHEET) PCT/US2019/065936

1.9 In contrast, depending on the wording an inventive step might be acknowledged
for a therapeutic treatment of ALS patients with fast progressing SODf1
mutations using 100 mg over a longer period (illustrated by fig. 5 and 7).
Currently, none of the claims is limited to such a treatment.

2 Industrial Applicability and Patentability ’
The subjedt—matter of claims 1-41 is considered industrially applicable.

However, claims 1-19 & 21-41 encompass or relate to methods of treatment. The
patentability can be dependent upon the formulation of the claims. The EPO, for
example, does not recognise as patentable claims to the use of a compound in medical
treatment, but may allow claims to a product, in particular substances or compositions
for use in a first or further medical treatment.

Re Item Vil
Certain observations on the international application

The term "about” used throughout the claims is vague and unclear and leaves the
reader in doubt as to the meaning of the technical features to which it refers, thereby
rendering the definition of the subject-matter of the claims concerned unclear, Article 6
PCT. ’

Form PCT/ISA/237 (Separate Sheet) (Sheet 3) (EPO-April 2005)
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WO 2018/264786 PCT/U52018/031089 .
motor neurons from animals treated with pri-miRNA VOYmiR127. 860 packaged in AAVrh10,

as compared to vehicle control lumbar motor neurons.
[00836]
tissues. Vector genome was determined by Droplet Digital PCR (ddPCR). Briefly, DNA was

Shown in Table 25 and Table 26 are the levels of the vector genome in different

purified from LCM samples with DNA Clean and Concentrator Kit (Zymoresearch) and whole
cell DNA was prepared from tissue by DNeasy Blood and Tissue Kit (Qiagen, catalog #69506)
under the conditions recommended by the manufacturer. This DNA was used as template in
ddPCR reactions utilizing QX200 Droplet Digital PCR System (Bio-Rad). Briefly, reactions
comprised of template, 2x Supermix (BioRad, catalog#1863023), HindIII restriction
endonuclease (New England Biolabs) and oligonucleotide probesets with homology specific to
the vector (FAM labelled) and non-human primate host RNaseP gene (VIC labelled,
[ThermoFisher Scientific, # 4403328]) were set up. Reactiorrs were incorporated into droplets
with Bio-Rad AutOméti_c‘Droplet_ Generator with conditions and reagents recommended by the
manufacturer. Droplets underwent 40 cycles of thermocycling to endpoint. After PCR was

complete, samples were read on QX200 Droplet Reader (Bio-Rad). Data were analyzed by

~ QuantaSoft software to yield copies/reaction of each target. Vector genome dlstrrbutlon was .

reported as copies of vector genome per diploid cell (VG/DC) by normalizing the cop1es of

- vector to half the copies of host. Included in the tables are the averaged group data with and

without the neutralizing antibody-positive animals. The presence of neutralizing antibodies did
not diminish the VG/DC levels in the CN'S tissues sampled, whereas the VG/DC levels in
peripheral tissues were lower than in animals that were negative for neutralizing antibodies. In
the laser oaptured motor neurons (approximately 75 motor neurons per pool), significant vector
genomes averaging 13.64 VG/DC were measured. In spinal cord white matter sections (depleted

of ventral horn gray matter and pia), average (all 4 animals) levels of 35.4 vg/dc were observed. -

~ In the liver, the vg levels averaged 120.36 +/- 121.01 VG/DC (all 4 animals) whereas the sero-

BNSDOGID: <WO,

negative animals averaged 224.75 +/- 4.23 VG/DC. Vector genome levels in heart, lung, kidney,
and ovary were markedly lower than those observed in liver or spinal cord white matter, with the

levels in ovary and kidney at or approaching the limit of detection for the assay.

Table 25. Biodistribution by Vector Genome Determination in Nonhuman Prlmate
Peripheral Tissues

. Average Vector genomes/cell (VG/DC)
Construct Number of . ' .
, animals Liver Heart Lung Ovary Kidney
Vehicle 4 1.95+/-0.01 | 1.97+/-0.01 1.99+/-0.00 | 1.98+/-0.02 1.97+/-0.01
VOYmiR127.860 | 4 1212'13 f;;/ " | 3304/-1.90 | 2.69+/-082 | 2.03+-007 | 2.19+/-0.19

2018204786A1_I_>
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WO 2018/204786

PCT/US2018/031089
2 (without,
neutralizing : .
antibody- 22‘;';?/ 4.60+/-2.02 | 3294074 | 2.090+-002 | 2.244/-025
" positive ) '
animals)

" Table 26 Blodlstrlbutlon by Vector Genome Determmatlon in Nonhuman Prlmate Spinal

Cord Samples
- . Average Vector genomes/cell (V. G/DC)

Construct ‘Number of Pia Mater White Matter Laser Captured

: : animals Motor Neurons
Vehicle 4 1.96+/-0.01 1.97+/-0.07 1.58+/-0.63 -

' -4 201.84+/-107.93 35.40+/-8.59 13.64+/-11.67

: : : 2 (without ‘ :

VOYmiR127.860 neutralizing 1418248584 | 3186414 659

antibody-positive ‘ , -
animals)
- [00837] Prec1s1on and efﬁc1ency of pri-miRNA processing was evaluated by deep sequencing

processing at the 5 end (90.7 +/- 4

of ventral horn punches from the lumbar spinal cord, using the same methods as described
above. These results showed that treatment with VOYmiR127.860 packaged in AAVth10
resulted in a high guide to passenger ratio (>30.5), a high percentage of miRNAs with precise

. .5%), and a low level of guide and passenger strands relative
to the total endogenous pool of miRNAs (0.00096 +/- 0.00054 %).

[00838] I—Iistology’iw‘as conducted on animals euthanized on Day 29. No animals in any
treatment group had gross lesions at necropsy. Microscopic histopathology was conducted on
spinal cord and liver, and no histopathological ﬁndings related to VOYmiR127.860 packaged in

AAVrh10 were detected.
Example 8. SODI Knock-Down- Mammalian Studies

| Pharmacology and Efficacy

- [00839]

BNSDOCID: <WO,

To study the efficacy and pharmacology of the VOYmiR 127.860, studles will be
conducted in SOD1-G93 A mouse models of ALS.

[00840] Mice will be administered by IT admini stration of at least 2 dosage levels (low and
high vg). Alternatively, v dosing will be used as a surrogate route of administration.

[00841] Fo

days of age and balanced for gender, will receive vehicle or VOYmiR 127.860 packaged in

For the pharmacology study, three groups of 10 mice/group, approximately 40 to 50

AAVTh]O at either high or low dose levels. All animals will be euthanized after four weeks and
spinal cord tissue samples will be evaluated for SOD1 suppression by RT-qPCR. Body weights |
and cage-side observation whl also be collected.
[00842] After the phannacology study, an efﬁcacy study of VOYmiR127.860 packaged in

AAVrh10 will be conducted in SOD1-G93A mice. Two groups of approximately 32 mice/group,
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approximately 40 to 50 days of age and balanced for gender will receive vehicle or
VOYmiR127-860 packaged in AAVrh10 at a high or low dose leQel. Endpoints will include
body weight, neurological monitoring, and survival. Spinal cord tissue samples will also be
evaluated for SOD1 suppréssiori by RT-qPCR.
Pharmacology, Toxicity, and Biodistribution Study in NHPs
[00843] In order to evaluate the safety and distribution of VOYmiR127.860 packaged in
AAVr1h10, a study in NHP with a one-time IT infusion, will be conducted. Three time points - 4,
13 and 26 weeks - will be evaluated. The 4-week survival period after a one-time dose is
intended to provide sufficient time for SOD1 suppression to be attained and to provide
information on the short-term effects of VOYmiR127.860 packaged in AAVrh10. The 13-week
ahd 26-week time points is intended to provide information on the long-term effects of

- VOYmiR127.860 packaged in AAVrh10.
[00844] Prior to enrollment, a_nithals will be screened for the presence of neutralizing
antibodies to the AAVrh10 capsid, as well as for abnormal serum chemistry profiles. Three dose
levels will be tested. A control of vehicle only will also be tested.
[00845] Vector genomes will be quariﬁﬁed in all of the dose groups at 4 weeks. Tissues that
have no detectable vector genomes at four weeks will not be evaluated at the 13-week or 26-
week time points. Tissues that have detectable vector genomes at four weeks will be evaluated at
the 13-week time point. All tissues and organs will be archived for possible vg quantification.
[00846] Primary outcome measures will include a PCR analysis of vector genomes within
different CNS regions and major periphefal organs, including heart and lungs, a
histopathological assessment of target and non-target tissues that have significant vector genome
levels, and clinical pathology inciuding serum chemistry, hematology, and coagulation. Safety
pharmacology (central nervous, cardiovascular, and respiratory systems) and local tolerance will
also be evaluated. A | |
[00847] While the present invention has been described at some length and with some
particularity with respect to the several described embodiments, it is not intended that it should
‘be limited to any such particulars or embodiments or any particular embodiment, but it is to be

~ construed with refe_rehces to the appended claims so as to provide the broadest possible
interpretation of such claims in view of the prior art and, therefore, to effectively encompass the
intended scope of the invention.
[00848]  All publications, patent applications, patents, and other references mentioned herein

are incorporated by reference in their entirety. In case of conflict, the present specification,

-338 -

BNSDOCID: <WO, 2018204786A1_|_>



WO 2018/204786 ‘ . - PCT/US2018/031089

including definitions, will control. In addition, section headings, the materials, methods, and. -

examples, are illustrative only and not intended to be limifing.
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CLAIMS

We claim:

L. An‘adéno-a_ssociated viral (AAV) vector comprising a first nucleic acid sequence
comprising two inverted terminal repeéts (ITRs), a prombter, an intron and a second nucleic
acid sequence, wherein said second nucieic acid sequence when expréssed inhibits or
suppresses expression of SOD1 in a cell, wherein said second nucleic acid sequence
comprises a sense strand sequence ‘and an antisense strand sequence, wherein the sense
strand sequence comprises at least 15 contiguous nucleotides differing by no more than 3
nucleotides from the nucleotide sequence of sequences listed in Table 3 and the antisense
strand sequence comprises at least 15 contiguous nucleotides differing by no more than 3
nucleotides from the nucleotide sequence of sequences listed in Table 2 and wherein said

~ sense strand sequence and antisense strand sequence share a region of complementarity of at

least four nucleotides in length.

2. The AAV vector of claim 1, wherein the promoter is selected from the group consisting of
CMYV, CBA and H1.

3. The AAV vector of claim 2, wherein the intron is beta-globin.

4. The AAV vector of claim 3, wherein the promoter is CMV.

'5. The AAV vector of claim 3, wherein the promoter is CBA.

6. The AAV vector of claim 3, wherein the promoter is H1.

7. The AAV vector of claim 1, wherein the AAV vector comprises a capsid serotype
selected from the group consisting AAV1, AAV2, AAV2G9, AAV3, AAV3a, AAV3b,
AAV3-3, AAV4, AAV4-4, AAVS, AAV6, AAV6.1, AAV6.2, AAV6.1.2, AAV7, AAV7 .2,
AAVS, AAV9, AAV9.11, AAV9.13, AAV9.16, AAV9.24, AAV9.45, AAV9.47, AAVI 61,
AAV9.68.AAV9.84, AAV9.9, AAV10, AAVI11, AAV12, AAV163, AAV24.1, AAV273,
AAV42.12, AAV42-1b, AAV42-2, AAV42-3a, AAV42-3b, AAV42-4, AAV42-5a, AAV42-

5b, AAV42-6b, AAV42-8, AAV42-10, AAV42-11, AAV42-12, AAV42-13, AAV42-15,
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AAV42-aa, AAV43 1, AAV43 12, AAV43-20, AAV43-21, AAV43-23, AAV43-25,

'.AAV43 5, AAV44 1 AAV44 2, AAV445, AAV223 1, AAV2232, AAV223.4, AAV223.5,.
"_-AAV223 6 AAV2237, AAVI1-7/th. 48, AAV1-8/rh. 49 AAV2-15/th.62, AAV2-3/1h.61,
' AAV2—4/rh 50, AAV2 5/th.5 1, AAV3. 1/hu. 6, AAV3.1/hu.9, AAV3-9/rh.52, AAV3-

ll/rh 53, AAV4 8/r1l. 64, AAV4 9/th. 54, AAV4-19/th.55, AAV5-3/th.57, AAVS 22/rh.58,

- AAV73/hu.7, AAV16. 8/hu. 10 AAV16.12/hu.11, AAV29.3/bb.1, AAV29, 5/bb .2,
. AAV106. 1/hu.37, AAV114.3/hu.40, AAV127.2/hu.41, AAV127.5/hu.42, AAV12S. 3/hu 44,

AAV13O 4/hu. 48, AAV145.1/hu.53, AAV145.5/hu.54, AAV145.6/hu.55, AAV161 10/hu.60,
AAV161 6/hu.61, AAV33 12/hu.17, AAV33.4/hu.15, AAV33.8/hu.16, AAV52/hu 19,

- AAVS2. l/hu 20, AAVS58.2/hu.25, AAVAS. 3 AAVA3 4, AAVA3.S5, AAVA3.7, AAVCI
- AAVC2, AAVCS5, AAV-DJ, AAV-DJS, AAVF3, AAVFS5, AAVH2, AAVrh.72, AAVhu 8,
X AAVrh 68, AAVrh. 70, AAVpi. 1 AAVpi.3, AAVpi.2, AAVrh.60, AAVrh.44, AAVrh 65,

AAVth.55, AAVth 47, AAVih.69, AAVih45, AAVrh.59, AAVhu.12, AAVHS, AAVLKO3,
AAVH-1/hu.1, AAVH-5/hu.3, AAVLG-10/rh.40, AAVLG-4/th. 38, AAVLG-9/hu.39,
AAVN721-8/th.43, AAVCh.5, AAVCh.5R1, AAVcy 2, AAVey.3, AAVey.4, AAVcy S,

AAVCy.5R1, AAVCy.5R2, AAVCy.5R3, AAVCy.5R4, AAVcy.6, AAVhu:l, AAVhu.2,

AAVhu3, AAVhu.4, AAVhu.5, AAVhu.6, AAVhu.7, AAVhu.9, AAVhu.10, AAVhu.11,
AAVhu.13, AAVhu.15, AAVhu.16, AAVhu.17, AAVhu.18, AAVhu.20, AAth.Zi,
AAVhu 22, AAVhu.23.2, AAVhu24, AAVhu.25, AAVhu.27, AAVhu.28, AAth.29,
AAVhu.29R, AAVhu31, AAVhu.32, AAVhu.34, AAth.35, AAVhu37, AAVhu.39,
AAVhu 40, AAVhu 41, AAVhu.42, AAVhu.43, AAVhu.44, AAVhu.44R1, AAth.44R2,
AAVhu.44R3, AA’th.‘45, AAVhu 46, AAVhu.47, AAVhu.48, AAVhu.48R1,
AAVhu.48R2, AAVhu.48R3, AAVhu 49, AAVhu.51, AAVhu.52, AAVhu.54, AAth.SSv,
AAVhu.56, AAVhu.57, AAVhu.58, AAVhu.60, AAVhu.61, AAVhu.63, AAVhu.64, |

- AAVhu.66, AAVhu.67, AAVhu.14/9, AAVhu.t 19, AAVrh.Z, AAVrh.2R, AAVT1h 8,

BNSDOCID: <WO,

AAVTh.8R, AAVth.10, AAVrh.12, AAVrh.13, AAVrh.13R, AAVth.14, AAVrh.17,
AAVTh.18, AAVrh.19, AAVrh.20, AAVth 21, AAVrh.22, AAVrh.23, AAVth.24, -
AAVIh.25, AAVrh31, vAAVrh 32, AAVrh33, AAVrh.34, AAVrh.35, AAVrh.36,
AAVih.37, AAVth. 37R2, AAVrh.38, AAVrh.39, AAVrh.40, AAVrh 46, AAVrh.48,
AAVrh 48.1, AAVrh.48.1. 2 AAVrh.48.2, AAVrh, 49, AAVrh.51, AAVrh.52, AAVrh.53,
AAVrh.54, AAVTh.56, AAVth.57, AAVrh.58, AAVth.61, AAVrh.64, AAVrh. 64R1,
AAVrh.64R2, AAVrh. 67, AAVrh.73, AAVrh.74, AAVTh8R, AAVrh8R A586R mutant,

‘AAVrhSR R533A mutant, AAAV BAAV, caprine AAV, bovine AAV, AAVhEI.1,
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AAVhErl.5, AAVhER1.14, AAVhErl.8, AAVhEr1.16, AAVhEr1.18, AAVhErl 35,
AAVhEr1.7, AAVHEr1.36, AAVhEr2.29, AAVhE2 4, AAVHEr2.16, AAVhEr2.30,
AAVhEr2 31, AAVhEr2.36, AAVhER1.23, AAVhEr3.1, AAV2.5T , AAV-PAEC, AAV-
LKO1, AAV-LK02, AAV-LK03, AAV-LK04, AAV-LKO05, AAV-LK06, AAV-LKO07, AAV-

| LKO8, AAV-LK09, AAV-LK10, AAV-LK11, AAV-LK12, AAV-LK13, AAV-LK 14, AAV-

LK15, AAV-LK16,,AAV-LK17, AAV-LK1 8, AAV-LK19, AAV-PAECZ, AAV-PAEC4,
AAV-PAEC6, AAV-PAEC7, AAV-PAECS, AAV-PAECI 1, AAV-PAECI2, AAV-2-pre-

- miRNA-101 , AAV-8h, AAV-8b, AAV-h, AAV-b, AAV SM 10-2 , AAV Shuffle 100-1,

AAV Shuffle 100-3, AAV Shuffle 100-7, AAV Shuffle 10-2, AAV Shuffle 10-6, AAV

- Shuffle 10-8, AAV Shuffle 100-2, AAV SM 10-1, AAV SM 10-8 , AAV SM 100-3, AAV

SM 100-10, BNP61 AAV, BNP62 AAV, BNP63 AAV, AAVh.50, AAVrh.43, AAVrh.62,

AAV1h.48, AAVhu.19, AAVhu.11, AAVhu.53, AAV4-8/rh.64, AAVLG-9/hu.39,

AAV54.5/hu.23, AAV54.2/hu.22, AAV54.7/hu.24, AAV54.1/hu.21, AAV54.4R/hu.27,
AAV46.2/hu.28, AAV46.6/hu.29, AAV128.1/hu 43, true type AAV (ttAAV), UPENN AAV
10, Japanese AAV 10 serotypes, AAV CBr-7.1, AAV CBr-7.10, AAV CBr-7.2, AAV CBr-
7.3, AAV CBr-7.4, AAV CBr-7.5, AAV CBr—7\.7, AAV CBr-7.8, AAV CBr-B7.3, AAV
CBr-B7.4, AAV CBr-E1, AAV CBr-E2, AAV‘CBr-E3, AAV CBr-E4, AAV CBr-E5, AAV
CBr-e5, AAV CBr-E6, AAV CBr-E7, AAV CBr-E8, AAV CHt-1, AAV CHt-2, AAV CHt-
3, AAV CHt-6.1, AAV CHt-6.10, AAV CHt-6.5, AAV CHt-6.6, AAV CHt-6.7, AAV CHt-
6.8, AAV CHt-P1, AAV CHt-P2, AAV CHt-P5, AAV CHt-P6, AAV CHt-P8, AAV CHt-P9,
AAV CKd-1, AAV CKd-10, AAV CKd-2, AAV CKd-3, AAV CKd-4, AAV CKd-6, AAV
CKd-7, AAV CKd-8, AAV CKd-B1, AAV CKd-B2, AAV CKd-B3, AAV CKd-B4, AAV

CKd-B5, AAV CKd-B6, AAV CKd-B7, AAV CKd-BS, AAV CKd-H1, AAV CKd-H2,

AAV CKd-H3, AAV CKd-H4, AAV CKd-H5, AAV CKd-H6, AAV CKd-N3, AAV CKd-
N4, AAV CKd-N9, AAV CLg-F1, AAV CLg-F2, AAV CLg-F3, AAV CLg-F4, AAV CLg-
F5, AAV CLg-F6, AAV CLg-F7, AAV CLg-F8, AAV CLv-1, AAV CLv1-1, AAV ClvI-10,
AAV CLv1-2, AAV CLv-12, AAV CLv1-3, AAV CLv-13, AAV CLvl-4, AAV Clv1-7,
AAV CIv1-8, AAV Clv1-9, AAV CLv-2, AAV CLv-3, AAV CLv-4, AAV CLv-6, AAV

- CLv-8, AAV CLv-D1, AAV CLv-D2, AAV CLv-D3, AAV CLv-D4, AAV CLv-D5, AAV

CLv-D6, AAV CLv-D7, AAV CLv-D8, AAV CLv-El, AAV CLv-K1, AAV CLv-K3, AAV

- CLv-K6, AAV CLv-L4, AAV CLv-L5, AAV CLv-L6, AAV CLv-M1, AAV CLV-Mll

BNSDQCID: <WO

AAV CLV-M2 AAV CLv-M5, AAV CLv-M6, AAV CLv-M7, AAV CLv-M8, AAV CLv-
M9, AAV CLv-R1, AAV CLv-R2, AAV CLv-R3, AAV CLv-R4, AAV CLv-R5, AAV CLv-
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R6, AAV CLv-R7, AAV CLv-RS, AAV CLv-R9, AAV CSp-1, AAV CSp-10, AAV CSp-11,
AAV CSp-2, AAV CSp-3, ‘AAVV CSp-4, AAV CSp-6, AAV CSp-7, AAV Cspfs, AAV CSp-
8.10, AAV CSp-8.2, AAV CSp-8.4, AAV CSp-8.5, AAV CSp-8.6, AAV CSp-8.7, AAV
VC_Sp-8.8,.AAAV CSp-8.9, AAV CSp-9, AAV hu.48R3, AAV.VR-355, AAV3B, AAV4,
AAVS, AAVF1I/HSCI, AAVF11/HSC11, AAVF12/HSC12; AAVF13/HSC13,
AAVF14/HSC14 AAVFlS/HSClS AAVF16/HSC16, AAVF17/HSC17, AAVF2/HSCZ

- AAVF3/HSC3, AAVF4/HSC4 AAVF5/HSCS, AAVF6/HSCG, AAVF7/HSC7

AAVFS$/HSCS, AAVF9/HSCY, AAV-PHP.B, AAV-PHP.A, G2B-26, G2B-13, TH1.1-32,
TH1.135, AAVPHP.B2, AAVPHP B3, AAVPHP N/PHP B-DGT, AAVPHP B-EST,
AAVPHP B-GGT, AAVPHP B-ATP, AAVPHP B-ATT-T, AAVPHP B-DGT-T,

AAVPHP B-GGT-T, AAVPHP.B-SGS, AAVPHP.B-AQP, AAVPHP B-QQP, AAVPHP B-

SNP(3), AAVPHP.B-SNP, AAVPHP B-QGT, AAVPHP B-NQT, AAVPHP.B-EGS,

AAVPHP.B-SGN, AAVPHP B-EGT, AAVPHP.B-DST, AAVPHP.B-DST, AAVPHP B-
STP, AAVPHP B-PQP, AAVPHP.B-SQP AAVPHP. B-QLP AAVPHP B-TMP,
AAVPHP B-TTP, AAVPHP.S/G2A12, AAVG2A15/G2A3, AAVG2B4, AAVG2B5 and

.vanants thereof.

8. A rhethod for inhibiting the expression of SOD1 gene in a cell comprising administering to

- the cell a composition comprising an AAV vector of any one of claims 1-7.

9. The method of claim 8, wherein the cell is a mammalian cell.

- 10. The method of claim 9, wherein the mammalian cell is a motor neuron.

11. The method of claim 9, wherein the mammalian cell is an astrocyte.

12. A method for tréatirig and/or ameliorating amyotrophic lateral sclerosis (ALS) in a

“subject in need of treatment, the method comprising administering to the subject a

therapeutically effective amount of a composition comprising an AAV vector of any one of

claims 1-7.

- 13. The method of claim 12, wherein the expression of SOD1 is inhibited or suppressed.

BNSDOCID: <WO,
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14. The method of claim 13, wherein the SOD1 is wild type SOD1, mutated SOD1 with at least

one mutation or both wild type SOD1 and mutated SOD1 with at least one mutation.

15. The method of claim 12, wherein the expression of SOD1 is inhibited or suppressed by about
- 20% to about 100%.

' 16. The method of claim 12, wherein the ALS is familial ALS with an identified SOD1 gene

mutation.

17. The method of claim 12, wherein the ALS is sporadic ALS.

18. A method for inhibiting the expression of SOD1 gene in a cell wherein SOD1 gene
embraces a mutation that causes a gain of function effect inside the cell, comprising
administering the cell a composition comprising an AAV vector of any one of claims 1-7.
19. The method of claim 18, wherein the cell is a mammalian cell.

20. The method of claim 19, wherein the mammalian cell is a motor neuron.

21. The method of claim 19, wherein the mammalian cell is an astrocyte.
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: D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the mvntatlon

D "No protest accompanied the payment of additional search fees.
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INTERNATIONAL SEARCH REPORT International application No.

PCT/US2018/031089

Continued from Box No. Ill Observations where unity of invention is lacking

This application contains the following inventions or groups of invéntions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees need to be paid.

Group I+: claims 1-21 are drawn to sense nucleic acid sequences and .antisense nucleic acid sequences for inhibiting expression of
SOD1, and compositions and methods comprising the same.

“The first invention of Group I+ is restricted to a sense nucleic acid sequence and an antisense nucleic acid sequence, and compositions
and methods comprising the same, wherein the sense nucleic acid sequence is selected to be SEQ ID NO: 1085; and the antisense
nucleic acid sequence is selected to be SEQ |D NO:916. It is believed that claims 1-21 read on this first named invention and thus these
claims will be searched without fee to.the extent that they read on a sense nucleic acid sequence of SEQ ID NO:1085 and an antisense
nucleic acid sequence of SEQ ID NO:916.

Applicant is invited to elect additional sense nucleic acid sequences and.antisense nucleic acid sequences, each with specified SEQ ID
NO, to be searched in a specific combination by paying an additional fee for each set of election. An exemplary election would be a
sense nucleic acid sequence and an antisense nucleic acid sequence, and compositions and methods comprising the same, wherein the
sense nucleic acid sequence is selected to be SEQ ID NO: 1086; and the antisense nucleic acid sequence is selected to be SEQ ID
NO:917. Additional sense nucleic acid sequences and antisense nucleic acid sequences will be searched upon the payment of
additional fees. Applicants must specify the claims that read on any additional elected inventions. Applicants must further indicate, if
applicable, the claims which read on the first named invention if different than what was indicated above for this group. Failure to clearly
identify how any paid additional invention fees are to be applied to the “+" group(s) will result in only the first claimed invention to be
searched/examined. ) .

The inventions listed in Groups I+ do not relate to a single general inventive concept under PCT Rule 13.1, because under PCT Rule
13.2 they lack the same or corresponding special technical features for the following reasons:

The Groups I+ formulas do not share a significant structural element responsible for inhibiting expression of a SOD1 gene, requiring the
selection of alternatives for the sense nucleic acid sequence and the antisense nucleic acid sequence, where “the sense strand
sequence comprises at least 15 contiguous nucleotides differing by no more than 3 nucleotides from the nucleotide sequence of
sequences listed in Table 3 and the antisense strand sequence comprises at least 15 contiguous nucleotides differing by no more than 3
nucleotides from the nucleotide sequence of sequences listed in Table 2".

Additionally, even if Groups I+ were considered to share the technical features of an adeno-associated viral (AAV) vector comprising a
first nucleic acid sequence comprising two inverted terminal repeats (ITRs), a promoter, an intron and a second nucleic acid sequence,
wherein said second nucleic acid sequence when expressed inhibits or suppresses expression of SOD1 in a cell, wherein said second
nucleic acid sequence comprises a sense strand sequence and an antisense strand sequence, wherein the sense strand sequence
comprises at least 15 contiguous nucleotides and the antisense strand sequence comprises at least 15 contiguous nucleotides and
wherein said sense strand sequence and antisense strand sequence share a region of complementarity of at least four nucleotides in
length; these shared technical features do not represent a contribution over the prior art.

Specifically, WO 2016/077689 A1 to Voyager Therapeutics, Inc. discloses an adeno-associated viral (AAV) vector (such modulatory
polynucleotides may be encoded by or contained within plasmids or vectors or recombinant adeno-associated viruses (AAV) and may .

- comprise artificial microRNAs, Para. [0009]) comprising a first nucleic acid sequence comprising two inverted terminal repeats (ITRs)
(may be located between the 5' end of the flip ITR and the 3' end of the flop ITR in an expression vector, Para. [0051]), a promoter
(modulatory polynucleotide may be located downstream of a promoter such as, but not limited to, CMV, U6, CBA or a CBA, Para.
[0048]), an‘intron (promoter with a SV40 intron in an expression vector, Para. [0041]) and a second nucleic acid sequence, wherein said
second nucleic acid sequence when expressed inhibits or suppresses expression of SOD1 in a cell (the modulatory polynucleotides of
the invention may target any gene known in the art. As a non-limiting example, the gene may be SOD1, Para. [00139}; the first payload
region sequence may be a guide strand of a siRNA construct and the second payload region sequence may be a passenger strand of an
siRNA construct. The passenger and guide sequences may be substantially complementary to each other, Para. [0075]), wherein said
second nucleic acid sequence comprises a sense strand sequence and an antisense strand sequence, wherein the sense strand
sequence comprises at least 15 contiguous nucleotides (The t19mers, along with the 5' most position of the sense strand are shown in
Table 4 along with the antisense strand which is the reverse complement of the sense strand, Para. [00331]) and the antisense strand
sequence comprises at least 15 contiguous nucleotides (3' arm of the stem loop comprises a guide strand. This strand is also known as
the antisense strand in that it reflects homology to a target. The guide strand may be between 15-30 nucleotides in length, 21-25
nucleotides or 22 nucleotides in length, Para. {0058]) and wherein said sense strand sequence and antisense strand sequence share a
region of complementarity of at least four nucleotides in length (The passenger and guide strands may be completely complementary
across a substantial portion of their length, Para. {0061]).

The inventions listed in Groups I+ therefore lack unity under Rule 13 because they do not share a same or corresponding special
technical features. ’

Form PCT/lSAI210 (extra sheet) (January 2015)
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o ' o PCTIUS2018/031089
-Box No. I ' Nupl,eotid_e and/or amino acid sequence(s) (Continuatioﬁ of item 1.c of the first shect)

1.© With regard to any nucleotide and/or amino acid sequence disclosed in the international application,fthe international search was,
carried out on thie basis of a sequence listing: ’ - :

a. _forming part of the intemational application;as filed:
: K{ . in the form of an Annex C/ST.25 text file.
o D on paper or in the form of an image file.

b. D furnished together with the international application under PCT Rule 13er. 1(a) for the purposes of international search
— :only in_the form of an Annex C/ST.25 text file. ‘ )

c. [:I ’ furnished subsequent to the international ﬁling date for the purposes of international search only:
D in the form of an Annex C/ST.25 text file (Rule 13ter. I(a)).
D on papei"or in the form ofan imége file (Rule 137er.1(b) and Administrative Instnictions, Section 713).

2. . In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished, the required

statements that the information in the subsequent or additional copies is identical to that forming part of the application as.

filed or does not go beyond the application as filed, as appropriate, were furnished.

3. Additional comments:
SEQ ID NOs: 916-925 and 1085-1094 were searched.

- Form PCT/ISA/210 (continuation of first sheet (1)) (January 2015)
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Possible steps after receipt of the international search report (ISR) and written
opinion of the International Searching Authority (WO/ISA) - '

“General
information

' Filing

informal

comments

Amending claims

under

Art. 19 PCT

BNSDOCID: <XS.

"200704010CK_I_>

For all international applications, the competent [nternational Searching
Authority (ISA) will establish an international search report (ISR) accompanied
by a written opinion of the International Searching Authority (WO/ISA). The
WO/ISA may be responded to by

e filing informal comments with the International Bureau of WIPO (IB)
(where no demand for international preliminary examination (demand)
is filed)

* filing amendments under Art. 19 PCT (this can be done whether or not
a demand is filed)

 filing amendments under Art. 34 PCT and/or formal observations in
response to objections raised in the WO/ISA (where a demand s
actually filed) : ' '

This document explains these possibilities.

After receipt of the ISR and WO/ISA, the applicant may file informal comments
on the WO/ISA, directly with the IB (see International Search and Preliminary
Examination Guidelines 2.15). These will be communicated to the
designated/elected Offices, together with the International Preliminary Report
on Patentability (IPRP) at 30 months from the priority date.

The applicant may file amended claims under Art. 19 PCT, directly with the
IB by the later of the following dates:

* 2 months from the date of mailing of the ISR and the WO/ISA
¢ 16 months from the priority date

~ However, any such amendment received by the IB after the expiration of the

applicable time limit shall be considered to have been received on time by
the IB, if it reaches it before the technical preparations for international
publication have been completed (the 15th day prior to the date of publication,
see PCT Applicant's Guide, International Phase, 9.013). :

For further ilhformation, please see Rule 46 PCT as well as form PCT/ISA/220.

Please also note that, when filing amended claims under Art. 19 PCT, such
amendments shall be accompanied by a letter identifying the amendments
made and also the basis for the amendments in the application as originally
filed (Rule 46.5(b) PCT). Where a demand is filed, failure to comply with this
requirement may result in the amendments being ignored in the International
Preliminary Examination Report (IPER), see Rule 70.2(c-bis) PCT.
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In principle, the WO/ISA will be considered to be the written opinion of the
International Preliminary Examining Authority (IPEA). Where the WO/ISA
issued by the EPO as ISA gives a positive opinion on the international )
application and the invention to which it relates, filing a demand with the EPO

‘as IPEA.would normally be unnecessary, since a positive IPRP would anyway

be established by the IB based on the WO/ISA (see also further below).

If the applicant wishes to file a demand (for example, to allow him to argue his

case in international preliminary examination with regard to objections raised in
~ a negative WO/ISA before the IPEA issues an IPER), this must be done before

expiration of 3 months after the date of mailing of the ISR and WO/ISA or
22 months after priority date, whichever expires later (Rule 54bis PCT).
Amendments under Art. 34 PCT can be filed with. the IPEA, normally at the
same time as filing the demand (Rule 66.1(b) PCT) or within the time limit set
for reply to any written opinion issued during international preliminary
examination by the IPEA.

If a demand is filed at the EPO as IPEA and no comments/amendments have
been received by the time the EPO starts drawing up the IPER (Rule 66.4bis
PCT), the WO/ISA will be transformed by the IPEA into an IPER (also called
the IPRP (Chapter Il) which would merely reflect the content of the WO/ISA
(OJ 10/2011, 532). The demand can still be withdrawn (Art. 37 PCT).

Please also note that, when filing amendments under Art. 34 PCT, such
amendments shall be accompanied by a letter which identifies the
amendments made and also the basis for the amendments in the application
as originally filed (Rule 66.8(a) PCT). Failure to comply with this requirement
may result in the amendments being ignored in the IPER (IPRP (Chapter I1)),

- see Rule 70.2(c-bis) PCT.

The applicant may, with the 1B, file a request for supplementary international
search under Rule 45bis.1 PCT. The present ISR and WO/ISA may also be
taken into account in the execution of that supplementary international search,
provided that these are available to the Authority charged with this task before
it starts the supplementary search (Rule 45bis.5 PCT).

This kind of request cannot be filed specifying the ISA who did the
international search.

More information on this topic can be found in the PCT Applicant's.Guide,

Chapter 8 ( htto://www.wipo.int/pct/en/quide/ipOS.html).

Where no demand is filed, at the end of the international phase, the 1B will
transform the WO/ISA into the IPRP (PCT Chapter I) (Rule 44bis PCT), which
will then be transmitted together with possible informal comments to the
designated Offices. Where a demand is filed, the WO/ISA is not transformed
into an IPRP (Chapter 1) by the IB, but rather the IPEA will establish an IPER,
(the IPER is the same as the IPRP (PCT Chapter I), see Rule 70.15 PCT).
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Antisense oligonucleotides extend survival and

reverse deeremem in muscle response in ALS

models

Alex McCampbeII, ..., Eric E. Swayze, Timothy M. Miller

J Clin Invest. 2018;128(8):3558-3567. htips:/kioi.org/10.1172/JC199081,

Mutations in superoxide dismutase 1 (SOD1) are responsible for 20% of familial ALS. Given
the gain of toxic function in this dominantly inherited disease, lowering SOD1 mRNA and |
protein is predicted to provide therapeutic benefit. An early generation antisense
oligonucleotide (ASO) targeting SOD1 was identified and tested in a phase | human clinical
trial, based on modest protection in animal models of SOD1 ALS. Although the clinical trial
provided encouraging safety data, the drug was not advanced because there was progress
in designing other, more potent ASOs for CNS application. We have developed next-
generation SOD1 ASOs that more potently reduce SOD1 mRNA and protein and extend

* survival by more than 50 days in SOD1%93A rats and by almost 40 days in SOD1G%3A mijce.

We demonstrated that the initial loss of compound muscle action potential in SOD1GeBA

mice is reversed after a single dose of SOD1 ASO. Furthermore, increases in serum
phospho-neurofilament heavy chain levels, a promising biomarker for ALS, are stopped by
SOD1 ASO therapy. These results define a highly potent, new SOD1 ASO ready for human
clinical trial and suggest that at least some components of muscle response can be

reversed by therapy

Find the latest version:

hitps/jci.me/99081 fodf
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Antisense niig{mucﬁeﬁtédes extend survival and reverse

The Journal of Clinical Investigation

- decrement in muscle response in ALS models

- - Alex McCampheH ! Tracy Cole,’ Amy; Wegener,? Giulio S. Tomassy,' Amy Setnicka,® Brandon |. Farley, Kathleen M. Schoeh?
Mariah L. Hoye,” Mark Shabsovich,? Linhong Sun,’ Yi Luo,! Mingdi Zhang,’ Nicole Comfort,’ Bin Wang,! Jessica Amacker,
Sai Thankamnny,‘ David W, Salzman,’ Merit Cudkowicz, Danielle L. Graham,’ €. Frank Bennett,? -Holly B. Kordasiewicz,

-
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Eric E. Swayze,? and Timothy M. Miller®

‘Bingen, Inc,, Car "xf'rh_ge Massachusetts, HSA. Alenis Ph«rn*qc..umais Carlsbad, Califernia, USA. *Department of Neuralogy, Washingtan University Schoot of Medicine, St Louis, Ml:soun, USA. *Departmest

of Neuro.agy, Massachusetts Gor eral Hospital, Haivad Medical School, Boston, Massachusatts, USA.

Introduction

Amyotrophic lateral sclerosis (ALS) is caused by the loss and dys-
fanction of neurons in motor pathways and leads to severe weak-
ness, stiffness, and ultimately death in 3-5 years. Approximately
15%-20% of ALS can be associated with a genetic cause. Among
the genetically defined ALS cases, about 20% are associated with

* mutations in the superoxide dismutase 1 (80D1) gene. Although

the exact toxicity of SODI mutations remains incompletely undex-
stood, there is a consensus that there is a toxic gain of function, and
some key data support this idea. First, overexpression of mutant
8OD1 in mice or rats recapitulates important aspects of human
ALS, including loss of neuromuscular junction innervation and
motor neuron death (1, 2). Second, loss of SOD1, while resulting
in eventual motor neuron dysfuuction, does not result in motor
newron death (3, 4). 'Ihlrd in humans, individua! disease muta-
tions are associated with varying levels of SOD1 activity, yet there
is no correlation between disease severity and SOD1 activity (5-7).
Given the toxic gain-of-function role of SOD1, lowering levels of
SOD1 is predicted to be therapeutic,

Conflict of interest: AM, GST, BJF, LS, YL, MZ, ST, DLG, and DWS are empioyees of
Biogen. TC, CFB, HBK, and EES are employess of lonis Pharmaceuticals. lonis Pharma-
ceuticals provides antisense oligonucieotides to TMM. Bioger provides support to TMM
for chinical studies. TMM has participated in a medical advisery hoar for Biogen andis s
consultant for Gytolinetics. TMM and Washington University have licensed technology
regarding SOD1 protein kinetic measurements to C2N. MC is 3 consultant for Cytekinetics,
Lifly, Oricn, Biohaven, Wave and Bicgen. .
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- Reference information: | Clin Invest. 2018;128(8):3558-3567,
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One methoed of lowering SOD1 is to target the SOD1 mRNA
using antisense oligonucleotides (ASOs) that bind to the SOD1
mRNA by Watson-Crick base pairing. The ASO activates RNase
H1 that destroys the targeted RNA. Direct delivery of ASOs
to cerebral spinal fluid (CSF) affords widespread distribu-
tion of ASOs throughout the brain and spinal cord in rodents
and nonhuman primates (8-13). ASOs for CNS disorders have
advanced to clinical trial for Huntington’s disease {(registered
at ClinicalTrials.gov, NCT02519036), SOD1-associated ALS
{(NCT02623699), and Alzheimer’s disease (NCT03186989).
Most impressively, a splicing-modifying ASO has recently been
approved by the FDA (14) for spinal muscular atrophy (SMA) {15).

"An SOD1 ASO was used both in the first demonstration of the
utility of ASOs in animal models of CNS disease {8, 16) and the first
hwman clinical trial (9). Although thele was tremendous enthusiasm
for the early SOD1 ASO {ASO 333611), effects in the animal models
were modestand advances in ASO technology identified other, more
effective ASO designs for CNS disease, such that it became likely
that a more potent ASO could be developed. We describe here the
recent.development of more potent ASCs with substantial prolon-
gation of survival in SOD1 redent models. The increased efficacy of
these ASOsallowed us totesthowchangesin disease markers mayhe
halted or reversed in those models, a key question for application
of this therapy in human clinical txials. Suppression of SOD1 after
disease onset reversed the disease course, indicating that inter-
vention in symptomatic patients may not only halt disease but
also reverse some aspects of it. The work described here provided
the foundation for advancement of this compound to the ongoing
human clinical trial in SOD1 ALS patients (NCT02623699).
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Figure 1, New SOD1 AS0s reduce mRNA and protein in vitro and in vive, and are more potent than the previous S0D1 lead. (&) Oligonucleotides containing
phosphorathicate backbone medifications {unmedified phosphodiester linkages noted with red o) and 2'-G-methoxyethylribose (MOE; orange) and (S)-2',4"-
constrained 2'-0-ethy! (cEt; blue) groups in the 5 and 3’ wings were targeted to the 3' UTR of SOD1 mRNA (ASO 1and ASC 2), exon 1 of S001 rmRNA {333571), or
nothing in the human or rodent genome (inactive ASO). The sequences evaluated and location of chemical modifications are provided. {8) SHSYSY cells were
treated with 5001 AS0s by electroporation. After 24 hours, SGOTmRNA was measured. New S001 AS0s are more potent than the previous lead ASQ (7 = 2 per
concentration, average + range). (C and B) Candidate ASGs for hurnan SOD1 were screeried in mice {€) and rats (B) exprassing human S0D1. ASOs were injected
i.cv. (mice) and intrathecally {rats) and mRNA was measured in fumbar spinal cord 2 weeks after dosing. Potent ASOs were identified that lowered SN mRNA

in both species with ED_ between 50 ug and 70 ug {n = 3 per dose, individual animals}. (€} Tissue concentrations of ASO were measured and correlated with
S0D1mRNA lowering, demonstrating an EC,, of 0.9 pg/g in mice and 1.4 ug/g in rats (n = 24). {F) A single intrathecal bolus of 500 yg ASO 1or ASO 2 was given to

S0D1%* rats. SODT mRNA levels were assessed in the spinai cord at 2, 4, 8, and 16

weeks after bolus. ASC 1and ASO 2 suppressed SO0D1T mRNA levels for more

than 8 weeks {n = 2-7 per time point, average £ SEM). (G) A single intraventricular bolus of ASQ 1or ASQ 2 was given to SODT®* rats. Misfolded SOD1 protein from
spiral cord was assessed at 1. 2, 4, and 8 weeks after bolus {n= 7 per time point, average + SEM). (H) Six weeks after a single intraventricular bolus of AS0 1, S0D1

protein was quantified in the lumbar spinal cord of SOD1% rats, *** P = §,0005.

Results

Next-generation SOD1 ASOs more potently reduce mRNA and pro-
fein in rodent models compared with previous ASOs. Based on an in
vitro screen of over 2,000 ASOs targeting the human SOD1 gene
and subsequent optimization, 2 particulaxly potent ASOs target-
ing the 3" UTR were selected for further testing (Figure 14). In a

BNSDOCID: <XP. 55679194A__|_>

human neuroblastoma cell line (SH-SYSY), these new ASOs (ASO
1 and ASO 2) potenily lowered SOD1 mRNA in a dose-dependent

- manner (Figure 1B). The new ASOs were more efficacious than the

previous SOD1 ASO, 332611 (Figure 1B and Supplemental Figure
1A; supplemental material available online with this article; https://
doi.org/10.1172/§CI199081D81). To determine the potency of these
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Figure 2. S50D1 ASOs prolong onset, survival, and moter performance of SOD mutant animals. (4-C) Mice were dosed L.ov. twice, at day 50 and again
at day 94, each time with 300 pg ASO 1{n = 20 per treatment group, all femaies). {&) Onset of disease was scored as percentage of animals iosing 10% of
peak tody weight. Median onset for mice treated with the control ASG was 140 days, whereas treatment with ASG 1increased median onset to 183 days
{P < 6.000%, log-rank Mantai-Cox}. (B) Motor performance was tested through the rotarod test: mice were tested once a waek starting at 80 days of age
until they coutd not stay on the rod for 3t jeast 30 seconds. ASO 1 treatment significantly increased rotarod performance: in the contro aroup, the median
age at which 50% decrease in performance was reached was 147 days, whereas in the ASO 1-treated animals, the median increased significantly to 182

days (P < 0.0001, 2-way ANOVA), (€} The madian survival of mice treated with the control AS50 was 168 days, whereas the treatment with ASO 1increasad
miedian survival to 205 days (P < 0.0001, log-rank Mantel-Cox). {8 and E) Rats were injected intrathecally with a 1,000 pg singie bolus dose of inactive con-
trol ASO {n = 16}, aCSF vehicle control {n = 19), ASQ 333611 {1 = 17}, ASO 1{n =19), or ASG 2 (n = 18). (B) Rats treated with ASC Tor AS0 2 maintained weight
70 days (P < 0.0607) and 67 days {P < 0.001) longer, respectively, than rats treated with aCSF. 333611 dalayed onset of waight loss mindestly {meadian 139
days, compared with aCSF median 121 days). {£) Survival was markedly prolonged in the ASO 1and ASG 2 treatment groups by 53 days {P < 0.0007) and 64
days (P < 0.0001}, respectively, compared with aCSF control treatment in which rats survived to a median age of 166 days. This represents a 32% (ASO 1)

- and 38% (ASQ 2) extension of survival. P values were determined by leg-rank {Mantel-Cox) test,

compounds in vivo, ASOs were delivered to the CSF of mice and
rats expressing human SOD1% via intraventricular (mice) or
intrathecal {rats) bolus injection. CSF administration distributes
ASOCs throughout the brain and spinal cord (8-13). Human SOD1
mRNA was reduced in spinal cords of SOINSA mice in a dose-
dependent manner (Figure 1C) with approximately 75% maximum
reduction of SOD1 following a single injection of ASO 10r ASO 2.
Again, ASO 1 and ASO 2 were substantially more active and effi-
cacious than the previous ASO 333611, Similar dose-dependent
reductions in human SOD1 mRNA were achieved in SODI™ pats
(Figure 1D), with ASO 1 and ASO 2 exhibiting greater activity than
333611 (Figure 1D). Potency of the lead ASO 1 was indistinguish-
able in SODI®* mice and rats, with a lumbar cord EC, of 0.9 g /2
and 1.4 ug/g tissue, respectively (Figure 1E). ASO 1 and ASO 2 also
exhibit prolonged duration of action, with nearly 10 weeks of sus-
tained 8OD1 mRNA lowering foliowing a single intrathecal bolus
injection in 8ODI%* rats (Figaxe 1F). Similarly, misfolded SOD1
also exhibits sustained reduction after a single bolus injection (Fig-
ure 1G). Consistent with our previous findings, native SOD1 mRNA
{Supplemental Figure 1B) and protein (Figure 1H) are also reduced
in spinal cord tissue following ASO treatment. '
Treaiment with SODI-lowering ASO significantly delays discase
onset and extends survival in SODI®®* mice and rats. Expression of

mutant §GD1 in SOD1%% rodent models is known 1o cause severe

atrophy of the limbs and trusk that leads to loss of motor function .

and eventually death (17). To investigate whether a SOD1-lowering
ASO strategy could delay disease parameters, SODI%% mice were
injected intraventricularly with bolus doses of 300 pg ASO 1 at
50 and 94 days of age. Weight and performance on rotarod were
tested weekly. Mice that received ASO 1 maintained weight 26 days
longer and performed better on rotarod than mice injected with a
control inactive ASO {inactive ASO) at sirnilar concentrations {Fig-
ure 2, A and B). Median survival for ASO 1-treated mice was 37 days
longer commpared with inactive ASO, representing a 22% extension
of swrvival in the mouse model (Figure 2C).

SODI%* transgenic rats were injected intrathecaily with a
single bolus dose of artificial CSF (aCSF) or 1,000 pg ASO vehi-
cle, ASO 333611, ASO 1, ASO 2, or inactive ASO. ASO 333611 is
the previous SOD1 ASO as described in reference 8 and used in
a phase I study in SOD1 ALS participants (9). Rats assignied to
the lead ASO treatment groups performed better in all catego-
ries when compared with the vehicle treatment group. SODIGA
rats treated with ASO 1 or ASO 2 maintained weight 70 days
(P<0.0001) and 67 days (P < 0.001) loriger, respectively, thai rats
treated with aCSF {Figure 2D). In conirast, the intrathecal bolus
of ASQ 333611 or inactive ASC did not significantly delay onset
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A oy, ™ SOD1;ASO 1, 5 weeks i.c.v. {&-€) Mice were injected once at 5 weeks of age with a single dose of 300
,>400- e : ug ASO 1. Compound ruscle action potential {CMAP), neurornuscular
c ‘ junctions (NMJ), and phospho-neurofilament heavy chain {(pNFH) ware
@ 754 // measured at multiple time points {n =12 per group; average = SEM). (&)
S ol Results validated a significant effect of ASC 1as compared with the
B 504 inactive ASQ (significant at weeks 7-17). CMAP values recorded from A5G
% \\\ oy ‘1-treated animals were not significantly different from those recordad
g \\\\\ <
% 254 g from WT animals except at weeks 15 and 17 {? < 0001 and F < 0.0001,
s - respectively, 2-way ANOVA). (B) ASQ 1 significantly protected SGD1 mice
© o from NM] loss at the tibialis anterior muscle. Although there was a sig-
5 7 9 11 13 15 17 nificant difference in NMJ number between WT animals and S0B1 animals
Age (weeks) injected with a contrel ASO at all ages analyzed (data not shown), ASO 1-
- treated mice did not show significant differences compared with WT mice
B {P < 0.0001}. {£) Blood was coliected at baseline (5 weeks) before i.cv.
150 injection, and then again at 8 and 10 weeks of age. pNFH serurn levels
. were significantly decreased at 8 and 10 weaks of age by ASG 1 treatment
L% {P < 0.001, 2-way ANQVA).
S £ 100+
o=
g3
Eg
=4
o
S& 50 of phospho-neurofilament in SODIS™* mice. To test whether SOD1
=z P
reduction by ASQO could affect markers of disease, SODI<9
e . — . mice were injected intraventricularly once at 5 weeks of age with
5 9 18 7 100 pg ASO 1 and evaluated for changes in compound muscle
Age (weeks) . . . . L .
action potential (CMAP), neuromuscular junction innervation,
c and serum phospho-neurofilament heavy chain (pNFH) levels.
10+ In SOD1%%% mice, CMAP declines over time, preceding the loss
o] oF of motor neurons (18, 19). SODI1%%34 mice treated with ASO 1 at
= < 5 wecks maintained CMAP over the next 12 weeks, whereas the
£ 1 control-treated animals’ CMAP was reduced by more than half
EP .. over the same time period (Figure 3A). Consistent with CMAP
3 electrophysiological demonstration of preserved muscle func-
27 tion, ASQ 1-treated mice mainiained innervation of the tibialis
o anterior muscles in the hind limbs, whereas control-treated ani-

8
Age (weeks)

when compared with the aCSF group {delayed by 17.5 days and 7
days, respectively). Survival was markedly prolonged in the ASO 1
and ASOC 2 treatment groups by 53 days (P < 0.0001) and 64 days
(P < 0.0001), respectively (Figure 2E}, compared with aCSF con-
trol treatrnent in which rats survived to a median age of 166 days.
This represents 2 32% (ASO 1) and 39% {ASO 2) extension of sw-
vival. The effect was similar for both male and female rats (Supple-
mental Figure 2). This result is substantially improved compared
with published results using ASQO 333611 infused intraventri-
cularly (10 days, ref. 8) or compared with ASO 333611 delivered
intrathecally in this study (195-day median survival, 29-day pro-
longation) (Figure 2E).

To assess if timing of administration impacts disease onset or
survival, SOD1%*** mice were dosed with either ASC 1 or inactive
control byi.c.v. bolusat a single titme point, either day 80 or 110. Dis-
ease onset was delayed and survival markedly extended regardiess
of the time point of injection (Supplemental Figure 3). There wasno
significant diffevence in the ouset or survival between the 80-day
active ASO treatment and the 110-day active ASO treatment.

80DI ASO treatment preserves compound muscle action poren-
tial, maintains neurormyuscular innervation, and results in lower levels

RESEARCH ARTICLE

Figure 3, One single i.c.v. injection éf S001 ASD extensively preserves
neurgmuscuiar synapses and neuranal loss in SOB1% mutant mice.

mals showed evidence of denervation of more than 75% of muscle
endplates (Figure 3B). pNFH increases in CSF and serum in ALS
rodent models, human patients with ALS, and other neurodegen-
erative diseases and it has been proposed as a potential pharmaco-
dynainics marker (20-22). SOD1 mice treated with ASO 1 showed
lower levels of pNFH compared with SOD1 mice treated with con-
trol ASQ {Figure 3C).

Reversal of SODI-mediated newronal dysfunction may be achieved
by treatment with SODI ASO and is measurable by CMAP and pNFH
levels, Two major guestions regarding markers of disease in neu-
rodegenerative diseases are: to what extent therapeutics may be
able reverse disease and whether this reversal can be measured.
SOD1%% mice were treated at 9 weeks of age when CMAP had
clearly begun to decline and pNFH had begun to rse (Figure
4, A and B). Treatment with ASO 3, an SOD1 ASO with dose-
dependent reductions in SOD1 mRNA similar to those in ASO 1
and ASO 2 (Supplemental Figure 4), demonstrated a sustained
increase in CMAP whereas control ASC-treated mice showed a
continued steady decline (Figure 4A). Similarly, pNFH, which at
time of injection (3 weeks) had already begun to rise in SOD1%¥s
mice (Figure 3C), was still significantly lower 8 weeks after treat-
ment with A8O 3 {inactive ASO-treated group, 22 ng/ml + 1.9
ng/ml; ASO 3-treated group, 12 ng/ml.* 1.2 ng/ml; mean * SEM,
P < 0.001) (Figure 4B). We also found that both pNFH serum
and CSF Ievels were responslve to SOD1 ASO treatment in ALS
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Figura 4, SOD1 AS0 injected at 8 weeks of age is able to reverse CMAP
amplitudes and lower serum pNFH levels in SOB1™ mutant mice. (& and
B) Mice were injected once st 8 weeks of age with either atontrol ASO or
with ASQ 3 (100 pg). {A). CMAP amplitudes at the tibialis anterior muscies
were recorded at baseline (5 weeks) and than every other week thereafter
{rr =12 per group, average + SEM). On the weak of dosing (9 weeks), CMAR
was recorded prior to i.c.v. injection, Typically, SODT mice show a steady
dacline in the CMAP amplitudes recorded at the tibialis anterior; however,
one single dose of ASO 3 at 9 weeks of age was able to reverse the trend
and by 15 weeks the ASQ 3-treated mice kad CMAP amplitudes signifi-
cantly higher than mice treated with a control ASO (P < 0.001, 2-way
ANOVA). (8) Blood was collected from each animal at 8, 11, 13, 15, and

17 weeaks of age and pNFH levels were quantified. pNFH serum lavals of
contrel mice showed a steady increase whereas those of ASC 3-treated
mice did not. Levels at 15 weeks: inactive ASD, 19.9 ng/mi + 51 ng/mi; ASO
3,10.6 ng/ml + 2.5 ng/mi. Levels at 17 weeks: inactive ASD, 33.96 ng/mi =
9.3 ng/mi; AS0 3,16.5 ng/mi £ 4.3 ng/ml. P < 0.0007, 2-way ANOVA, n =12
per group, average = SEM.

rats (Supplemental Figure 5). Furthermore, it was recently dem-
onstrated that motor neuron-enriched miR-218 is temporally
increased in ALS rat model CSF and its levels correlate with motor

- neuron loss (23). Here, we found that miR-218 CSF levels were
also responsive to SOD1 ASO therapy {Supplemental Figure 5).
These results suggest that SOD1-mediated neuronal dysﬁmcrjon
is, at least in part, reversible with a potent therapeutic.

SODI ASOs lower SODI mRNA and protein in nonhuman pri-
mates. To evaluate the distribution and pharmacokinetic proper-
ties of the new SODI ASO in a laxger brain, ASC 1 was delivered
via intrathecal injection to cynomolgus monkeys. ASO 1 was
‘optimized for targeting human SOD1, but it is complementary to
nonhuman primate (NHP) SOD1 with a 1-base mismatch, and it
is active in NHP cells (Supplemental Figure 6). ASO 1 was evalu-
ated in NHPs at doses of 4 mg, 12 mg, and 35 mg delivered intra-
theczdiy,‘with each monkey receiving 5 doses. One week after the
final dose, SOD1mRNA was lowered broadly in the CNS in a dose-

The journal of Clinical Investigation

dependent manner (Figure 54). Quantification of drug levels in
various tissues confirmed a pharmacokinetic/pharmacodynamic
relationship, with an estimated-composite EC_; of 20 pg/g tissue
{Figure 5B). This is consistent across ali tissues assessed (Supple-
mental Figure 7). The decrease in potencyin NHP SOD1 compared
with human SOD1 in transgenic rodents {Figure 1iE, EC_ 0.9-1.4
ug/g) is likely attributabie, in part, to the single mismatch of ASC
1 to the NHP SOD1 transcript: SOD1 protein Jevels in the tissue
were lowered by approximately 50% (Figure 5C). A corresponding
dose-dependent decrease in CSF SODI levels was also observed,

confirming CSF 8OD1 levels reflect target reduction in the CNS -

in the larger NHP brain (Figure 5D). CSF SOD1 protein remains
reduced appreximately 100 days after the last adininistration
(Figure SE). These data in NHPs demonstrate effectiveness of the
S0D1 ASQ in a larger animal and are an important step toward
understanding the use of the compound in human clinical txials.

Discussion :

ASOs targeting SODI were previously used to.demonstrate
widespread distriburion of ASOs in the CNS following CSF
delivery, proof of principle in animal models, and important
early safety in a first-in-humans clinical study (8, 9, 24). Bene-
fiting from advancements in ASQO téchno'.ogy, here we describe
other, more potent ASOs that demonstrate a prolonged survival
benefitin both mouse and rat SODI models, the longest to date
using a relevant therapeutic. With this added ASO potency, we
were able to test whether treating after the disease progressed
would also provide benefit, and we found a notable reversal of
the CMAP. These data establish a novel therapeutic for SOD1-
mediated ALS, which is currently under clinical investigation
(NCT02623699).

For many genetically linked neurodegenerative diseases,
patients remain asymptomatic for more than 5 decades but when
they develop signs of disease, the progression is relatively rapid
over a period of about 5 years. Understandably, there is concern
that once the disease starts, it may be difficuit or impossible to
slow or reverse the neurodegenerative process. We have attempted
to address the importance of timing in 2 approaches. The first was
to limit the intervention to a single time point, ranging from early
in the mouse’s life to well after some disease processes, such as
denervation of the tibialis, have occurred. Using mouse clinical
measures such as disease onset or survival, timing was irrelevant
to the magnitude of benefit. Potentially of greater interest are the
data in Figure 44 showing reversal of a specific, highly quantifi-
able endpoint in this very rapid model of ALS. CMAP is the sam-
mation of the amount of functional innervation to a given muscle.
The fact that this measure increases in mice in the ASO treatment
setting demonstrates a remarkable ability for the motor system
to recover. Concomitant with this, there was decreased dener-
vation at the newromuscular junction, reinforcing the functional
recovery (Figure 4B). We also demonstrated that serum and CSF
pNFH levels, which are increased in rodent and human ALS, were

decreased by this therapy. This defines, for the first time, serum

and CSF pNFH levels as a pharmacodynamic marker for ASO
therapy. Perhaps even more importantly, these neurofilament
data suggest that any particularly effective therapy in humans
may reverse the rise in serum/CSF pNFH. Taken together, these
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Figure 5, SO0 ASO lowers S0D1 in nonhuman primate CNS and CSF. (A-C) The safety of the ASC was assessed in cynomolgus mornikeys, which also provided
an opportunity to understand the on-target activity of the ASQ and the utility of SOD1in the ceretrospinal fluid as a3 marker of target suppression in the
tissue. Monkeys wera dosed with artificial CSF or 4, 12, or 35 mg ASO 1, with each monkey receiving 5 doses. One weel after the final dose, 50D1 mRNA and
protain wera quantified and associated with ASO concentration across brain regions. (8) A dose-dependent lowering of mRNA across CNS regicns, including
the iumbar spinal cord, was observed (71 = 6, average + SEM). L, lumbar; Th, thoracic; Cery, cervical; Fr, frontal certex; Motor, mator cortex; Hip, higpocam pus;
Pons, pons; Ch, cerebellum. (B) A pharmacokinetic/pharmacodynamic relationship could be observed, with an estimated IC,, of 20 pg/g tissue {n =126, rach
point representing one tissug). (€) A dose-dependent lowering of SO protein across CNS reginns, including the Iurnbarspmal cord, was observed {n =6, aver-
age + SEM). aCSF, artificiai CSF. () A dose-dependent {owering of SOD1 protein in CSF as compared with the vehicle-treated group was observed {1 = 6; line,
average; 4 mg, 2 = 0.0013; 12 mg, £ = 0.0006; 35 mg, = 0.0003; 1-way ANGVA), **P < 0.005; ***P < 0,001. {E) C5F 5001 protein remains significantly reduced
as compared with day 0, reughly 100 days following the last intrathecal ASO administration (n = 6, average + SEM; ¥***P = 0.0001; T-way ANOVA).

data show reversal of neurodegeneration and define electrophysi-
ologic and serum pharmacodynamic markers that can be divectly
transiated to human clinical studies. miR-218, a motor neuron-
specific microRNA, also shows changes in CST with SOD1 ASO
treatment in SOD1* rats and may be another outstanding phas-
macodynamic marker for motor neuron-targeted therapeutics
(23). Measuring miR-218 in human CSF will be a critical next step.

Clinical trials in a rare population such as SOD1-related ALS

may be challenging given the relatively small number of patients
affected by the disease, but much of the groundwork for such a
trial has been established. Natural history studies of SOD1 ALS
have defined swrvival times in this patient group. For people with
A4V mutations in SODI, which represent 50% of the SOD1-asso-
ciated ALS population in the United States, survival is 1.2 vears, If
we anticipate a change of 30% in survival in patients, as few as 52
participants weuld be needed to determine if an ASO changed sux-
vival (25). An even more important first step in clinical trials is to
determine if SOD1 in the CSFis lowered by the ASQ. The NHP CSF
data included here demonstrate that an intrathecally adminis-
tered ASO can reduce CSF target protein concentrations, confirm-
ing CSF protein as a translational pharmacodynanzic end point.
Similar clinical measures of CSF SOD1 protein are crucial to dem-
onstrate drug action and pharmacodynaniic activity for ongoing
clinical trials (24). Recent SOD1 protein kinetics (26) have detex-
mined the half-life of CSF SOD1 it humaus to be 25 + 7.4 days.
One concern for this approach is the safety associated with

55679194A__ | >

loss of SOD1 expression. While safety will remain an important
consideration in human clinical studies, for SOD1 ALS there are
several data points that provide some reassurance. Asnoted above,
extensive evidence supports the primary toxicity of SOD1 muta-
tions as resulting from gaining a novel toxic property. Overexpres-
sion of mutant SOD1 in mice or rats mimics important aspects of
ALS in humans, including loss of neuromuscular junction innerva-
tion and motor neuron death (1, 2). Loss of SOD1 results in motor
neuron dysfunction but not motor newron death (3, 4), and nei-
ther loss nor increase of normal SODI activity in mouse models
of SOD1 ALS alters survival (27). In humans, individual disease
mutations are associated with varying levels of SOD1 activity, and
some patients with disease-causing mutations even have appax-
ently normal SODI activity (7). Lastly, SOD1 ASOs have been
found to be safe in humans {9). A clirical trial based on this prior
work and the work presented here is already underway in SODl-

related ALS (NCT02623699) using ASO L.

For many neurodegenerative diseases, the proteins mlpi icated
by genetic forms of the disease are also implicated in the pathways
or pathology of 2 broad number of cases. Based on this experience,
it was anticipated that SOD1 would be involved broadly in ALS.
The data regarding this issue are not yet clear. Using some staining
protocols, misfolded SOD1 may be found in pathological samples
from non-SOD1 genetic ALS (28). Howeves, other studies have
not replicated these findings {29). The simple explanation of using
different reagents and samples does not fully explain the discrep-
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Table 1. Antisense ofigonuciestides

inactive ASO (in viva}

Cligonucleotides containing phosphorothisate backborne modificaticns
{unmodified phosphadiester linkages noted with red o) and MOE (orange}
and cEt {blue) groups in the 5" and 3 wings were targetad to the 3' UTR of
SOD1mRNA (ASO 1, ASO 2, and ASO 3}, exon 1of SODT mRNA (3338M1), or
nothing in the rodent genome (inactive ASOs). The sequences evaluated
and the location of chemical modifications are provided. Differant control
{inactive) ASOs were used for in vitro and in vivo studies. All cytesine -

: res'dLes are 5' methylcyto'ﬂe '

ancies. Perhaps most intriguing are data showing that lowering
SOD1 in hurman astrocytes or oligodendrocytes decreases the tox-
icity of these cells to cultured motor neurons (30, 31). Overall, while
these data are suggestive that SOD1 may be involved more broadly
in ALS than the 196-2% of the ALS population with genetic SOD1
mutations, the data are not vet strong enough to push forward a
SOD1-lowering therapy in ail ALS. As further data emerge on SOD1
in sporadic ALS and as we learn more about safety and efficacy of
ASOsin the SOD1 genetic population, SO ASOs for ALS without
known SODI mutations will likely need to be reconsidered.

ASO therapeutics for neurclogic diseases are in clinical trial

- or are anticipated shortly for clinical trial for a number of dis-
orders. Phase III trials for a splicing ASO for spinal muscular
atrophy (SMA)} were stopped early because of success and led
to recent FDA approval of these drugs for clinical use (14). A
splicing ASO recently received conditional approval for Duch-
enne mmwlar dystrophy (32). ASOs for Huntington’s disease
are currently in phase I trial in Europe. ASO lowering of tau
showed impressive efficacy in mouse preclinical studies {12)
and is in easly clinical trials (NCT03186989). ASOs targeting
COORF72 expansions that cause ALS/FTD showed efficacy in
stem celi~derived neurons (33, 34) and mouse models (35) and
are likely to be in human clinical trial in the near future. Thus,
the approach outlined here for targeting mRNA in the brain and

“spinal cord with ASOs is increasingly being used for newrologi-

- cal disorders and hopefully will become part of a clinical treat-
ment paradign, as in SMA. :

While we are enthusiastic and encouraged by the demonstra-
tion of reversal in these studies, we recognize that these results
may or may not directly translate to humans. Subsequent data
from human clinical studies compared with the data presented
here may be the best opportunity to fully evaluate the transia-
tional potential of SOD1 models. There has been much prior
criticism of SOD1 models and their failure to predict efficacy in
humans, but for the vast majority of these failed clinical studies,
2 important components were often missing: first, a demonstra-
tion that the pathway targeted by the drug was involved in the
participants being treated; and second, a pharmacodynamic

The journal of Clinical Investigation

marker to demonstrate that the drug worked as designed in
humans. The ASC SOD1 trial in humans with 80D1 ALS is
directly on target and the pharmacodynamic marker, SOD1 in
the CSF, has been clearly defined (26). . _

There are other methods to target SOD1 mRNA. Indeed,
recent data in animal models using virally driven RNAi showed
promising results (36, 37). While there may be some additional
issues surrounding delivery of virus, these strategies are plau-
sible. Antibodies that target SOD1 are Lurrer'tly oeing devel-
oped (38-41). In addition, small molecules taxgeting SOD1 have
been considered. Pyrimethamine has been tested in phase 1/11
trial and showed an approximately 10%-15% lowering of SOD1
in CSF (42). Arimoclormol, z heat shock protein activator, was
tested in rapidly progressive ALS. Patients treated with arimo-
clomol showed a trend toward longer survival (43). It is possible
that some of these approaches could be used in _conjunction with
ASQs. Al mcmdmg ASOs, require ongoing studies in human
SOD1ALS to determine success.

In conclusion, ASOs targeting SOD1 show extension of sur-
vival in $OD1 mice and rat models and reversal of CMAP. These
ASOs are also effective in NHPs. Given the growing experience
with ASOs in clinical trials, the new SOD1 ASOs are an exufmb
therapeutic for human SOD1 ALS.

Methods

Antisense oligonucleotides. The a;l"lSCl‘St, oligonucleotides used in the
present study are described in Table 1 and were manufactured and
provided by Ionis Pharmaceuticals.

Intrathecal bolus injection in the rar. SODIS™ transgemc rats
received a 30-pl intrathecal bolus injection via polyethylene catheter
placed between the L3 and L5 vertebrae of the lumber spinal cord, as
previously described (44). For proof-of-concept studies, 65-day-old
rats were given 1000 pg ASO 1, ASO 2, ASO 3, ASO 333611, inactive
AS0O, or an artificial cerebrospinal fluid (aCSF) vehicle control. All
ASOs were provided by Jonis Pharmaceuticals and diluted in aCSF. All
treatment groups were sexual phenotype- and litter-matched to con-
trol for drift in copy count or sexual phenotype-inducéd variances. In
addition, researchers were blinded to the identity of the ASC at the
time of treatrent and throughout the duration of the experiment. For
pharmacokinetic and pharmacodynamic studies, adult animals were
dosed and tissue was collected 2 weeks after dosmg for RNA quantl‘x—
cation, unless otherwise noted.

Dosing of mice. Intracersbroventricular (i.c.v.) mfusmns were
petformed as previously described (45). Surgeries were conducted

according to Biogen Guidance for Aseptic Rodent Surgery. Animals
were anesthetized by isoflurane inhalation. The eyes of the animal

vere treated with ocuiar lubricant. The fur of the scalps and anterior
backs were clipped and the animal was placed in a sterectaxic appara-
tus. Buprenorphine was administered subcutanecusly prior to incision
(1.0 mg/kg). An 11.5-cm, slightly off-center incision was made in the
scalp. A 25-gauge needle attached to a Hamilton syringe was placed
at bregma level and the needle was then moved to the appropriate
anterior/posterior and medial/lateral coordinates (0.2 mm rmtenor/
posterior and 1 mm to the right medial/lateral). The proper amount
of injection solution was injected at rates of approxiruately 1 ul/
secand for a total of 10 pl. This flow rate has been shown to deliver
sufficient compound with consistency and no side effect to the animal.

B
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The incision was sutured closed using 1 horizontal mattress stitch with
50 Ethilon suture. Depending on the experiment, mice were injected
either once (atday 35) or twice (at day 50 and day 94) in order to obtain
sustained mRNA lowering of SOD1.

Motor assessments in the ras. Prior to surgery, rats wers assessed for
baseline weight and general motor capabilities. Following surgery, rats
were monitored weeldy for changes in these values. Weight loss was cal-
culated from the time of surgery to identify disease onset (peak weight)
{46). When an animal began to show patalysis in any portion of the body,
a HydroGel pack (Clear H,0) was placed on the bottom of the home cage
to limit dehydration. Monitoring continued until the rats reached end-
stage, defined as loss of the ability to right itself after being piaced on its
side, or inability to ambulate from a given location. The date of end-stags
and subsequent ¢uthanasia was recorded for survival analyses.

Euthanasia and tissue collection. For proof-of-concept studies,
upon reaching. end-stage, rats were exsanguinated by transcardial
perfusion with heparinized (0.03%) PBS. Sections of the brain and
spinal cord were flash frozen in liquid nitrogen for RNA and protein
analysis. For pharmacodynamic and pharmacokinetic studies, follow-
ing in-life corpletion, anirnals were euthanized by CO, asphyxiation
as approved by IACUC protocol. For RNA analysis, 2-mm sections of
jumbar spinal cord were collected. Adjacent to the RNA sampling,
pieces of lumbar cord were also collected for ASO quantification. Each
dissected region was then frozen at ~80°C until analysis.

Rotarod in mice. Mice were given 1 day to become familiar with the
rotarod apparatus before the test by placing them on a rod slowly rotat-
ing at 2 rpm for 5 minutes. To determine motor function deficiency,
mice were put on the rod at increasing speeds from 2 rpm to 40 rpmin
180 seconds and at 40 rpm for an additional 60 seconds. Tests were
given 2 times in a day. Mice were tested once a week starting at 80
days of age until they could not stay on the rod for at least 30 seconds.

Compound muscle action potential. CMAP recordings were per-
forrned at the indicated time points under isoflurane anesthesia. Dispos-
able monopolar 28-gauge needle electrodes wete used for stimulation
and recording. The sciatic nerve was stimulated near the sciatic notch
with constant-current monophasic square-wave puldses (0.1 millisecond
duration, 2-second intervals). For CMAP recordings, the recording elec-
trode was placed intrarnuscularly 1 rm deep in the tibialis anterior, Stim-
ulation current was increased until a maximum CMAP was obtained,
and recordings were performed using a current level 0.5 mA above this
value {supramaximal stimulation). The amplitude represents the peak-
to-peak amplitude of the biphasic CMAP waveform (averaged over 4
stimuli). For each animal, right and left leg amplitudes were averaged.

NM]J staining and counting. Tibialis anterior muscle samples were
postfixed in 4% paraformaldehyde (PFA) for 15 minutes after collec-
tion and then incubated into 20% sucrose for 24 hours for cryoprotec-
tion. Sampies were shipped to Clarapath Inc. for analysis. All samples
were sectioned using the Clarapath Inc. tape-transfer system at 20
pm in a cryostat. Sections were collected directly onto glass slides.
Slides were stained with a rabbit antivesicular acetylcholine trans-
porier (VAChT; 1:11,000); the antibody was provided by Target ALS
through Covance. The secondary antibody used was Alexa Fluor 488
donkey anti-rabbit (Life Technologies). All slides were counterstained
with TMR-e-bungarotoxin (Life Technologies) at a concentration of
1:750. All stained slides were imaged using a x20 objective (0.75 NA)
at a resofution of 0.45 pm/pixel. A single focal plane was collected for
all samples. A multiband fluorescence filter set was used to simulta-
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neously image GFP and RFP. Both automated and nianual counting
methods for TMR-u-bungarotoxin and VAchT were performed.

PNFH quantification. pNFH serum levels were measured through
the ELLA microfluidic ELISA platform (Protein Simple) according to
the manufacturer’s instructions. Briefly, a' maximum of 100 @ blood
was collected through facial vein puncture at the indicated time points.
Serum samples were prépared by centrifugation of BD Vacutainer S8T
tubes (BD Diagnostics) and stored at -80°C until used.

Gyrolab assay for misfolded SODI protein. Rat spinal cord samples
were homogenized in 50 mM Tris pH 7.4, 100 mM NaCL, 10% glycerol,
1% Triton X-100 and then diluted at 1:30. Misfolded SOD1 protein was
measured with the following antibodies: capture antibedy D3HS5 (40)
(working concentration: 100 pg/mi); and detection antibody B&H10
{working concentration, 50 nM; Medimabs MM-0070-P). Concentra-
tions were measured on a Gyrolab XP Workstation based on a standard
curve of denatured recormnbinant human SOD1 protein.

Cynomolgus monkey SODI protein guantification. Protein levels
were measured using an ELISA method specifically qualified to quan-
tify the amount of SOD1 in cynomolgus mornkey brain tissue and CSF.
Briefly, microtiter plates wete coated with SD-G6 antibody diluted in
0.2 M carbonate-bicarbonate buffer and blocked with SuperBlock-
PBS {Thermo Fisher Scientific) for 2 hours at ambient temperature.
The SOD1 reference standard was generated at Biogen and was used
to prepare standards and quality controls (QCs) to final concentrations
in SuperBlock-PBS. Cynomolgus brain tissue, CSF samples, and the
endogencus QC (EQC) were diluted 1:64 with SuperBlock-PBS. Plates
were incubated for 1 hour with sample, washed, and then incubated
with 2.5 pg/ml SOD-100 antibody diluted in SuperBlock-P3S for 1
hour, then washed and incubated for 1 hour with 1:32,000 dilution
goat anti-rabbit IpG HRP-conjugated antibody. After washing, T™M
substrate was added. '

Study approval and experimental animals. SOD1%* rats (Taconic
Biosciences, model 2148) were bred in-house on a Spragne-Dawley
background. All rats were kept on a 12-hour light /dark cycle. SOD19%2
mice (B6.CgTg(SODL*G93A)Gur/]) were bred and maintained at the
Jackson Laboratories breeding facility. Food and water were provided
ad libitum. Breeding and experimental procedures were completed
in accordance with an animal use protocol approved by the Animal
Studies Committee at Washington University School of Medicine,
Biogen, and lonis Pharmaceuticals. All mouse studies were conducted
using female animals only.

The NHP study was performed at Covance Laboratories GubH.
Covance Laboratories GmbH test facility is fully accredited by the
AAALAC. All procedures in the study plan were in compliance with
the German Animal Welfare Act and were approved by the local
IACUC. Briefly, 30 healthy cynomolgus monkeys (Macaca fascien-
laris) approximately 2-5 years of age and between 2-6 kg in weight at
study start were used for testing. NHPs were administered, by intra-
thecal bolus injection, 5 doses of ASO oraCSFon days1,14, 28,56, and
84 with 1.0 ml dosing volume using a 35 mg/mi dosing solution. NHPs
were euthanized on day 91. CSF collection was performed predose
at day 1 (baseline) and at day 91, just before necropsy. To determine
the time frame for SOD1 protein recovery, CSF was collected from a
separate cohort of animals predose on day 1 (baseline), and predose
on days 56, 91, 112, and 119. NHPs received neurological examinations
predose ondays 1, 14, 28, 56, 84, and 91 and at least once every 2 weeks
between days 28 and 91.
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- Statistics. P < 0.05 was considered sigrﬁﬁcant for all stud-
tes. For survival studies for mice and rats, a log-rank Mantel-Cox
test was used. One-way ANOVA followed by Tukey’s post hoc
test was performed for Figure 5, D and E. IC,, values were cal-
culated with the foromila log ‘(inhibitor) vs. response - variable

slope {4 parameters), using Prismé software forrula log (agonist)

vs. response - find ECanything, with the following constraints:

bottom > 0, top =100, ¥ =50 for ED,j and EC,, and F = 80 for EC_,
For all other comparisous, & 2-way ANOVA was used.
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A Revamargenos of Antisense Technology

Recent years have seen a re-emergence of antisense oligonucle-
otides (ASOs) as valuable tools to inform on disease mecha-
nisms and as powerful therapeutics for disease intervention.
Part of this recent success can be attributed to improvements
made to the ASO structure and chemical modifications that
have made ASOs more advantageous and efficient as potential
strategies for the treatment of disease. ASOs can exert their
gene-targeting effects through different mechanisms of action,
making them amenable to a variety of molecular targets. and
disease processes. These advancements in ASO technology
have been coupled with the surprising empiric finding that,
despite being highly charged and large, ASOs distribute widely
throughout the CNS when delivered to the cerebral spinal fluid
(CSF). This characteristic has greatly enabled the application of
ASOs as therapeutic strategies for CNS disorders, many of
which currently have no adequate treatment.’

The first ASO to enter clinical trial, targeted against p53 in
acute myelogenous leukemia, drew upon 20 years of chemical
advancements prior to its introduction in 1993 (R
}). This milestone was closely followed by the flrst market
approval for the antisense therapeutic, fomivirsen, in 1998 for
the treatment of cytomegalovirus retinitis in patients with immu-
nodeficiency (Manwick, 1398). Since then, numerous ASOs have
progressed to human clinical trial for diseases, including cancer,
diabetes, and muscular dystrophy (5 2,
taking advantage of the various mechanisms and synthetic
structures now available for the design of ASO therapies. Neuro-
degenerative diseases, specifically, are in imminent need of an
effective therapy, and ASOs offer one possible strategy. Consid-
ering the remarkable clinical trial successes that, to date, have
been achieved in diseases like spinal muscular atrophy and
amyotrophic lateral sclerosis, -researchers and patients are
enthusiastic about ASO application to neurodegenerative dis-
eases. Many neurodegenerative diseases collectively are char-
acterized by the dysfunction or abnormal accumulation of toxic
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proteins. Therefore, strategies aimed at reducing levels of the
toxic protein or creating non-toxic modifications are attractive
approaches for clinical development. ASOs and their gene-tar-
geting effects provide a promising solution, and their successful
translation from rodent models to human patients underscores
their vast potential.

Antiseonse Oligonuciestide $rructure and

2

Hamessﬁ\: &
Frnvotioe
Stevoture and Chomvdoa! Modifoalions
ASOs are small, single-stranded sequences of DNA, 8-50 base
pairs in length, composed of a phosphate backbone and sugar
rings. The structure and sequence allows for specific, comple-
mentary matching with target RNA by Watson-Crick base pair-
ing. ASO properties, including solubility, binding, potency, and
stability, derive from various madifications to both the backbone
and sugar rings. Backbone modifications both increase affinity
to the RNA target and protect the ASO from nuclease degrada-
tion. One of the first and most commonly used modifications
made to the phosphate backbone replaced the singly bonded
oxygen group with a sulfur ion, creating a phosphorothioate
(PS) linkage (Fig ). This modification endows the ASO with
enhanced stability and protection against nuclease degradation,
increased binding to plasma proteins to maintain stable concen-
trations in serum, better cellular uptake, and the ability to recruit
RNase H enzyme for target degradation (Rennatt and Swayss,
2010). A major disadvantage to the PS backbone modification
is the potential mflammatory response generated at high con-
centrations (oo 17) and prohibitive affinity for plasma
protein binding (& ¥1), which may produce adverse
effects and other llmltatlons in a clinical setting.

Creating PS molecules and other ASOs with nuclease
resistance and enhanced potency must be balanced against
activation of the innate immune response. For instance, CpG
oligodeoxynucleotides motifs (i.e., an unmethylated “C” fol-
lowed by a “G” base separated by a phosphodiester linkage,
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Decades of synthetic chemical research have produced various ASO structural designs to enhance the pharmacokinetic properties, target affinity, and tolerability
profile for ASO application. Common modifications have been made to the phosphodiester backbone to create phosphorothioate (PS) DNA, morpholino, and

peptide nucleic acid (PNA) designs, which all confer excellent nuclease resistance for more potent ASO activity. Notably,

PS designs exhibit stability and high-

binding affinity to proteins, enabling efficient uptake into cells and support RNase-H-mediated cleavage of the target. Therefore, PS modifications are broadly
employed in preclinical studies and are the primary design for human clinical trials for spinal muscular atrophy (SMA), amyotrophic lateral sclerosis (ALS), and
Huntington’s disease (HD). In combination, 2’ ribose substitutions —2' -O-methyl (2'-0-Me), 2'-O-methoxyethy! (2'-MOE), and locked nucleic acid (LNA)—greatly

enhance target binding,

increase resistance to degradation by nucleases, and generally confer less toxicity than unmodified designs. Uniform 2’ modifications

support non-degrading mechanisms of action, including splice site modification and translational inhibition; however, introduction of a “gapmer” strategy will
permit RNase-H-mediated activity. Both 2-O-methyl and 2'-0-methoxyethyl modifications are commonly used in preclinical research and clinical trials.

common in particular base sequences) are potent immune acti-
vators (Younis et {3) and, therefore, are often avoided in
designing ASOs for in vivo application. An exception might be
when immune stimulation is a desired property, for example
with immunotherapies (Voffmer andd Kriag, 2008). Yet, even
with these considerations, it is likely that all ASOs are recog-
nized as foreign DNA by toll-like receptors of the innate immune
system. Much of the chemistry at the 2/ position has been
focused on ways to stabilize the ASO without activating an im-
mune response. In concert with the PS backbone modification,
recent ASO pharmacology typically includes 2/ ribose sugar
modifications (Figure 1). Of these, the 2-O-methyl (2-O-Me)
and 2'-O-methoxyethyl (2'-MOE) are the most frequently
used, enabling stronger binding affinity to target RNA and
enhanced resistance to nuclease degradation (Bennatt

. 2010). These modifications may help to overcome
the disadvantageous immunostimulatory properties of the PS
backbone. Both 2'-O-Me and 2'-MOE design are reported to
have a lowered pro-inflammatory response 'and be well toler-
ated compared to unmodified motifs (Havin
i, %). ASOs consisting of fully modified 2 sugar moieties
do not enable RNase H enzyme activity but instead support
non-degrading ASO mechanisms, such as changes to alterna-
tive splicing or translational inhibition (Bennstt ansd Swaves,
#010). Activating RNase H and thus cleaving the target mRNA

o

R PO Ve
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requires a creative pharmacologic manipulation to produce a -

chimeric or “gapmer” design, which takes advantage of the
tolerability of 2'-O-Me or 2/-MOE sugar rings combined with
the RNase-H-mediated degradation property of the PS back-
bone (Figure 1). A gapmer consists of 2 modified sugar ring ba-
ses separated by a central region of unmodified nucleotides to
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enable target degradation without inducing overt inflammatory
responses (Geary ot ai, 2418).

ASO chemistry continues to evolve, and madifications,
including a morpholino backbone, peptide nucleic acid (PNA)
chemistry, and locked nucleic acid (LNA) modifications, are
becoming more prevalent in preclinical and clinical use (% 1).
Both morpholinos and PNA designs afford highly' stable RN
complementarity and, although they do not stimulate degrada-
tion of their target, they are useful for other mechanisms of action
discussed below (Renvett #0148). LNA sugar moi-
eties are similar to the 2’-O-methyl structures but exhibit greater
potency and can be designed to support RNase H activity.
Although these modifications are advantageous for their potency
and nuclease-resistant properties, problems associated with
toxicity or poor penetration continue to be explored (Maidaiion
{ 20G7). As various ASOs move closer
toward clinical trial, ASO design remains an important averiue of
development. -
Mochanisms of Sofion
Before ASOs can exert their gene-modulating effects, they must
overcome membrane barriers and traffic to subcellular locations,
typically the nucleus. These events can be viewed as limiting
steps for ASO activity and underscore the importance of effec-
tive chemical designs to modulate both uptake and distribution
at the cellular level. The proposed entry method of ASOs into
cells involves association with high- and low-binding plasma
proteins, intemnalization into lysosomal or endosomal compart-
ments, and trafficking within the cell (Gsary st ai., 20+8), although
the exact details of these processes are complex and may
differ across cell types. A recent review of phosphorothioate
ASO cellular uptake and intracellular trafficking summarizes
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Figure 2. Common AS0s Mechanisms of Action

MECHANISM

When administered, ASOs bind to target RNA with base pair complementarity and exert various effects based on the ASO chemical structure and design. Three
mechanisms, commonly employed in preclinical models of neurodegenerative disease and human clinical trial development, are shown. These mechanisms
include mRNA target degradation via recruitment of the RNase H enzyme, alternative splicing modification to include or exclude exons, and miRNA inhibition to

inhibit miRNA binding to its target mMRNA.

the reported receptors, proteins, and pathways involved
(G #307). In brief, proteins that interact with ASOs at the
cell surface and within intracellular organelles, in part, determine
their subcellular trafficking and escape into the cytosol; however,
many questions regarding specific protein interactions remain
unanswered. Once inside cells, ASOs are able to travel between
the cytosol and nucleus via proposed binding to cellular mole-
cules (iar al., 200Q). The single-stranded ASOs bind to
their target RNA through Watson-Crick base pairing, which, de-
pending on the target and ASO design, can trigger distinct mech-
anisms of action by which the ASO ultimately degrades or mod-
ifies its target. These mechanisms can be divided into several
common categories, discussed below: RNase-mediated degra-
dation; MRNA modification; or microRNA inhibition (Figrs 2).
RNase-mediated degradation is particularly advantageous in
the context of many neurodegenerative disorders in which a
distinct RNA/protein dysregulation or accumulation is recog-
nized as the central cause of disease. It is not surprising, there-
fore, that RNase activation continues to be employed in preclin-
ical ASO development and several clinical trials. Degradation of
the mRNA target via this mechanism begins in the nucleus,
where the DNA-RNA pairing of ASOs to their mRNA target
triggers recruitment of the enzyme RNase H1 (¥ ot ai. 3).
Binding of the ASO to mRNA mimics the DNA-RNA binding
that occurs during DNA replication, in which RNase H cleaves
the RNA primer from newly synthesized DNA (Js {
#008). For ASO therapeutics, destruction of the mRNA
prohibits its translation into protein, yielding a reduction of the
intended target. RNase H activation is facilitated by the PS back-
bone modification or gapmer ASO design. Because RNase
H specifically cleaves RNA, the ASO itself avoids degradation
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and, therefore, is able to bind to additional target mRNA,
enabling sustained mRNA and, in tum, protein reduction.
Destruction of the cognate mRNA is the most common
mechanism by which ASOs are used, yet several additional
mechanisms can be employed to achieve protein lowering or
manipulation (S 3 #314). Other possible mech-
anisms of ASO-mediated protein reduction include translational
inhibition or altered RNA stability via RNA modification.

RNA modification is a second, common mechanism by which
ASOs can function. Acting within the nucleus, these ASOs pair
with the target mRNA but, given their design, will not initiate
the direct degradation of the mRNA. Instead, ASOs modify the
mRNA at the &' cap or polyadenylation site to prevent mRNA
translation or alter RNA stability, thereby lowering the intended
mRNA and protein in a non-degrading fashion (Beniet
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Bwayzs, 2010). In addition, one surprisingly effective_use of

RNA-modifying ASOs has been to change alternative splicing
patterns of mRNA. ASO binding to intron/exon junctions can
affect recruitment and binding of splicing factors or destabilize
splicing sites (Mavens and s, 2019). Such a strategy

might be most beneficial for disorders with a known splicing

_defect to either restore protein function or to exclude mutated

stretches of DNA. The degree of shift in splicing patterns has
been striking in animals, as will be discussed below, and has
advanced to successful clinical trial use. The most notable of
these is the ASO design to promote the inclusion of exon 7 in
the survival motor neuron (SMN7) gene, now US Food and
Drug Administration (FDA)-approved for the treatment of spinal
muscular atrophy (FUANsws] 38,

ASOs can also act through binding of microRNA or other small
RNA targets to inhibit their actions. MicroRNAs are sequences of
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- approximately 22 base pairs in length and function in the regula-
tion of gene expression through binding target mRNAs. ASOs act
by binding these microRNA (miRNA) targets to inhibit theirmRNA
|nteract|on by sequestration or degradation (Davis at &, 2008,

disease states, including cancer, virology, and neurodegenera-
tive disease, highlighting these small RNAs as potential targets
for therapeutic intervention. This strategy is already being
applied successfully in clinical trials for hepatitis C infection
(danssen-at al, 2013), Aithough no miRNA-targeted ASQ for
neurodegenerative disorder is in clinical use, emerging knowl-
edge on the roles of MiRNA in disease continues to provide moti-
vation for their future application to human patients.
GNS
In order for ASOs to be effective, they must achieve delivery to
affected regions or cells at appropriate concentrations. In addi-
tion, they must be stable and maintain efficacy over time for
feasible treatment throughout the course of disease. Diseases
of the CNS often pose problems that limit efficient and effective
drug delivery. Most notably, the blood brain barrier restricts entry
of certaln molecules based on size, charge, or solubility (Far

>, 1848), which will not only limit the effective concentra-
tions that reach the brain or spinal cord but also completely
exclude certain drugs. ASOs lack the ability to cross the blood
brain barrier, a limitation that was initially considered a reason
for their exclusion as a therapeutic approach for neurodegener-
ative diseases. However, in the clinical setting, multiple drugs,
including chemotherapies, some spasticity medications, and
pain medications, are routinely delivered to the CSF that circu-
lates throughout the CNS (Raitros ard Otwisto, 2014), Despite

Reffvary Mathods fo fHhe

{

the prediction that highly charged ASOs would remain localized
to the site of CSF infusion, empiric data strikingly show
wndespread distribution throughout the brain and spinal cord in

G ) 3) usmg intraven-
tncular or |ntrathecal injection. Intrathecal ASO delivery has
already been implemented in human clinical trials for amyotro-
phic lateral sclerosis and spinal muscular atrophy W|th safe
and tolerable results (Ch 2 @ 213).
The adequate distribution achleved with mtrathecal delivery
and the growing clinical experience with ASO delivery by this
method will likely lead to an increasing number of clinical studies
being performed with an intrathecal delivery route. Intraventric-
ular delivery in humans remains open to further study and may
have some practical advantages in patients with anatomic
abnormalities, such as severe scoliosis, that make intrathecal
delivery more challenging.

Intraventricular or intrathecal injections are relatively invasive
“compared with orally delivered medications, yet thus far have
been well tolerated. Ongoing research is focused on developing
novel ASO delivery methods for the CNS, including oral, subcu-
taneous, and intranasal routes. Success with intrathecal delivery
4programs, including current and potential commercialization of
some ASO candidates, is likely to spark innovative approaches
to make a successful therapy even easier to administer. On the
other hand, with the urgent need for neurodegenerative disease

85093439A__|
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5). Dysregulation of miRNAs has been identified in numerous

Y

therapies, intrathecal delivery will likely continue as a standard
method.

Chatlenges for Antisense Spplication

Potentis! Side §fteats

One general concern often raised regarding ASO appllcation for
human diseases is the possibility of adverse side effects. ASO
toxicities and off-target effects are known to be both sequence
and chemistry dependent, and thus, each ASO molecule must
be considered independently and with a complete toxicology
evaluation. However, there are some general points to consider.

The first consideration is on-target toxicity as a result of
lowering levels of a total protein. The effects of gene deletion in
rodents provide a useful first-pass evaluation of the potential
toxicities resulting from protein reduction, but these models
have the potential to be over-interpreted in both directions.
Whereas protein reduction from birth— as in knockout mouse ex-
periments —may be deleterious, lowering this same protein in the
adult—as is proposed in many ASO programs —may be very well
tolerated. Conversely, protein reduction from birth may be
assumed safe, but this conclusion may be misguided by the
known caveat for potential compensation of gene deletion in
mice. ASO administration with substantial lowering of mRNA
and protein in diseased and age-matched rodents and in non-
human primates may provide the best reassurance of safety
for an ASO approach. Yet, ASO studies in non-human primates
are typically in a relatively small number of animals and for limited
periods of time. Thus, the broad array of potential problems
associated with lowering protein levels remains unknown and
is still challenging to predict in the adult human. For many neuro-
degenerative diseases, this small theoretical risk is dwarfed by
the ongoing, known hazard of the disease-causing protein, yet
ASOs will continue to be evaluated for their on-target toxicity in
preclinical and clinical testing.

Second, concems for “off-target” toxicity focus on binding to
other mRNAs and immune activation. For human clinical candi-
dates, each ASQ is screened in silico against the human genome
and “hits” with one, two, or three mismatches are empmcally
tested for ASO medlated changes of these mMRNAs (Hamnia

RS al d). Thus, ASOs with potentla

overlap can be routinely screened against. In vivo, the ASO is
recognized as foreign DNA by toll-like receptors and Ilkely
causes “off-target” activation of the immune system (; wa
and Kand ). This response has been largely mitlgated
by screening for chemistries and sequences that are well-toler-
ated, such as avoiding potent immune-activating CpG motifs,
as mentioned above. Extensive research and development has
dampened some of the concerns for adverse side effects, and
preclinical -and clinical ASO application appears promising.
However, on- and off-target issues, some of which may not yet
be recognized, remain an important consideration.
Afternative dpproaches

In areas of research for which ASO application may be currently
limited or absent, altemative approaches for mMRNA and protein
modulation are available, including RNAi and antibody-mediated
therapeutics, as well as traditional small molecules. RNAi uses
small double-stranded RNA molecules that are processed within
the cell and assembled into an RNA-induced silencing complex
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(RISC) for targeting cellular mRNA. Similar to the mechanisms by
which ASOs act, RNAi enables gene expression changes, such
as mRNA degradation, altemative splicing manlpulatlon miRNA
inhibition, and transcrlptlonal silencing (Alid atal, 28

argd 8 2049). In vivo delivery of the RNA sequences
requires viral packaging, and off-target effects remain a concern,
though continued research and safety data are likely to allay
some of this apprehension in the future.

A second altemative to ASOs involves antibodies that are tar-
geted against a protein of interest. Once bound to their protein
target, antibodies stimulate the host’s immune system to
sequester, neutralize, or damage that protein. Intracellular deliv-
ery of antibodies may be difficult and, therefore, ineffective
against CNS diseases that stem from intracellular mechanisms.
However, diseases with extracellular targets may benefit from an
antibody-mediated strategy. Cumulative evndence points to
extracellular proteins, |nclud|ng tau al, 2008

Ot
" L L ATIaW

6,
Sonthaeimer, &

da

amyloid

&t ), and
alpha-synuclein (Luf ot ai, s et al, 2013), as
the drivers of pathological propagatlon Wlthm the braln In sup-
port of this and the therapeutic application of antibodies, anti-
AB immunization abolished AB deposition in Alzheimer’s disease
(AD) model mice BE {}8) and anti-tau
antibody treatment cleared tau pathology in mutant tau mice
(Vanamandra ot &, 23i8). Antibodies targeted against AB,
solanezumab, and aducanumab are currently in clinical trial

e VET- 'O

Siamars ot al,
4318), suggesting antibody- med|ated therapeutics are on par

with ASOs in their clinical application.

N

Applicatian o Neuwrsdagenerative Dss
The application of ASOs for the treatment of neurodegenerative
diseases has shown great success in mouse models of disease,
allowing ASOs to be steadily applied to human disease through
clinical trial developments (Figure 3). ASOs are currently being
applied to several neurodegenerative diseases but have been
most pivotal in the treatment of spinal muscular atrophy,
completing phase |ll status and achieving FDA drug approval
within the past year. Not too far behind are ASO therapeutics
for amyotrophic lateral sclerosis and Huntington’s disease, in
which clinical trials are ongoing. These neurodegenerative dis-
eases or their genetic subpopulations may be benefiting most
readily from an ASO intervention strategy, given the well-charac-
terized, single-gene disruption that can be targeted. For this
reason and others, ASO application in Alzheimer’s disease and
related dementias continues to be challenging. Translational
success of ASOs may also be limited in different diseases, given
the predictive challenges posed by available mouse models and
by the potential downsides of long-term protein lowering. How-
ever, it is clear that ASOs and their applications continue to
develop as researchers try to harness their mechanisms of ac-
tion toward treating neurodegenerative diseases.
Amyofropivic {afers! Seferosis

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s
disease, is characterized by progressive loss of motor neurons
and muscle wasting.. Patients are typically diagnosed at age
40-70 and succumb to the disease in only 2-5 years from the
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time of diagnosis. An overwhelming 90% of ALS cases have
no known cause, termed sporadic or singleton ALS (sALS),
whereas 10% of cases comprise familial ALS (fALS) and arise
from gene mutations (= &), Of the fALS

SLE
cases, 15%—20% are caused by mutations within the Cu/Zn su-
peroxide dismutase 1 gene (SOD7). More recently, fALS cases
have been linked to the abnormal hexanucleotide repeat expan-
sion within the chromosome 9 open reading frame 72 (CYorfr2)
gene, accounting for about 40% of familial cases (M« 8
et &, 2012). Current treatment options for ALS patients are inef-
fective at halting disease progression. As major factors leading
to fALS, both C9orf72 and SOD1 have been at the forefront of
therapeutic targets for ALS and sparked preclinical research
and clinical translation of ASO therapies to human patients. In
addition, other targets for ASOs, including mlR 1565, have also
shown promise.

SOD1. Sinceitsidentification in 1993 as a contributing factor to
fALS (Nossn st al, 1988), SOD1 has become an important target
for disease intervention. Mutations in SOD7 have been identified
throughout its transcript, although the effect of the mutation on
SOD1 enzymatic activity does not correlate with disease charac-
teristics. Mouse data demonstrate that expression of mutant
SOD1 causes motor neuron disease whereas genetic deletion
of SOD1 does not (4 2{}&). Taken together,
these data support a toxnc galn of functlon associated with the
aggregation of misfolded SOD1. The first study using an ASO
to target SOD7 by RNase-H-mediated degradation identified
striking widespread ASO distribution throughout the brain and
spinal cord of rat and non-human primate, affording extensive
SOD1 mRNA and protein knockdown (Saiith ot at., 2008). This
pivotal study confirmed ASOs as an effective technique to target
CNS proteins in vivo. Importantly, ASOs were able to reduce the
mutated (G93A) form of SOD1, resulting in extended survival
Srnith ot al., 2008). Given its promising preclinical results, ASO
333611 entered phase | testing in patients with SOD7-related
fALS on January 2010 and was completed in January 2012
(NCTO1041222; yov). This first-in-man study
for intrathecal adm|n|strat|on of the ASO demonstrated an excel-
lent safety profile and established important pharmacokinetic
measurements (Miller af ai, 28313). This study did not show a
reduction in SOD1 proteln; however, low concentrations of
ASO were used as a conservative, initial test. SOD7-directed
ASOs continue to progress through clinical trial testing for pa-
tient use. In late 2015, the second generation of SOD7-targeting
ASO compound, BIlIB067 (IONIS-SOD1Rx), entered phase /Il
trial (NCT02623699; it av), with a single-
dose cohort to be followed by a multiple-dose cohort in SOD1
fALS patients. Escalating doses in this study are anticipated to
gamer more effective SOD1 reduction compared to its initial
phase | dose. Importantly, SOD1 measured in the CSF will be
an important pharmacodynamics marker for an SOD7-targeted
ASO to determine efficacy in this ongoing study and to help
direct design of future clinical trials (Urisp st al,
2013).

090#72 The emergence of C9orf72 expansion as the maost
frequent cause to date of fALS has directed efforts toward iden-
tifying its toxic role in the pathogenesis of ALS as well as fronto-
temporal dementia (FTD) (Da.dssus-Hemands: af al, 20411). Not
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Figure 8 Progression of Selecl A80 Candidaies for the Treatmant of Newrodogenarative Dissases .
Successful translation of ASOs from preclinical rodent models to human clinical trials is evident, particularly for the treatment of neurodegenerative diseases

spinal muscular atrophy targeting the survival motor neuron 2 (SMN2) gene and familial ALS targeting the superoxide dismutase 1 (SOD1)gene. The C9orf72 gene -

is an additional target in' ALS, with key pathological improvements identified in patient iPSC-derived neurons and novel mouse models. ASOs targeting the
huntingtin gene demonstrate notable efficacy in Huntington’s disease models and are in human clinical trial in Canada and Europe. ASOs for application in

development. 1,

2 5 3,

only is the normal physiological function of C9orf72 unknown,
but the exact mechanism by which the abnormal C9orf72 hexa-
nuclectide (GGGGCC) expansion mediates disease pathogen-
esis remains under debate. Loss of normal C9orf72 function,
gain of RNA toxicity, and gain of protein toxicity have all been
proposed mechariisms of disease (Ling = 201Q). Initially,
one of the major hurdles to C9orf72 research was the lack of a
rodent model that recapitulates both the molecular and behav-
foral characteristics of the disease, making it difficult to test
potential therapeutics, including ASO strategies, in an in vivo
setting. Researchers initially used human induced pluripotent
stem cell (iPSC)-derived neurons and fibroblasts from CQorf72-
positive ALS patients to test ASO efficacy with promising results
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2813). More recently, mouse maodels expressing the expanded

tal,

85093439A_ |_> -

Alzheimer’s disease and tauopathies, most notably those targeting amyloid precursor protein (APP) a
i 5 4 G

nd tau (MAPT), respectively, show promise in preclinical
1 5, -6, AL 7 Bdittae

(k)

eloped, enabling in vivo study of

et Al DOTEY SV e il o al O R.
U et al, 2018 O'Rowrke ot al, 201§,

C9orf72 gene h
ASOs (i Y
Fetars at ). .
Early studies validated ASOs that bind within the repeat
expansion or within surrounding N-terminal regions of the
C90rf72 mRNA transcript that act by either recruiting RNase H
to degrade the transcript or by blocking the interaction between
the repeat expansion and RNA-binding proteins (Dorninaty st af.,
20138). Although no reduction in RNA levels was observed with
ASOs designed to hinder RNA-binding protein interaction, they
effectively reduced toxic RNA foci (Donnetiy
ler-Touwrenne o al, 2013; al
gene expression markers (£
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supports a gain of function by a toxic RNA mechanism. The
recent development of animal models that express the abnor-
mally expanded C8orf72 gene aims to bridge the gap between
ASO appllcatlon in |PSC derlved cells and disease models (\ a ‘z‘

$oand W
i, 20 P

e ln one of these models ASOs were shown to suppress
several pathological features of C9orf72 ALS, including RNA
foci and dipeptide proteins in primary cortical neurons cultured
from mice expressing the C9orf72 expansion ((FRourke et al,
218). ASOs targsting the expanded C9orf72 gene in a novel
mouse model similarly reduced the expression of RNA foci and
dipeptide proteins and also attenuated cognitive impaimments
(cd . 28).

Together, these studies provide support for RNA or protein
toxicity as a primary disease mechanism and successful mitiga-
tion of pathology with ASO use. Because RNA foci and dipeptide
products are generated from both sense and antisense direc-
tions of the C9orf72 transcript, it remains unclear whether
reducing the antisense transcript will also be important for ther-
apeutics. Whereas deletion of C9orf72 from birth in mice does
show abnormalities (diang si ai,
raising some concerns for an ASO-mediated lowering strategy,
the short-term administration of ASO to the endogenous mouse
homoiog was well tolerated (3 L2 ~Towering
}Q13). These promising in vivo data suggest that ASOs for
CQorf72 ALS and ALS/FTD are likely to be in initial clinical trial in
the near future.
miR-155 and Other Targets. Whereas targeting SOD1 and
C90rf72 have been at the forefront of ALS research, other targets
also show promise in modulating disease pathogenesis. Intra-
ventricular delivery of ASOs against miR-155, a target miRNA
found to be upregulated in ALS tissues, resulted in de-repression
of miR-155 targets throughout the brain and spinal cord and
remarkably led to a significant extension in survival of SOD18934
mutant mice (Sutoveiy et al,, 2015; Koval et &l 2813). [tis clear
that miR-165 plays a pathologlcal role in ALS models and likely in
humans, and an ASO strategy can be effective in achieving an
improved outcome. Other preclinical studies have identified
aoetylchoilne (Gotisi 3), phospholipase A2¢ (Sciovnn-

20319), p75( {}0%), and prostate apoptosis
response 4 (Fadarsen ) as potential targets for ASOs
to mitigate ALS, and putatlve targets like ataxin -2 have been pro-
posed for future research (van der Hawead of al., 2014).
Concluding Remarks. Positive strides made in the preclinical
and clinical development of an ASO strategy have greatly
increased enthusiasm for ASOs as an applicable therapy for
ALS. ASOs have not only enabled increased understanding of
disease processes but also have shown successful translation
to human patients in the case of SOD1. Notably, this clinical
effort implemented an intrathecal administration of ASOs to
CNS in adults, a strategy that is likely to be employed in subse-
quent ASO trials targeting SOD7 in ALS and in trials aimed at
other neurodegenerative disorders.

Sprivval Masoulay Afvophy

Spinal muscular atrophy. (SMA) results from the deletion of the
survival motor neuron (SMN7) gene, a loss that is predicted to
be lethal in all other species except-human. Humans express a
second form of the SMN gene —SMN2 —which is able to partially
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restore SMN protein expression and function. The number of
SMN?2 gene copies expressed determines the degree to which
SMN function is restored, which in turn affects the severity of
the disease. SMN2 cannot fully compensate for the loss of
SMN1 in disease due to a C/T nucleotide variation within exon
7 that causes weakening of the 3’ splice site and exon 7 skipping.
The resulting protein product is unstable and degraded. There-
fore, strategies designed to improve the ability of the SMN2
gene to produce full-length, functional SMN protein are para-
mount for disease intervention. ASOs have been advantageous
in designing treatment strategies targeted against splicing regu-
latory elements of SMN2 to promote exon 7 inclusion, with
remarkably successful results in mouse models and human
clinical trials, and has led to the first FDA-approved treatment
of SMA.
SMN2 Exon 7 trans-Splicing Targeting ISS-N1. Initial efforts to
pinpoint targetable sequences within SMN2 to regulate exon 7
splicing identified an inhibitory splicing sequence, known as
intronic splicing silencer N1 (ISS-N1), located in intron 7 of the
SMN2 gene. When targeted against ISS-N1, 2/-O-Me-modified
ASOs potently stimulated exon 7 inclusion and increased SMN
protein levels in patient fibroblasts (Singh at al., 2008). When
the ASO was injected into the CNS of delta7-SMA mutant
mice during the first 10 days after birth, the ASO distributed
throughout the CNS, elevated levels of SMN protein, and
|mproved eariy postnatal body weight gain and righting response
al,, 2008), confirming the in vivo efficacy of ISS-N1-

targeting ASOs

Independent validation of the critical role of ISS-N1 in exon 7
skipping and intervention using ASOs was executed using an
ASO “microwalk” along SMN2, identifying 2'-MOE ASOs that
block heterogeneous nuclear ribonucleoprotein (hnnRNP) A1/A2
motifs within the 1SS-N1 sequence (Mt ot @i, 2008). This
ASO, termed ASO 10-27, was first tested in hSMN2 mice,
demonstrating robust exon 7 inclusion. As few as two intrave-
nous injections of ASO 10-27 were able to significantly stimulate
exon 7 inclusion (~50% of SMN2 transcripts) in the liver and kid-
ney of hSMN2 mice, and after 4 weeks of treatment, inclusion
increased to over 90% (M st al., 2008). No effect was evident
in spinal cord tissue, reflecting the poor ability of ASOs to cross
the blood-brain barrier (BBB). In an effort to achieve central
delivery, ASO 10-27 was infused directly into the lateral ventricle
of hSMN2 mice, resulting in dose-dependent, long-lasting exon
7 inclusion and increased total SMN protein within the spinal
cord (Hua =t ai,, 20310). Remarkably, a single intracerebroventric-
ular (ICV) ln]eotlon of ASO was able to curb the necrotic tail and
ear phenotype (Hua %) and restored muscle physiology
and motor function ( 2011) in severe SMA
mouse models (type Il SMA mice and Smn“’“ hSMN2**, and
SMNA7** mice, respectively). Because some SMN function is
likely required in all cells, central and peripheral administration
methods were compared to identify the best route for the most
effective outcomes. Peripheral administration of ASO surpris-
ingly provided substantial phenotypic rescue and significantly
prolonged survival (Hua @t al., 2811), suggesting a peripheral
component of SMA is very important in mouse models. Whether
peripheral administration will be a needed component in humans
remains unknown. )
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Modulation of SMN splicing was separately identified with a
morpholino oligonucleotide against the ISS-N1 SMN sequence,
which differs from phosphorothioate ASOs in its backbone
madification (Figure ). Using a morpholine design, researchers
identified a 3-fold increase in exon 7 inclusion and SMN protein
expression within the brain and spinal cord after a single ICV
injection in SMA model mice, conferring a dose—dependent
97-day extension in survival (Porensky ot al,, 2012). Restoration
of SMA expression also corrected electrophysiological and
motor unit dysfunctlon in delta7-SMA mutant mice (Aol
ot al,, 2014, 2019). Collectively, ISS-N1-targeting studies agree
on the early and central delivery of ASOs to not only correct
SMN2 splicing but also improve functional outcomes and sur-
vival. Preclinical research continues to adjust and improve 1SS-
N1-targeted ASO therapeutics to establish a more efficient and
successful compound -without adverse effects. In addition,
newly developed mouse models have enabled delayed treat-
ment paradlgms in order to fully evaluate SMN-targeted ASOs

)

ASO 10-27 or nusinersen (previously IONIS-SMNg,),
achieved clinical trial status in December 2011 with the initiation
of a phase | trial to determine the safety, tolerabrhty and dose

Wrtale
~advriate
inaitriais,

| ov). In 2016, researchers reported on phase
l results C|tlng preliminary clinical improvement without safety
and tolerability concems following nusinersen treatment in
SMA patients aged 2-14 years old (Chirthoga et al, 3018).
Only 6 years following its preclinical debut, nusinersen entered
phase Il trial testlng (NCT02193074 and NCT02292537;
hitps nicalt-ials.gov), which speaks to both the urgent need
for SMA therapies and the effectiveness of ASOs in treating
SMA. Whereas the primary data have not been released at the
time of this review, a joint press release on August 1, 2016
from Biogen Idec and lonis Pharmaceuticals stated that the
phase [l ENDEAR trial, which was conducted in type 1 SMA pa-
tients, met its clinical endpoint. Infants treated with ASO target-
ing SMN2 reached motor milestones on the Hammersmith infant
neurological examination scale (Rusinass\Wire, 2018). Whereas
we are unable to judge the strength of these clinical data and,
importantly, the magnitude of the effect at this time, meeting
the primary endpoint in a phase Il clinical study is a major
accomplishment that has since assured the advancement of
nusinersen in the market. Spinraza (nusinersen) was approved
by the US Food and Drug Administration for use in December
2016, becoming the first drug ava|lable for the treatment of
SMA in children and adults ( : 18a
SMN Repressor Element 1 and Other Regu/atory Elements In
addition to manipulating the missplicing of exon 7 via ISS-N1,
alternative strategies seek to use ASOs to target other regulatory
prateins to increase exon 7 inclusion. Exon 7 is surrounded by
- several splicing enhancers and silencers, exonic and intronic,
to intricately regulate the splicing pattemns. Raughan an
2% {2009} confirmed the presence of an additional splicing
repressor sequence upstream of exon 7. When this region,
known as element 1 (E1), was deleted, potent increases in full-
length SMN mRNA were noted, prompting the design of bifunc-
tional RNAs to target the E1 sequence. In the case of SMN, the
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bifunctional RNA consists of an antisense sequence comple-
mentary to E1 linked to an RNA segment that would recruit
exonic splice enhancer proteins. A single ICV injection of E1

bifunctional RNA into Smn—/—SMN2+/+ mice restored expres- .

sron of SMN protein and improved weight gain (Raug i
200%3). Subsequently, morpholino ASOs were found to elevate

SMN  protein expression, drastically extend lifespan, and .

improve neuromuscular junction structure in two separate
mouse models of varying SMA severity (Jsrmart of @, 2014).
This same group identified a separate target within the exon 8
splice site of SMN involved in recruitment of the spllcmg silencer,
hnRNPA1, to stimulate upstream exon 7 inclusion (Daksor ¢t 2l
2008). A modest increase in SMN protem was achleved in the
SMA mouse brain (& ., &Q08). Interestingly, a dual
treatment strategy targeted at both the ISS-N1 element and
exon 8 regulatory site produced a 2-fold increase in SMN
mFlNA and protein levels compared to single ASOs given alone
(Fag ¢ 14), suggesting that combinatorial therapy may
result in even better outcomes than already successful single
treatments. Other ASO targets, such as long non-coding RNA
(IncRNA) SMN sequences, have also shown considerable prom-
ise in modulating SMN expression and extending sur\llval in mice
(@ ¥dewalle st al., 2017).

Concluding Remarks. SMA mouse model experiments have
paved the way for translation into human patients, with Spinraza
at the forefront of clinical application. Notably, this therapy em-
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ploys one of the remarkable features of ASOs—an altemative

splicing manipulation to restore functional levels of the disrupted
SMN protein. Whereas alternative strategies, including pharma-
ceutical inhibitors, viral SMIN gene replacement, stem cells, and
small molecules are under current lnvestlgatlon U

A0S i the early
success of ASOs in cllnlcal stud|es will Ilkely make this approach
a benchmark to which others are compared. Whereas primary
data from the pivotal phase Ill nusinersen trial are not yet avail-
able, this ASO has successfully transitioned from basic research
to clinical trial. Now, with FDA approval, ASOs are a verjtable

treatment for SMA where none existed before. The success of

Spinraza ensures that ASOs will likely remain a therapeutic
option for SMA in the near future.

Sunrtingion’s Ofseass

Huntington’s disease (HD) is an adult-onset, neurodegenerative
condition characterized by both locomotor and cognitive
decline. On average, patients are diagnosed between ages 30
and 40 based on symptoms that worsen over the course of dis-
ease. HD is inherited in an autosomal-dominant fashion and
caused by abnormal expansion of a CAG repeat inthe huntingtin
(Htt) gene. Once mutant Hit is translated, the expanded polyglut-
amine (polyQ) protein likely mediates a toxic gain of function
through the formation of intraneuronal aggregates or interaction
with other proteins (Orcweay ot ai., 2R2). The
medium spiny neurons of the striatum are partlcularly affected,
yet neurons within other brain regions appear to be vulnerable
(Ru 3 #32), thus requiring a more global approach to

nsatain, 2

vating the RNAi pathway as well as by ASO, have been exten-
sively researched to achieve reductions in mutant Htt and curb
disease progression.
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Huntingtin. A major breakthrough for an ASO therapy for HD re-
ported on the in vivo effectiveness of ASOs targeted against
mutant Htt mRNA by employing several mouse models of HD
as well as testing intrathecal infusion in non-human primates
2{i12). Researchers exploited the RNase-

WiGE et <"\¥

H-mediated degradatlon,propertles of ASOs and 2'-MOE modi- -

fications for potent, stable, and tolerable ASO delivery. This
study identified that a human Hit-targeted ASO afforded a signif-
icant decrease of Htt with lasting reduction for 3 months post-
treatment. In addition, continuous infusion of the ASO resulted
in its widespread distribution throughout the mouse brain,
including deeper ‘structures of the striatum and thalamus in
neuronal and non-neuronal cells (i ox atal, 2012), sug-
gesting Hit ASOs are able to penetrate brain structures to reach
the affected cellular populations. Remarkably, an.~50%-80%
reduction of mutant human Hit mRNA was achieved in most
brain’ regions. Pre-symptomatic and post-symptomatic ASO
administration.in an HD mouse model (YAC1 28) lessened dis-
ease phenotypes (‘\t rdasiowion ot al, 2013 Stanek ot al.,

2013), and when applied to.a more severe, qUIckIy progressing
HD mouse model (R6/2), ASO treatment afforded a-significant
extension in survival (Kordasiawt 21¥). Whereas debate
still exists regarding how well mouse models recapitulate human
disease, ASO testing in multiple HD mouse models with
repeated success helped to confirm Htt-targeted ASO efficacy.
Finally, ASO infusion into non-human primates did not result in
any adverse effects; however, a more Ilmlted distribution of the
ASO was noted (Fovsiagis at al., 2012). Overall, this study
identified in vivo safety and good distribution of an Htt-targeted
ASO, suggesting ASOs as applicable interventions for human
studies. Behavioral improvements observed in mouse models
show sustained therapeutic effect even after Hit target mRNA
levels returned, underscoring the therapeutic potential for
ASOs in HD. This success has recently sparked the initiation of
cllnlcal tnal testlng of Htt-targeted ASOs in Canada and Europe

One possn ible Ilmltatlon associated with the above study is the
targetlng and reduction of both the normal and mutant Htt allele.
Huntlngtln has known phyS|olog|caI roles in neuronal suwlval (P~

= i, 2G0) and axon stablllty (Dragatsie et al
order to address this, Kovdasis

demonstrated that reduction of endogenous mouse Hitt along :

with mutant human Htt did not result in any adverse events, sug-
gesting that reduction of Hit in the adult may be well tolerated.
Nevertheless, enthusiasm remains for identifying a strategy
that can specifically reduce the mutant allele. One possible
mechanism to identify mutant Htt and therefore target it specif-
ically would use genetic SNPs within the CAG repeat thai distin-
guish the mutant allele from the normal allele. Recent studies
have focused on the identification of several lead SNP-targeted
compounds to distinguish mutant Htt allele. In particular, a lead
candidate modified for increased potency and selectivity
achieved significant Htt mRNA reductions and striatal delivery
without overt inflammatory effects in mice. This ASO and others
have undergone further development and improvement for hu-
man application to increase the specificity of the ASO to >100-
fold for mutant Htt allele over normal allele (&
2013). When evaluated in Hu97/18 mice exhibiting expression
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of both the mutant and wild-type Hit allele, specificity for the
mutant allele was confirmed with specific reduction of mutant
Htt W|thout change to the normal mRNA or protein (Soxthwal
st al, 201%) and demonstrated an extended duration of action
from 16 to'32 weeks depending on the 2’ modification (Skotie

§

et al., &14). Whether these impressive qualities afford a thera-

_peutic effect for modulating locomotor or cognitive def|c>|ts in

HD mouse models remains to be determined.
Therapeutic strategies utilizing ASOs to
reduce mutant Htt have shown great.promise in preclinical Hun-
tington’s disease animal models, and Htt lowering ASOs have
entered early-phase clinical studies in Europe (FR&8Naws
2015). A mutant Hitt allele-specific design seems advantageous
as some evidence may point to the requirement of Htt in normal
cellular function, though lowering of Htt in mice and non-human
primates was well tolerated (Ko 2{112) and may,
in fact, not be a concern. Regardless, ASOs that target toxic Htt
alone are currently undergoing development and comprehensive
characterization. Additional ASO designs, including morpholino
(S %) or those targeting Htt by splicing manipulation
3 14), may provide alternative strategies to reduce
Htt toxicity without lowering total protein.
Afsheimer's Disease and Mriary Tauopativies
One of the most devastating and common neurodegenerative
conditions is AD, which currently affects nearly 5.4 million indi--
viduals. As the population ages, the number.of AD patients is ex-
pected to rise exponentially. The two major protein pathologiées
associated with AD are amyloid beta (Ap) and tau. Abnormal ag-
gregation or mutation of tau extends beyond AD to several
neuradegenerative disorders, including corticobasal degenera-
tion (CBD), frontotemporal dementia with parkinsonism-17
(FTDP-17), progressive supranuclear palsy (PSP), and Pick’s
disease, collectively known as tauopathies. Although the molec-
ular cascades of disease pathogenesis are highly researched,
there are currently no effective therapies to stop disease pro-
gression and prevent cognitive decline. ASO application in AD
and tauopathies has, to this point, centered on preclinical
models targeted against proteins involved in amyloid formation
and tau deposition. In addition, several groups have recognized
the upregulation of miRNAs in the pathogenesis of AD and have
employed ASOs to target these molecules.
Amyloid Precursor Protein. The characteristic AB plaque
pathology of AD arises through intracellular processing of the
amyloid precursor protein (APP). APP normally exists as a trans-
membrane protein with known cleavage sites for a-, B-, and
v-secretases but unknown physiological function. When APP is
cleaved by B- and y-secretase, the resulting AB fragment can oli-
gomerize and form the insoluble fibrils and plaques present in
AD. APP mutations have been identified in a percentage of
human AD patients, accounting for a rare, rapid onset familial
form. Given its genetic link and originating role in AB production,
APP can be overexpressed or mutated in mouse models to
derive AD pathology and behavioral abnormalities and is a pri-
mary target for ASO development.

APP-targeting ASO research has initially focused on develop-
ment of an APP-lowering ASO targeted against the region that
will become the central portion of the AB protein (corresponding
to AB amino acids 17-30), specifically between the sites of B- and
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y-secretase cleavage. Whereas these ASOs were modestly
effective at Iowenng APP proteln and generated cognitive
improvements (Sria . 30),

the mouse model used and the route of ASO admlnlstratlon limit
interpretation of these results Senescence—accelerated mouse-
prone (SAMP8) mice (§ K

201 ‘) were treated with peripheral injection of the ASO
ASOS exhibit poor ability to cross the BBB, preventlng clear in-
terpretations of ASO-mediated effects in these studies. in addi-
tion, the behavioral changes observed in SAMPS mice may be
" confounded by the naturally occurring neuropathological and
behavioral phenotype likely resulting from age -related changes
in numerous genes and proteins (Rt <t Foon, 2008),
To date, these limitations have slowed the advancement of an
APP-targeted ASO strategy, and further studies with other
mouse models or improved delivery methods are necessary.

An alternative approach to reducing levels of APP is targeting
proteins involved in the production or clearance of AB. Pharma-
cological B-secretase (BACE) inhibitors have achieved preclini-
cal success (Vassar, 2014) and have .advanced into phase
II/III ollnlcal trials (NCT02245737 and NCT02783573; hitns:i/

awv). Using an ASO, inhibition of BACE was effectlve
at decreasing AB fragments in rodent brain (Mohdahon ot al,
28{). Whereas exciting from -a treatment perspective, BACE
reduction by ASO may carry several downsides associated
with altering normal BACE function, as several groups have re-
ported negatlve phenotypes in BACE null mice (Do 2
. s oLa al., 200%). Using a method
that avoids issues assomated with complete loss of BACE
expression, researchers targeted the BACE cleavage site within
APP, demonstrating that weekly intraventricular ASO injections
in Tg2576 mice increased levels of soluble APP« and lowered
Ievels of acetylcholinesterase, a marker of AB toxicity (Ciiauhan
nd Segel, 2007). Whereas these results suggest that B-secre-
tase actlwty was blocked, only modest effect sizes were re-
ported, and key neurodegenerative features of Tg2576 mice,
including plaque pathology and cognitive impairments, were
not addressed. Thus, the effectiveness of BACE targeting by
ASQ s difficult to conclude at this stage.

Recently, ASO targeting of apolipoprotein E receptor 2
(ApoER?2) has been tested, linking a potential ASO target to the
known AD risk gene, APOE. It is well established that the apoli-
poprotein isoform ApoE-e4 confers a 2- to 12-fold risk for devel-
oping AD in humans, depending on the number of ¢4 alleles

23). Whereas the role of ApoER2 in mediating
AD pathogenesis is not fully understood, the receptor may
modulate APP localization and processing, resulting inincreased
AB production (Fusnteaits i¥), and its
different spllce variants confer its ligand blndlng and signaling
function (& &y, 1888). Specifically, inclusion of exon
19inthe ApoER2 gene enables interaction with NMDA receptors
to facilitate synaptic function and plasticity (va

2{308). This splicing event at exon 19 appears deregulated in hu-
man AD and in aged mice (4 frat af, 018). Restoration of
full-length ApoER2 via ASO-mediated splicing correction af-
forded improvements in synaptic function and cognltlve
behavior in APP mutant mice (TgCRNDS; Hinvioh st al., 8018),
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This study and those directed against APP or APP-processing
genes highlight the erxnblhty of ASOs in identifying potential tar-
gets and the varfety of mechanisms—degradation or splicing
modulation—that can be hamessed for therapeutic gain.

Tau. The microtubule-associated protein, tau, is implicated in
AD pathogenesis and other neurodegenerative diseases known
as tauopathies. Under normal conditions, tau functions to stabi-
lize microtubules and may also be involved in intracellular
signaling, scaffolding, and neurogenesis (i tal, 20

humans, tau is expressed as six different isoforms that differ
based on alternative splicing within the N terminus (ON, 1N,
and 2N) and repeat domain region of the tau (MAPT) gene.

This latter splicing event at exon 10 regulates expression of a

three-repeat or 3R (— exon 10) transcript and a four-repeat or
4R (+ exon 10) transcript. In disease, tau becomes abnormally
hyperphosphorylated and accumulates within neurons and is
associated with neuronal dysfunction and cell death. Therefore,
targeting of tau by itself with ASOs is a plausible therapeutic
intervention for tauopathies, some of which have known mecha-
nisms tied to the abnormal regulation MAPT mRNA via mutations
and altered isoform expression. Given the aggregation of tau and
recognized exon 10 splicing changes, there are two potential
therapeutic strategies for tauopathies: (1) lowering of total tau
by RNase-H-directed degradation and (2) lowering of 4R tau
alone by an ASO splicing strategy. The advantage of lowering to-
tal tau is the development of one therapeutic approach that
would work for all tauopathies. The advantage of specifically
reducing 4R tau may be its selectivity, leaving total tau unaltered.

Genetic deletion of tauin mice has shown no abnormalities (it
nar ot al, 2018 Roberson st al, 2007), and in adult mice,
lowering mouse tau with ASO for 1 month did not demonstrate
any behavioral defects (aVos et i, 2019). This latter experi-
ment compares most closely to how and when ASOs might be
applied therapeutically and supports the safety of a total tau-
lowering strategy. In contrast, there are some reports demon-
strating synaptic abnormalities and cognitive impairment with
genetic deletion of tau in mice (L& sf &, Ma et &l
2014). Overall, our interpretation of the current data is that
lowering tau will be well tolerated in humans, but further toxi-
cology data are needed in large animals to better assess this
outcome.

In human mutant (E10+14) tau-expressing mice, use of a tau-
targeted ASO significantly reduced total tau mRNA and protein
(Sud ot &, 2014), confirming in vivo application. Although this

study did not assess pathological outcomes, an improvement -

might be expected in light of previous findings in which doxycy-
cline- lnduced tau transgene suppr%smn could halt tau aggre-
20 ‘) and arrest
neuronal death and cognltlve deficits (& at al., 2008).
In support of this work, ASO-mediated total tau reductlon was
also highly effective in mitigating disease pathology. PS19
mice, expressing the P301S MAPT mutation, exhibit widespread
phosphorylated tau, neuronal loss, and premature death (Yash-

@ ot al, 2007). However, when a tau-lowering ASO was
admlnlstered to aged PS19 mice, phosphorylated tau burden
was prevented, hippocampal neurons were spared, and survival
was significantly extended (Dsvas et ai., 2017). Furthermore, tau
reduction was evident in non-human primates following ASO

‘\
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administration (DaVos & t 7). This study is the first to apply
a total tau-targeting ASO strategy to alter disease outcome and
provides critical support for a therapeutic tau ASO. In addition to
dementia, emerging evidence suggests tau may also mediate
hyperexcitability in neurodegenerative states (Huoit
2N 6 ., 2¥7). To investigate
this link, ASOs designed to degrade endogenous tau were
used to investigate seizure outcomes in adult mice. Robust tau
knockdown afforded significant reductions in hyperexcitability
in two separate methods of seizure induction (DaVos at ai,
2013). These results not only support the association between
tau and hyperexcitability but also show that lowering tau could
be an important therapeutic for both tauopathies and epilepsy.

In light of the MAPT mutations identified in FTDP-17 that alter
splicing of exon 10, splicing alteration by ASO is an intriguing
treatment strategy. The majority of primary tauopathies exhibit
mutations within exon 10; thus, using splicing ASOs could be a

oo al
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way to excise an existing mutation and correct deficits without.

affecting total tau levels. Recently, ASOs were used to manipu-
late MAPT splicing in vivo, demonstrating that ASO-mediated
splicing toward increased 4R tau elevated aggregated tau,

increased seizure severity, and impaired nesting behavior

Oemfvaeiy b
(Schoch at

al., 2019), suggesting greater 4R is detrimental. The
reverse approach, an exon-10-skipping ASO to bias toward 3R

_tau expression was also evaluated. In two human tau-expressing

mouse models, ASO treatment significantly shifted splicing pat- -

terns to lower 4R tau without change to total tau levels (Soh
18). Tau-targeted splicing ASOs appear to be effective
based on their mRNA target sites, which can interfere with
splicing regulatory sequences or disruption of secondary
structural components necessary for interactions with splicing
factors. Whereas changes to neuronal cytoskeleton or other
function will be a consideration for future application in vivo,
these studies highlight the potential for corrections in tau splicing
for therapeutic development, especially in diseases affected by
exon/intron 10 mutations or splicing abnormalities.
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'miRNA Inhibition. Although tau- and AB-targeting strategies

have dominated the field, research focused on miRNA changes
in AD is an exciting new area and introduces potential targets for
ASQOs. Several regulatory miRNAs, including miR-34a and
miR-206, were found to be highly expressed in mouse models
of AD or postmortem human AD brain tissues (Faghi

30y {ae e .; 2{}08). ASOs targeted against
mlR-34a, a likely regulator of the anti-apoptotic Bcl-2, resulted in
de-repression of Bcl-2 protein and decreased caspase-3in APP/
presenilin 1 mutant mice (Wang at ai., 2008). Thus, miR-34a inhi-
bition by ASO may block cell death pathways occeurring in neuro-
degeneration. In the Tg2576 mouse model, ASO inhibition of
miR-206, a predicted regulator of brain-derived neurotrophic

H Y
L 31 Lo

2012 Wang etal

-factor (BDNF), resulted in-de-repression and normalization of

* BNSDOCID: <XP.

BDNF levels in multiple brain regions and improved memory
function (i ). Siilar results were seen with intra-
nasal delivery (Laa at &l i2), highlighting. this method as a
possible noninvasive delivery route for ASOs. Overall, miRNA
sequestration by ASO appears to modulate aspects of neurode-
generation that may prove beneficial as a treatment strategy.

Concluding Remarks. The various targets and pathogenic
mechanisms that mediate AD and tauopathies offer multiple
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opportunities for intérvention in human dementias. The most
straightforward approach, and one that can be achieved by
ASOs, is to reduce levels of pathogenic protein itself, namely
APP or tau. Whereas animal data thus far suggest that this will
be well tolerated, issues associated with disruption of the normal
protein function will remain a potential safety issue and-will need -
to be weighed against the severity of the disease being treated.
Creative developments in ASO design, including tau splicing
intervention or targeting regulatory miRNA pathways, are also
promising. ASO therapeutics for dementias are on a path toward
human clinical trials and will be an exciting area of tranhslation.

Frondse for AX0 Therapeutics

ASOs hold considerable promise for neurodegenerative disease
therapies as evidenced by SMA and ALS human clinical trial
successes, and preclinical efforts in other CNS disorders
continue to progress. Although not discussed in detail here,
ASOs against ataxin-2 (ATNX2), a gene implicated in both spino-
cerebellar ataxia (SCA) type 2 and TDP-43-driven ALS, were
recently tested in vivo, generating promising results. ASO-medi-
ated ATNX2 reduction in two separate SCA mouse models
improved motor performance, corrected abnormal gene expres-
sion, and restored normal Purkinje cell electrophysiology
2017). When tested in TDP-43 transgenic mice,
ATXN2- targeted ASOs afforded motor function |mprove'ments
and significantly extended survival (%« L, 2417). From
a therapeutic perspective, the use of ASO technology extends
far beyond the scope of neurodegenerative disorders. The
ASOs mipomersen (Kynamro) for familial hypercholesterolemia
(FOANawsRataass, 2013) and eteplirsen for Duchenne muscular
dystrophy (FlANs 2018k) have been approved by
the FDA. In addition, ASOs are currently being investigated in
models and human patients for multiple sclerosis, cancer, and
cholesterol management. Even more targets for ASOs may
become available as more information regarding the pathogenic
role for specific genes or proteins emerges. Given their wide-
spread application, advancements in design, and achievements
in clinical application, ASOs continue to garner enthusiasm for
thé treatment of many human diseases.

With the newness of ASO appilication to CNS disorders, there
are likely still many lessons to be learned regarding how to trans-
late preclinical results to' human. clinical trials. Whereas intra-
thecal delivery is safe and well tolerated, identifying an even
easier route of administration may be an important step to
achieve more ubiquitous application of this approach. To this
end, ASOs are constantly being modified and restructured in
order to enhance their target potency and improve delivery.
ASOs offer a possible treatment for neurodegenerative diseases,
and given their specificity, flexibility, and overall safety, we antic-
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- ipate a number of ASO clinical trials in the near future.
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