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COMPOSITIONS AND METHODS FOR TREATING AMYOTROPHIC LATERAL
SCLEROSIS

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims priority under 35 U.S.C. § 119(e) to U.S. Provisional
Application Serial No. 61/702,030, filed September 17, 2012, the disclosure of which is

expressly incorporated by reference herein.

GOVERNMENT RIGHTS
This invention was made with government support under NRSAF31NS058224,
ROT NS644912-1A1 and RC2 NS69476-01 awarded by the National Institutes of Health. The

government has certain rights in the invention.

TECHNICAL FIELD

The invention relates to compositions, kits, methods, and uses for the treatment
of amyotrophic lateral sclerosis. In particular, the invention relates to compositions, kits,
methods, and uses for the treatment of amyotrophic lateral sclerosis by decreasing the
expression of a cytoplasmic granule toxin in the astrocytes of a patient, or by increasing the

expression of MHC class I in motor neurons of the patient.

BACKGROUND AND SUMMARY
Amyotrophic lateral sclerosis, commonly referred to as Lou Gehrig’s disease, is

characterized by selective, premature degeneration and death of motor neurons in the motor
cortex, brain stem and spinal cord. The loss of motor neurons causes progressive muscle
paralysis ultimately leading to death from respiratory failure. Approximately 90% of all
amyotrophic lateral sclerosis cases are sporadic amyotrophic lateral sclerosis, without a family
history of the disease, and the other approximately 10% of cases are cases of familial
amyotrophic lateral sclerosis. Despite significant efforts to identify risk factors and potential
susceptibility genes, the etiology of sporadic amyotrophic lateral sclerosis remains largely
unknown.

Various rodent models carrying dominant mutations of the human superoxide

dismutase (SOD1) that is causative in about 20% of familial amyotrophic lateral sclerosis cases,
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have been instrumental to model motor neuron toxicity in amyotrophic lateral sclerosis. These
models have demonstrated that not only motor neurons, but also non-neuronal cell types
including microglia and astrocytes play a significant role in disease onset and progression.
Recent studies have identified astrocytes as mediators of motor neuron death in amyotrophic
lateral sclerosis by a yet undetermined cytotoxic mechanism. Insight into the mechanisms
underlying the acquisition of this toxic function by amyotrophic lateral sclerosis astrocytes is
pertinent for the development of successful therapies for amyotrophic lateral sclerosis.
Accordingly, the present inventors have discovered the mechanism underlying
the acquisition of this toxic function by amyotrophic lateral sclerosis astrocytes, and have used
this knowledge to develop therapies for amyotrophic lateral sclerosis. The pharmaceutical
compositions, methods and uses, and kits described herein can be used to treat sporadic or

familial amyotrophic lateral sclerosis.

Several embodiments of the invention are described by the following
enumerated clauses:

1. A method for treating a patient with amyotrophic lateral sclerosis by
decreasing the expression of a cytoplasmic granule toxin in astrocytes of the patient, the method
comprising the step of

administering to the patient a composition comprising an effective
amount of a compound that decreases the expression the cytoplasmic granule toxin in the

astrocytes of the patient.

2. The method of clause 1 wherein the cytoplasmic granule toxin is a
perforin.

3. The method of clause 2 wherein the perforin is perforin 1.

4. The method of clause 1 wherein the cytoplasmic granule toxin is a
granzyme.

5. The method of clause 4 wherein the granzyme is granzyme B.

6. The method of any one of clauses 1 to 5 wherein the decreased

expression of the cytoplasmic granule toxin results in an effect on motor neurons in the patient
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selected from the group consisting of an increase in the number of motor neurons, a decrease in

soma atrophy, and an increase in neurite length after administration of the compound.

7. The method of any one of clauses 1 to 6 wherein the compound is

selected from the group consisting of a drug, a peptide, and a nucleic acid.

8. The method of clause 7 wherein the compound is a nucleic acid.

0. The method of clause 8§ wherein the nucleic acid functions by RNA
interference or is an antisense RNA molecule.

10. The method of clause 8 wherein the nucleic acid is selected from the
group consisting of an siRNA, an miRNA, and an shRNA.

1. The method of clause 10 wherein the nucleic acid is an shRNA.

12. The method of clause 8 wherein the nucleic acid is delivered to the

patient in a bacterial vector or in a viral vector.

13. The method of clause 8§ wherein the nucleic acid has the sequence of
SEQ ID NO: 1.

14. The method of clause 8§ wherein the nucleic acid has the sequence of
SEQ ID NO: 2.

15. The method of any one of clauses 1 to 14 wherein the amyotrophic lateral

sclerosis is sporadic amyotrophic lateral sclerosis.

16. The method of any one of clauses 1 to 14 wherein the amyotrophic lateral

sclerosis is familial amyotrophic lateral sclerosis.

17. The method of any one of clauses 1 to 16 wherein the amount of the
compound is in the range of about 1 ng/kg of patient body weight to about 1 mg/kg of patient

body weight.

18. The method of any one of clauses 1 to 17 wherein the amount of the
compound is in the range of about 1 ng/kg of patient body weight to about 500 ng/kg of patient
body weight.

19. The method of any one of clauses 1 to 18 wherein the amount of the
compound is in the range of about 1 ng/kg of patient body weight to about 100 ng/kg of patient
body weight.
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20. The method of any one of clauses 1 to 19 wherein the composition

further comprises a carrier, an excipient, or a diluent, or a combination thereof.

21. The method of clause 20 wherein the composition comprises a
pharmaceutically acceptable carrier, wherein the pharmaceutically acceptable carrier is a liquid
carrier.

22. The method of clause 21 wherein the liquid carrier is selected from the
group consisting of saline, glucose, alcohols, glycols, esters, amides, and a combination thereof.

23. The method of any one of clauses 1 to 22 wherein the composition is
administered in a single-dose or a multiple-dose regimen.

24. A method for treating amyotrophic lateral sclerosis by increasing MHC
class I expression in motor neurons of a patient, the method comprising the step of

administering to the patient a composition comprising an effective
amount of a compound that increases the expression of MHC class I in the motor neurons of the
patient.

25. The method of clause 24 wherein the increased expression of the MHC
class I results in an effect on motor neurons in the patient selected from the group consisting of
an increase in the number of motor neurons, a decrease in soma atrophy, and an increase in

neurite length after administration of the compound.

26. The method of any one of clauses 24 to 25 wherein the compound is

selected from the group consisting of a drug, a peptide, and a nucleic acid.

27. The method of clause 26 wherein the compound is a nucleic acid.

28. The method of clause 27 wherein the nucleic acid is delivered to the
patient in a bacterial vector or in a viral vector.

29. The method of clause 28 wherein the vector is a viral vector.

30. The method of clause 29 wherein the vector is selected from the group
consisting of a lentiviral vector and an adenovirus vector.

31. The method of clause 30 wherein the nucleic acid has the sequence of
SEQ ID NO: 3.

32. The method of clause 31 wherein the nucleic acid encodes the

histocompatibility complex H2K.
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33. The method of any one of clauses 24 to 32 wherein the amyotrophic

lateral sclerosis is sporadic amyotrophic lateral sclerosis.

34. The method of any one of clauses 24 to 32 wherein the amyotrophic

lateral sclerosis is familial amyotrophic lateral sclerosis.

35. The method of any one of clauses 24 to 34 wherein the amount of the
compound is in the range of about 1 ng/kg of patient body weight to about 1 mg/kg of patient
body weight.

36. The method of any one of clauses 24 to 35 wherein the amount of the
compound is in the range of about 1 ng/kg of patient body weight to about 500 ng/kg of patient
body weight.

37. The method of any one of clauses 24 to 36 wherein the amount of the
compound is in the range of about 1 ng/kg of patient body weight to about 100 ng/kg of patient
body weight.

38. The method of any one of clauses 24 to 37 wherein the composition

further comprises a carrier, an excipient, or a diluent, or a combination thereof.

39. The method of clause 38 wherein the composition comprises a
pharmaceutically acceptable carrier, wherein the pharmaceutically acceptable carrier is a liquid
carrier.

40. The method of clause 39 wherein the liquid carrier is selected from the
group consisting of saline, glucose, alcohols, glycols, esters, amides, and a combination thereof.

41. The method of any one of clauses 24 to 40 wherein the composition is
administered in a single-dose or a multiple-dose regimen.

42. A pharmaceutical composition comprising a dosage form of a compound
effective to decrease the expression a cytoplasmic granule toxin in the astrocytes of a patient

with amyotrophic lateral sclerosis.

43. The composition of clause 42 wherein the compound is selected from the

group consisting of a drug, a peptide, and a nucleic acid.
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44. The composition of clause 43 wherein the compound is a nucleic acid.
45. The composition of clause 44 wherein the nucleic acid is selected from

the group consisting of siRNA, an miRNA, and an shRNA.

46. The composition of clause 44 wherein the compound is an antisense
RNA molecule.

47. The composition of clause 45 wherein the nucleic acid is an shRNA.

48. The composition of clause 44 wherein the nucleic acid has the sequence

of SEQ ID NO: 1.

49. The composition of clause 44 wherein the nucleic acid has the sequence
of SEQ ID NO: 2.

50. The composition of any one of clauses 42 to 49, wherein the composition
further comprises one or more carriers, diluents, or excipients, or a combination thereof.

51. The composition of clause 50 wherein the composition comprises a
pharmaceutically acceptable carrier, wherein the pharmaceutically acceptable carrier is a liquid
carrier.

52. The composition of clause 51 wherein the liquid carrier is selected from
the group consisting of saline, glucose, alcohols, glycols, esters, amides, and a combination
thereof.

53. The composition of any one of clauses 42 to 52 wherein the purity of the
compound is at least 98% based on weight percent.

54. The composition of any one of clauses 42 to 53 wherein the composition
is in an ampoule or a sealed vial.

55. The composition of any one of clauses 42 to 50 or 53 to 54 in the form of
a reconstitutable lyophilizate.

56. A pharmaceutical composition comprising a dosage form of a compound
effective to increase the expression of MHC class I in the motor neurons of a patient with

amyotrophic lateral sclerosis.

57. The composition of clause 56 wherein the compound is selected from the

group consisting of a drug, a peptide, and a nucleic acid.

38. The composition of clause 56 wherein the compound is a nucleic acid.
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59. The composition of clause 58 wherein the nucleic acid has the sequence

of SEQ ID NO: 3.
60. The composition of any one of clauses 56 to 59 wherein the composition

further comprises one or more carriers, diluents, or excipients, or a combination thereof.

61. The composition of clause 60 wherein the composition comprises a
pharmaceutically acceptable carrier, wherein the pharmaceutically acceptable carrier is a liquid
carrier.

62. The composition of clause 61 wherein the liquid carrier is selected from
the group consisting of saline, glucose, alcohols, glycols, esters, amides, and a combination
thereof.

63. The composition of any one of clauses 56 to 62 wherein the purity of the
compound is at least 98% based on weight percent.

64. The composition of any one of clauses 56 to 63 wherein the composition
is in an ampoule or a sealed vial.

65. The composition of any one of clauses 56 to 60 or 63 to 64 in the form of

a reconstitutable lyophilizate.

66. The method or pharmaceutical composition of any one of clauses 1 to 65
wherein the composition is in a dosage form selected from the group consisting of an inhalation

dosage form, an oral dosage form, and a parenteral dosage form.

67. The method or pharmaceutical composition of clause 66 wherein the
parenteral dosage form is selected from the group consisting of an intradermal dosage form, a
subcutaneous dosage form, an intramuscular dosage form, an intraperitoneal dosage form, an

intravenous dosage form, and an intrathecal dosage form.
68. The composition of clause 55 or 65 in the form of a lyophilizate.

69. The composition of any one of clauses 42 to 50, 53 to 60, or 63 to 65 in

the form of a solid.

70. A kit comprising a sterile vial, the composition of any one of clauses 56
to 69, and instructions for use describing use of the composition for treating a patient with

amyotrophic lateral sclerosis.
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71. The kit of clause 70 wherein the compound or composition is in the form

of a reconstitutable lyophilizate.

72. The kit of clause 70 or 71 wherein the dose of the compound is in the

range of 1 to 5 pug/kg of patient body weight.

73. The kit of any one of clauses 70 to 72 wherein the purity of the

compound is at least 99% based on weight percent.

74. The kit of any one of clauses 70 to 73 wherein the compound or the

composition is in a parenteral dosage form.

75. The kit of clause 74 wherein the parenteral dosage form is selected from
the group consisting of an intradermal dosage form, a subcutaneous dosage form, an
intramuscular dosage form, an intraperitoneal dosage form, an intravenous dosage form, and an

intrathecal dosage form.

76. The kit of any one of clauses 70 to 75 wherein the composition further

comprises a pharmaceutically acceptable carrier.

77. The kit of clause 76 wherein the pharmaceutically acceptable carrier is a
liquid carrier selected from the group consisting of saline, glucose, alcohols, glycols, esters,

amides, and a combination thereof.

78. Use of the composition of any one of clauses 42 to 69 for the

manufacture of a medicament for treating amyotrophic lateral sclerosis.

79. The pharmaceutical composition of any one of clauses 42 to 69 for use in

treating amyotrophic lateral sclerosis.

80. The method of any one of clauses 1 to 23 wherein the cytoplasmic
granule toxin is not SODI.

81. The method of any one of clauses 1 to 23 wherein the cytoplasmic
granule toxin is not an antioxidant cytoplasmic granule toxin.

82. The composition of any one of clauses 42 to 55 wherein the cytoplasmic
granule toxin is not SODI.

83. The composition of any one of clauses 42 to 55 wherein the cytoplasmic

granule toxin is not an antioxidant cytoplasmic granule toxin.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1: (A) Western blot analysis reveals perforin (PRF1) and granzyme B
(GZMB) expression in spinal cord of wild type and Sod!“”** mice. (B) Expression of both
PRF1 and GZMB is observed in astrocytes but not in microglia. (C) Increased co-localization
of PRF1 and GZMB in Sod1%°** astrocytes upon co-culture with MNs. Scale bars represent 5
um. (D) Increased co-localization of PRF1 and GZMB in Sodl“** astrocytes upon co-culture

in spinal cords from Sod19%*

mice. Scale bars represent 200 um. (E) Western blot analysis
shows expression of both PRF1 and GZMB in post-mortem NPC derived astrocytes of human
ALS patients and controls. (F) Co-localization of PRF1 and GZMB is only detected in spinal
cords of ALS patients. Scale bars represent 200 um. In this figure, PRF1 is shown in red,
GZMB is shown in green, and GFAP is shown in blue. DAPI was used to visualize nuclei. (G)
Expression of Prfl and Gzmb RNA was found in the spinal cords of both wild-type and
SODI19%* mice. (H) Astrocytes, both primary and NPC derived, expressed Prfl and Gzmb
RNA, whereas microglia only expressed Gzmb. (I) Immunostaining for PRF1 and GZMB of
splenocytes revealed robust and specific signal for both cytolytic proteins. Gray represents

nuclear DAPI staining. (J) Sequential staining protocol for PRF1 and GZMB used as in (I).

Blue represents astrocytic marker, GFAP. Scale bars represents 5 um.

FIGURE 2: (A) PRF1 and GZMB are seen in MNs as early as 24 hours upon
co-culture with SOD1% astrocytes. PRF1 and GZMB incidence in MNs co-cultured with
SOD %% astrocytes gradually increase with time but remain absent in MNs co-cultured with
wild-type astrocytes. PRF1 is shown in red, GZMB is shown in green, Hb9-GFP is shown in
blue. *** p<0.001. Scale bar represents S um. (B) Three dimensional confocal image
generated from Figure 2A shows that multimer perforin pore-like structures extend from the

19994 astrocytes into the cytoplasm of MNs. PRF1 is shown in red; Hb9-GFP™ is

surface of Sod
shown in green; EAAT?2 is shown in blue. (C) In Sodl 93A mice, PRF1 and GZMB are
commonly found. PRF1 is shown in red; GZMB is shown in green; ChAT is shown in blue.
Scale bars represent 50 pm. (D) In Sodl“”** mice, PRF1 and GZMB can be detected in MNs.
PRF1 is shown in red; GZMB is shown in green; ChAT is shown in blue. (E) The level of
degranularization as evaluated by expression of the lysosomal-associated membrane protein,

CD107A, increases with disease progression in the spinal cord of Sod1%** mice. CD107A is

shown in red; EAAT?2 is shown in green; ChAT is shown in blue. (F) The level of
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degranularization as evaluated by expression of the lysosomal-associated membrane protein,
CD107A, is pronounced on astrocytes that surround MNs in Sod!%** mice. CD107A is shown
in red; EAAT? is shown in green; ChAT is shown in blue. Scale bars represent 200 pm. (G-H)
Levels of PRF1 (G) and GZMB (H) found at different time points in MNs co-cultured with
wild-type or SOD1 G934 astrocytes as shown in (A). (I) Non-ALS control astrocytes (1800)
overexpressing SOD1 G93A or A4V mutant proteins release PRF1 and GZMB into MNs, but
PRF1 and GZMB remain absent in MNs co-cultured with non-ALS control astrocytes after 120
hours of culture. PRF1 is shown in red, GZMB is shown in green, Hb9-GFP is shown in blue.
Scale bar represents 5 um. (J) Shows three dimensional images obtained with a confocal
microscope showing lack of PRF1 staining (red) in MNs upon co-culture with wild-type
astrocytes. EAAT?2 (blue), an astrocyte surface marker, was used to visualize astrocyte
membrane; Hb9-GFP (green) was used to visualize MN. Scale bar represents 100 um. (K)

Western blot analysis revealed that both primary and NPC derived SODI G934

astrocytes show
higher level of CD107A expression, an indicator of degranulation of cytolytic proteins
compared to wild-type astrocytes. (L) Immunofluorescence staining of MNs co-cultured with
astrocytes showed that CD107A expression is pronounced on SOD1 G934 astrocytes surrounding
MNs. CDI107A is shown in red, Hb9-GFP is shown in green, EAAT?2 is shown in blue. Scale

bar represents 100 pm.

FIGURE 3: (A) Detection of PRF1 and GZMB in MNs found in spinal cords of
human ALS as assayed by 3,3'-Diaminobenzidine (DAB) immunostaining. (B) Quantification
of the number of motor neurons positive for PRF1 as shown in Figure 3A. Scale bars represent
20 um. (C) Quantification of the number of motor neurons positive for GZMB as shown in

Figure 3A. Scale bars represent 20 pm.

FIGURE 4: (A) Knockdown of Prfl and GzmB expression in Sodl***

astrocytes rescues co-cultured MNs. (B) Knockdown of Prfl and GzmB expression in Sod19**

astrocytes rescues total counts of HB9-GFP" cells. (C) Knockdown of PrfI and GzmB

G93A
]9

expression in Sod astrocytes prevents atrophy of the MN soma. (D) Knockdown of PrfI

and GzmB expression in Sod1%”**
of Prfl and GzmB in FALS and SALS astrocytes rescues co-cultured MNs. (F) Knockdown of

Prfl and GzmB in FALS and SALS astrocytes rescues total counts of HB9-GFP" cells. (G-H)

astrocytes prevents shortening of neurites. (E) Knockdown
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Knockdown of Prfl and GzmB expression in FALS and SALS astrocytes prevents atrophy of
the MN soma. (I-J) Knockdown of Prfl and GzmB expression in FALS and SALS astrocytes
prevents shortening of neurites. (*= p<0.05; **= p<0.01; ***= p<0.001; ns= non-significant;
Scr= scramble). (K-L) Western blot analysis showed reduced expression of PRF1 and GZMB
76934

in mouse SOD

shRNA (L). (M) Prfl shRNA and Gzmb shRNAs suppressed PRF1 and GZMB expression in all

astrocytes upon lentiviral transduction with Prfl shRNA (K) and Gzmb

human astrocytes used. GAPDH wasused as a loading control. ‘a’ represents astrocytes
transduced with scrambled shRNA, ‘b’ represents astrocytes transduced with Prfl shRNA and
Gzmb shRNA. Scrrepresents scrambled shRNA.

FIGURE 5: (A) Similar to NK cells, Sodl®** astrocytes express CD356 and
CD57. Scale bars represent 100 um. (B) Similar to NK cells, Sod1%** astrocytes exhibit up-

regulation of markers commonly associated with NK cells. (C) Sod19**

astrocytes express
MHC class I receptors, evident from the robust expression of LY49C and LY491 in vitro.
LY49C+1 is shown in red; GFAP is shown in green. Scale bars represent 200 um. (D)
Sod19"* astrocytes express MHC class I receptors, evident from the robust expression of
LY49C and LY49I in vivo at disease end-stage in the spinal cord of Sodl%** mice. LY49C+I
is shown in red; GFAP is shown in green. Scale bars represent 500 um and 200 um (inset). (E)
The MHC class I receptor, KIR3DL?2 is expressed in FALS and SALS astrocytes. Scale bars
represent 200 um. (F) Screening of human MHC class I receptor variants by RT-PCR
identified KIR3DL?2 as being highly and commonly expressed in FALS and SALS astrocytes in
vitro. Scale bars represent 200 um and 5 um (inset). (G) Screening of human MHC class I
receptor variants by RT-PCR identified KIR3DL?2 as being highly and commonly expressed in
FALS and SALS astrocytes in vivo. (H) Ingenuity pathway analysis of fold changes were

observed between wild-type and SOD/ G934

astrocytes using the Mouse Natural Killer Cell 96
StellARay. Molecules in red represent transcripts that were upregulated. Molecules in green
represent transcripts that were downregulated. The different shades represent the different fold
changes from higher (>4) to lower (<3). Molecules in white did not display a significant fold
change, while molecules in black represent genes that were not included in the array and were

not further investigated.
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FIGURE 6: (A) Time dependent down-regulation of MHC class I, evident from
the intensity of H2K expression, in MNs upon co-culture with Sodl“** astrocytes. Scale bars
represent 10 um. (B) Sodl“** astrocytes do not induce MHC class I down-regulation in
GABAergic neurons. Scale bars represent 5 um. (C) Decreased expression of MHC class I in

MNss at disease end-stage in Sodl ™"

mice. H2K is shown in red; ChAT is shown in green.
Asterisks in ALS panel mark MNs. Scale bars represent 2 mm and 10 pm (inset). (D)
Decreased expression of MHC class I in MNs at disease end-stage in spinal cord of ALS
patients. MHC class I is visualized by 3,3'-Diaminobenzidine (DAB) staining. Asterisks in
ALS panel mark MNs. Scale bars represent 20 um. (E) Quantification of MHC class 1
expression in MNs of human spinal cords shown in Figure 6D. (F-G) Overexpression of MHC
class I in MN prevents cell death (see panel 6F) as evident from HB9-GFP" cell numbers (see
panel 6G). Scale bars represent 100 um. (H) Sustained MHC class I expression in MNs upon

co-culture with Sod 14

astrocytes after lentiviral transduction. H2K is shown in red; Hb9 is
shown in green. (I) MHC class I overexpression prevents atrophy of the MN soma. (J) MHC
class I overexpression prevents shortening of neurites. *= p<0.05; **= p<0.01; ***= p<0.001;
ns= non-significant. (K) Upon co-cultured with SODI G934 astrocytes, surface MHC class I
staining shows reduced expression of MHC class I on MNs transduced with Lv-RFP, but
sustained expression of MHC class I on MN transduced with Lv-H2K. Scale bar represents 20

OM.

FIGURE 7: Kp7-6 concentrations that are known to be effective in the
inhibition of Fas/FasL activity in cytotoxic lymphocytes, did not change SOD/ G934 astrocyte-
derived toxicity towards MNs. *** p<(.001.

FIGURE 8: The median survival rates of ShARNA-prf/GFP and control mice

were analyzed. Results are shown in percent survival vs. time (days).

FIGURE 9: The hindlimb grip strength of ShRNA-prf/GFP and control mice

was analyzed. Results are shown as force (g) vs. age (days).

FIGURE 10: Knockdown of Prfl and Gzmb expression in SODI1 astrocytes

increased MN survival (A-B) (B; n=3 for all groups, each n was run in triplicate) and prevented
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neurite (C) and soma size (D) retraction commonly observed when MNs are cultured in the
presence of SOD1 astrocyte conditioned medium (C, D; n=100 for all groups). (E-F) In the
presence of SODI1 astrocytes conditioned media, PRF1 and GZMB was detected in the soma of
MNss. (G), Dose dependent increase in MN survival was observed in the presence of PRF1 and
GZMB neutralizing antibodies added to SOD]1 astrocyte conditioned medium. SOD1 astrocyte
conditioned medium without antibody supplementation was used as the reference group for
statistical analysis. Dotted lines represent 50% frequency (C, D). Scale bars, 200 pm (A), 5 um
(E). Error bars denote s.e.m. **P<0.01, ****P<0.0001. n.s, non-significant. Scr, scrambled

shRNA.

FIGURE 11: (A-C) ShRNA knockdown of H2-K1 resulted in efficient down
regulation of H2-K1 expression in GABAergic neurons as shown by RNA (A) and protein
expression (B-C). (D) Suppression of H2-K1 in GABAergic neurons resulted in an increase
incidence of PRF1 and GZMB upon co-culture with SOD1 astrocytes. (E-G), By 120 hours
post co-culture with SODI1 astrocytes, GABA neurons treated with H2-K1 shRNA showed
increased susceptibility to SOD1 mediated astrocyte toxicity as shown by a decrease in cell
survival (E, F), soma size and neuritic length (F; n=3 for all groups, each n was run in
triplicate). Dotted lines represent 50% frequency (G). Scale bars, 5 um (B, D), 100 um (E).
Error bars denote s.e.m. **P<0.01, ****P<0.0001. Scr, scrambled shRNA.

FIGURE 12: (A) Western blot analysis showed similar levels of human SOD1
upon expression of PRF1 and GZMB shRNAs in SODI1 astrocytes. (B) Inflammatory gene
array showed no overt changes in the inflammatory profile of SODI1 astrocytes upon
knockdown of PRF1 and GZMB. Heatmap represents the average fold changes of two gene

arrays using samples collected independently.

FIGURE 13: (A) Levels of human SOD1 expression knockdown achieved in
SOD1 astrocytes upon shRNA delivery via viral vectors shown by ELISA (A; n=2 for all
groups) and Western analysis (B). (C-H) upon SODI shRNA expression, levels of PRF1 and
GZMB co-localization were significantly decreased both in vitro (C-E) and in vivo (F-H))

without impacting on the total number of individual granules per cell (D, G)). White arrow head
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indicates PRF1 and GZMB co-localized granule. Scale bars, 5 um. Error bars denote s.e.m.

##4%P<0.0001. n.s, non-significant. Scr, scrambled shRNA.

FIGURE 14: (A-B) SODI astrocytes express high levels of Gzmb but low
levels of Gzma as shown by semi-quantitative RT-PCR (A) and quantitative RT-PCR (B; n=2

for all groups). Gzmb levels were also higher in SOD1 astrocytes compared to WT astrocytes

(A-B).

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

Several embodiments of the invention are described by the following
enumerated clauses and each of the embodiments described in this Detailed Description section
of the application applies to each of the following embodiments:

1. A method for treating a patient with amyotrophic lateral sclerosis by
decreasing the expression of a cytoplasmic granule toxin in astrocytes of the patient, the method
comprising the step of

administering to the patient a composition comprising an effective
amount of a compound that decreases the expression the cytoplasmic granule toxin in the

astrocytes of the patient.

2. The method of clause 1 wherein the cytoplasmic granule toxin is a
perforin.

3. The method of clause 2 wherein the perforin is perforin 1.

4. The method of clause 1 wherein the cytoplasmic granule toxin is a
granzyme.

5. The method of clause 4 wherein the granzyme is granzyme B.

6. The method of any one of clauses 1 to 5 wherein the decreased

expression of the cytoplasmic granule toxin results in an effect on motor neurons in the patient
selected from the group consisting of an increase in the number of motor neurons, a decrease in

soma atrophy, and an increase in neurite length after administration of the compound.
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7. The method of any one of clauses 1 to 6 wherein the compound is

selected from the group consisting of a drug, a peptide, and a nucleic acid.

8. The method of clause 7 wherein the compound is a nucleic acid.

0. The method of clause 8§ wherein the nucleic acid functions by RNA
interference or is an antisense RNA molecule.

10. The method of clause 8 wherein the nucleic acid is selected from the
group consisting of an siRNA, an miRNA, and an shRNA.

1. The method of clause 10 wherein the nucleic acid is an shRNA.

12. The method of clause 8 wherein the nucleic acid is delivered to the

patient in a bacterial vector or in a viral vector.

13. The method of clause 8§ wherein the nucleic acid has the sequence of
SEQ ID NO: 1.

14. The method of clause 8§ wherein the nucleic acid has the sequence of
SEQ ID NO: 2.

15. The method of any one of clauses 1 to 14 wherein the amyotrophic lateral

sclerosis is sporadic amyotrophic lateral sclerosis.

16. The method of any one of clauses 1 to 14 wherein the amyotrophic lateral

sclerosis is familial amyotrophic lateral sclerosis.

17. The method of any one of clauses 1 to 16 wherein the amount of the
compound is in the range of about 1 ng/kg of patient body weight to about 1 mg/kg of patient

body weight.

18. The method of any one of clauses 1 to 17 wherein the amount of the
compound is in the range of about 1 ng/kg of patient body weight to about 500 ng/kg of patient
body weight.

19. The method of any one of clauses 1 to 18 wherein the amount of the
compound is in the range of about 1 ng/kg of patient body weight to about 100 ng/kg of patient
body weight.

20. The method of any one of clauses 1 to 19 wherein the composition

further comprises a carrier, an excipient, or a diluent, or a combination thereof.
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21. The method of clause 20 wherein the composition comprises a
pharmaceutically acceptable carrier, wherein the pharmaceutically acceptable carrier is a liquid
carrier.

22. The method of clause 21 wherein the liquid carrier is selected from the
group consisting of saline, glucose, alcohols, glycols, esters, amides, and a combination thereof.

23. The method of any one of clauses 1 to 22 wherein the composition is
administered in a single-dose or a multiple-dose regimen.

24. A method for treating amyotrophic lateral sclerosis by increasing MHC
class I expression in motor neurons of a patient, the method comprising the step of

administering to the patient a composition comprising an effective
amount of a compound that increases the expression of MHC class I in the motor neurons of the
patient.

25. The method of clause 24 wherein the increased expression of the MHC
class I results in an effect on motor neurons in the patient selected from the group consisting of
an increase in the number of motor neurons, a decrease in soma atrophy, and an increase in

neurite length after administration of the compound.

26. The method of any one of clauses 24 to 25 wherein the compound is

selected from the group consisting of a drug, a peptide, and a nucleic acid.

27. The method of clause 26 wherein the compound is a nucleic acid.

28. The method of clause 27 wherein the nucleic acid is delivered to the
patient in a bacterial vector or in a viral vector.

29. The method of clause 28 wherein the vector is a viral vector.

30. The method of clause 29 wherein the vector is selected from the group
consisting of a lentiviral vector and an adenovirus vector.

31. The method of clause 30 wherein the nucleic acid has the sequence of
SEQ ID NO: 3.

32. The method of clause 31 wherein the nucleic acid encodes the
histocompatibility complex H2K.

33. The method of any one of clauses 24 to 32 wherein the amyotrophic

lateral sclerosis is sporadic amyotrophic lateral sclerosis.
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34. The method of any one of clauses 24 to 32 wherein the amyotrophic

lateral sclerosis is familial amyotrophic lateral sclerosis.

35. The method of any one of clauses 24 to 34 wherein the amount of the
compound is in the range of about 1 ng/kg of patient body weight to about 1 mg/kg of patient
body weight.

36. The method of any one of clauses 24 to 35 wherein the amount of the
compound is in the range of about 1 ng/kg of patient body weight to about 500 ng/kg of patient
body weight.

37. The method of any one of clauses 24 to 36 wherein the amount of the
compound is in the range of about 1 ng/kg of patient body weight to about 100 ng/kg of patient
body weight.

38. The method of any one of clauses 24 to 37 wherein the composition

further comprises a carrier, an excipient, or a diluent, or a combination thereof.

39. The method of clause 38 wherein the composition comprises a
pharmaceutically acceptable carrier, wherein the pharmaceutically acceptable carrier is a liquid
carrier.

40. The method of clause 39 wherein the liquid carrier is selected from the
group consisting of saline, glucose, alcohols, glycols, esters, amides, and a combination thereof.

41. The method of any one of clauses 24 to 40 wherein the composition is
administered in a single-dose or a multiple-dose regimen.

42. A pharmaceutical composition comprising a dosage form of a compound
effective to decrease the expression a cytoplasmic granule toxin in the astrocytes of a patient

with amyotrophic lateral sclerosis.

43. The composition of clause 42 wherein the compound is selected from the

group consisting of a drug, a peptide, and a nucleic acid.

44. The composition of clause 43 wherein the compound is a nucleic acid.
45. The composition of clause 44 wherein the nucleic acid is selected from

the group consisting of siRNA, an miRNA, and an shRNA.
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46. The composition of clause 44 wherein the compound is an antisense
RNA molecule.

47. The composition of clause 45 wherein the nucleic acid is an shRNA.

48. The composition of clause 44 wherein the nucleic acid has the sequence
of SEQ ID NO: 1.

49. The composition of clause 44 wherein the nucleic acid has the sequence
of SEQ ID NO: 2.

50. The composition of any one of clauses 42 to 49, wherein the composition

further comprises one or more carriers, diluents, or excipients, or a combination thereof.

51. The composition of clause 50 wherein the composition comprises a
pharmaceutically acceptable carrier, wherein the pharmaceutically acceptable carrier is a liquid
carrier.

52. The composition of clause 51 wherein the liquid carrier is selected from
the group consisting of saline, glucose, alcohols, glycols, esters, amides, and a combination
thereof.

53. The composition of any one of clauses 42 to 52 wherein the purity of the
compound is at least 98% based on weight percent.

54. The composition of any one of clauses 42 to 53 wherein the composition
is in an ampoule or a sealed vial.

55. The composition of any one of clauses 42 to 50 or 53 to 54 in the form of
a reconstitutable lyophilizate.

56. A pharmaceutical composition comprising a dosage form of a compound
effective to increase the expression of MHC class I in the motor neurons of a patient with

amyotrophic lateral sclerosis.

57. The composition of clause 56 wherein the compound is selected from the

group consisting of a drug, a peptide, and a nucleic acid.

38. The composition of clause 56 wherein the compound is a nucleic acid.

59. The composition of clause 58 wherein the nucleic acid has the sequence
of SEQ ID NO: 3.

60. The composition of any one of clauses 56 to 59 wherein the composition

further comprises one or more carriers, diluents, or excipients, or a combination thereof.
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61. The composition of clause 60 wherein the composition comprises a
pharmaceutically acceptable carrier, wherein the pharmaceutically acceptable carrier is a liquid
carrier.

62. The composition of clause 61 wherein the liquid carrier is selected from
the group consisting of saline, glucose, alcohols, glycols, esters, amides, and a combination
thereof.

63. The composition of any one of clauses 56 to 62 wherein the purity of the
compound is at least 98% based on weight percent.

64. The composition of any one of clauses 56 to 63 wherein the composition
is in an ampoule or a sealed vial.

65. The composition of any one of clauses 56 to 60 or 63 to 64 in the form of
a reconstitutable lyophilizate.

66. The method or pharmaceutical composition of any one of clauses 1 to 65
wherein the composition is in a dosage form selected from the group consisting of an inhalation

dosage form, an oral dosage form, and a parenteral dosage form.

67. The method or pharmaceutical composition of clause 66 wherein the
parenteral dosage form is selected from the group consisting of an intradermal dosage form, a
subcutaneous dosage form, an intramuscular dosage form, an intraperitoneal dosage form, an

intravenous dosage form, and an intrathecal dosage form.
68. The composition of clause 55 or 65 in the form of a lyophilizate.

69. The composition of any one of clauses 42 to 50, 53 to 60, or 63 to 65 in

the form of a solid.

70. A kit comprising a sterile vial, the composition of any one of clauses 56
to 69, and instructions for use describing use of the composition for treating a patient with

amyotrophic lateral sclerosis.

71. The kit of clause 70 wherein the compound or composition is in the form

of a reconstitutable lyophilizate.

72. The kit of clause 70 or 71 wherein the dose of the compound is in the

range of 1 to 5 pug/kg of patient body weight.
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73. The kit of any one of clauses 70 to 72 wherein the purity of the

compound is at least 99% based on weight percent.

74. The kit of any one of clauses 70 to 73 wherein the compound or the

composition is in a parenteral dosage form.

75. The kit of clause 74 wherein the parenteral dosage form is selected from
the group consisting of an intradermal dosage form, a subcutaneous dosage form, an
intramuscular dosage form, an intraperitoneal dosage form, an intravenous dosage form, and an

intrathecal dosage form.

76. The kit of any one of clauses 70 to 75 wherein the composition further

comprises a pharmaceutically acceptable carrier.

77. The kit of clause 76 wherein the pharmaceutically acceptable carrier is a
liquid carrier selected from the group consisting of saline, glucose, alcohols, glycols, esters,

amides, and a combination thereof.

78. Use of the composition of any one of clauses 42 to 69 for the

manufacture of a medicament for treating amyotrophic lateral sclerosis.

79. The pharmaceutical composition of any one of clauses 42 to 69 for use in

treating amyotrophic lateral sclerosis.

In any of the various embodiments described herein, the following features may
be present where applicable, providing additional embodiments of the invention. For all of the
embodiments, any applicable combination of embodiments is also contemplated. Any
applicable combination of the above-described embodiments in the enumerated clauses is also
considered to be in accordance with the invention.

In one embodiment there is provided a method for treating a patient with
amyotrophic lateral sclerosis by decreasing the expression of a cytoplasmic granule toxin in
astrocytes of the patient. The method comprises the step of administering to the patient a
composition comprising an effective amount of a compound that decreases the expression of the
cytoplasmic granule toxin in the astrocytes of the patient. In one illustrative embodiment, the
cytoplasmic granule toxin is not SOD1. In another illustrative embodiment, the cytoplasmic

granule toxin is a non-antioxidant cytoplasmic granule toxin.



WO 2014/043696 PCT/US2013/060153

221 -

In another embodiment, a method for treating amyotrophic lateral sclerosis by
increasing MHC class I expression in motor neurons of a patient is provided. The method
comprises the step of administering to the patient a composition comprising an effective amount
of a compound that increases the expression of MHC class I in the motor neurons of the patient.
In any of these method embodiments, or any corresponding use, the decreased expression of the
cytoplasmic granule toxin in astrocytes of the patient, or the increased expression of MHC class
I in motor neurons of the patient, results in an effect on motor neurons of the patient selected
from, but not limited to, the group consisting of an increase in the number of motor neurons, a
decrease in soma atrophy, and an increase in neurite length after administration of the
compound. In various embodiments, the motor neurons may be in the motor cortex, brain stem,

or spinal cord of the patient, or combinations thereof.

In another illustrative aspect, a pharmaceutical composition is provided,
comprising a dosage form of a compound effective to decrease the expression of a cytoplasmic
granule toxin in the astrocytes of a patient with amyotrophic lateral sclerosis. In still another
illustrative embodiment, a pharmaceutical composition is provided, comprising a dosage form
of a compound effective to increase the expression of MHC class I in the motor neurons of a
patient with amyotrophic lateral sclerosis. Kits comprising these pharmaceutical compositions
are also provided. In other aspects, uses of these pharmaceutical compositions for the
manufacture of a medicament for treating amyotrophic lateral sclerosis are provided. In yet
other embodiments, these pharmaceutical compositions are provided, for use in treating
amyotrophic lateral sclerosis.

The methods, kits, uses, and pharmaceutical compositions described herein can
be used to treat either sporadic or familial amyotrophic lateral sclerosis, and can be used for
both human clinical medicine and veterinary medicine. In one embodiment, the compounds
described herein that can be used to treat sporadic or familial amyotrophic lateral sclerosis are
compounds that are effective to decrease the expression, or reduce the activity, of a cytoplasmic
granule toxin in the astrocytes of a patient with amyotrophic lateral sclerosis. In another
embodiment, the compounds described herein that can be used to treat sporadic or familial
amyotrophic lateral sclerosis, are compounds that are effective to increase the expression of
MHC class I in the motor neurons of a patient with amyotrophic lateral sclerosis. The
compounds are selected from the group consisting of drugs, peptides, and nucleic acids, or

combinations thereof.
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A cytoplasmic granule toxin that is targeted can be any astrocyte cytoplasmic
granule toxin that is toxic to motor neurons, including but not limited to, perforins (e.g.,
perforin 1) and granzymes (e.g., granzyme B). In one embodiment, the granzyme is not
granzyme A. Expression or activity of perforins and granzymes can be reduced, for example,
by treatment of a patient with a drug, peptide, or nucleic acid, or a combination thereof, that
reduces the expression or the activity of a cytoplasmic granule toxin in the astrocytes of a
patient with amyotrophic lateral sclerosis. For example, compounds that reduce activity of a
cytoplasmic granule toxin, such as perforin, include Ca**-complexing agents. In another
embodiment, expression a cytoplasmic granule toxin in the astrocytes of a patient with
amyotrophic lateral sclerosis can be reduced by treatment of the patient with a pharmaceutical
composition comprising a nucleic acid such as an antisense RNA molecule, an siRNA, an
shRNA, or an miRNA that inhibits expression of a cytoplasmic granule toxin, such as a perforin
or a granzyme. Inhibitors of perforin expression or activity also include concanamycin A
(vacuolar type H(+)-ATPase (V-ATPase) inhibitors), bafilomycin A1 (vacuolar type H(+)-
ATPase (V-ATPase) inhibitors), destruxin E (vacuolar type H(+)-ATPase (V-ATPase)
inhibitors), prodigiosin 25-C (vacuolar type H(+)-ATPase (V-ATPase) inhibitors. cytochalasin
D (an inhibitor of actin polymerization), antimycin A and oligomycin A (respiratory inhibitors),
calphostin C (protein kinase inhibitor), herbimycin A (protein kinase inhibitor), K252a (protein
kinase inhibitor), staurosporine (protein kinase inhibitor). Dihydrofuro[3,4-c]pyridinones, 1-
amino-2,4-dicyanopyrido[1,2-a]benzimidazoles, isobenzofuran-1(3H)-ones (small-molecule
inhibitors of perforin-induced lysis). Apolipoprotein B (perforin inhibitor protein in human
serum), Suramin, and glycosaminoglycans (abolishes binding of LDL to its receptor to inhibit
the lytic activities of perforin). Inhibitors of granzyme B expression also include Granzyme B
Inhibitor I (Z-AAD-CMK , C19H24CIN307 , A weak inhibitor of the human and murine
granzyme B), Granzyme B Inhibitor II (Ac-IETD-CHO, C21H34N4010, A potent, reversible
inhibitor of granzyme B and caspase-8), Granzyme B Inhibitor II Cell permeable (Ac-
AAVALLPAVLLALLAP-IETD-CHO, C95H162N20026, A potent, cell-permeable, and
reversible inhibitor of caspase-8 and Granzyme B), Granzyme B Inhibitor III (Z-
IE(OMe)TD(OMe)-FMK, C30H43FN4O11, A potent, cell-permeable, and irreversible inhibitor
of caspase-8 and granzyme B), Granzyme B Inhibitor IV (Ac-IEPD-CHO, C22H34N409, A
reversible inhibitor of granzyme B and caspase-8), Granzyme B inhibitor (Ac-ESMD-CHO,
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{C1OH3GN40 S, Reversible Inhibitor of granzyme B and caspase-8), Human proteinase
inhibitor 9 (P1-9)(8-10), and Serine protease inhibitor 6 (Sip6).

Suitable methods for delivery of antisense RNA molecules, siRNAs, shRNAs, or
miRNAs to a patient include bacterial or viral vectors, such as lentiviral vectors or adenovirus
vectors. Exemplary of such RNA molecules are the nucleic acids with SEQ ID NO: 1 and SEQ
ID NO: 2 shown by the present inventors to efficiently ablate expression of perforin 1 or

granzyme B, respectively, in SODI G934

astrocytes or in astrocytes derived from familial or
sporadic amyotrophic lateral sclerosis patients, resulting in effective suppression of motor
neuron toxicity in motor neurons exposed to the astrocytes (see Example 4).

In another embodiment, the compounds described herein that can be used to treat
amyotrophic lateral sclerosis, are compounds that are effective to increase the expression of
MHC class I in the motor neurons of a patient with amyotrophic lateral sclerosis. The
compounds are selected from the group consisting of drugs, peptides, and nucleic acids, or
combinations thereof, In an illustrative embodiment, the nucleic acid with SEQ ID NO: 3,
encoding the histocompatibility complex H2K, shown herein to cause sustained expression of

MHC class I in motor neurons, protecting motor neurons from the toxic effects of SODI G934

astrocytes (see Example 6), can be used to treat amyotrophic lateral sclerosis.

o In accordance with these embodiments, pharmaceutical compositions are
provided comprising a purified nucleic acid comprising, or consisting of, a sequence of SEQ ID
NO: 1, SEQ ID NO: 2, or SEQ ID NO: 3 (see Table 1). A purified nucleic acid is also provided
comprising a complement of SEQ ID NO: 1, SEQ ID NO: 2, or SEQ ID NO: 3, or a sequence
that hybridizes under highly stringent conditions to a complement of a sequence consisting of
SEQ ID NO: 1, SEQ ID NO: 2, or SEQ ID NO: 3. In accordance with the invention “highly
stringent conditions” means hybridization at 65 °C in 5X SSPE and 50% formamide, and
washing at 65 °C in 0.5X SSPE. Conditions for high, low, and moderately stringent
hybridization are described in Sambrook et al., “Molecular Cloning: A Laboratory Manual”, 3rd
Edition, Cold Spring Harbor Laboratory Press, (2001), incorporated herein by reference. In
some illustrative aspects, hybridization occurs along the full-length of the nucleic acid.

Table 1.

SEQID NO:1 ACCTGAATCATGGCCACCTAA

SEQ ID NO:2 CATTGTCTCCTATGGACGAAA
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SEQ ID NO:3 Sequence in Example 25 between and including the underlined ATG and the
underlined TGA

The invention encompasses isolated or substantially purified nucleic acids. An
“isolated” or “purified” nucleic acid molecule is substantially free of chemical precursors or
other chemicals when chemically synthesized, or is substantially free of cellular material if
made by recombinant DNA techniques. In various embodiments described herein, the nucleic
acids for use in the methods, compositions, and kits described herein may be double-stranded
(e.g., antisense RNAs) or single-stranded, but the nucleic acids are typically single-stranded.

The nucleic acids for use in the methods, uses, pharmaceutical compositions, and
kits described herein can be modified by substitution, deletion, truncation, and/or can be fused
with other nucleic acid molecules wherein the resulting nucleic acids hybridize specifically
under highly stringent conditions to the complements of nucleic acids of SEQ ID NO: 1, SEQ
ID NO: 2, or SEQ ID NO: 3, and wherein the modified nucleic acids are useful in the methods
or uses described herein. Derivatives can also be made such as phosphorothioate,
phosphotriester, phosphoramidate, and methylphosphonate derivatives (Goodchild, et al., Proc.
Natl. Acad. Sci. 83:4143-4146 (1986), incorporated herein by reference).

In another embodiment, nucleic acid molecules are provided having about 60%,
about 70%, about 75%, about 80%, about 85%, about 90%, about 95%, about 96%, about 97%,
about 98%, or about 99% homology to SEQ ID NO: 1, SEQ ID NO: 2, or SEQ ID NO: 3.
Determination of percent identity or similarity between sequences can be done, for example, by
using the GAP program (Genetics Computer Group, software; now available via Accelrys on
http://www.accelrys.com), and alignments can be done using, for example, the ClustalW
algorithm (VNTI software, InforMax Inc.). A sequence database can be searched using the
nucleic acid sequence of interest. Algorithms for database searching are typically based on the
BLAST software (Altschul et al., 1990). In some embodiments, the percent identity can be
determined along the full-length of the nucleic acid.

Techniques for synthesizing the nucleic acids described herein, such as nucleic
acids of SEQ ID NO: 1, SEQ ID NO: 2, or SEQ ID NO: 3, or fragments thereof, are well-
known in the art and include chemical syntheses. Such techniques are described in Sambrook
et al., “Molecular Cloning: A Laboratory Manual”, 3rd Edition, Cold Spring Harbor Laboratory

Press, (2001), incorporated herein by reference. Nucleic acids for use in the methods described
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herein can be made commercially. Techniques for purifying or isolating the nucleic acids
described herein are well-known in the art. Such techniques are described in Sambrook et al.,
“Molecular Cloning: A Laboratory Manual”, 3rd Edition, Cold Spring Harbor Laboratory Press,
(2001), incorporated herein by reference.

In one embodiment, the compounds described herein for ablating expression of
perforins or granzymes in astrocytes or inducing expression of MHC class I in motor neurons
(i.e., drugs, peptides, or nucleic acids) may be administered as a formulation in association with
one or more pharmaceutically acceptable carriers. The carriers can be excipients. The choice
of carrier will to a large extent depend on factors such as the particular mode of administration,
the effect of the carrier on solubility and stability, and the nature of the dosage form.
Pharmaceutical compositions suitable for the delivery of the compound, or additional
therapeutic agents to be administered with the compound, and methods for their preparation
will be readily apparent to those skilled in the art. Such compositions and methods for their
preparation may be found, for example, in Remington: The Science & Practice of Pharmacy,
21st Edition (Lippincott Williams & Wilkins, 2005), incorporated herein by reference.

In one embodiment, a pharmaceutically acceptable carrier may be selected from
any and all solvents, dispersion media, coatings, antibacterial and antifungal agents, isotonic
and absorption delaying agents, and the like, and combinations thereof, that are physiologically
compatible. In some embodiments, the carrier is suitable for parenteral administration.
Pharmaceutically acceptable carriers include sterile aqueous solutions or dispersions, and sterile
powders for the preparation of sterile injectable solutions or dispersions. Supplementary active
compounds can also be incorporated into the pharmaceutical compositions of the invention.

In various embodiments, liquid formulations may include suspensions and
solutions. Such formulations may comprise a carrier, for example, water, ethanol, polyethylene
glycol, propylene glycol, methylcellulose, or a suitable oil, and one or more emulsifying agents
and/or suspending agents. Liquid formulations may also be prepared by the reconstitution of a
solid, such as a lyophilizate. Thus, in one embodiment, the lyophilizate can be a reconstitutable
lyophilizate.

In one illustrative aspect, an aqueous suspension may contain the active
materials in admixture with appropriate excipients. Such excipients are suspending agents, for
example, sodium carboxymethylcellulose, methylcellulose, hydroxypropylmethylcellulose,

sodium alginate, polyvinylpyrrolidone, gum tragacanth and gum acacia; dispersing or wetting
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agents which may be a naturally-occurring phosphatide, for example, lecithin; a condensation
product of an alkylene oxide with a fatty acid, for example, polyoxyethylene stearate; a
condensation product of ethylene oxide with a long chain aliphatic alcohol, for example,
heptadecaethyleneoxycetanol; a condensation product of ethylene oxide with a partial ester
derived from fatty acids and a hexitol such as polyoxyethylene sorbitol monooleate; or a
condensation product of ethylene oxide with a partial ester derived from fatty acids and hexitol
anhydrides, for example, polyoxyethylene sorbitan monooleate. The aqueous suspensions may
also contain one or more preservatives, for example, ascorbic acid, ethyl, n-propyl, or p-
hydroxybenzoate; or one or more coloring agents. In other embodiments, isotonic agents, for
example, sugars, polyalcohols such as mannitol, sorbitol, or sodium chloride can be included in
the pharmaceutical composition.

In one embodiment the excipient comprises a buffer. In one embodiment, the
pH of the buffer is about 5.0 to about 8.0. The buffer may be any acceptable buffer for the
indicated pH range and physiological compatibility. In addition a buffer may additionally act as
a stabilizer. In one embodiment, the buffer comprises an ascorbate, sorbate, formate, lactate,
fumarate, tartrate, glutamate, acetate, citrate, gluconate, histidine, malate, phosphate or
succinate buffer.

In one aspect, a compound (i.e., a drug, a peptide, or a nucleic acid), or
additional therapeutic agent as described herein, may be administered directly into the blood
stream, into muscle, or into an internal organ. Suitable routes for parenteral administration
include intravenous, intraarterial, intraperitoneal, intrathecal, epidural, intracerebroventricular,
intrasternal, intracranial, intramuscular, and subcutaneous delivery. Suitable means for
parenteral administration include needle (including microneedle) injectors, needle-free injectors
and infusion techniques. Examples of parenteral dosage forms include aqueous solutions of the
active agent, in an isotonic saline, glucose (e.g., 5% glucose solutions), or other well-known
pharmaceutically acceptable liquid carriers such as liquid alcohols, glycols, esters, and amides.
Prolonged absorption of the injectable compositions can be brought about by including in the
composition an agent which delays absorption, for example, monostearate salts and gelatin.

Also contemplated herein are kits comprising the pharmaceutical
composition described herein. In another embodiment, a kit comprising a sterile vial, the

pharmaceutical composition of any one of the preceding embodiments, and instructions for use
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describing use of the composition for treating a patient with amyotrophic lateral sclerosis is
described.

In another embodiment, the kit of the preceding embodiment wherein the
compound or the composition is in the form of a reconstitutable lyophlizate is described.

In another embodiment, any of the preceding kit embodiments wherein the dose
of the compound in the pharmaceutical composition is in the range of 1 to 5 pug/kg is described.

In another embodiment, any of the preceding kit embodiments wherein the dose
of the compound in the pharmaceutical composition is in the range of 1 to 3 pg/kg is described.

In another embodiment, the kit of any of the preceding kit embodiments is
described wherein the purity of the compound is at least 90% based on weight percent. In
another embodiment, the kit of any of the preceding embodiments is described wherein the
purity of the compound is at least 95% based on weight percent. In another embodiment, the kit
of any of the preceding kit embodiments is described wherein the purity of the compound is at
least 98% based on weight percent. In another embodiment, the kit of any of the preceding kit
embodiments is described wherein the purity of the compound is at least 99% based on weight
percent.

In another illustrative aspect, the kit of any of the preceding kit embodiments is
described wherein the compound or the composition is in a parenteral dosage form. The
parenteral dosage form can be selected from the group consisting of an intradermal dosage
form, a subcutaneous dosage form, an intramuscular dosage form, an intraperitoneal dosage
form, an intravenous dosage form, and an intrathecal dosage form. In yet another embodiment,
the kit can comprise the composition and the composition can further comprise a
pharmaceutically acceptable carrier. The pharmaceutically acceptable carrier can be a liquid
carrier selected from the group consisting of saline, glucose, alcohols, glycols, esters, amides,

and a combination thereof.

Any effective regimen for administering the compound can be used. For
example, the compound can be administered as a single dose, or can be divided and
administered as a multiple-dose daily regimen. Further, a staggered regimen, for example, one
to five days per week can be used as an alternative to daily treatment, and for the purpose of the
pharmaceutical compositions, kits, methods, and uses described herein, such intermittent or
staggered daily regimen is considered to be equivalent to every day treatment and is

contemplated. In one illustrative embodiment the patient is treated with multiple injections of
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the compound to eliminate the disease state (i.e., amyotrophic lateral sclerosis) or to reduce or
stabilize the symptoms of disease. In one embodiment, the patient is injected multiple times
(preferably about 2 up to about 50 times), for example, at 12-72 hour intervals or at 48-72 hour
intervals. Additional injections of the compound can be administered to the patient at an
interval of days or months after the initial injections(s), and the additional injections can prevent
recurrence of the disease or can prevent an increase in the severity of the symptoms of disease.

The unitary daily dosage of the compound can vary significantly depending on
the patient condition, the disease state being treated, the purity of the compound and its route of
administration and tissue distribution, and the possibility of co-usage of other therapeutic
treatments. The effective amount to be administered to a patient is based on body surface area,
mass, and physician assessment of patient condition. Effective doses can range, for example,
from about 1 ng/kg to about 1 mg/kg, from about 1 ng/kg to about 500 pg/kg, and from about
I png/kg to about 100 ng/kg. These doses are based on an average patient weight of about
70 kg, and the kg are kg of patient body weight (mass). In one embodiment, the compound or
pharmaceutical composition is in a multidose form. In another embodiment, the compound or
pharmaceutical composition is a single dose form (i.e., a unit dose form or a dosage unit).

In one embodiment, the compound can be administered in a dose of from about
1.0 ng/kg to about 1000 pg/kg, from about 10 ng/kg to about 1000 pg/kg, from about 50 ng/kg
to about 1000 pg/kg, from about 100 ng/kg to about 1000 pg/kg, from about 500 ng/kg to about
1000 png/kg, from about 1 ng/kg to about 500 pg/kg, from about 1 ng/kg to about 100 pg/kg,
from about 1 pg/kg to about 50 pg/kg, from about 1 pg/kg to about 10 pg/kg, from about 5
mg/kg to about 500 pg/kg, from about 10 pg/kg to about 100 pg/kg, from about 20 pg/kg to
about 200 pg/kg, from about 10 pg/kg to about 500 pg/kg, or from about 50 pg/kg to about 500
mg/kg. The total dose may be administered in single or divided doses and may, at the
physician’s discretion, fall outside of the typical range given herein. These dosages are based
on an average patient weight of about 70 kg and the “kg” are kilograms of patient body weight.
The physician will readily be able to determine doses for subjects whose weight falls outside
this range, such as infants and the elderly.

In another embodiment, the compound can be administered at a dose of from
about 1 pg/m? to about 500 mg/m?, from about 1 pug/m* to about 300 mg/m?, or from about 100
pg/m? to about 200 mg/m”*. In other embodiments, the compound can be administered at a dose

of from about 1 mg/m* to about 500 mg/m?, from about 1 mg/m? to about 300 mg/m?, from
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about 1 mg/m? to about 200 mg/m?, from about 1 mg/m” to about 100 mg/m?, from about 1
mg/m” to about 50 mg/m>, or from about 1 mg/m* to about 600 mg/m>. The total dose may be
administered in single or divided doses and may, at the physician’s discretion, fall outside of the
typical range given herein. These dosages are based on m” of body surface area.

In another embodiment, the pharmaceutical compositions and/or dosage forms of
the compound for administration are prepared from compounds with a purity of at least about
90%, or about 95%, or about 96%, or about 97%, or about 98%, or about 99%, or about 99.5%.
In another embodiment, pharmaceutical compositions and or dosage forms of the compound for
administration are prepared from compounds with a purity of at least 90%, or 95%, or 96%, or
97%, or 98%, or 99%, or 99.5%. The purity of the compound may be measured using any
conventional technique, including various chromatography or spectroscopic techniques, such as
high pressure or high performance liquid chromatography, nuclear magnetic resonance
spectroscopy, TLC, UV absorbance spectroscopy, fluorescence spectroscopy, and the like.

As used herein, purity determinations may be based on weight percentage, mole
percentage, and the like. In addition, purity determinations may be based on the absence or
substantial absence of certain predetermined components. It is also to be understood that purity
determinations are applicable to solutions of the compounds and pharmaceutical compositions
prepared by the methods described herein. In those instances, purity measurements, including
weight percentage and mole percentage measurements, are related to the components of the
solution exclusive of the solvent. In another embodiment, the compound or the pharmaceutical
composition is provided in a sterile container (e.g., a vial) or package, for example, an ampoule
or a sealed vial.

In another embodiment, the methods, pharmaceutical compositions, uses, and
kits, described herein include the following examples. The examples further illustrate
additional features of the various embodiments of the invention described herein. However, it
is to be understood that the examples are illustrative and are not to be construed as limiting
other embodiments of the invention described herein. In addition, it is appreciated that other
variations of the examples are included in the various embodiments of the invention described

herein.

EXAMPLES
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Example 1. ALS astrocvtes express and show increased co-localization of the cytoplasmic

granule toxins perforin and eranzyme.

Cytoplasmic granule toxins of the granule exocytosis pathway comprise perforin
(e.g., PRF1), a membrane-disrupting protein, and granzymes, a family of structurally related
serine proteases with cytotoxic activity, of which granzyme B (GZMB) is an example and has
been identified as potent pro-apoptotic factor. The present example analyzed if cytolytic
compounds of the granule cell death pathway are expressed in cells of the spinal cord. As
shown in Figure 1A, both PRF1 and GZMB protein were readily detected in spinal cords of
wild type and SOD1 Y4 mice (an accepted animal model for amyotrophic lateral sclerosis
(ALS)) by Western blot analysis, and the presence of transcripts was confirmed by RT-PCR.
Global expression levels of PRF1 or GZMB did not change with disease progression in
SODI°%** mice (Figure 1A).

As both astrocytes and microglia exhibit cytotoxicity towards motor neurons
(MNss), the cell-type specific expression of GZMB and PRF1 was determined. Microglia
expressed GZMB but lacked PRF1. However, co-expression of both proteins was detected in
astrocytes, and RT-PCR analyses confirmed these findings on the transcript level (see Figure
1B). RNA analysis revealed expression of both Prfl and Gzmb in astrocytes, but lack of Prfl in
microglia. Expression of Prfl and Gzmb was found in the spinal cords of both wild-type and
SODI%%** mice (see Figure 1G). Astrocytes, both primary and NPC derived, expressed Prfl
and Gzmb, whereas microglia only expressed Gzmb (see Figure 1H). Surprisingly, PRF1 and
GZMB co-localized in the cytoplasm of SODI G934 astrocytes but not in wild type astrocytes
(see Figure 1C). Cytoplasmic co-localization of PRF1 and GZMB indicates storage of both
cytolytic factors in intracellular vesicles, suggesting a prerequisite for an active granule
exocytosis pathway that relies on synergistic action of both factors upon granule release.

Increased levels of PRF1 and GZMB were also observed in vivo in astrocytes

located in the spinal cord of SOD1 G934

mice, with substantial co-localization of these two
proteins (see Figure 1D). Immunostaining for PRF1 and GZMB of splenocytes revealed robust
and specific signal for both cytolytic proteins (see Figure 1I). A sequential staining protocol for
PRF1 and GZMB allowed the detection of these two cytolytic proteins in SOD! G934 astrocytes
(see Figure 1J). Since both antibodies, PRF1 and GZMB, were raised in rabbit, sequential

staining allowed these two antibodies to be combined and to be detected specifically.

Importantly, human post-mortem NPC derived astrocytes from controls and ALS patients
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exhibited expression of PRF1 and GZMB (see Figure 1E), including ALS patient-derived
astrocytes with known capacity to convey toxicity to MNs. Similar to astrocytes from
SOD1%%* mice, astrocytes in the spinal cords of ALS patients contained PRF1 and GZMB in
patterns consistent with cytoplasmic granules, while both proteins were virtually absent in
unaffected controls (see Figure 1F). In summary, this example demonstrates that murine and
human astrocytes contain the cytolytic proteins PRF1 and GZMB in a subcellular localization
pattern consistent with an active granule cell death pathway.

Furthermore, levels of expression of Gzma and Gzmb in astrocytes were
analyzed. SOD1 astrocytes expressed high levels of Gzmb but low levels of Gzma as shown by
semi-quantitative RT-PCR (Figure 14A) and quantitative RT-PCR (Figure 14B; n=2 for all
groups). Gzmb levels were also higher in SOD1 astrocytes compared to WT astrocytes

(Figures 14A and B).

Example 2. ALS astrocvtes release perforin and granzyme B into motor neurons.

This example investigated whether SODI G934 astrocytes have the ability to
release PRF1 and GZMB into MNs by using an in vitro culture system to demonstrate the
toxicity of astrocytes towards co-cultured MNs. MNs were derived from mES cells expressing
GFP under the control of the motor-neuron specific HB9 promoter, permitting visual distinction
of MNss and astrocytes in co-cultures. In MNs cultured on a confluent layer of astrocytes
isolated from SODI°%* mice, cytosolic and membrane-associated PRF1 and GZMB protein
were visualized as early as 24 hours after plating, while MNs co-cultured with wild type
astrocytes did not exhibit any signal at this time point. This difference was maintained over the
time course of co-culture, leading to substantial accumulation of PRF1 and GZMB protein in
MNs cultured on top of SODI G934 astrocytes after 120 hours of culture, whereas both proteins
remained essentially absent from MNs cultured on wild type astrocytes (see Figure 2A). Levels
of PRF1 (Figure 2G) and GZMB (Figure 2H) were analyzed at different time points in MNs co-

cultured with wild-type or SOD1*

astrocytes as shown in Figure 2A.
Non-ALS control astrocytes overexpressing SOD1 mutations release PRF1 and
GZMB into motor neurons. Non-ALS control astrocytes (1800) overexpressing SOD1 G93A

or A4V mutant proteins, which have been shown to convey toxicity to MNs, release PRF1 and
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GZMB into MNs. PRF1 and GZMB remain absent in MNs co-cultured with non-ALS control
astrocytes after 120 hours of culture (see Figure 2I).

Perforin-mediated transfer of GZMB from effector to target cells is believed to
involve the formation pore-resembling structures in the membrane of the target cell. Thus, the

interaction between SOD19%4

astrocytes and MNss using confocal microscopy technology with
three-dimensional imaging capability was examined.

As shown in Figure 2B, PRF1-staining co-localized with pore-like structures in
the intercellular space between SOD! G934 astrocytes and the targeted MNs. In co-cultures of
wild type astrocytes with MNs, such structures were absent. In spinal cord sections, PRF1 and
GZMB were present within MNs of SOD1 Y4 but not in wild type mice, thus confirming the
findings in vivo (see Figures 2C and 2D). Three dimensional images were obtained with a
confocal microscope showing lack of PRF1 staining in MNs upon co-culture with wild-type
astrocytes (see Figure 2J).

To verify active exocytosis of PRF1 and GZMB by ALS astrocytes, the
expression of the lysosomal-associated membrane glycoproteinLAMP-1/CD107A (i.e., a
prototypic marker of this process in cytotoxic lymphocytes) was determined. LAMP-
1/CD107A was substantially upregulated in SODI G934 spinal cord cells compared to wild type
cells, thus indicative of active degranulation (see Figure 2E). Consistent with this observation,
CD107A levels increased with disease progression in SOD/ 4 mice. Importantly, surface

Ji G93A

CD107A was prominent only on SOD astrocytes, both in vitro and in vivo, but not on

wild-type cells (see Figure 2F). Increased degranulation was observed in SODI G934

astrocytes
upon co-culture with motor neurons. Western blot analysis revealed that both primary and NPC
derived SOD1%* astrocytes show higher level of CD107A expression, an indicator of
degranulation of cytolytic proteins compared to wild-type astrocytes (see Figure 2K).
Immunofluorescence staining of MNs co-cultured with astrocytes showed that CD107A

expression is pronounced on SOD/ G934 astrocytes surrounding MNs (see Figure 2L).

Example 3. Perforin and granzyme B are specifically found in motor neurons of human ALS

spinal cords.

Consistent with outcomes in the mouse model, substantial amounts of PRF1 and
GZMB were detected in MNs of the spinal cord of FALS and SALS patients but not in

unaffected controls (see Figure 3A). Quantitative analysis of the number of MNs positive for
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PRF1 or GZMB in human spinal cord demonstrated a high prevalence of positive MNs in both
FALS and SALS, with up to 100% of cells containing both proteins in several samples (see
Figures 3B and 3C). These observations, derived from in vitro co-culture systems of ALS
astrocytes with MNs and from both murine and human ALS spinal cords, suggest that ALS
astrocytes actively degranulate PRF1 and GZMB, followed by perforin-mediated uptake of
these cells into MNs.

Example 4. ALS astrocvtes utilize perforin and granzyme B to kill motor neurons.

In this example, the functional significance of the PRF1/GZMB pathway in ALS
astrocyte-mediated MN toxicity was determined. First, shRNAs that were capable of efficiently
ablating expression of Prfl and Gzmb in astrocytes were identified. Ablation of Prfl and Gzmb
expression in SOD/ G934 astrocytes resulted in an almost complete protection of MNs during co-
culture (see Figures 4A and B). This protective effect manifested in a larger number of
surviving MNs (see Figure 4B), less soma atrophy (see Figure 4C), and increased neuritic
length (see Figure 4D). The specificity of this protective effect was confirmed by unaltered
MN-directed toxicity of SODI G934 astrocytes treated with a scrambled shRNA control, resulting
in death of 80% of MNs within 20 hours of co-culture.

ShRNA knockdown of perforin and granzyme B was detected in Astrocytes.
Western blot analysis showed reduced expression of PRF1 and GZMB protein in mouse
SOD %% astrocytes upon lentiviral transduction with Prfl shRNA (Figure 4K) and Gzmb
shRNA (Figure 4L). Prfl shRNA and Gzmb shRNAs suppressed PRF1 and GZMB expression
in all human astrocytes used (Figure 4M).

Furthermore, shRNA-mediated ablation of PrfI and GzmB expression in
astrocytes derived from FALS and SALS patients effectively protected MNs in co-culture, with
significant effects on soma atrophy and shortening of neurites (see Figures 4E-47).

Collectively, these results indicate that both murine and human FALS and SALS astrocytes
utilize the cytolytic proteins PRF1 and GZMB to kill MNs. Suppressing the expression of these
proteins in astrocytes attenuates ALS astrocyte-derived MN toxicity.

In addition, PRF1 and GZMB in ALS astrocytes conditioned medium were toxic
to MNs. Knockdown of Prfl and Gzmb expression in SODI1 astrocytes increased MN survival
(Figures 10A and 10B) (B; n=3 for all groups, each n was run in triplicate) and prevents neurite

(Figures 10C) and soma size (Figures 10D) retraction commonly observed when MNs are
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cultured in the presence of SOD1 astrocyte conditioned medium (Figures 10C and D; n=100 for
all groups). In the presence of SODI1 astrocytes conditioned media, PRF1 and GZMB was
readily detected in the soma of MNs (Figures 10E-F). Dose depended increase in MN survival
observed in the presence of PRF1 and GZMB neutralizing antibodies added to SOD1 astrocyte
conditioned medium (Figure 10G). SOD]1 astrocyte conditioned medium without antibody
supplementation was used as a reference group for statistical analysis. Dotted lines represent
50% frequency (Figures 10C and D). Scale bars, 200 pm (Figures 10A), 5 um (Figures 10E).
Error bars denote s.e.m. **P<0.01, ****P<0.0001. n.s, non-significant. Scr, scrambled shRNA.

Furthermore, down-regulation of PRF and GZMB levels in astrocytes did not
alter levels of human SOD1 nor the inflammatory profile observed in SOD1 astrocytes.
Western blot analysis showed similar levels of human SOD1 upon expression of PRF1 and
GZMB shRNAs in SODI astrocytes (Figure 12A). An inflammatory gene array showed no
overt changes in inflammatory profile of SOD1 astrocytes upon knockdown of PRF1 and
GZMB (Figure 12B). Heatmap represents the average fold changes of two gene arrays using
samples collected independently.

Moreover, human SOD] targeting in SOD1%** astrocytes resulted in decreased
levels of co-localization of PRF1 and GZMB. Levels of human SOD1 expression knockdown
achieved in SOD1 astrocytes upon shRNA delivery via viral vectors were shown by ELISA
(Figure 13A; n=2 for all groups) and Western analysis (Figure 13B). Upon SODI shRNA
expression, levels of PRF1 and GZMB co-localization were significantly decrease both in vitro
(Figure 13C-E) and in vivo (Figure 13F-H) without impacting on the total number of individual
granules per cell (Figure 13D and G). White arrow head indicates PRF1 and GZMB co-
localized granule. Scale bars, 5 um. Error bars denote s.e.m. ****P<0.0001. n.s, non-

significant. Scr, scrambled shRNA.

Example 5. ALS astrocvtes display NK-like cell properties.

With the active use of the PRF1/GZMB cell death pathway, ALS astrocytes have
adopted a functional property of NK cells. To characterize the extent of this apparent change in
cell phenotype, this example evaluated the expression levels of a large series of NK cell
associated markers in ALS astrocytes. SODI G934 astrocytes expressed robust levels of two
prototypical NK markers, CD56 and CD57, which are minimally expressed in wild type
astrocytes (see Figure 5SA). Furthermore, qRT-PCR analysis of a large set of genes that
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included receptors, ligands, and intermediary signaling proteins known to be involved in NK

activation, revealed upregulation of the majority of these genes in SODJ%**

astrocytes but in
not wild-type controls (see Figure 5B).

NK cells have evolved specific mechanisms to effectively mediate host defense
mechanisms against viral infection that require the ability to identify infected from uninfected
cells. Normally, the interaction of inhibitory receptors on the surface of NK cells with major
histocompatibility complex (MHC) class I antigens presented by endogenous cells leads to
suppression of NK cell activity. However, infection with certain viruses, such as Herpes
Simplex Virus (HSV), suppresses MHC class I antigen presentation on the surface of the
infected cell, triggering NK cytotoxicity. To determine if ALS astrocytes had acquired similar
properties, including the ability to interact with MHC class I antigens, the presence of the MHC
class I inhibitory receptors LY49C and LY49I was evaluated. Both receptors were highly

expressed in SOD! G934

astrocytes cultured in vitro, but were absent from wild type astrocytes
(see Figure 5C). Gene expression analysis revealed activation of the NK cell signaling pathway
in SOD]¢% astrocytes (see Figure SH).

In vivo analyses on both protein and transcript level confirmed substantial
expression of LY49C and LY49I in the spinal cords and within astrocytes of SODI 94 mice
while being absent from these tissues in control mice (see Figure SD). MHC class I receptors
were present in NPC derived astrocytes obtained from post-mortem samples from FALS and
SALS patients (see Figures SE and 5F). The expression of fourteen MHC class I receptors in
human ALS astrocytes was evaluated. Killer cell immunoglobulin-like receptor 3DL.2
(KIR3DL?2), a MHC class I inhibitory receptor was expressed specifically and highly in all
FALS and SALS astrocyte lines evaluated but not in normal control cells (see Figure 5F).
Immunostaining confirmed high levels of KIR3DL?2 in astrocytes within the spinal cord of ALS
patients but not of healthy controls. These results suggest that ALS astrocytes not only activate

the perforin/granzyme cell death pathway similar to NK cells, but also adopt many other NK

cell properties including expression of MHC class I inhibitory receptors.

Example 6. Down-regulation of MHC class I is associated with motor neuron death.

MHC class I inhibitory receptors expressed on the surface of ALS astrocytes
may mediate an NK-cell like interaction with target cells, with reduced presentation of MHC

class I by MNs triggering ALS astrocyte toxicity. First, levels of MHC class I receptors on the
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surface of MNs were monitored upon co-culture with astrocytes. While MNss cultured on top of
wild type astrocytes sustained robust MHC class I expression for over 120 hours, MNs co-
cultured with SOD]°%* astrocytes exhibited a rapid and marked decrease of MHC class I
antigen (see Figure 6A). This reduction was significant at 24 hours and became more marked
with longer time in co-culture, with lowest MHC class I expression at 120 hours of co-culture
(see Figure 6A). Of note, the decrease in MHC class I expression on MN co-cultured with
SOD %% astrocytes inversely correlated to the observed increase in the levels of PRF1/GZMB
within MNs (see Figure 2A).

Since ALS astrocytes exert toxicity predominantly towards MNs but not towards
other neuronal cell types such as GABA-ergic neurons, the levels of MHC class I on the surface
of GABAergic neurons were evaluated. In contrast to the observed expression changes in MNss,
MHC class I antigen levels in GABAergic neurons remained constant during extended co-

cultured with wild type and SOD]“%*

astrocytes (see Figure 6B). These findings indicate that,
similar to NK cells, ALS astrocytes recognize the levels of MHC class I expression by potential
target cells. Furthermore, contact with ALS astrocytes appears to cause downregulation of
MHC class I receptors specifically in MNs but not other neuronal cell types, rendering these
cells the primary target cells for astrocyte mediated cytotoxicity in ALS.

Second, in vivo confirmation of this specific decrease of MHC class I expression
in MNs was investigated in both murine and human spinal cord specimens. Consistent with the
in vitro results, MHC class I staining revealed widespread and substantial reduction of MHC

19934 mice, but not in

class I expression in MNs only in the spinal cord of ALS patients or SOD
normal tissues (see Figures 6C and 6D). Dramatic down-regulation of MHC class I in MNs
was detected similarly in spinal cord samples of FALS and SALS patients, with absence of
MHC class I receptors in 80 to 100% of MNs across samples (see Figure 6E).

If the reduction of MHC class I observed in MNs upon co-culture with ALS
astrocytes was the signal triggering astrocyte-derived toxicity, MNs should be spared if MHC
class I expression could be sustained. This hypothesis was investigated by overexpressing
MHC class I receptors in MNs by lentiviral delivery of the histocompatibility complex (H2K).
Sustained expression of MHC class I in MNss protected these from the toxic effects of SODI G934
astrocytes such that survival did not differ from MNs co-cultured with wild type astrocytes (see
Figures 6F-6H). Upon co-cultured with SOD1 G934 astrocytes, surface MHC class I staining

shows reduced expression of MHC class I on MNs transduced with Lv-RFP, but sustained
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expression of MHC class I on MN transduced with Lv-H2K (see Figure 6K). Rescue was also
evident from unaltered soma size and neurite length of MNs co-cultured with SOD1 o34
astrocytes (see Figures 61 and 6J). Sustained expression of the control transgene red fluorescent
protein (RFP) in MNs did not alter SODI G934 astrocyte mediated toxicity towards MNss,
resulting in death of 80% of MNs after 120 hours of co-culture. These results suggest that
constitutive expression of MHC class I receptors in MNs confers protection from cytotoxic
effects induced by ALS astrocytes.

Furthermore, increased susceptibility of GABA neurons to SOD1 astrocyte
mediated toxicity upon down regulation of MHCI expression was shown. ShRNA knockdown
of H2-K1 resulted in efficient down regulation of H2-K1 expression in GABAergic neurons as
shown by RNA (Figures 11A) and protein expression (Figures 11B and C). Suppression of H2-
K1 in GABAergic neurons resulted in an increase incidence of PRF1 and GZMB upon co-
culture with SOD1 astrocytes (Figure 11D). By 120 hours post co-culture with SOD1
astrocytes, GABA neurons treated with H2-K1 shRNA showed increased susceptibility to
SODI1 mediated astrocyte toxicity as shown by a decrease in cell survival (Figures 11E and F),
soma size and neuritic length (Figure 11F; n=3 for all groups, each n was run in triplicate).
Dotted lines represent 50% frequency (Figure 11G). Scale bars, 5 pm (Figures 11B and D),
100 um (Figure 11E). Error bars denote s.e.m. **P<0.01, ****P<0.0001. Scr, scrambled
shRNA.

Example 7. Selective inhibition of Fas and FasL signaling does not prevent SOD/ G934 astrocyte

toxicity towards motor neurons

Kp7-6 was analyzed to determine whether Kp7-6 blocks astrocyte toxicity to
MNs. Kp7-6 specifically antagonizes Fas/FasL-mediated apoptosis. Kp7-6 was added to
SOD %% astrocytes 24 hours prior to MNs co-culture and maintained in the co-cultures at all
times. Kp7-6 concentrations that are known to be effective in the inhibition of Fas/FasLL
76934

activity in cytotoxic lymphocytes, did not change SOD
MNs (see Figure 7) ***, p<0.001.

astrocyte-derived toxicity towards

Example 8. Animals

Ji G93A

Transgenic mice that expressed mutant SOD1 (B6SJL-TgSOD ) were

obtained from Jackson Laboratories (Bar Harbor, ME). Animals were housed under light/dark
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(12:12 hour) cycle with food and water ad libitum. At each generation, SODI 994 trans gene
copy number and SOD]1 protein expression levels were verified by PCR and western blot
analysis respectively. All procedures were performed in accordance with the NIH Guidelines
and approved by the Nationwide Children’s Research Institutional Animal Care and Use

Committee.

Example 9. Isolation of astrocytes from mouse spinal cords

Astrocytes were isolated from 110-130 days of age SODI G934

and wild-type
B6SJL mice. Astrocyte cultures were prepared as previously described with minor
modifications. Briefly, spinal cords were enzymatically dissociated to single cells with a
mixture of Papain (2.5 U/ml; Worthington Biochemical, Lakewood, NJ), Dispase grade II (1
U/ml; Boehringer Mannheim Corporation, Indianapolis, IN) and Dnase I (250 U/ml;
Worthington Biochemical) for about 20 minutes. After filtration with a 70 [JM nylon mesh,
cells were pelleted, resuspended in DMEM/F12 (Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum (FBS, Invitrogen) and 0.2% N2 supplement (Invitrogen) and plated
onto 75 cm tissue culture flasks. Cells became confluent within 2 to 3 weeks and at this point
plates were shaken overnight in order to remove potential microglia cells. Adherent confluent
astrocytes were also treated with cytosine arabinose (20 UM, Sigma-Aldrich, St. Louis, MO) for
48 hours to kill rapidly dividing cells. Prior to analysis, astrocytes preparations were tested for

the presence of cytotoxic T-lymphocytes (CTLs) and natural killer (NK) cells and found to be

devoid of these cells types.

Example 10. Isolation of microglia from mouse spinal cords

1% and wild-type B6SJL mice

Microglia were isolated from 110-130 days of age SOD
following protocols previously described. Briefly, whole spinal cords were homogenized in
Hank’s Balanced Salt Solution (HBSS), pH 7.4. The resulting homogenates were passed
through a 70 um nylon cell strainer and centrifuged at 400 xg for 6 minutes. Supernatants were
removed and cell pellets were resuspended in 70% isotonic Percoll (GE Healthcare, Waukesha,
WI) at room temperature. A discontinuous Percoll density gradient was set up as follows: 70%,

50%, 35%, and 0% isotonic Percoll. The gradient was centrifuged for 20 minutes at 2000 xg

and microglia were collected from the interphase between the 70% and 50% Percoll layers.



WO 2014/043696 PCT/US2013/060153

-39 .

Cells were washed, then resuspended in HBSS and used for RNA or protein isolation. Prior to
analysis, microglia preparations were tested for the presence of CTLs and NK cells and found

to be devoid of these cells types.

Example 11. Isolation of mouse NPCs and differentiation into astrocytes

NPCs were isolated from the spinal cords of SOD1 @934 and wild-type B6SJL

mice according to methods previously described. Briefly, spinal cords were enzymatically
dissociated to single cells with a mixture of Papain (2.5 U/ml; Worthington Biochemical),
Dispase grade II (1 U/ml; Boehringer Mannheira Corporation) and Dnase I (250 U/ml;
Worthington Biochemical) for about 20 to 30 minutes. After filtration with a 70 [1M nylon
mesh, cells were pelleted and resuspended in DMEM (Invitrogen) supplemented with 10%
FBS. The cell suspension was mixed with an equal volume of isotonic Percoll {GE Healtheare)
and centrifuged at 20,000 xg for 30 minutes at room temperature, Cells from the low-buoyancy
fraction (5-10 ml above the red blood cell layer) were harvested, washed thoroughly with D-
PBS/PSF {Invitrogen) and plated in 60 mm uncoated plates. Cells were grown in growth
medivm (DMEM/F12, Invitrogen), with 1% N2 supplement (Invitrogen), 20 ng/ml of fibroblast
growth factor-2 (FGF-2, Peprotech, Rocky Hill, NJ) and 20 ng/ml of endothelial growth factor
(EGF, Peprotech). Proliferating chusters of cells attached to the plates started to appear 1o about
10 to 15 days. At 70-80% confluence, cells were passaged onto polyornithine-lamuinin (P/L)-
coated plates. In these proliferation conditions, we confirmed that mouse NPCs cultures were
absent of astrocytes, microglia, CTLs and NK cells contaminants. Once cultures were
established, NPCs from wild-type and SOD! 94 mice were used to differentiate astrocytes for
the experiments described in the manuscript. NPC-derived astrocytes were obtained
withdrawal of growth factors and supplementing the medium with 10% FBS (Invitrogen). The
medium was changed every 3 days thereafter. Astrocytes matured for 7 days in 10% FBS
medium prior to being used in experiments. Highly enriched astrocytes were obtained
following this methodology with no detectable levels of microglia, CTLs or NK cells

contaminants.

Example 12. Human post-mortem NPC derived astrocytes

Human NPC-derived astrocytes used in this study were previously described.

Receipt of human tissue was granted through Nationwide Children’s Hospital Institutional
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Review Board (IRB08-00402, Investigating the Role of Glia in Amyotrophic Lateral Sclerosis)
and use of all human samples was in accordance with their approved protocols. Post-mortem
spinal cords or brains were processed within 24 to 72 hours postmortem and used for isolation
of NPCs. NPCs were kept under sterile conditions, tissue was diced and a single cell
suspension was obtained by enzymatic dissociation of the tissue at 37°C for 30 to 40 minutes
with 2.5 U/ml papain (Worthington Biochemical), 250 U/ml of DNase I (Worthington
Biochemical) and 1 U/ml neutral protease (Roche). After dissociation, the cell pellet was
resuspended in DMEM/F12 (Invitrogen) with 10% FBS (Invitrogen), passed through a 70 uM
filter and centrifuged. The cell pellet was resuspended in DMEM/F12 (Invitrogen) with 10%
FBS (Invitrogen) and combined 1:1 with Percoll (GE Healthcare). The cell/Percoll mixture was
centrifuged at 20,000 xg for 30 min at 20 °C and the low buoyancy fraction (10 ml) above the
red blood cell layer was collected. Cells were washed and resuspended in NPC medium
containing DMEM/F12 (Invitrogen) supplemented with 10% FBS (Invitrogen), 10% BIT9500
(Stem Cell Technologies), 1% N2 supplement (Invitrogen), 20 ng/ml of FGF-2 (Peprotech), 20
ng/ml of EGF (Peprotech) and 20 ng/ml of PDGF-AB (Peprotech). NPCs were cultured on
fibronectin (Chemicon) coated plates and after 24 hours, the media was replaced with serum-
free NPC medium. Half of the medium was subsequently replaced every 2 days. NPCs were
passaged when 60—70% confluence was reached in about 3 to 4 weeks. In proliferation
conditions, we confirmed that human NPCs cultures were absent of astrocytes, microglia, CTLs
and NK cells contaminants. Once NPC cultures were established, astrocytes differentiation was
induced by withdrawal of growth factors and by supplementing the medium with 10% FBS
(Invitrogen). In these conditions, astrocytes were readily generated and could be maintained for
over 20 passages. Astrocytes were maintained on laminin-coated plates with media change
every 3 days and passaging when cultures reached 80% confluence. A summary of the

demographic information associated with NPC derived astrocytes is shown in Table 4.

Table 4. Demographic information associated with NPC derived astrocytes
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ID Diagnosis  Age(yr.) Gender Time from Diagnosis to Death
1800 Non-ALS <1 N/A N/A
031300HC Non-ALS 52  Female N/A
HD011296-5E6C2-2  Non-ALS 61 Male N/A
63358 Non-ALS 87 Male N/A
4944MA Familial ALS * 57 Male 8 Months
090322 Sporadic ALS 70 Male 20 Months
9J003 Sporadic ALS 55 Male 14 Months
64391 Sporadic ALS 64 Male 14 Months
91095 Sporadic ALS 70 Female 60 Months
64089 Sporadic ALS 67 Male 9 Months

N/A, Nor-available; * Sequencing results confirm A4V mutation in the SOD1 locus

Example 13. Motor neuron differentiation from embryonic stem cell

Mouse embryonic stem cells (mES cells) that express green fluorescent protein
(GFP) driven by the Hb9 promoter (HBG3 cells) were used. ES cells were cultured on top of
inactivated mouse fibroblasts (Millipore, Billerica, MA). MN differentiation was induced by
plating 1-2 x 10° mES cells per 10 cm dish in the presence of 2 uM retinoic acid (Sigma-
Aldrich) and 2 uM purmorphamine (Calbiochem, Billerica, MA). After 5 days of
differentiation, embryonic bodies were dissociated and sorted based on levels of GFP using a

FACSVantage/DiVa sorter (BD Biosciences, Rockville, MD).

Example 14. NPC differentiation into GABAergic neurons

Mouse NPCs were induced to differentiate into GABAergic neurons by
supplementing growth medium with 0.1% FBS (Invitrogen), retinoic acid (1 uM, Sigma-
Aldrich), and forskolin (5 uM, Sigma-Aldrich). Media were changed every day. Cultures were

allowed to differentiate for 7 days prior to be used for experiments.

Example 15. Co-culture of astrocytes and MNs

For co-culture experiments of mouse astrocytes and MNs, astrocytes were plated
at the density of 40,000 cells per well at 96-well plates coated with laminin. After 48 hours,
FACS sorted GFP* MNs were plated on top of the astrocyte monolayer at a density of 2,000
cells per well. Co-culture was performed in MN media composed of DMEM/F12 (Invitrogen)
supplemented with 5% horse serum (Equitech Bio, Kerrville, TX), 2% N2 supplement
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(Invitrogen), 2% B27 supplement (Invitrogen), 10 ng/ml of GDNF (Invitrogen), 10 ng/ml
BDNF (Invitrogen) ,10 ng/ml CNTF (Invitrogen). Half of media was replaced every other day,
with addition of fresh growth factors. For co-culture of human astrocytes and MNss, astrocytes
were plated at a density of 10,000 cells per well in 96-well plates coated with laminin. After 48
hours, GFP* MNs were seeded on top of the astrocytes at a density of 10,000 cells per well.
Twenty four hours after MNs seeding, cytosine arabinose (1 uM, Sigma-Aldrich) was added for
48 hours to eliminate any remaining dividing astrocytes or undifferentiated embryonic stem

cells. Media was changed every other day and growth factors were added.

Example 16. RNA isolation and RT-PCR
RNA was harvested using the RT* g-PCR-grade RNA isolation kit (Qiagen,
Frederick, MD) and total RNA was reverse transcribed with RT* First Strand Kit (Qiagen)

according to the manufacturer's instructions. For semi-quantitative RT-PCR, transcripts were
amplified using the following gene-specific primers: prfI-F: 5’-
GTCACGTCGAAGTACTTGGTG-3’ ; prfl-R: 5’-ATGGCTGATAGCCTGTCTCAG-3’ ;
gzmb-F: 5’-CCTGCCCAGGCGCAATGTCA-3’ ; gzmb-R: 5°-
TGGTCTTTGGGTCCCCCGCA-3’ ; Ly49c-F: 5’- TCCCACGATGAGTGAGCCA-3’ ;
Ly49c-R: 5’-TACCTTTAACTCTAGTTGGAAAA-3’ ; Ly49i-F: 5°-
GATGAATGAGCCGGAGGTC-3’; Ly49i-R: 5’- TTTCACTGTTCCATCTGTCCT-3’; actb-F:
5’-GTGGGCCGCCCTAGGCACCA-3’ ; actb-R: 5’-CTCTTTGATGTCACGCACGATTTC-
3’. Detection of human killer-cell immunoglobulin-like receptor transcripts (KIRs) was
determined by quantitative RT-PCR using primer sets previously described (Thompson et al.,
Immunogenetics, Nov 2006, 58, 865). Natural killer cells markers were assayed in SOD1 G93A
and wild-type derived astrocytes by quantitative RT-PCR taking advantage of the Mouse
Natural Killer Cell 96 StellARay (Lonza, Hopkinton, MA). This StellARay measures the
expression of genes concerning many aspects of NK cell biology, including cell surface
receptors, ligands, signaling molecules, adhesion molecules, mediators of cytotoxicity,
cytokines and cytokine receptors. Quantitative RT-PCR reactions were performed in duplicate
using RT* Real-Time SYBR Green/Rox PCR Master Mix (Qiagen) on an ABI Prism 7000
(Applied biosystems, Carlsband, CA).

Example 17. Immunocytochemistry
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Immunofluorescence staining used to visualize various antigens in cells, mouse
spinal cord or paraffin embedded human spinal cords samples was performed with antibodies
and respective dilutions listed in Table 2. For most antigens, samples were first incubated for 1
hour at room temperature in TBS containing 0.1% triton-X and 10% donkey serum, followed
by incubation with the primary antibody for 48-72 hours at 4°C. Labeling with secondary
antibodies conjugated to various fluorochromes was performed for 2 hours at room temperature.
Detection of PRF1 and GZMB in paraffin embedded human tissue was achieved with
biotinylated secondary antibodies, using the ABC and VectorRed Kit protocols (Vector
Laboratories, Burlingame, CA). Tissue was briefly counterstaining with Hematoxylin QS
solution (Vector Laboratories, Burlingame, CA). MHC class I staining was performed
according to a previously described protocol, with minor modifications. Briefly, cell
permeabilization was achieved using 0.05% triton-X for mouse spinal cord samples, and 0.1%
saponin for human spinal cord samples. Incubation with primary and secondary antibodies was
performed in 10% donkey serum without any detergent. For in vitro surface labeling, cells on
coverslips were fixed, blocked and incubated with primary antibodies for 1 hour at room
temperature without initial permeabilization. To verify membrane integrity, each sample was
stained for intracellular protein TUJ1. The absence of TUJ1 staining confirmed intact
membrane, and MNs with positive TUJ1 staining were excluded from analysis. A summary of
the demographic information associated with the human spinal cord tissues used for

immunostaining is shown in Table 3.

Table 2. Antibodies and respective dilutions
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Antigen Company Catalog Number Host Dilution Used Application
Mouse Specimen
PRF1 Cell Signaling 3693 Rabbit 1:200 ICC
PRF1 Cell Signaling 3693 Rabbit 1:500 Western
GZVB Cell Signaling 4275 Rabbit 1:200 ICC
GZVB Cell Signaling 4275 Rabbit 1:500 Western
CD107A Abcam ab25245 Rat 1:500 ICC
CD107A Abcam ab25245 Rat 1:500 Western
CD56 Millipore ab5032 Rabbit 1:200 ICC
CD57 Novus Biological nbp1-19788 Rabbit 1:100 ICC
LY49C/I BD Pharmagin 553273 Mouse 1:50 ICC
MHC Class | AbD Serotec mca2398 Rat 1:100 ICC
GFAP Abcam ab4674 Chicken 1:500 ICC
EAAT2 Gift from Dr. Jeffrey Rothstein Rabbit 1:200 ICC
ChAT Millipore ab144p Goat 1:200 ICC
GAD67 Millipore MAB5406 Mouse 1:200 ICC
GAPDH Millipore MAB374 Mouse 1:500 Western
Human Specimen
PRF1 Abcam ab75573 Mouse 1:50 ICC, IHC
PRF1 Abcam ab75573 Mouse 1:100 Western
GZVB Abcam ab4059 Rabbit 1:50 ICC, IHC
GZVB Cell Signaling 4275 Rabbit 1:500 Western
KIR3DL2 Abcam ab95303 Rabbit 1:200 ICC
HLA Abcam ab70328 Mouse 1:50 IHC
GFAP Abcam ab4674 Chicken 1:500 ICC

Table 3. Demographic information associated with human spinal cord tissue

ID Diagnosis  Age(yr.) Gender Time from Diagnosis to Death Spinal Cord Segments
63628 Non-ALS 67 Male N/A Thoracic
E09-170 Non-ALS 88 Female N/A Lumbar
4944MA  Familial ALS * 57 Male 8 months Thoracic
E10-83 Familial ALS * 65 Female 4 months Lumbar
57746 Sporadic ALS 61 Male 3 weeks Lumbar
ALS1989 Sporadic ALS N/A N/A N/A Thoracic
63470 Sporadic ALS 67 Male 1.2 months Lumbar
60897 Sporadic ALS 62 Female N/A Cervical
E08-67 Sporadic ALS 49 Female 2.5 years Lumbar
E08-86 Sporadic ALS 71 Male 6 months Lumbar
E08-125 Sporadic ALS 55  Female 1 year Thoracic

%N/A, Non-available; * Sequencing results confirm A4V mutation in the SOD1 locus
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Example 18. Confocal microcopy and 3D image reconstruction

All images were captured on a laser scanning confocal microscope (Carl Zeiss
Microscopy, Thornwood, NY) and 3D reconstitution was obtained using LSM 510 software
(Carl Zeiss).

Example 19. MNs cell viability

At various time points in the co-culture of astrocytes and MNss, cell survival,
neuritic length and somas size of MNs was recorded using a fully automated IN CELL 6000
cell imager (GE Healthcare). Images were processed with the Developer and Analyzer

software packages (GE Healthcare).

Example 20. Viral vectors

To knockdown PRF1 and GZMB levels in astrocytes, sequences from the RNAi
Consortium lentiviral ShRNA library were screened and relevant plasmids purchased from
Open Biosystems. Clones TRCN0000077206 (CCACTCCAAGGTAGCCAATTT) and
TRCN0000032742 (CCTATGGATATAAGGATGGTT) were used to target PRF1 and GZMB
in mouse astrocytes, respectively. Clones TRCN0000007942
(ACCTGAATCATGGCCACCTAA) and TRCN0000006448
(CATTGTCTCCTATGGACGAAA) were used to knockdown PRF1 and GZMB in human
astrocytes, respectively. Scrambled shRNA were used as controls for PRF1
(GGCACTACCCGATCTATTACA) and for GZMB (GACCGATACTCGCGATATATT).
These sequences were delivered by lentiviral particles produced by CaCl, mediated transient
transfection of 293 cells and virus collected from the supernatant by ultracentrifugation as
described (Tiscornia et al., Nat Protoc, 2006, 1, 241). Briefly, viral particles were produced by
transient transfection of 293 cells in the presence of the helper plasmids, VSV-G, MDL and
REV. Transfection was obtained by CaCl, precipitation for 10 minutes followed by medium
incubation for an additional 20 hours. Viral supernatant was collected every 24 hours for the
next 96 hours and viral particles were pelleted by ultra-centrifugation at 50,000 xg for 2 hours.
Viral particles were aliquoted and stored frozen at -80 °C until used. Prior to addition to
astrocytes, viral titer was obtained using Quick-titer lentivirus quantification kit follow

manufacture’s directions (CellBiolabs Inc, San Diego, CA, USA).
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H2K cDNA (Mm24845) was purchased from Genecopia (Rockville, MD) and
delivered to MNs via lentiviral vectors delivery. H2K cDNA was cloned under the CMV
promoter. RFP expression was also obtained by the presence of an IRES in the lentiviral
construct. Motor neurons were first infected with lenti-H2K with 20 viral particles per motor
neuron. H2K expression was allowed to occur for 48 prior to astrocyte plating. Astrocyte-
motor neuron co-cultures were followed for an additional 120 hours. Assay was performed by

plating on a 96 well with 20,000 and 60,000 motor neurons and astrocytes, respectively.

Example 21. Screening of PRF1 and GZMB shRNAs sequences

In order to knockdown PRF1 and GZMB expression in astrocytes, sequences
from the RNAi Consortium lentiviral ShRNA library (TRC-Mm1.0 and TRC-Hs1.0) were
screened and purchased from Thermo Scientific (Waltham, MA, USA). The following

Sequences were SCr eened:

PRF1 sequences screened:

Mouse: TRCN0000077203 (CTATGCATAGAGAGGCCACTA);
TRCN0000077204 (GCCCATTTGGTGGTAAGCAAT); TRCN0000077205
(CGGTGTCGTGTGGAACAATAA); TRCNO000077206
(CCACTCCAAGGTAGCCAATTT); TRCN0000077207 (AGGGTGAAATTCTCCTACCAT)

Human: TRCN0000007938 (CCAACACAATTCTTCTTCCAA);
TRCN0000007939 (GCCTATGTGAAGCTCTTCTTT); TRCN0000007940
(CCTCAGGCTTATCTCCAACTA); TRCN0000007941 (TGCCGCTTCTACAGTTTCCAT);
TRCN0000007942 (ACCTGAATCATGGCCACCTAA)

GZMB sequences screened:

Mouse: TRCN0000032739 (CGAGAATGTTATCTAATGCTA);
TRCN0000032740 (CGAGTTTCTTATCCTGGATAA); TRCN0000032741
(GCCTTACTTTCGATCAAGGAT); TRCN0000032742 (CCTATGGATATAAGGATGGTT);
TRCNO0000032743 (CAGACTATAATCCTAAGACAT)
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Human: TRCN0000006445 (CGAATCTGACTTACGCCATTA);
TRCN0000006446 (GCTTATCTTATGATCTGGGAT); TRCN0000006447
(AATGGTACTGTCGTAATAATG); TRCN0000006448
(CATTGTCTCCTATGGACGAAA); TRCN0000006449 (GCTTCCTGATACAAGACGACT)

Based on the levels of knockdown efficiency evaluated by western blot analysis,
clones TRCN0000077206 (CCACTCCAAGGTAGCCAATTT) and TRCN0000007942
(ACCTGAATCATGGCCACCTAA) were chosen to target PRF1 in mouse and human
astrocytes, respectively. To target GZMB, TRCN0000032742
(CCTATGGATATAAGGATGGTT) and TRCN0O000006448
(CATTGTCTCCTATGGACGAAA) were used in mouse and human astrocytes, respectively.
ShRNA sequences were delivered via viral vectors that were produced by CaCl, transient
transfection of 293 cells and concentrated by ultracentrifugation. Astrocytes were infected over
a 24 hour period using 20 viral particles per cell. ShRNAs were allowed to be expressed in

astrocytes for 96 hours prior to motor neuron co-culture.

Example 22. MNs infection and culture

To express MHC class I in MNs, wild-type astrocytes were plated on laminin-
coated transwell (Corning, Lowell, MA) using MN media. After 24 hours, sorted GFP" MNs
were plated on a separate laminin-coated 96 well plate in media conditioned by wild-type
astrocytes. 4 hours later, a transwell containing wild-type astrocytes was transferred into MN
plate after verification that all MNs were fully attached and were starting to show neuritic
extensions. One day later, transwell of wild-type astrocytes was removed and MNs were
infected with lentivirus (40 viral particles per MN) encoding H2K ¢cDNA expression construct.
12 hours post-infection, co-culture with wild-type astrocytes by transwell was resumed. After

72 hours, transwell was removed and co-culture experiments initiated.

Example 23. Western blot

Crude protein cell lysates were obtained using the Tissue Protein Extracting
Reagent (Pierce, Rockford, IL) following manufacture recommendations. Per lane, 20 ng of

protein was loaded onto a NuPAGE 4-12% Bis-Tris gel (Invitrogen). Proteins were separated
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by electrophoresis at 150 V for 1 hour and then transferred to an Invitrolon PVDF membrane
(Invitrogen). The membrane was blocked in 5% nonfat milk, 0.1% Tween-20 in TBS for 1
hour, followed by overnight incubation with primary antibodies. Bound primary antibody was
detected by horseradish peroxidase conjugated secondary antibody (Jackson ImmunoResearch,
West Grove, PA) followed by chemiluminescence using ECLTM Western Blotting Detection
Reagents (GE Healthcare).

Example 24. Survival and Hind Limb Grip Strength

Animals. Transgenic male and female littermate mice that expressed the mutant
SOD1%** transgene at high-levels were divided equally among groups. SOD1 gene copy
number and SOD1 protein expression were confirmed with PCR and western blot analysis.
Animals were housed under light: dark (12:12 h) cycle and provided with food and water ad
libitum. All procedures were performed using a protocol approved by the Nationwide
Children’s Institutional Animal Care and Use Committee.

AAY suppression of Perforin: AAV9 virus was produced encoding an shRNA

G93A ___- .
23A animals at a titer

or scrambled shRNA for Perforin and delivered into the tail vein of SOD
of 3 x 10" DNase Resistant Particles/ml at 3 weeks of age. Animals were monitored daily and
assessed for ability to right themselves. A “death event” was entered when animals could no
longer “right” themselves within 30 seconds after the animal was placed on its back. “Death
event” classification was performed by 2 individuals who were blinded to treatment at the time
of assessment. Testing of hindlimb grip strength was performed using a grip strength meter and
testing weekly. Briefly, animals are allowed to hold on to the platform with their rear legs and
the animals are pulled until they let go of the platform and the maximal force generated is
recorded. As shown in Figs. 8 and 9, SOD1%** mice treated with shRNA for Perforin

exhibited increased percent survival over time and increased hind limb grip strength versus

controls.

Example 25. H2K ORF Sequence

AGTGTCGCCGCGGACGCTGGATATAAAGTCCACGCAGCCCGCAGAACTCAG
AAGTCGCGAATCGCCGACAGGTGCGATGGTACCGTGCACGCTGCTCCTGCTGTTGG
CGGCCGCCCTGGCTCCGACTCAGACCCGCGCGGGCCCACACTCGCTGAGGTATTTC
GTCACCGCCGTGTCCCGGCCCGGCCTCGGGGAGCCCCGGTACATGGAAGTCGGCTA
CGTGGACGACACGGAGTTCGTGCGCTTCGACAGCGACGCGGAGAATCCGAGATAT
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GAGCCGCGGGCGCGGTGGATGGAGCAGGAGGGGCCCGAGTATTGGGAGCGGGAG
ACACAGAAAGCCAAGGGCAATGAGCAGAGTTTCCGAGTGGACCTGAGGACCCTGC
TCGGCTACTACAACCAGAGCAAGGGCGGCTCTCACACTATTCAGGTGATCTCTGGC
TGTGAAGTGGGGTCCGACGGGCGACTCCTCCGCGGGTACCAGCAGTACGCCTACGA
CGGCTGCGATTACATCGCCCTGAACGAAGACCTGAAAACGTGGACGGCGGCGGAC
ATGGCGGCGCTGATCACCAAACACAAGTGGGAGCAGGCTGGTGAAGCAGAGAGAC
TCAGGGCCTACCTGGAGGGCACGTGCGTGGAGTGGCTCCGCAGATACCTGAAGAA
CGGGAACGCGACGCTGCTGCGCACAGATTCCCCAAAGGCCCATGTGACCCATCACA
GCAGACCTGAAGATAAAGTCACCCTGAGGTGCTGGGCCCTGGGCTTCTACCCTGCT
GACATCACCCTGACCTGGCAGTTGAATGGGGAGGAGCTGATCCAGGACATGGAGC
TTGTGGAGACCAGGCCTGCAGGGGATGGAACCTTCCAGAAGTGGGCATCTGTGGTG
GTGCCTCTTGGGAAGGAGCAGTATTACACATGCCATGTGTACCATCAGGGGCTGCC
TGAGCCCCTCACCCTGAGATGGGAGCCTCCTCCATCCACTGTCTCCAACATGGCGA
CCGTTGCTGTTCTGGTTGTCCTTGGAGCTGCAATAGTCACTGGAGCTGTGGTGGCTT
TTGTGATGAAGATGAGAAGGAGAAACACAGGTGGAAAAGGAGGGGACTATGCTCT
GGCTCCAGGCTCCCAGACCTCTGATCTGTCTCTCCCAGATTGTAAAGTGATGGTTCA
TGACCCTCATTCTCTAGCGITGAAGACAGCTGCCTGGAGTGGACTTGGTGACAGACA
ATGTCTTCTCATATCTCCTGTGACATCCAGAGCCCTCAGTTCTCTTTAGTCAAGTGT
CTGATGTTCCCTGTGAGCCTATGGACTCAATGTGAAGAACTGTGGAGCCCAGTCCA
CCCCTCTACACCAGGACCCTGTCCCTGCACTGCTCTGTCTTCCCTTCCACAGCCAAC
CTTGCTGGTTCAGCCAAACACTGAGGGACATCTGTAGCCTGTCAGCTCCATGCTAC
CCTGACCTGCAACTCCTCACTTCCACACTGAGAATAATAATTTGAATGTAACCTTGA
TTGTTATCATCTTGACCTAGGGCTGATTTCTTGTTAATTTCATGGATTGAGAATGCT
TAGAGGTTTTGTTTGTTTGTTTGATTGATTTGTTTTTTTGAAGAAATAAATGATAGA
TGAATAAACTTCCAGAATCTGGGTCACTAAAAAAAAAAAAAAAAAAAAAAAA

Example 26. Statistical analyses

All statistical tests were performed by multiway analysis of variance followed by
a Bonferroni post hoc analysis of mean differences between groups (GraphPad Prism, San
Diego, CA). Each experiment was repeated three or four times and each time triplicates were

used.
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WHAT IS CLAIMED IS:

1. A method for treating a patient with amyotrophic lateral sclerosis by
decreasing the expression of a cytoplasmic granule toxin in astrocytes of the patient, the method
comprising the step of

administering to the patient a composition comprising an effective amount of a

compound that decreases the expression of the cytoplasmic granule toxin in the astrocytes of

the patient.

2. The method of claim 1 wherein the cytoplasmic granule toxin is a
perforin.

3. The method of claim 2 wherein the perforin is perforin 1.

4. The method of claim 1 wherein the cytoplasmic granule toxin is a
granzyme.

5. The method of claim 4 wherein the granzyme is granzyme B.

6. The method of claim 1 wherein the decreased expression of the

cytoplasmic granule toxin results in an effect on motor neurons in the patient selected from the
group consisting of an increase in the number of motor neurons, a decrease in soma atrophy,

and an increase in neurite length after administration of the compound.

7. The method of claim 1 wherein the compound is selected from the group

consisting of a drug, a peptide, and a nucleic acid.

8. The method of claim 7 wherein the compound is a nucleic acid.

0. The method of claim 8 wherein the nucleic acid has the sequence of SEQ
ID NO: 1.

10. The method of claim 8 wherein the nucleic acid has the sequence of SEQ
ID NO: 2.

11. A method for treating amyotrophic lateral sclerosis by increasing MHC

class I expression in motor neurons of a patient, the method comprising the step of
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administering to the patient a composition comprising an effective amount of a

compound that increases the expression of MHC class I in the motor neurons of the patient.

12. The method of claim 11 wherein the increased expression of the MHC
class I results in an effect on motor neurons in the patient selected from the group consisting of
an increase in the number of motor neurons, a decrease in soma atrophy, and an increase in

neurite length after administration of the compound.

13. The method of claim 11 wherein the compound is selected from the

group consisting of a drug, a peptide, and a nucleic acid.

14. The method of claim 11 wherein the compound is a nucleic acid.

15. The method of claim 14 wherein the nucleic acid is delivered to the
patient in a bacterial vector or in a viral vector.

16. The method of claim 15 wherein the vector is a viral vector.

17. The method of claim 16 wherein the vector is selected from the group
consisting of a lentiviral vector and an adenovirus vector.

18. The method of claim 14 wherein the nucleic acid has the sequence of
SEQ ID NO: 3.

19. The method of claim 14 wherein the nucleic acid encodes the
histocompatibility complex H2K.

20. The method of claim 1 wherein the amyotrophic lateral sclerosis is

sporadic amyotrophic lateral sclerosis.
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