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GENE THERAPY FOR NEUROMETABOLIC DISORDERS

[0001] This application claims priority to U.S. patent application No.

60/467,195, filed oh May 1 2003, and U.S. patent application No. 60/475,726,

filed on June 4, 2003, herein incorporated by reference.

Field of the Invention

[0002] The present invention relates to compositions and methods for

treating disorders affecting the central nervous system (CNS). The invention

further relates to compositions comprising viral vectors such as

adeno-associated virus (AAV) vectors, and methods of administration thereof.

Background of the Invention

[0003] A group of metabolic disorders known as lysosomal storage

diseases (LSD) includes over forty genetic disorders, many of which involve

genetic defects in various lysosomal hydrolases. Representative lysosomal

storage diseases and the associated defective enzymes are listed in Table 1.

Table 1

Lysosomal storage disease

Defective enzyme

Aspartylglucosaminuria

Aspartylglucosaminidase

Fabry

a-Galactosidase A

Infantile Batten Disease* (CNL1) - |

Palmitoyl Protein Thioesterase

Classic Late Infantile Batten
Disease* (CNL2)

Tripeptidyl Peptidase

Juvenile Batten Disease® (CNL3)

' Lysosomal Transmembrane Protein

Batten, other forms* (CNL4-CNL8)

Multiple gene products

Cystinosis , : Cysteine transporter
Farber ‘ ' Acid ceramidase
Fucosidosis Acid a-l -fucosidase

Galactosidosialidosis

Protective protein/cathepsin A

Gaucher types 1, 2%, and 3*

Acid B-glucosidase, or
glucocerebrosidase

G+ gangliosidosis™

Acid B-galactosidase
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————

’_Lysosomal stbfégé disease

Defecti\}e enzyme

Hunter*

Iduronate-2-sulfatase

Hurler-Scheie* .

ao-L-lduronidase

Krabbe*

Galactocerebrosidase

a-Mannosidosis*

Acid o-mannosidase

-Mannosidosis*

Acid B-mannosidase

Maroteaux-Lamy

Arylsulfatase B

*

Arylsulfatase A

Metachromatic leukodystrophy
Morquio A ,

. N-Acetylgalactosamine-6-sulfate

sulfatase

Morquio B

Acid B-galactosidase

Mucolipidosis II/111*

N-Acetylglucosamine-1-phosphotran
sferase

Niemann-Pick A*, B

Acid sphingomyelinase

Niemann-Pick C*

NPC-1

Pompe* Acid a-glucosidase
Sandhoff* B-Hexosaminidase B
Sanfilippo A* Heparan N-sulfatase
Sanfilippo B* o-N-Acetylglucosaminidase
Sanfilippo C* Acetyl-CoA:a-glucosaminide

' N-acetyltransferase
Sanfilippo D* N-Acetylglucosamine-6-sulfate

sulfatase

Schindler Disease* -

a-N-Acetylgalactosaminidase

Schindler-Kanzaki-. .

o-N-Acetylgalactosaminidase

Sialidosis a-Neuramidase

Sly* B-Glucuronidase
Tay-Sachs* B-Hexosaminidase A
Wolman*

* CNS involvement

Acid Lipase

[0004] The hallmark feature of LSD_'is the éb"h'ormal accumulation of

metabolites in the lysosomes which leads to the formation of large numbers of

distended lysosomes in the perikaryon. ’A_major challenge to treating-LSD (as

opposed to treating a liver-specific enzymopathy) is the need to reverse

lysosomal storage pathology in multiple separate tissues. Some LSDs can be

effectively treated by intravenous infusion of the missing enzyme, known as

enzyme replacement therapy (ERT). For example, Gaucher type 1 patients
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have only visceral disease and respond favorably to ERT with recombinant
glucocerebrosidase (Cerezyme®, Genzynﬁ'é Co’rb.). However, patients with
metabolic disease that affects the CNS (e.g., typé 2 or 3 Gaucher disease) do
not respond to intravenous ERT because the replécement enzyme is
prevented fromxenteriAng the brain by the bloo‘d ‘b‘r'ai'ﬁ"barrier (BBB).
Furthermore, attempts to introduce a replacement enzyme into the brain by
direct injection have been unsuccessful in part due to enzyme cytotoxicity at
high local concentrations (unpublished 'observations) and limited parenchymal
diffusion rates in the brain (Pardridge, Peptide Drug Delivery to the Brain,
Raven Press, 1991). - ==¢ - SRR

[0005] -Gene therapy is an emerging fréé"cment modality for disorders
affecting the CNS, including LSDs. In this approach, restoration of the normal
metabolic pathway and reversal of pathology occurs:by transducing affected
cells with a vecto'r- carryinga healthy version of the Qene. CNS gene therapy
has been facilitated by the development of viral vectors capable of effectively
infecting post-mitotic neurons. For a review-of viral vectors for gene delivery
to the CNS, see Davidson et al. (2003) Nature Rev., 4:353-364.
Adeno-associated virus:(AAV) vectors are considered optimal for CNS gene
therapy becausé'they are substantially hon-toxic, non-immunogenic,
neurotropic and can sustain long-term expr'ession in the CNS (Kaplitt et al.
(1994) Nat. Geénet., 8:148-154; Bartlett et al. (1998) Hum. Gene Ther.,
9:1181-1186; and Passini et al. (2002) J. Neurosci.; 22:6437-6446).

[0006] A‘therapeutic transgene product, e.g., an enzyme, can be

secreted by transduced cells and subsequently taken up by other cells, in
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which it then alleviatés pathology. This prodess is known as cross-correction
(Neufeld et al. (1970) Science, 169:141-146). However, the correction of
pathology, such as storage pathology in the context of LSD, is typically
confined to the immediate vicinity of the injection site because of limited
parenchymal diffusion of the inj'écted vector and the secreted transgene
product (Taylor et al. (1997) Nat. Med., 3:771-774; Skorupa et al. (1999) Exp.
Neurol., 160:17-27). Thus, neuropathology aﬁeétihg multiple brain regions
requires widespread vector delivery, using muﬁiple slpatially distributed
injections, especially in a large brain such as hum'e{n. This significantly
increases the rfsk Of‘brain'dahﬁage. In addition, some regions of the brain
may be difficult to access surgically. Thus, other modes of vector transport
within the CNS, besides diffusion, would be beneficial.

[0007] When administered at axonal éndings, some viruses are
internalized and fransb:ortea retrogradely albng the axon to the nucleus.
Neurons in one brain region are intercon‘néc':tedby axons to distal brain
regions thereby providing a transport system for vector delivery. Studies with
adenovirus, HSV, and pseudo-rabies virus have utilized trafficking properties
of these viruses to deliver genesto distal structures within the brain (Soudas
ot al. (2001) FASEB J., 15:2283-2285; Breakefield et al. (1991) New Biol.,
3:203-218; and deFalco et al. (2001) Science, 291:2608-2613). However,
drawbacks associated with these viral-vectors, e.g:, immunogenicity and/or
cell toxicity, limit their utility.

[0008] Several groups have reported that the transduction of the brain

by AAV serotype 2 (AAV2) is limited to the‘intracardial injection site (Kaplitt et

4
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al. (1994) Nat. Genet., 8:148-154; Péssirii ét al. (2002) J. Neurosci.,
22:6437-6446; and Chamberlin et al. (1998) Brain Res., 793:169-175). One
recent report suggests that retrograde axonal éfaﬁsbort of AAV2 can also
occur in select circuits of the normal rat brain (Kéébér et al. (2002) Mol. Ther.,
5:50-56). However, it is not known whét’spc_acific p;rameters were responsible
for the observed axonal transport, and whether sufficient anq effective axonal
transport would occur in a diseased neuron that is in a state of cellular
dysfunction. lndéed, Iesiéns obser\)ed in LSD neurons have been reported to
interfere with or even block axonal transport (reviewed in Walkley (1998)
Brain Pathol., 8:175-193), suggesting-that disease-compromised neurons
would not supportitréfficlfkihg o'f: AAV allon:gi't'héir axons.

[0009] A Therefore, there is a need in the artto devélop new therapeutic

methods for treating metabolic disorders that affect the CNS.

éUMMARY dF THE INVENTION

[0010] The invention provides r‘nethods and compositions for treating
or preventirig.metabolic disorders, suéhn ag Ylyhédsdmal storage diseases (LSD),
that are 6haracferized by.of aésociated WItha risk of diminution of CNS
function. h .

[0011] Thév in.v;je‘;{tion 'ﬁili'th.er' prov1desmethods for minimally invasive
targeted delivéry of a.transgenie' o seleét :rég;ifc;ns:.i}\‘the brain of an affected
subject. o o

[0012] Additional ladvantages of the mvent:on Will be set forth in part in
the following descriptidn, and in part will bé understood from the description,

or may be learned by practice of the invention.

5
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[0013] In the experiments Ieadiﬁg to the present invention, acid
sphingomyelinase (ASM) knockout mice, a model of Niemann-Pick Type A
disease, were administered an AAV2 vecto}r_ carrying the human ASM gene
(AAV-ASM) by a singie intracranial injection into one hemisphere of the brain.
The present invention is'bésed, in part, on the discovery and demonstration
that the injection of high titer AAV-ASM into the diseased brain results in
AAV-ASM expression within multiple distal sifcets» in a pattern consistent with
the topographic\al organization of the projectioﬁ neurons that innervate the
injection site. The invention is further based, in.pa'rt, ‘on the discovery and
demonstration of extensive correction of lysosomal storage pathology at the
injection site and-all distal sites to which AAV-ASM was transported and
where ASM was expressed. < * - -

[0014] Acco‘rdiﬁgly, in one aspec;t, the present invention provides
methods for treating neurometabolic disorders in mammals. The populations
treated by the methods of the invention include; but are not limited to, patients
having or at risk for developing a LSD, such-as-disorders listed in Table 1,
particularly, if such disease affects the CNS: -In an illustrative embodiment,
the disease is Niemann-Pick A disease.- - -~ *»

[0015] In one aspect, the disclosed methods include administering to .
the CNS of an afflicted subject an AAV viral vector carrying a transgene
encoding a therapeutic product and allowing the transgene to be expressed
within the CNS distally from the administration site at a therapeutic level. In
an illustrative embodiment, the administration is accomplished by direct

intraparenchymal injeé'tidh ‘of ‘&' highrtitér AAV vector solution into the diseased
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brain. Thereafter the'transgene is expressed distally, contralaterally or
ipsilaterally, to'the admilfistration site'at a therapeutic level at least 2, 3, 5, 8,
10, 15, 20, 25, 30, 35, 40, 45, or 50 mm from the administration site.

[0016] In another aspect, the invention also provides a method of
delivering a recombinént AAV genome to the hucl'é‘u'é of a
disease-compromised neuron in vivo. In some embodimentg the cellular
pathology exhibi;[ed.by the neuron is that of a lysosomal storage disease such
as disorders listed in Table 1. In an illustrative embodiment, the disease is
Niemann-Pick A diseése. The method of delivering a recombinant AAV
genome to the nucleus of a.disease-compromised neuron comprises
contacting an“akbnaime‘;’rfd‘iwhg of the d'iéeaséi-‘cémp'romised neuron with a
composition comprising an AAV viral particle ébrh'p‘rising the recombinant AAV
genome and allowing ;the viral particle to be endocytosed and retroéradely
transported intrécellulé’r'ly\along the axon to the nudeus of the neuron. The
concentration of the vector in the composition is at least: (a) 5, 6, 7, 8, 8.4, 9,
9.3, 10, 15, -20,-‘25,-o‘r 50 (10" gp/ml); (b):5: 6,7, 8, 8.4, 9, 9.3, 10, 15, 20,
25, or 50 (x10%tu/ml); or-(c) 5, 6, 7, 8,-8:4,-9, 9.3, 10, 15, 20, 25, or 50 (x10"°
iu/ml). In certain-embodiments, the neuron is a projection neuron and/or the
distance of the :axon‘é-lt'»’én'd‘in‘g"to the nuicletisof the neuron is at least 2, 3, 5,
8, 10, 15, 20, 25, 30',"‘ 35, 40, 45, or 50 mm:

[0017] In another aspect, the invention-provides a method of
delivering a therapeutic'transgene product to a targét cell of the CNS, which is
a neuron or a glial cell;"in 2@ mammal afflicted with- a-neurometabolic disorder,

e.g., a LSD that affects the CNS. The method includes contacting an axonal

7
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ending of a neuron with 4 ‘corﬁ'p"dsitidn cbntei‘n’ing. an AAV vector carrying at
least a part of a gehe‘enwcoding a therapeutic transgene product, allowing the
viral particle to be endocytosed and retrogradely transported intracellularly
along the axon to the nucleus of the neuron; eilowing the therapeutic
transgene produc't' to be expfress'ed and secreted by the neuron, and allowing
the target celi to upteke tl"le therépeuﬁc tfaﬁsgene broduct, wherein the
therapeutic transgene'product thereby alleviat‘e:e, pethology in the target cell.
In certain embodiments, the concentration of the \;eetor in the composition is
at least: (a) 5, 6, 7, 8 8.4,9,9.3 10, 15, 20, 25, or 50 (x10" gp/ml); (b) 5, B,
7,8,84,9, 93 10 15 20 25 or50 (><109tu/ml) or(c)5,6,7,8,84,9,9.3,
10, 15, 20, 25, or«5o.:(xi1o1° iu/ml).

[0018] | In'the methods of 'the-'ih\‘/entioh»,' the therapeutic transgene
encodes e bielogieally' active molecule, expression of which in the CNS
results in at least 'pe“rtiel eorrectioh of neuropethology. In some embodiments,
the therapeutic traﬁegene‘ prO'duct-'i‘S'-e' Iysbsofﬁ‘al hydrolase. In an illustrative
embodiment, the lysosomal hydrolase is ASM;.‘f:‘.iln;other embodiments, the
therapeutic transgene is a'metalloendopeptidase, e:g:, neprilysin.

[0019] l;r is to-be understeod that both: fhe'fo‘r'egoing general
description andthe folloWing detailed description afe exemplary and

explanatory only-and:are not restrictive of the invention as claimed.

" BRIEF DESCRIPTION OF THE FIGURES

[0020] Figure 1A depfcts a representation of a cross-section of the
ASMKO mouse bram at 5 or 15 weeks following a 2 Ml injection of high titer

(9.3 x 10" p/ml) AAV ASM mto the hlpboeaMpus The site of injection is
8
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shown by a vertical line; ASM mRNA expression, as detected by in situ
hybridization, is represented the srrialler éifdleé‘; and ASM protein expression,
as detected by: immunohistochemical staininzg', IS réﬁresented by the larger
shaded circles. The expression pattern resulted in an extensive area of
reversal of pathology (represented by the light .éhading) in the hippocampus
and cortical regions in both hemispheres of the brain.

[0021] Figure 1B depicts the axonal transport of AAV to distal regions
of the mouse brain following a hfgh titer AAV injection into the hippocampus
as described for Figure 1A. Injection into the hippocampus (10) resulted in
axonal transport of the viral vector via the intrahippocampal circuit to the
contralateral hippoéambds (20) and via the?e‘ritor;hilnbdentate circuit to the
entorhinal‘cortéx (30). The site of injection iS'shoWh-by a vertical line.

[0022] Figure 1C is a schematic diagram éhowing the connections of
the intrahilp’pocarr.]pal and entorhinodentate.éirédi’cs of the mouse brain.
Injection into the hippocampus (10) results in infection and transduction of cell
bodies located in:the cornu ammonis area 3 (CA3) and in the dentate granule
cell layer (G). -In-addition, a.subset of the injected AAV vector infects the
axonal endings of the projection‘neurons innervating the injection site,
undergoes retrograde axonal transport; anddelivers the transgene to the CA3
field (CA3) and hiius(H) in the contralateral part-of the hippocampus (20), and
ipsilaterally in the entorhinal cortex (30). w T

[0023] Figure 2A depicts a representationof a cross-section of the
ASMKO mouse’brain, at 5 6r 15 weeks following an intrahippocampal

injection of high titer AAV-ASM as described in Figure 1A. ASM mRNA
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expression, as dete:'cted' .by"‘tn sttu hy.hridi'zatieh, is represented by the smaller
circles; and ASM p'roteih expression, as detected by immunohistochemical
staining, is represented by the Iarger ehaded' eirctes The injection resulted in
ASM mRNA and protem to be detected in the septum This expression
pattern resulted in an extenswe area of reversal of pathology (represented by
the light shadlng) o - .

[0024] Figure 23 depicts the axonal trehep.o‘rt of AAV to distal regions
of the mouse brain, following a high titer injection tnte the hippocampus as
described in Flgure 1A. lnjectlon into the hlppocampus (10) resulted in axonal
transport of the v1ral vector via the septohrppocampal circuit from the injection
site (represented by a-vertical line) to the septum (40)

[0025]:- Flgure 2C isa schematlc dragram showmg the connections of
the septohlppocampal c1rcurt InJectlon into the hippocampus resulted in
transduction to cell bodles located in the CA3 t” eld (11). In addition, a subset
of the AAV vector mfects the axenal endlngs of the projection neurons
innervating themjectlon site, undergoes retrqgrade axonal transport, and
delivers the transgene to the medial septum (40). &+ -

[0026] Figure'3 depicts the-axonal transpdrt-‘of AAV in the nigrostriatal
circuit, following a hrgh titer injection of’AAV into the striatum (50) of the
mouse brain. Axdﬁeltransport of AAV occurs from the injection site
(represented: by a'vertical line) to the siibstantia nigra (60).

[0027] Figure 4 depicts the axonal transport of AAV' in the
medullocerebellar circuit, follovt/ing a high titer injection of AAV-ASM into the

cerebellum (70) ofthe-ASMKO mouse brain; ‘Axonal transport of AAV2

10
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occurs from the injection site (representéd by a vertical line) to the medulla
oblongata (80). "~ -

[0028] Figure 5 depicts axonal transp‘ort; of AAV in the
intrahippocampel, nigrostriatal, and entorhinodentate circuits following high-
titer injection of AAV7-ASM in the ispilateral hippocampus (10). Transduced
cells were detected, as determined by in situ hybridization, al'ong the entire
rostral-caudal éxisof the contralateral hippocampus (90), medial septum (40),
and entorhinal cortex '(10'0) after AAV7-ASM injection of the ipsilateral

hippocampus (represented by a vertical line).

Ly
i .

bE'i‘AILED DESCRIPTION OF THE INVENTION

[0029] In order that the present lnventron may be more readily
understood, certaln terms are first deﬂned Addltlonal definitions are set forth
throughout the detalled descrlptlon -

[0030] The term “transgene refers to a polynucleotlde that is
introduced into a cell of and is capable of being expressed under appropriate
condltrons and confers a deswed property to a cell lnto which it was
lntroduced or otherwrse leads to a desrred therapeutrc outcome.

[0031] The terms “genome partlcles (gp) or “genome equivalents,”
as used in reference to a v1ra| fiter, refer to the number of virions containing
the recombinant AAV DNA genome, regardless 'of"infectivity or functionality.
The number of genome particles in a particular vector preparation can be
measured by procedures such as descrlbed ln the Examples herein, or for
example, in Clark et al. (1999) Hum. Gene Ther., 10:1031-1039; Veldwijk et

al. (2002) Mol. Ther., 6:272-278.
11
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[0032] The terms “infection Qnit (iu),” “infectious particle,” or
“replication unit,” as used in reference to a viral titer, refer to the number of
infectious and replication-competent recombinant AAV vector particles as
measured by the infectious center assay, élso known as replication center
assay, as described, for ekéﬁqple, in McLanhlin et al. (1988) J. Virol.,
62:1963-1973.

[0033] The term “transducing unit (tu)t”.:gs used in reference to a viral
titer, refers to the number. of infectious recombinant AAV vector particles that
result in the production of a functional transgene product as measured in
functional assays such as described in Examples herein, or for example, in
Xiao et al. (1997) Exp."Neurobiol., 144:113-124; or in Fisher et al. (1996) J.
Virol., 70:520-532 (LFU-assay}.- - - - fwlee oo

[0034] The terms “therapeutic,” “therapeutically effective amount,”
and their cognates refer to that.amount of a compound that results in
prevention or delay of onset or amelioration of symptoms of neurometabolic
disorder in a subject or an attainment of a desired bioclogical outcome, such as
correction of neuropathology, e.g., cellular pathology ‘associated with a
lysosomal storage disease such as that described herein or in Walkley (1998)
Brain Pathol., 8:175-193. The term “therapeuti§ correction” refers to that
degree of correction that results in prevention or delay of onset or
amelioration of s‘ymptoms‘-“Of‘neurometébolic disorder in a subject. The
effective amount can be détermined by methods well-known in the art and as

described in the subsequent sections. -

12
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Methods and Compositions -

[0035] Ir;"the éxp’erimenté leading to the present invention, acid
shpingomyelinase (ASM) knockout mice (ASMKC) \X/ere used. ASMKO mice
have been previously described and are an éécebteéj model of types A and B
Niemann-Pick disease (Horinouchi et al. (1995) Nat. Genetics, 10:288-293;
Jin et al. (2002) J. Clin. Invest., 109:1183-1191; and Otterbach (1999) Celvl,
81:1053-1061). ANiemann-Pick disease (NPD) is classified as a lysosomal
storage disease and is an inherited neu}ometabolic disorder characterized by
a genetic deficien’by:in acid‘sphingonﬂyelinase (ASM; sphingomyelin
cholinephosphohyarolase; EC 3.1.3.12). The lack of functional ASM protein
results in the aci:UmuIatiSﬁ of sbhihgdmyelin ‘substrate within the lysosomes
of neurons and glia throughout the brain. THi:é’*i'fé:édé'to the formation of large
numbers of distended lysosomes in thé perikéryo;ﬁv-é ‘w'hich is a hallmark
feature andrth;e "primé\.ry-'. cellular'[;henotypé oftype A NPD. The presence of
distended lysosomes:correlates with the loss of normal cellular function and a
progressive ‘ﬁeufodegeﬁer’ative course that'leads:to death of the affected
individual in earlychildhood:(The Metaboli¢ and Molecular Bases of Inherited
Diseases, eds. Scriver et al.;;McGraw-Hill, New York, 2001, pp. 3589-3610).
Secondary cellular phefiotypes:(e.g:, ‘additionial metabolic abnormalities) are
also associated With this." disease, notably tﬁéhig‘h‘ level accumulation of
cholesterol in the lysosomal compartment. Sbﬁ'in‘g‘df‘nyelin has strong affinity
for cholesterol,‘which results in the sequesterfngv of lafge amounts of

cholesterol in théflyso's'bmes of ASMKO mice and human patients (Leventhal

13
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et al. (2001) J. Biol. Chem., 276:44976-44983: Slotte (1997) Subcell.
Biochem., 28:277-293; and Viana et la. (1990) J. Med. Genet., 27:499-504.)

[0036] The present invention ls beeed in-part, on the discovery and
demonstration that an lntrahlppocampal mjectlon of high titer AAV-ASM into
the diseased brams of ASMKO mice results in expressron of ASM mRNA and
protein distally from the ll’ljeCthl’l site in a pattern consistent with the
topographical organization of the prolectlon neurens that innervate the
injection site. In addition to robust expression at the site of injection, ASM
MRNA and protein are also detected in several dlstal regions outside of the
ipsilateral (lnjeeted) hlppocampus specrf cally, in the contralaterat
hippocampal dentate -gyrus and CA3 and the medial septum and entorhinal
cortex. The- mventron is further based;in- part on the discovery and
demonstration of the extensrve correctlon of lysosomal storage pathology at
the distal sites thereby allowrng a larger volume of correction via a smaller
number of injection srtes. L

[0037] Aecordingly, in-one aspect, the present invention provides
methods for treating neurometabolic disorders in mammals. The populations
treated by the methods?df-thetin've'ntion include; 3hut~-are not limited to, patients
having or at risk for developing a neurometabolic disorder, e.g., a LSD, such
as diseases listed in Table 1; particularly, if such a disease affects the CNS.
In an illustrative embodimént, the disease-is'type A Niemann-Pick disease. In
certain embodiments, neurometabolic disorders may exclude Alzheimer's,

Parkinson, Huntington, Tay Sachs, Lesch-Nyan, and Creutzfeldt-Jakob

diseases. However; methods of the invention utilizing a
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metalloendopeptidgsg asa thgrapegtic transggne, are specifically directed to
the treatment of Alﬂzheimerﬁ’sl disease and iqrtr.]yloiq-rellated disorders.

[0038] In some embodiments, the meth,od.qf treating a
neurometabolic disorder comprises administration éf a high titer AAV vector
carrying a therapeutic transgene. so that the transgeﬁe product is expressed
at a therapeutic level in a second site within the CNS distal to the first site. In
some embodiments, the viral titer of the composition is at least: (a) 5, 6, 7, 8,
8.4, 9, 9.3, 10, 15, 20, 25, or 50 (x10" gp/ml); (b) 5, 6, 7, 8, 8.4, 9, 9.3, 10,
15, 20, 25, or 50 (><_109 tu/ml); or (¢) 5, 6, 7, 8, 8.4, 9, 9.3, 10, 15, 20, 25, or 50
(x10" iu/ml). In further embodiments, the administration is accomplished by
direct intraparenchyrﬁalﬁinjection'of-a high-titer AAV- vector solution into the
diseased brain, thereafter the transgene is-expressed distally, contralaterally
or ipsilaterally, to the administration site at a therapeutic level at least 2, 3, 5,
8,10, 15,20, 25; 30, 35;=40,,-45,'§r 50 mm fromi the"a“dministration site.

[0039] The distance between the first and the second sites is defined
as the minimal distance region between the site of administration (first site)
and the boundary ofthe detectable transduction of the distal site (second site)
as measured using procedures known in the art or as described in the
Examples, e.g., in situ hybridization. Some neurons in the CNS of larger
mammals may sparilarde:distaricés by virtue of their axonal projections. For
example, in humans, some axons may span a‘distance of 1000 mm or
greater. Thus, in various methods of the invention, AAV can be axonally
transported'along the entire:lerigth of the“axoh‘at 'stich a distance to reach

and transducer the parent cell body.
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[0040] Asite of vector administration within the CNS is chosen based
on the desired targét region of neuropathology and the topology of brain
circuits mvolved so long as an admlnlstratlon site and the target region have
axonal connectlons The target reglon can be defined, for example, using 3-D
sterotaxic coordinates. In some embodiments, the administration site is
chosen so that at Ieast 0.1, O 5 1 5 or 10 % of the total amount of vector
injected is dehvered dlstally at the target reglon of at least 1, 200, 500, or
1000 mm®. An admlmstratlon SIte may be locallzed ina region innervated by
projection neurons connectmg dlstal reglons of the bram For example, the
substantia mgra and bventral tegmental ar’ea send dense projections to the
caudate and putamen'-(collectively known as the striatum). Neurons within the
substantia’ mgra and ventral tegmentum can be targeted for transduction by
retrograde transport of AAV: followmg injection into the striatum. As another
example, the hippocampus receives well-defined, predictable axonal
projections from btner",regione-'of‘the brain. Other administration sites may be
localized, for example;, "in the spinal cord, brains_ten‘)‘(medulla and pons),
mesencephalon, cerebellum, diencephalon (thalahus, hypothalamus),
telencephalon (comus‘-striaturn,‘cerebral cortex; or, ‘.within the cortex, the
occipital, temporal;"nafietal 'dr"'fr'ontal lobés), or eembinations thereof.

[0041] Fo'r'identification of structures in the human brain, see, e.g.,
The Human B_rainE‘SUrface,' Three-Dimensional Sectional Anatomy With MR,
and Blood Supply; 2nd €d., eds.' Deuteron ‘et al., Springer Vela, 1999; Atlas of
the Human Brain, €ds. Mai et al., Academic Press; 1997; and Co-Planar

Sterotaxic Atlas"ef‘the'Human Brain: 3-Dimensional Proportional System: An
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Approach to Cerebral lmaglng, eds Tamarack et al., Thyme Medical Pub.,
1988. For ldentlflcatlon of structures in the mouse brain, see, e.g., The
Mouse Brain in Sterotaxic Coordinates, 2nd ed. Academic Press, 2000. If
desired, the human brain structure can be correlated to similar structures in
the brain of another mammal For example, most mammals, including
humans and rodents, show a similar topographical organization of the
entorhinal-hippocampus projections, with neurons in the lateral part of both
the lateral and medial entorhinal cortex projecting to the dorsal part or septal
pole of the hippocampus, whereas the projection to the ventral hippocampus
originates prlmarlly from neurons |n medlal parts of the entorhinal cortex
(Principles of Neural Scrence 4th ed,, eds Kandel et al., McGraw-Hill, 1991
The Rat Nervous System, 2nd ed., ed. Paxinos,.Ac'ademic Press, 1995).
Furthermore, layer Il cells of the entorhinal cortex project to the dentate gyrus,
and they terminate in: the:outer two-thirds-of the molecular layer of the dentate
gyrus. The axons from layer Ill cells project bilaterally to the cornu ammonis
areas CA1 and-CA3 of the hippocampus; terminating in the stratum lacunose
molecular layer. e - o

[0042] The second-(target) site can-be located any region of the CNS,
including the brai’hjanditheﬁfS'pinal cord; thaticontains a neurons that project to |
the first (administration) site. In-somie embodiments, the second site is in a
region of the CNS chosen from the substantia nigra, the medulla oblongata, or
the spinal cord: - -

[0043] To deliver thé vector'spécifically to a particular region of the

central nervous system, especially to a particular region of the brain, it may be
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administered by sterotaxic mic__r_qinjebtion,.For.example, on the day of
surgery, patients will have the sterotaxic frame base fixed in place (screwed
into the skull). -The brain with.sterotaxic frame.base (MRI-compatible with
fiduciary markings) will be imaged-using high resolution MRI. The MRI
images will then be transferred-to a-computer that runs stereotaxic software.
A series of coronal, sagittal'and,axigl‘images will be used to determine the
target site of vector injection, and trajectory. The:spftware directly traﬁslates
the trajectory into 3-dimensional coordinates approp.riate for the stereotaxic
frame. Burr holes are drilled above the entry site and the stereotaxic
apparatus localized'withithe needle implanted at'the given depth. The vector
in a pharmaceutically‘acceptable carrier will then be injected. The AAV vector
is then administ?ated'iby diréct injection to the primary target site and
retrogradely transported-to distal target.sites via ‘axons. Additional routes of
administration may be'used, eig:, superficial cortical application under direct
visualization, or‘other- hbhf—‘stér‘eotaxic'ap'plication.‘ '

[0044] The total volumé of mafe‘rial to:be'administered, and the total
number of vector particles to be administered, will'be determined by those
skilled in the art'based upon known aspects of gené'therapy. Therapeutic
effectiveness afid safety’ can'bertésted in-ah-appropriate animal model. For
example, a variety ‘6f well-characterized animal models exist for LSDs, e.g.,
as described herein‘orin"Watson et al. (2001) Méthods Mol. Med.,
76:383-403; or'Jeyaku;rha'r et al.+(2002) Neéuropath. Appl. Neurobiol.,

28:343-357.
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[0045] In ‘exper.ime‘ntal mice, the total volume of injected AAV solution
is for example, between 1t05 pl. For other mammals, including the human
brain, volumes and dellvery rates are approprlately scaled For example, it
has been demonstrated that volumes of 150 pl can be safely injected in the
primate brain (Janson et al. (2002) Hum. Gene Ther 13:1391-1412).
Treatment may consief of a single ’injec‘tio'n per target site, or may be repeated
along the injection tracf, if necessary. Multiple injection sites can be used.
For example, in. some embodiments, in addition to the first administration site,
a composition compnsmg AAV carrylng a transgene is administered to
another site which can be contralateral or IpSIIateraI to the first administration
site. |

[0046] «In another.aspect, the/invention'*provides a method of
delivering a recombmant AAV genome via retrograde axonal transport to the
nucleus of a disease ~compromised neuron invivo: - In some embodiments, the
cellular pathology exhibited by a neuron is that of a LSD such as listed in
Table 1 (see, eq., Walkley (1998) Brain Pathol., 8:’]75-193). In an illustrative
embodiment; the diseaee is‘Niemann-Pick-A diseas‘e. The method of
delivering a recombAinant‘AAV genome 4to‘ the nucleus of a
disease-compromised neuron-comprises contacting an axonal ending of a
disease-compromised'neuron with a composition comprising an AAV viral
particle comprising the recombinant AAV genome-and allowing the viral
particle to be endocytosed and retrogradely transported intracellulary along
the axon to the nucléus of the neuron, wherein the concentration of AAV

genomes in the composition is at least: (a) 5, 6, 7, 8, 8.4, 9, 9.3, 10, 15, 20,
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25, or 50 (x'101.2:gp/ml); (b)v 5', 6,‘ 7,8, 8.4,9, 9310 15, 20, 25, or 50 (x10°
tu/ml); or (c) 5, 6,‘ 7, .8,“8..4, 9, 9:.3, 10, 15, 26, 25 or 50 (x10' ju/mi). In
certain embodirﬁeﬁts, the neurén ig a projeqtion neuron and/or the distance
from the axonal ending to the nucleus of the neuron is at least 2, 3, 5, 8, 10,
15, 20, 25, 30, 35, 40, 45, or 50 mm. In various embodiments, the AAV
genome is transported along the entire length qf the axon, at distances
varying depending on the axon length. In humans, these distances may be as
much as 1000 mm or greater.

[0047] In another aspect, the invention proyides a method of
delivering a tra_hsgene. product to a ’gargeﬁ cell of the CNS, which is a neuron
oradglial cell, ina mgmmal afflicted with a neurometabolic disorder, e.g., a
LSD as listed in:Table 1. The method.comprises contacting an axonal ending
of a neuron-with-a composi‘tion*compriéihgzan AAV vector carrying; atleasta
part of a gene ehéoding a therapeutic fransgene product; allowing the viral
particles to be endocytosed and retrogradely transported intracellularly along
the axon to the ﬁ‘utléusfof the néuron; allowing the transgene product to be
expressed and-secreted by the neuron; and allowing a second cell to uptake
the transgene product, wherein the transgene product thereby alleviates
pathology in the second cell: In'some embodiments the concentration of the
AAV vector in the composition is at least: (a) 5, 6, 7, 8, 8.4, 9, 9.3, 10, 15, 20,
25, or 50 (x10" gp/ml); (b) 5, 6, 7, 8, 8:4, 9, 9.3, 10, 15, 20, 25, or 50 (x10°
tu/ml); or (c) 5,6, 7; 8;8.4,9,9.3,10,15,.20, 25, or 50 (x10'"? ju/ml). For
example, lysosomal-hydrolases can be secreted by transduced cells and

subsequently taken up by another cell via mannose-6-phosphate
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receptor-medlated endocytosis, the second cell bemg transduced or
non-transduced (Sando et al (1977) Cell, 12 619 627 Taylor et al. (1997)
Nat. Med., 3:771-774; Miranda et al. (2000) Gene Ther., 7:1768-1776; and Jin
et al. (2002) J. Clin. Invest., 109:1183-1191).

[0048] In tﬁe methods of the inventioAn,vA'AV of any serotype can be
used so long as the 9ector is capable oflundergoing retrograde axonal
transport in a disease-compromised brain. The serotype of the viral vector
used in certain embodlments of the lnventlon is selected from the group
consisting from AAV2 AAV3, AAV4 AAV5 AAV6 AAV7 and AAVS (see,
e.g., Gao et al. (2002) PNAS, 99:11854-1 1859 and Vlral Vectors for Gene
Therapy: Methods and Protocols, ed. Machlda Humana Press, 2003). Other
serotype besides those listéd herein can be used: However, AAV5 may be
specifically excluded from the methods of the invention utilizing a
metalloendopeptidase, e.g., nerilysin, as a therapeutic transgene.

[0049] -AAV vectors are derived from single-stranded (ss) DNA
parvoviruses that are nonpathogenic for mammals (reviewed in Muzyscka
(1992) Curr. Top.-Miqrqb},lmmuqql;,‘ﬂ 58:927129);,, Briefly, AAV-based vectors
have the rep and cap viral genes th‘ataccdunt.'fqr:igé% of the viral genome
removed, leaving the two flanking 145-basepa‘ir*'(bp'o‘)\inverted terminal repeats .
(ITRs), which are used to initiate viral DNA replication, packaging and
integration. In the -absence of helper virus; wild-type AAV integrates into the
human host-cell genome with preferential site-specificity at chromosome 19q
13.3 or it may remain expressed episomally.-A single AAV particle can

accommodate up to 5 kb of ssDNA, therefore leaving about 4.5 kp for a
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transgene and regulatory éleiments, which'is typically sufficient. However,
trans-splicing systems as déscribed, for example, in United States Patent No.
6,544,785, may nearly double this fimit.

[0050] In an illustrative én;ibodiment, AAV is AAV2. Adeno-associated
virus of many serotypes, especially AAV2,'ha'v§e' been extensively studied and
characterized as gene therapy vectors. Those svkilled in the art will be familiar
with.the preparation of functional AAV-based _g_eﬁébt’ﬁ_‘erapy vectors.
Numerous references to various methods of AAV production, purification and
preparation for administration to human subjects can be found in the
extensive body of published literature (sée, &g, Viral Vectors for Gene
Therapy: l\}l‘ethods’ahgd‘ lsr"dtoc‘é;l.s, éd. Mach}da, Humana Press, 2003).
Additionally, AAV-based gene therapy targeted to cells of the CNS has been
described in United Statds Patent Nos. 6:180,613 and 6,503,886,

[005‘1‘]‘ “In certain methods of the inveﬁﬁéﬁ',*‘-tﬁe vector comprises a
transgene operably linked to a bromoter. The transgene encodes a
biologically activéfmoléélﬁlle,i expression-of whic.h"'i{n ’che CNS results in at least
partial correction of neuropathology. In some émbodiments, the transgene
encodes a lysosomal-hydrolase. - In-an illustrativeerﬁbodiment, the lysosomal
hydrolasé iS‘f’ASM:;“:Th’!e"fé’éh:c')r'ﬁ‘i'c and fuinctional cDNA sequences of human
ASM have been publiéﬁgd ‘(see, e.g., United States Patent No. 5,773,278 and
6,541,218). Other lysosomal hydrolases can be used for appropriate
diseases, for examplé,“féé"lisféd‘inv‘TébIé‘1.

[0052] The invention further provides fiethods of treating Alzheimer's

disease in mammals, including humans. In'slich m:‘eihods, the transgene
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encodes a metalicendopeptidase. The metélloéhp'l:é'peptidase can be, for
example, the ah%y'loid-beta degréding enzyme 'h‘ébr'.iil‘ﬁy:sin (EC 3.4.24.11;
sequence accession Inumber, é.g., P‘O8.473 (S\‘./VIészlé’ROT)), the insulin-
degrading enzyme insulysin (EC 3.4.24.56; sequence accession number, e.g.,
P14735 (SWISS-PROT)), or thimet oligopeptidase (EC 3.4.24.15: sequence
accession nunllber, e.g.,tP528‘88 (SWISS-PROT)).

[0053] The level of transgene expression in eukaryotic cells is largely
determined by the transcriptionél prorﬁoter within the transgene expression
cassette. Promotérs thét show Idng-term aétivity and are tissue- and even
cell-specific are used in some embodlments Néﬁllmltlng examples of
promoters mclude but are not limited to, the cytomegalowrus (CMV) promoter
(Kaplitt et al. (1994) Nat. Genet 8:148:154); CMV/human B3-globin promoter
(Mandel et al (1998) «J. Neurosci., 18: 4271-4284) GFAP promoter (Xu et al.
(2001) Gene Ther 8 1323- 1332) the 1.8- kb neuron-specific enolase (NSE)
promoter (Klein-et al. (1998) Exp. Neurol:,-150:183-194), chicken beta actin
(CBA) promoter (Miyazaki'(1989) Gene, 79:269-277) and the B-glucuronidase
(GUSB) promoter-(Shipley. et alia(1991)lGenetics‘, 10:1009-1018). To prolong
expression, otherregulatory elements may addltlonally be operably linked to
the transgene such as, e.g., the Woodchuck Hepatltls Virus Post-Regulatory
Element (WPRE) (Donello et al. (1998) J. Virol:}’ 72;5085-5092) or the bovine
growth hormone (BGH) polyadenylation'site. = "

[0054] For some CNS gene therapy applications, it will be necessary
to control transcriptional activity. To this end, pharrhacological regulation of

gene expression with AAV vectors c¢an been obtained by including various
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regulatory elements and drug-respohsiye'promoters as described, for
example, in Haberr‘r;;eet al. (1993) Gene Ther., 5:1604-16011: and Ye et al.
(1995) Science, 283 88 91. e

[0055] High titer AAV preparatlons can be produced using techniques
known in the art, e.g., as described in Unlted States Patent No. 5,658,776 and
Viral Vectors for Gene Therapy: Methods and Protocols ed. Machida,
Humana Press 2003. |

[0056] The followmg examples provide illustrative embodiments of the
invention. One of ordmary Skl” in the art WI|| recognlze the numerous
modifications and varlatlons that may-be- performed without altering the spirit
or scope of the present invention. Such modifications and variations are
encompassed wi'th'i‘r‘rtr:\e?ssqpe of the invention. The examples do not in any
way limit the in\rentioh: :

" EXAMPLES 1.+

Titration of Recombinant Vectors e

[0057] AAV vector titers were measured accerding to genome copy
number (genome particles per milliliter). Genome particle concentrations
were based on Té‘qh‘ian'@) PCR of the vector DNA as previously reported
(Clark et al. (1 999) Hum Gene Ther 10 1031 -1039; Veldwijk et al. (2002)
Mol. Ther., 6:272- 278) Brrefly, purlf ied AAV-ASM was treated with capsid
digestion buffer (50mM Tris-HCI pH,8.0, 1.0 mM EDTA, 0.5% SDS, 1.0 mg/mi
proteinase K) at ‘540“’10:for 1 hour to release. vector DNA. DNA samples were
put through a polyn'rerase chain reaction (PC;R.) with primers that anneal to

specific sequences in the vector DNA, such as the promoter region,
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transgene, or the poly A'sequence. The PCR restilts were then quantified by
a Real-time Tagman® software, such as that provided by the Perkin
Elmer-Applied Biosystems (Foster City, CA) Prism 7700 Sequence Detector
System.

[0058] Vectors cafrying an assayable marker gene such as the
B—galactosidasé or green fluorescent protein gene (GFP) can be titered using
an infectivity assay. Susceptible cells (e.g., Hela, or COS cells) are
transduced with the AAV and'an assay is performed to determine gene
expression such as staining of B-galactosidase Véétbr—transduced cells with
X-gal (5-bromé-4chloro- 3-indolyl-B-D-galactopyranoside) or fluorescence
microscopy for'GFP-transduced cells. For exampléthe assay is performed
as follows: 4 X1 O;*‘HeLa ‘cells are plated in ’eacihweﬁ of a 24-well culture plate
using normal growth media. After attachment, i.e., about 24 hours later, the
cells are infected with-Ad type'5at a multiplicity of infection (MOI) of 10 and
transduced wuth serial dilutions- of the backaged vector and incubated at 37°C.
One to three days.later, before ‘extensive cytopathic effects are observed, the
appropriate assay-is-performed on the.célls (e.g:; X-gal staining or
fluorescence microscopy). If a reporter gene'such as B-galactosidase is used,
the cells are fixed in 2% paraforrhaldehyd'eu, 0;5’%"‘g‘lutaraldehyde and stained .
for B-galactosidase activity using-X-gal. Vector dilitions that give
well-separated cells are counted. Each pbsitivé cell represents 1 transduction

unit (tu) of vector. -
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Correction of LSD pathology in the mouse brain -

[0059] Ten-week old ASMKO mice contain significant NPD pathology
in the central nervous system. ldentification of homozygous recessive
mutants was verified by PCR. Sixteen 10-week old ASMKO mice were
anesthetized with isoflurane and mounted on a stereotaxic frame, an incision
was made to expose the underlying skull, and é'single drill hole was made
over one hemisphere of each mouse. Two microliters of high titer (9.3 x 10
gp/ml) AAV2-CMV-ASM (Targeted Genetics,'Sﬂeattl.e, WA) were injected into
the hippocampus at a final stereotaxic coordinate of 2.0 mm rostral of bregma,
1.5 mm right 6f'midline,;-and:2.0 mm ventral to pial surface. This hippocampal
coordinates enstired that the AAV2 vector was exposed to neurons of the
dentate gyrus and'of the coriu ammonis area 3 (CA3), as well as to axonal
endings of projection neurons of thé'contralatéral hippocampus, medial
septum and entofthinal coﬁéx: The injections Wéfé- performed at a rate of 0.2
ul/minute, and a total of 1.86 x10' genomic particles was administered into
each brain. Thée mice were then sacrificed-at-either 5.(n = 8) or 15 (n = 8)
weeks postinjection’ (pi). Eight brains (h = 4 each at 5 and 15 weeks pi) were
analyzed for ASM mRNA and protein distribution, and for the reduction of the
supraphysiologic-levels of cholesterol in the lysosomes. The remaining 8
brains (n=4 éach at-5and 15 w'eeksﬁpi) were processed for histopathology to
analyze the correction of accumulated and distended lysosomes, which is the
most direct and ‘dccurate rithsd for detérmining reversal of storage

pathology for LSDs:
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[0060] - Robust transduction was detected in the injected (ipsilateral)
hippocampus at 5 and 15 weeks pi. The granule cell layer and hilus of the
dentate gyrus, and the pyramidal and oriens cell layérs of CA3 were
extensively transduced by the AAV2 vector. This impressive pattern of
transduction extended to other regions of the ipsilateral hippocampus, such as
the subiculum and cornu-ammonis area 1 (CA1) and 2 (CA2).
Immunofluorescence with ah anti-human ASM monoclonal antibody confirmed
the presence of ASM protein in many cells. The overall protein pattern was
similar to the mRNA pattern, with séme additional localized spread of protein.

[0061] - Hurnar ASM mRNA and proteifvwere also detected in regions
outside of the ipsilateral hippocampus at both time points. The contralateral
dentate gyrus-and GA3; and'the-medialvsethm"and*'entorhinal cortex were
positive for in situ hybridization and immunofiuorescence (Figures 1A and 2A).
The pattern of transduction at these distal sites was consistent with the
topographical"Grganizétion'féf‘the projection neurons that innervate the
injection site (Figures 1B and 2B). This demonstrated that AAV2 underwent

o retrograde axonal fransport in the intrahippocampal, septohippocampal and
entorhinodentaté: circuits of ASMKO brains; and that the viral vector was
targeted to the fiticleus following transport up‘the axons (Figures 1C and 2C).
The pattern of transduction does not support parehchymal diffusion as the
reason for AAV2 transport to these distal sites:" If such diffusion had occurred,
structures between the injected and distal sites would have been exposed to
migrating virus. 'But these intermediate structures were negative for in situ

hybridization: For example the striatum;Wwhich possesses a strong natural

27



WO 2004/098648 PCT/US2004/013685

tropism for AAV2; was negative for gene transfer despite being in the direct
path between the hippé‘cé’m‘ﬁd's-andAri”i‘édia'l-;s'éptum. Thus, gene transfer to
the distal sites must have arisen by retrograde axonal transport, which
indicates that an affécted projection neuron can function as an effective
highway transport system for AAV2 rrrlt'oﬁvémé?ﬁt"’through a diseased brain.

[0062] The ability of ASM to reverse tHe cholesterol abnormalities in
the ASMKO bréih additionally was investigated. AFiAlipin is an autofluorescent
molecule isolated froﬁ Sffepiomyces ﬁlipinénsis that’ binds to cholesterol
complexes (Leventhal et al. (2001) J. Biol. Chem., 276:44976-44983; and
Sarna etal: (2001) Eut: J; Neurosci., 13:1-9).-Uninjected ASMKO brains had
high levels of ﬁii’pirf s't';i'hiigg due to'thése abindant cholesterol complexes,
whereas normal mouse brains produced no filipin staining.

[0063] Injection-ef:AAV2-CMV-ASM resulted in the complete loss of
filipin staining throﬁéhé‘ijt"thé“etn’t‘iré‘.ipsil'a.tei’alz‘énd contralateral hippocampus,
septum and entorhinal cortéx at 5 and 15 weeks pi "Of ASMKO mice (Figures
1A and 2A). This was in'stark contrast to uninjecte:d;fage-matched ASMKO
controls, where high lévels 6fﬂfilipin' stainingWére detected in these same
structures. The loss of filipin staining in AAV2-injected brains demonstrates
that a secondé‘ryi:’é‘iléﬂér‘phénotypé (é.g. metabolic defect) of ASM disease
was corrected. This’zétrbngly sUQg‘est’Sihé’E-ASM‘ protein was targeted to the
lysosome and interacted-with the sphingomyelin-cholesterol complex. This
interaction likelyresulted in‘the releaseof cholésterol from sphingomyelin,

and subsequent‘fentry"of:ch”olesterol into its' normal biological pathways (such
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as degradation-of tranélocatién to thé piaéfné mén:1brane (Leventhal et al.
(2001) J. Biol. Chem., 276:44976-44983)) .

[0064] The loss of filipin staining was observed in all cell layers and
subfields of thé i;ltfahippocarﬁpal, sebtoiﬁihpocampal and entorhinodentate
circuits. The area of cholesterol correction was far greater and more
extensive than the ASM protein pattem: Thilé indicates that, following
retrograde axonal‘transport of.AAVZ, Erojectiqn neurons may have functioned
as "enzyme pum;.)s;" énci séé(éted ASM protein into the surrounding tissue.
Significantly, ohly azér.nAa:I'I':arIﬁ}ount hof ASM is ﬁeeded to have a therapeutic
effect on choleste.rél- écéurmulation within ASMlKO-a'ffected cells, an amount
below the deteg:tibn»lirr{it'of the immunofluorescent protocol.

[0065] Whether axona]‘transpdr‘c of«the-AAVQ-'ASM vector results in
the correction of the primary cellular phenotypé of NPD also was evaluated.
One-micron-thick histopathology brain sections demonstrated a remarkable
reduction of 'aqcumulated:and‘disten'ded lysosomal pathology in
AAV2-CMV-ASM-injected bfains at 5 weeks pi (Table 2). Reversal of
pathology resulting in partial or complete restoration of normal cellular
architecture occuired .inia’ll-regions of tﬁé"'ipsiléteral and the contralateral
hemispheres of the hip}aocémpus. The medial septum and the entorhinal
cortex also showed a substantial reduction in storage lesions. Similar to the
filipin data, the number of cells corrected was greatér and more widespread
than the ASM protein pattern. Reversal of pathology was evident within
regions known to project-to the hippocampus including the intrahippocampal,

septohippocdmpal and‘entorhinodentate ircuits. Overall, the volume of
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correction was 30-35 mm® or more in the ‘contralateral hippocampus, 5-8 mm?®
or more in the‘ipsilateral entorhinal cortex’ 1:2 mm® or more in the
contralateral entorhinal cortex, and 2-3 mm?® or more in the medial septum.
This further supports that axonal transport of the viral vector was responsible
for this therapeutic effect, because néarby structures (that do not contribute to
these circuits) would have been corrected if viral di§tribution was mediated
merely by diffusion (see,"“ipsilateral striatum” anc! ;“é:éntralateral striatum” in
Table 2).

[0066] To demonstrate that reversal of pathology was specific to ASM,
an additional group of ASMKO mice was injected With a control vector
carrying a repotter géhé’;"AAVQ—"CM:V-B-g’éI (n’= 2 each at 5 and 15 weeks pi),
and processed for histopathology.- In allfour brains, cells remained inundated
with distended Iysosofnes;*and:COntéiriéd other-abnormalities such as

cytoplasmic sw'e‘lAI'ing»and disorganized celiularflayér's.
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Table 2
Brain Region Untreated AAV2-ASM Treated

Ipsilateral Hippocampus o

CA1 Field N Ead +

CA3 Field bt +

Dentate Granule Cell Layer 4+ +

Hilus . FpfF +
Contralateral Hippocampus. . -

CA1 Field ENE +

CAS3 Field . C N +

Dentate Granule Cell Layer bt +

Hilus . : B +
Ipsilateral Entorhinal Cortex. - L At ++
Contralateral Entorhinal Cortex Fht+t. A
Ipsilateral Medial Septum I -+
Contralateral Médfal Septum‘ | 4—+++ ++
Ipsilateral Striatum o+ b
Contralateral Striatum o+ ottt

B

++++ high tevel of pathology in virtually all cells

+++ pathology in many cells, correction is observed in some cells

++  pathology in some cells, correction is observed in many cells

+ little or no pathology is in most cells, virtually every cell is
corrected

[0067] Thus, in accordance with the present invention, a single
injection of high ’gitér AAV?2 vector is sufficient to transfer the ASM gene to
structures that innervaté thé ASMKO affected hippocampus. The number of
structures positive for AAV2 vector was greater than that demonstrated by a
recent study in the normal rat hippocampus, which showed axonal transport

only in the e‘ntor’hinodéntate'c':ircuitf(Kas“par‘et al. (2002) Mol. Ther., 5:50-56).
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The results‘described herein demonstrate that axonal transport can occur in
projection neurons inflicted v'ii_ith storage pathology, and that this mode of
transport results in the clearance of storage pathology in proximal structures
and multiple regions dijstal to the injection site. We also demonstrate that
axonal transport is not limited to only.those circuits associated with the
hippocampus. Retrograde axonal transport occurred in the nigrostriatal
(Figure 3) and in the medullocerebellar (Figure 4) 'c;lircuits. This demonstrates
that axonal transport of AAV2 in diseased-compromised neurons is a general
property of the viral vector.

[0068] A similar study was-performed with AAV1-ASM at the
concentrations of 1-4%10% gp/iml ifid KAV7-ASM at the concentration of
8.4x10"2 gp/ml. Wh'ﬁe AA\M ‘did'not exhibit detectable retrograde axonal
transport, AAV7 did-undergo retrograde-axonal transport, similar to AAV2, and

produced correction of LSD pathologyin distal fegions (see Figure 5).

.Treatment of Alzhelmer S dlsease

[0069] AIzhelmer s dlsease (AD) is a neurodegeneratlve disorder
characterized by the accumula’uon of amylond B peptlde (AB) due to
decreased AB catabollsm As AB accumulates lt ‘aggregates into extracellular
plaques, causmg lmpalrment of synaptlc functlon and loss of neurons. The
pathology leads to dementla loss of coordlnatlon and death.

[0070] Nepnlysm |s a 97 kD membrane bound zinc
metalloendopeptxdase that is the rate-llmltmg énzyme in the normal

v by

degradation of AB. Introductlon of neprilysin may decelerate the progression
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of the disease by removing AR ppolé before aggrégation. Indeed, neprilysin
was shown to degrade oligomeric forms of AB thereby removing existing
plagues in an animal model of Ab (Kanemitsu et al. (2003) Neurosci. Lett.,
350:113-116). Neprilysin knockout mice exhibit high levels of A[é (lwata et al.
(2001) J. Neurosci., 24:991 '998'>', Neprilysin inhibitors, such as thiorphan and
phosphoramidon, increase AB leve[s.in mouse brain (lwata et al. (2000) Nat.
Med., é:1 43-150). Additionally, decreased ngprilysin mRNA levels were found
in areas of high ar'nylgid‘plaque burden in human brains, further
demonstrating the IAink Qetwéen neprilysin and AD (Yasojima et al. (2001)
Neurosci. Lett.,297:97-100).. .. et e e

[0071]- -The areas’of brain most affected by-AD are the hippocampus,
cortex, cerebellum; striaturn and thalah‘fi‘tl'Sf'(See,- ei—gg.;llwata et al. (2001)
supra; Yasojima et al. (2001) supra). These are the same areas of the brain
that show efficient retrograde axonal transport with AAV.

[0072]- ‘Accordingly,"AAV céh‘iﬂsédjto deliver therapeutic transgenes to
regions of high plaque burden.by dfrect injection and subsequent translocation
of virus through brain circuits-to our target-sites. Viral vector-mediated gene
transfer of neprilysin wa‘s‘bﬁeétive in treating mouse models of AD (Marr et al.
(2003) J. Neurosci., 23:1992-1996; Marr etal(2004) J. Mol. Neurosci., 22:5- .
11; lwata et al. (2004) J."Neurosci., 24:991-998) A"‘recent report showed that
AAV5-neprilysin‘féemoved AB from the :bféiféynaptidfterminals of the
hippocampus in neprilysin-deficient mice, decelerating plaque formation at the
synapses (Iwat4 et al. (2004) supra). Irithis report, ‘neprilsyin was found in
the contralateral hippocampus But whisthé thisis attributable to retrograde
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transport ofvifus or anterograde‘transiport'of espressed protein remains
unknown:."

[0073] The specification is most thoroughly understood in light of the
teachings of tﬁé.reféliencés cited withir the specification. The embodiments
within the speciﬁcaﬁon prO\;ide an illuétration of é?ﬁbodiments of the invention
and should not be construed to limit the scope of the invention. The skilled
artisan readily recognizes that many other ehboditll'n;e‘nts are encompassed by
the invention. Allﬂp'ublications, patent's; and biological sequences cited in this
disclosure are incorporated by reference in their entirety. To the extent the
material irié:érpo’ratéd by referefice contradlcts oriis inconsistent with the
present s‘pecéifi'é'a'tiori, ’ché’ prese’ﬁt speC|f|cat|on Will.'s‘upercede any such
material. The citation of any references he‘réih is not an admission that such
references are pi;i‘d'rfvartto the"p"resheﬁt'rihvéﬁﬁbn.~ o

[0074] -- Unless cﬁheﬁNis’é indi‘cated,l éil‘ nu‘ml:')ers expressing quantities
of ingredients, cell culture, treatment conditions, and so forth used in the
specification, inc’ljUding claims, are to be unders‘tqo'g‘!iés' being modified in all
instances by the te.rrh “about.” Accordi.n’gly, uhlésé otherwise indicated to the
contrary, the numerical parametersA are gpproximations and may very
depending upon the désired prb'beﬁies:sdutéﬁf to be obtained by the present
invention. Uniess OtHé‘r;Nis'e indicated, the 'tzérlr'n “at’least” preceding a series
of elements is to be understood to réfer to every element in the series. Those
skilled in the art Wfll recognize; ‘or be"able to-ascertain using no more than

routine experimén’té‘tion, many equivalents {6 the 'specific embodiments of the
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invention described herein. Such equivalents are intended to be

encompassed by the following claims.
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CLAIMS

1. A method of treating a neurometabolic disorder in a mammal,
comprising administration of a composition to a first site in the CNS of the
mammal,

wherein the composition comprises an AAV vector comprising a
transgene encoding a transgene product; and

wherein:

(a) the concentration of the vector in the composition is at least 5%102
gp/mi; and

(b) the transgene product is expressed in a therapeutically effective
amount in a second site within the CNS distal to the first site and the distance
between the first and the second sites is at least 2 mm.

2. The method of claim 1, wherein the neurometabolic disorder is a
lysosomal storage disease.

3. The method of claim 2, wherein the lysosomal storage disease
is Niemann-Pick A disease.

4, The method of claim 1, wherein the mammal is human.

5. The method of claim 1, wherein the composition is administered
by direct injection’into the:brain.

6. The method of claim 5; wherein the second site is contralateral
to the first site.

7. The:method of claim 5, where the first site is in a region of the
CNS selected from-the group consisting of the spiha! cord, the brainstem, the

hippocampus, the striatum, the medulla, the pons; the mesencephalon, the
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cerebellum, the‘thaiamus; the hypothalamu’s;' the cerebral cortex, the occipital
lobe, the temporal lobe, the parietal lobe, and the frontal lobe.

8. The method of claim 5, wherein the first site is in the
hippocampus and the second site is in a region of the brain selected from the
group consistihg of the contralateral dentate gyrus and the contralateral CA3,
and the medial septum, and the entorhinal cortex.

9. The method of élaim 5, wherein the first site is in a region of the
brain selected from the group consisting of the striatum and the cerebelium,
and the second site is inﬂalr-egion of thé brain selected from the group
consisting of the éubstantié nigra and the medulla’ éblongata.

10. The method of claim 1, wherein the sécond site is any region of
the brain that contains a neurons thatp\;‘oject“ to the first site.

11.  The method of claim 11, further comprising administration of a
composition to a thfrdsitein the CNS'o'f'thi'e' marmmal, wherein the
composition borﬁpffsés alzn;AAV veCtof-comp’rising a transgene encoding a
transgene product -+ 1 |

12.  The rﬁethc')dﬂbf.claim‘-ﬂ-,*whereiri the third site is contralateral to
the first site. |

13.  The métﬁod of claim 1, wherein the transgene product is a
lysosomal hydrb:l‘ase. =

14.  The method of claim 13, wherein the lysosomal hydrolase is any
one of lysosomal hydrolases listed in Table 1.

15. The 'method of claim 13,1WHé‘rein the lysosomal hydrolase is

acid sphingomyelinase.
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16.' A rﬁetﬁod of delivering a rec;ombinant AAV genome to the
nucleus of a diseése-compromised neuron, the method comprising contacting
an axonal ending of the neuron‘.with a ‘composition comprising an AAV viral
particle comprising the recombinant AAV genome, wherein the AAV viral
particle is endocytosed and retrogradely transported"intracellulary along the
axon to the nucleus of the neuron.

17.  The method of claim 16, wherein the concentration of the
recombinant AAV genomes at least 5x10'2 gp/ml.

18.  The method of claim 16, wherein the neuron is a projection
neuron.

19.  The method:of claim 16, wherein-the distance from the axonal
ending to the nucleus of the neuron'is at-least 2 mm.

20.  The method of claim 16, whereinithe neuron is in a mammal.

21.  Thé'method of claim 16, wherein the disease is a lysosomal
storage disease. -

22.  The method of claim 21, whereir the lysosomal storage disease
is Niemann-Pick A disease.

23.  The method of claim 16, wherein the AAV vector comprises a
gene encoding a therapeutic transgene product.

24. The méthod'of claim 23, wherein the therapeutic transgene
product is a lysesomal-hydrolase.

25.  The method of claim 24; wherein the lysosomal hydrolase is

acid sphingomyelinase.

38



WO 2004/098648 PCT/US2004/013685

26. A method of delivering a therapeutic transgene product to a
target cell of the CNS, the method comprising contacting an axonal ending of
a neuron with a composition comprising an» AAV vector, the'vector comprising
a gene encoding a thérapeutic transgelj_ie prqduct, )

wherein: |

(a) the AAV vec;cor is Aerjldocytose'd and retrogradely transported
intracellularly alqng the axon to the nucléus of t,h?: neuron;

(b) the therapeuti§ transgene product is expressed and secreted by the
neuron; and |

(c) the therapeutic transgene product'is taken up by the target cell,
thereby alleviating »pathOlog-y in-the target cel!:‘ 2

27. The methpd of claim 26, wherein the neuron is disease-
compromised. - -

28.’-; “The method of claim 26, wherein the neuron exhibits lysosomal
storage pathology.

29.  The method of claim 28; wherein the lysosomal storage
pathology is that of Niemann-Pick A disease."

30.  The method of claim 28, wherein the target cell is a second
neuron or a glial cell.

31. ' The.method of claim 26, wherein the concentration of the vector
in the composition-is at least 5x10'2 gp/mll.

32. " The method of claim 26, the therapeutic transgene product is a

lysosomal hydrolase.
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33. The method of claim 32, wherein the lysosomal hydrolase is
acid sphingomyeiirya_se. A

34. Tﬁe imlethod'of claim 1, wherein the AAV is selected from a
group consistiﬁé of /-‘LAVZ, AAV3, AAV4, AAVS, AAVE, AAV7, and AAVS,

35.  The method of claim 1, wherein the AAV is AAV2,

36.  The method of claim 1, wherein the AAV is AAV?7.

37. A rﬁethod of treating Alzheimer’s disease in a mammal,
comprising administration of a composition to a first site in the CNS of the
mammal, -

wherein fﬁe éo’mposition comprises an AAV vector comprising a
transgene encoding a‘metgal‘loendopeptidase; and

wherein:. o

(a) the concentration of the vectorin thg composition is at least 5 x10?
gp/ml; and |

(b) the.transgene produqt is expressed in atherapeutically effective
amount in a second site within the CNS distal to the first site and the distance
between the first and the secqnd sites is at least 2 mm.

38. The method of claim 37, wherein the metalloendpeptidase is

chosen from neprilysin, insulysin, and thimet oligopeptidase.
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FIG. 2A
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