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ABSTRACT

The present disclosure 1s directed to methods of treating a
steatosis-associated disorder by administering a therapeutic

agent

selected from a lysosomal enzyme, an autophagy-

inducing agent, or a combination thereof. Steatosis-asso-

clated

disorders discussed heremn include GSD lIa, GSD Ib,

GSD Ic, NAFLD, and NASH. Other embodiments are direc-

ted to methods of reversing steatosis, modulating autophagy,
inducing autophagy, and reversing glycogen storage.
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METHODS AND COMPOSITIONS FOR THE
TREATMENT OF STEATOSIS-ASSOCIATED
DISORDERS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0001] This mvention was made 1n part with government
support under Grant No. SRO1DK 105434 awarded by the
National Institutes of Health. The Government has certain
rights m this invention.

CROSS REFERENCE TO RELATED
APPLICATIONS

[0002] This application 1s a continuation application of
U.S. Application No. 17/190,018, which 1s a divisional
application of U.S. Application No. 15/760,156 filed Mar.
14, 2018, which 1s a U.S. National Phase Application
under 35 U.S.C. § 371 of International Application No.
PCT/US2016/052249 filed Sep. 16, 2016, which claims the
benefit of prionty to both U.S. Provisional Application No.
62/220,701 filed Sep. 18, 2015 and International Applica-
tion No. PCT/US2016/049680 filed on Aug. 31, 2016, the
disclosure of each of which 1s incorporated by reference
herem 1n 1ts entirety.

SUMMARY

[0003] Embodiments herein are directed to treating a stea-
tosis-associated disorder i a subject i need thereof, the
method comprising administering to the subject a therapeu-
tic agent of embodiments herein. In some embodiments, the
therapeutic agent 1s an autophagy-inducing agent, a 1ysoso-
mal enzyme, or a combination therecof. Some embodiments
herem are directed to a method of reversing steatosis m a
subject 1 need therecot, the method comprising administer-
ing to the subject a therapeutic agent of embodiments
herem. Some embodiments herein are directed to a method
of reversing glycogen storage 1n a subject 1n need thereof,
the method comprising administering to the subject a ther-
apeutic agent of embodiments heremn. Some embodiments
herem are directed to a method of modulating autophagy
1n a subject 1n need thereof, the method comprising admin-
1stering to the subject a therapeutic agent of embodiments
herem. Some embodiments herein are directed to a method
of inducing autophagy mm a subject 1 need thereof, the
method comprising administering to the subject a therapeus-
tic agent of embodiments herein. In some embodiments, the

subject has a steatosis-associated disorder.
[0004] Some embodiments herein are directed to a method

of treating Glycogen Storage Disease Type I (GSD I) to a
subject 1 need thereof, the method comprising administer-
ing to the subject a therapeutic agent of embodiments
described heremn. In some embodiments, the GSD 1 1s
selected from GSD Ia, GSD Ib, or GSD Ic. In some embodi-
ments, the GSD 118 GSD la. Some embodiments herein are
directed to a method of treating non-alcoholic fatty liver dis-
case (NAFLD) to a subject in need thereof, the method com-
prising admiistering to the subject a therapeutic agent of
embodiments described herein. Some embodiments herein
are directed to a method of treating non-alcoholic steatohe-
patitis (NASH) to a subject mm need thercof, the method
comprisimng administering to the subject a therapeutic agent
of embodiments described herein.
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[0005] In some embodiments, the therapeutic agent may
be a lysosomal enzyme, an autophagy-inducing agent, or a
combination thereof. In some embodiments, the above
methods may comprise administering a lysosomal enzyme
and an autophagy-inducing agent.

[0006] In some embodiments, the autophagy-mducing
agent may be selected from a thyroid hormone, mTOR 1nhi-
bitor, catfeme (trimethylxanthine), PPAR-o agomist, AMPK
activator, a beta 2 adrenergic agonist (P2 agonist), calcium
channel blocker, chemical chaperone, intracellular 1sositol
reducer, Sirtuin-1 activator, sarnesoid X receptor suppres-
sor, or a combiation thereof. In some embodiments, the
mTOR mhibitor may be selected from rapamycm, Torinl,
temsirolimus (CCI-779), everolimus (RADOO1), and rida-
forolmus (AP-23573), Detorolimus (AP23573, MK-
8669), mTORCI1/mTORC2 dual mhibitor (e.g. PP242
WYE354), mTOR/P13K dual mhibitor (e.g. P1103 NVP-
BEZ235), an analog thereof, or a combination therecof. In
some embodiments, the AMPK activator may be selected
from 5-Ammoimidazole-4-carboxamide ribonucleotide
(AICAR), quercetin, a-lipoic acid, R-lipoic acid, metformin,
resveratrol, guamdine, biguanmidine, galegine, gmsenoside,
curcumin, berberine, epigallocatechin gallate, theaflavin,
hispidulin, a salicylate, a prodrug thereof, or a combination
thereof. In some embodiments, the PPAR-o agonist may be
selected from bezafibrate, genofibrate, ciprofibrate, gemfi-
brozil, clofibrate, an analog thereof, or a combination
thereof. In some embodiments, the thyroid hormone may
be selected from thyroxine (14), triiodothyronine (13), an
analog thereof, or a combination thereof. In some embodi-
ments, the P2 agomist 1s albuterol, arbutamine, bambuterol,
betunolol,  batolterol, bromoacetylalprenololmenthane,
broxaterol, carbuterol, cimaterol, cirazoline, clenbuterol,
clorprenaline, denopamine, dioxethedrine, dopexamine,
ephedrine, epinephrine, etatedrine, ethylnorepinephrine, eti-
letrine, fenoterol, formoterol, hexoprenaline, higenamine,
ibopamine, 1soctharine, 1soproterenol, 1soxsuprine, mabu-
terol, metaproterenol, methoxyphenamine, norepinephrine,
nylidrin, oxyfedrine, pirbuterol, prenalterol, procaterol, pro-
pranolol, protokylol, quinterenol, ractopamine, reproterol,
rimiterol, ritodrine, salmefamol, soterenol, salmeterol, ter-
butaline, tretoquinol, tulobuterol, xamoterol, zilpaterol, zin-
terol, or a combination thereof. In some embodiments, the
B2 agomist may be clenbuterol. In some embodiments, the
calctum channel blocker may be verapamil. In some embo-
diments, the chemical chaperone may be trehalose. In some
embodiments, the mtracellular mositol reducer may be car-
bamazepine, lithium chloride, or a combination thereof. In
some embodiments, the Sirtum-1 activator may be methy-
lene blue, resveratrol, or a combination thereof. In some
embodiments, samesoid X receptor suppressor may be mife-
pristone. In some embodiments, the autophagy inducing
agent 1s not a B2 agonist. In some embodiments, the autop-
hagy mducing agent induces autophagy. In some embodi-
ments, the B2 agonist induces autophagy.

[0007] Some embodiments herein are directed to treating a
steatosis-associated disorder, the method comprising admin-
1stering a P2 agomst to a subject 1 need thereof. Some
embodiments heremn are directed to a method of treating
GSD I, the method comprising administering a P2 agonist
to a subject 1 need thereof. Some embodiments herein are
directed to a method of treating GSD Ia, the method com-
prising administering a 2 agonist to a subject 1 need
thereof. Some embodiments herein are directed to a method
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of treating GSD Ib, the method comprising administering a
B2 agonist to a subject 1n need thereot. Some embodiments
herem are directed to a method of treating GSD Ic, the
method comprising administering a P2 agonist to a subject
in need thereof. Some embodiments herein are directed to a
method of treating NAFLD, the method comprising admin-
1stering a P2 agonist to a subject i need therecof. Some
embodiments herein are directed to a method of treating
NASH, the method comprising administering a 2 agonist
to a subject 1n need thereof.

[0008] In some embodiments, the lysosomal enzyme may
be seclected from glucocerebrosidase, alpha-glucosidase
(acid alpha-glucosidase or GAA), alpha-galactosidase,
alpha-n-acetylgalactosaminidase, acid sphingomyelinase,
alpha-iduronidase, or a combination thereof. In some embo-
diments, the lysosomal enzyme may be acid a-glucosidase.
In some embodiments, the acid alpha-glucosidase may be
selected from a GAA, recombinant human acid alpha-glu-
cosidase (thGAA), alglucosidase alta, neo-thGAA, reveglu-
cosidase alpha, an rhGAA admmistered with a chaperone
(¢.g., l-deoxynojirimycin (DNJ), a-homonojirimycin, or
castanospermine), or a combination thereof.

[0009] Some embodiments are directed to a composition
comprising a therapeutic agent of embodiments herein, and
a pharmaceutically acceptable excipient. In some embodi-
ments, the therapeutic agent may be an autophagy-inducing
agent, a lysosomal enzyme or a combination thercof. In
some embodiments, the composition may mclude a lysoso-
mal enzyme of embodiments herein and an autophagy-indu-
cing agent of embodiments herem. Some embodiments are
directed to a composition comprising an autophagy-imndu-
cing agent of embodiments herein, and a pharmaceutically
acceptable excipient. Some embodiments are directed to a
composition comprising a lysosomal enzyme of embodi-
ments heremn, and a pharmaceutically acceptable excipient.
Some embodiments are directed to a composition compris-
ing a 32 agonist and an acid alpha-glucosidase. Some embo-
diments are directed to a method of treating a steatosis-asso-
clated disorder comprising administering a composition
comprising a therapeutic agent of embodiments herein, and
a pharmaceutically acceptable excipient. In some embodi-
ments, the steatosis-associated disorder may be GSD I,
NAFLD, NASH, or a combination thereof. In some embo-
diments, GSD I may be selected from GSD Ia, GSD Ib, or
GSD Ic. In some embodiments, GSD I 1s GSD Ia.

DESCRIPTION OF THE FIGURES

[0010] FIG. 1 illustrates the downregulation ot autophagy
in the GSD Ia liver. FIG. 1(A) illustrates decreased LC3-II/
Actin ratio, which indicates downregulation of autophagy.
FIG. 1(B) illustrates that key autophagy related proteins,
ATGS and Beclin-1, are downregulated in G6Pase (-/-)
mice (n = 3 per group). Mean +/- SEM. Asterisk represents
p < 0.05.

[0011] FIG. 2 1illustrates that knockdown of G6Pase in
AMLI12 recapitulates GSDIa. FIG. 2(A) illustrates LC3-
levels 96 hours after knockdown. FIG. 2(B) illustrates
changes 1n mTOR and AMPK pathways at this timepoint
(n = 3, asterisk represents p < 0.05).

[0012] FIG. 3 1illustrates that the loss of G6PC inhibits
AMPK and activates mTOR signaling, and restoration of
AMPK signaling restores autophagy. FIGS. 3(A) and 3(B)

illustrate that the upstream pro-autophagic AMPK signaling
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pathway 1s downregulated (pAMPK, pRaptor and pACC
levels), and the anti-autophagic mTOR pathway (p-p70s6k
levels) 1s upregulated 1n AML-12 cells treated with s1G6PC
(FIG. 3(A)) and G6Pase-KO mice (FIG. 3(B)). FIG. 3(C)
llustrates that overexpression of constitutively active
AMPK (CA-AMPK) in G6PC KD cells restores LC3-I1
levels. For all experiments shown n = 3, * = p < 0.05

between control and KD or KO groups, error bars represent

SEM.
[0013] FIG. 4 illustrates lipid accumulation 1n cells. FIG. 4

(A) illustrates that bodipy staming detected lipids 1 s1G6PC
treated cells. FIG. 4(B) illustrates that electron microscopy
detected lipid deposits (LD) m s1iG6PC treated cells.

[0014] FIG. 5 1illustrates that mTORCI inhibition 1n
(GSDIa mice mduces autophagy and reduces hepatosteatosis
and glycogen storage. FIG. 5(A) illustrates p70s6k phos-
phorylation. FIG. 5(B) illustrates LC3-II protemn levels.
FIG. 5(C) illustrates hepatic TG levels. FIG. 5(D) illustrates
representative hepatic electron micrographs at 3000x. Green
arrowhead represents lipid droplets. FIG. 5(E) illustrates
glycogen content. For all parts: n = 4 or 5 mice per group,
asterisk represents p <0.05, two asterisks represent p <0.01.
[0015] FIG. 6 illustrates the induction of autophagy 1n kid-
neys of G6Pase-KO mice. Treatment of G6Pase-KO mice
for 1 week with rapamycin increased autophagosome con-
tent 1n the kidney. *=p<0.05.

[0016] FIG. 7 illustrates that rapamycin treatment to
induce autophagy reduced liver mmvolvement 1n canine
(GSDIa. Dogs (n = 4) were treated with AAV-G6Pase. Rapa-
mycin was administered to induce autophagy (1 mg/kg/day
for 1 week). FIG. 7(A) illustrates that LC3-1I was reduced 1n
the liver of dogs with GSDIa, i comparison with unaftected
carrier dogs. FIG. 7(B) and FIG. 7(C) illustrate that Liver
length (FIG. 7(B)) and serum GGT (FIG. 7(C)) were
reduced following rapamycin treatment. * = p < 0.03.
[0017] FIG. 8 illustrates that long acting f2-agomst clen-
buterol increases autophagosome number 1 HepG2 cells
and 1n mouse primary hepatocytes. FIG. 8(A) and FIG. 8
(B) illustrates that clenbuterol mcreases LC3-II 24 hours
after addition 1n HepG2 cells, at concentrations as low as
300 nM. FIG. 8(C) illustrates that clenbuterol increases
L.C3-1I 24 hours after 1on 1n mouse primary hepatocytes.
Asterisk indicates p < 0.03.

[0018] FIG. 9 illustrates that ERT depends upon receptor-
mediated uptake of recombinant lysosomal enzymes. FIG. 9
(A) 1llustrates that in lysosomal storage disorders the Cl-
MPR 1s expressed at low levels on the cell membrane, and
therefore a drug that increased CI-MPR would enhance bio-
chemical correction from ERT. FIG. 9(B) 1llustrates that a
selective f2-agonist, clenbuterol, increased CI-MPR expres-
sion and significantly enhanced biochemical correction n
combination with ERT, in comparison with ERT alone, as
demonstrated by decreased glycogen storage 1n mice with
a classical lysosomal storage disorder, Pompe disease.
[0019] FIG. 10 illustrates loss of G6pc leads to decreased
levels of ATG protemns 1 liver, and decreased levels of
autophagosomes 1 kidney. FIG. 10(A) Western blotting
Gopc-/- mouse livers showed decreased LC3-1II levels ver-
sus WT mice. FIG. 10(B) ATGS protein level 1s reduced 1n
the livers Gope KO mice. FIG. 10(C) Beclin 1 protein level
1s reduced 1n the livers of the same mice. For all experiments
shown, n = 3, except (A), where n = 7, and * represents
p<0.05 between experimental groups being compared.
Error bars: SEM.
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[0020] FIG. 11 1illustrates LC3-II 1s reduced in GSD Ia
mouse kidneys. Autophagosome number as indicated by
LC3-Il/actin ratio 1s decreased 1n the kidneys of G6pc KO
mice. N =3, and * represents p < (.05 between experimental
oroups. Error bars: SEM.

[0021] FIG. 12 illustrates AAV-G6Pase treatment prevents
reduced autophagy in G6pc-/- mice. Treatment of KO mice
with AAV2/9-G6Pase (“+G6P¢”) restores autophagy. N = 3,
and * indicates p < 0.05. Error bars: SEM.

[0022] FIG. 13 illustrates LC3-II 1s reduced m Gbpc
siRNA-treated AML-12 cells. Treatment of AML-12
mouse hepatocyte cells with s1G6pce reduces autophago-
some number (LC3-II/tubulin ratio). n = 3, and * mdicates
p < 0.05. Error bars: SEM.

[0023] FIG. 14 1llustrates G6pc knockdown reduces endo-

genous LC3 puncta m AML-12 cells stained with o-LC3
antibody. LLC3 brightness was quantified and compared to
the number of nucler within the same visual field. n = 3
and * mdicates p < 0.05. Error bars: SEM.

[0024] FIG. 15 1illustrates glucose-6-phosphate levels are
increased i Gopc knockdown AML-12 cells. G6P accumu-
lates m AML-12 cells knocked down for G6pc using
sIRNA, showing similarity to GSD Ia hepatocytes. n = 3,
and * represents p < 0.05. Error bars: SEM.

[0025] FIG. 16 illustrates rapamycin treatment increases
autophagy activity markers in G6pc knockdown AML-12
cells. Western blotting for several autophagy-related pro-
teins 1ndicates that rapamycin (Rap) treatment restores
autophagy 1n G6pc KD AML-12 cells. N = 3, * indicates p
< (.05 between groups being compared, and ** indicates p <
(.01 between groups. Error bars: SEM.

[0026] FIG. 17 illustrates rapamycin treatment reduces
lipid accumulation 1n G6pc knockdown AML-12 cells. Oil
Red O staining shows that lipid accumulation 1s restored to
low levels by rapamycm application to G6pc knockdown
AML-12 cells. N =3, * indicates p < 0.05 between groups
being compared, and ** indicates p < 0.01 between groups.

Error bars: SEM.
[0027] FIG. 18 1llustrates Western blotting for LC3-II m

mouse livers indicates that treatment of G6pc-/- mice with
rapamycin (Rap) increases autophagosome number mn the
liver (LC3-II/actin). N = 3, * indicates p < 0.05. Error
bars: SEM.

[0028] FIG. 19 1illustrates ultrastructural electron micro-
scope analysis mdicates rapamycin-treated GSD Ia mice
showed more hepatic autophagic vesicles than untreated
mice. Electron microscope images were analyzed for the
presence of autophagic vesicles i GSD Ia mouse hepato-
cytes without or without rapamycin treatment. N = 3, and
*** mndicates p < 0.001. Error bars: SEM.

[0029] FIG. 20 illustrates rapamycin reduced hepatic tri-
olyceride content m GSD Ia mice. Rapamycin reduced
hepatic triglycerides by 50% m GSD Ia mouse livers,
which began at 7-fold the levels of wildtype livers. N = 4,
* indicates p < 0.03, and ** mdicates p < 0.01. Error bars:
SEM.

[0030] FIG. 21 illustrates lipid vacuoles are diminished n
rapamycin-treated GSD Ia mouse livers. Electron micro-
scopy reveals that rapamycin-treated GSD Ia mouse livers
have fewer lipid vacuoles 1n hepatocytes compared with

untreated GSD la mouse livers.
[0031] FIG. 22 illustrates hiver glycogen accumulation 1s

reduced i GSD Ia mice that recerve rapamycin. Glycogen
assays revealed a reduction 1n glycogen (expressed as glu-
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cose released during the reaction) i GSD la hepatocytes of
mice treated with rapamycin compared with those that go
untreated. N = 5, * indicates p < 0.05, and ** indicates p <
0.01. Error bars: SEM.

[0032] FIG. 23 1illustrates histologic analysis (20X magni-
fication) reveals a decrease 1n lipid and glycogen accumula-
tion 1n rapamycin-treated mouse livers. Mouse liver sections
were stained with H&E and PAS. PAS staming showed
reduced heaptic glycogen accumulation 1in rapamycin-trea-
ted mice. H&E stamn revealed necrotic cells and lipid
vacuoles. In PAS stained samples, 1nsets are digital zoomed
3x further, to 60x.

[0033] FIG. 24 illustrates treatment of GSD Ia canines
with rapamycin reduces hepatic size, and lowers circulating
hepatic enzymes. FIG. 24(A) Representative abdominal
radiograph of GSD Ia canine after 10 days of rapamycin
treatment. FIG. 24(B) Ventral and dorsal lengths of livers
from GSD Ia canines as measured from radiographs pre-
and post-rapamycin treatment. N = 4, and * indicates p <
0.05.

[0034] FIG. 25 illustrates GSD Ia canine circulating GGT
enzyme levels are reduced following rapamycin treatment.
Serum gamma-glutamyl transterase (GGT) levels expressed
as absolute and fold-change 1 the same canines. N =4, and
* mdicates p < 0.03.

[0035] FIG. 26 1llustrates GSD la canine circulating ALT
enzyme levels are reduced following rapamycin treatment.
Serum alanine aminotransferase (ALT) levels expressed as
absolute and fold-change 1n the same dogs. N = 4, and **
indicates p < 0.01. Error bars: SEM.

[0036] FIG. 27 illustrates .C3 Western blot of drug-trea-
ted G6pc knockdown AML-12 cells. Western blotting was
performed on AML-12 cells incubated for 24 hours with the
described drug conditions. L.C3 was quantified and normal-
1zed agamst each condition’s B-actin protein quantification.
[0037] FIG. 28 1illustrates bezafibrate-mnjected GSD Ia
mice liver and kidney weights. Livers and kidneys from
mice undergoing bezafibrate mjections were weighed at
the time of collection, weights expressed here as percentage
of body weight. * indicates p < 0.05. Error bars: mean + SD.
[0038] FIG. 29 illustrates treatment of G6Pc¢-/- mice with
bezafibrate increases autophagosome number 1n the liver.
Bezafibrate was administered by intraperitoneal mjection
to groups of 5 day old mice, and livers were collected
3 days later. Groups: bezafibrate, n = 5; vehicle, n = 3. (A)
Western blots for LC3-II and B-actin. (B) Quantification of
LC3-1I (LC3-II/B-actin). Mean +/-SD shown. * indicates p <
0.05.

[0039] FIG. 30 illustrates treatment of G6Pc¢-/- mice with
bezafibrate reduces plasma triglycerides. Bezafibrate was
adminmistered by intraperitoneal 1njection to groups of
5 day old mice, and triglycerides were quantified 3 days
later. (A) plasma, and (B) liver. Groups: bezafibrate, n = 5;
vehicle, n = 3. Mean +/- SD shown. * indicates p < 0.05.

DETAILED DESCRIPTION

[0040] Before the present compositions and methods are
described, 1t 18 to be understood that this invention 1S not
limited to the particular processes, compositions, or meth-
odologies described, as these may vary. It 1s also to be
understood that the terminology used 1n the description 1s
for the purpose of describing the particular versions or
embodiments only, and 1s not mtended to limit the scope
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of the present invention which will be limited only by the
appended claims. Unless defined otherwise, all technical
and scientific terms used heremn have the same meanings
as commonly understood by one of ordinary skill in the
art. Although any methods and materials similar or equiva-
lent to those described herein can be used 1 the practice or
testing of embodmments of the present imvention, the pre-
ferred methods, devices, and materials are now described.
All publications mentioned herein are mcorporated by refer-
ence 1n their entirety. Nothing herein 1s to be construed as an
admission that the mvention 1s not entitled to antedate such
disclosure by virtue of prior mvention.

[0041] The present disclosure 1s directed to inducing
autophagy 1 a subject having a steatosis-associated disor-
der, such as GSD I, NASH, or NAFLD, and reversing gly-
cogen storage and steatosis 1n the subject. In some embodi-
ments, GSD I may be selected from GSD Ia, GSD Ib, or

GSD Ic. In some embodiments, the GSD I 15 GSD Ia.

Accordmgly, embodiments of the present disclosure are
directed to methods of treating a steatosis-associated disor-
der comprising administering a therapeutic agent to a sub-
ject 1 need thereof. In some embodiments, the therapeutic
agent 18 an autophagy-inducing agent.

[0042] It must also be noted that as used heremn and 1n the
appended claims, the singular forms “a”, “an”, and “the”
include plural reference unless the context clearly dictates
otherwise. Thus, for example, reference to a “P2 agonist”
1s a reference to one or more P2 agonists and equivalents
thereof known to those skilled 1n the art, and so forth.
[0043] As used herein, the term “about” means plus or
minus 3% of the numerical value of the number with
which 1t 1s being used. Theretfore, about 50% means 1 the
range of 45%-55%.

[0044] “Admimstering”, when used 1 conjunction with a
therapeutic, means to administer a therapeutic directly nto
or onto a target tissue or to administer a therapeutic to a
subject, whereby the therapeutic positively impacts the tis-
sue to which 1t 1s targeted. Thus, as used herein, the term
“administering”, when used 1 conjunction with a therapeu-
tic, can include, but 1s not limited to, providing a therapeutic
to a subject systemically by, for example, intravenous 1njec-
tion, whereby the therapeutic reaches the target tissue.
Administering a composition or therapeutic may be accom-
plished by, for example, injection, oral admimistration, topi-
cal administration, or by these methods 1n combination with
other known techniques. Such combination techniques may
include heating, radiation, ultrasound and the use of delivery
agents. Preferably, administering 1s a self-administration,
wherein the therapeutic or composition 1s administered by
the subject themselves. Alternatively, administering may be
administration to the subject by a health care provider.
[0045] The terms, “treat” and “treatment.” as used herein,
refer to amelhioration of one or more symptoms associated
with the disease, prevention or delay of the onset of one or
more symptoms of the disease, and/or lessening of the
severity or frequency of one or more symptoms of the dis-
case. For example, treatment can refer to of the mdividual
affected by the disease, or any combination of these effects.
Further, the treatment may prevent long term complications
such as chronic liver disease, metabolic syndrome, cirrhosis,
and fibrosis. In some embodiments, treatment includes
improvement of liver symptoms, particularly, in reduction
or prevention of GSD (e.g., GSD-Ia)-associated hepatostea-
tosis, abdominal discomfort, elevated liver enzyme levels,
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fatigue, malaise, hepatomegaly, hyperlipidemia, hypoglyce-
mia, hypertension, 1ron-resistant anemia, kidney stones,
orowth delay, lactic academia, nephropathy, hepatic/renal
olycogenosis, pancreatitis, hepatic adenomata, hepatocellu-
lar carcinoma, osteopenia/osteoporosis, platelet dystunc-
tion, spider angiomata, ascites, splenomegaly, hard liver
border, palmar erythema, or asterixis.

[0046] The terms, “mmprove,” “prevent” or “reduce,” as
used herein, indicate values that are relative to a baseline
measurement, such as a measurement 1 the same individual
prior to mtiation of the treatment described herein, or a
measurement 1n a control individual (or multiple control
individuals) 1 the absence of the treatment described
herein. A control individual 1s an individual afflicted with
the same form of the disease (e.g., GSD-Ia) as the individual
bemng treated, who 1s about the same age as the individual
being treated (to ensure that the stages of the disease 1n the
treated imdividual and the control mdividual(s) are
comparable).

[0047] As used herein, the term “therapeutic agent” means
an agent utilized to treat, combat, ameliorate, prevent or
improve an unwanted condition or disease of a subject. In
part, embodiments described herein may be directed to the
freatment of various steatosis-associated disorders, includ-
ing, but not limited to GSD I, NAFLD, NASH, or a combi-
nation thercof. In some embodiments, GSD I may be
selected from GSD Ia, GSD Ib, or GSD Ic¢. In some embodi-
ments, GSD I 1s GSD la.

[0048] The terms “therapeutically effective” or “effec-
tive”, as used heremn, may be used interchangeably and
refer to an amount of a therapeutic composition of embodi-
ments described herem. For example, a therapeutically
elfective amount of a composition 1s an amount of the com-
position, and particularly the active igredient, such as
GAA, that generally achieves the desired effect. For exam-
ple, the desired effect can be an improvement, prevention, or
reduction of a particular disease state.

[0049] A “therapeutically effective amount” or “effective
amount” of a composition 1s an amount necessary or suffi-
cient to achieve the desired result or clinical outcome. For
example, the desired result or clinical outcome can be an
improvement, prevention, or reduction of a particular dis-
case state. The therapeutic effect contemplated by the embo-
diments herein includes medically therapeutic, cosmetically
therapeutic and/or prophylactic treatment, as appropriate.
The specific dose of a compound administered according
to embodiments of the present mmvention to obtain therapeu-
tic effects will, of course, be determined by the particular
circumstances surrounding the case, including, for example,
the compound adminmistered, the route of administration, and
the condition being treated. However, the effective amount
administered can be determined by the practitioner or man-
ufacturer or patient m hight ot the relevant circumstances
including the condition to be treated, the choice of com-
pound to be administered, and the chosen route of adminis-
tration, and therefore, the above dosage ranges are not
intended to limit the scope of the mvention 1n any way. A
therapeutically effective amount of the compound of embo-
diments heremn 1s typically an amount such that when 1t 1s
administered 1 a physiologically tolerable excipient com-
position, 1t 1s sufficient to achieve an effective systemic con-
centration or local concentration mm or on the tissue to
achieve the desired therapeutic or clinical outcome.
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[0050] As used herein, the term “consists of” or “consist-
ing of” means that the composition or method includes only
the elements, steps, or ingredients specifically recited 1n the
particular claimed embodiment or claim.

[0051] As used herein, the term “consisting essentially of”
or “consists essentially of” means that the composition or
method 1ncludes only the specified materials or steps and
those that do not matenially atfect the basic and novel char-
acteristics of the claimed mvention.

[0052] Generally speaking, the term “tissue” refers to any
aggregation of similarly specialized cells which are united
in the performance of a particular function.

[0053] The term “ammal” as used herein mcludes, but 1s
not limited to, humans and non-human vertebrates such as
wild, domestic and farm animals.

[0054] The term “patient” or “subject” as used herein 1s an
animal, particularly a human, suffering from an unwanted
disease or condition that may be treated by the therapeutic
and/or compositions described herein.

[0055] The term “inhibiting” generally refers to preven-
tion of the onset of the symptoms, alleviating the symptoms,
or elimmating the disease, condition or disorder.

[0056] “Optional” or “optionally” means that the subse-
quently described event or circumstance may or may not
occur, and that the description mcludes instances where
the event occurs and instances where 1t does not.

[0057] As used herein, “room temperature” means an
indoor temperature of from about 20° C. to about 25° C.
(68 to 77° F.).

[0058] Throughout the specification of the application,
various terms are used such as “primary,” “secondary,”
“first,” “second.” and the like. These terms are words of
convenience m order to distinguish between different ele-
ments, and such terms are not intended to be limiting as to
how the different elements may be utilized.

[0059] By “pharmaceutically acceptable,” “physiologi-
cally tolerable,” and grammatical variations thereof, as
they refer to compositions, carriers, diluents, and reagents
or other mngredients of the formulation, can be used mter-
changeably and represent that the materials are capable of
being admmistered without the production of undesirable
physiological etfects such as rash, burning, irritation or
other deleterious effects to such a degree as to be intolerable
to the recipient thereof.

[0060] While the present disclosure 18 described n detail
with reference to GSD Ia, the methods described herein may
also be used to treat imndividuals suffering from other condi-
tions related to steatosis, mcluding, but not limited to, GSD
Ib, GSD Ic, NAFLD, NASH, or combinations thereof.
[0061] Accordingly, some embodiments 1 the present dis-
closure are directed to treating a steatosis-associated disor-
der, the method comprising administering to a subject n
need thereol a therapeutic agent. In some embodiments,
the therapeutic agent may be an autophagy-inducing agent
of embodiments herein, a lysosomal enzyme of embodi-
ments herein, or a combination thereof. Some embodiments
herem are directed to a method of treating GSD I, the
method comprising administering to a subject 1 need
thereof a therapeutic agent of embodiments heremn. Some
embodiments herein are directed to a method of treating
GSD Ia, the method comprising adminmistering to a subject
in need thereof a therapeutic agent of embodiments herein.
Some embodiments herein are directed to a method of treat-
ing GSD Ib, the method comprising administering to a sub-
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ject 1n need thereof a therapeutic agent of embodiments
herein. Some embodiments herein are directed to a method
of treating GSD Ic, the method comprising administering to
a subject 1n need thereof a therapeutic agent of embodiments
herein. Some embodiments herein are directed to a method
of treating NAFLD, the method comprising administering to
a subject 1n need thereof a therapeutic agent of embodiments
herein. Some embodiments herein are directed to a method
of treating NASH, the method comprising administering to a
subject 1 need thereof a therapeutic agent of embodiments
herein.

[0062] Some embodiments herem are directed to a method
of treating GSD I, the method comprising administering to a
subject m need thereof a lysosomal enzyme and an autop-
hagy inducing agent of embodiments herein. Some embodi-
ments herein are directed to a method of treating GSD Ia, the
method comprising administering to a subject 1 need
thereof a lysosomal enzyme and an autophagy inducing
agent of embodiments herein. Some embodiments herein
are directed to a method of treating GSD Ib, the method
comprising administering to a subject mn need thereof a lyso-
somal enzyme and an autophagy inducing agent of embodi-
ments herem. Some embodiments herein are directed to a
method of treating GSD Ic, the method comprising admin-
1stering to a subject 1n need thereof a lysosomal enzyme and
an autophagy mducing agent of embodiments herein. Some
embodiments herein are directed to a method of treating
GSD I, the method comprising administering to a subject
in need thereof a lysosomal enzyme and an autophagy 1indu-
cing agent of embodimments herein, wherein the autophagy
inducing agent 1s not a P2 agonist. Some embodiments
herein are directed to a method of treating GSD Ia, the
method comprismmg administering to a subject 1 need
thereof a lysosomal enzyme and an autophagy imducing
agent of embodiments heremn, wherein the autophagy 1indu-
cing agent 1s not a P2 agonist. Some embodiments herein are
directed to a method of treating GSD Ib, the method com-
prising administering to a subject 1 need thereof a lysoso-
mal enzyme and an autophagy inducing agent of embodi-
ments herein, wherein the autophagy inducing agent 1s not
a P2 agomist. Some embodiments herein are directed to a
method of treating GSD Ic, the method comprising admin-
1stering to a subject 1n need thereof a lysosomal enzyme and
an autophagy mducing agent of embodiments herein,
wherein the autophagy inducing agent 1s not a B2 agonist.
Some embodiments herein are directed to a method of treat-
ing NAFLD, the method comprising administering to a sub-
ject 1n need thereof a lysosomal enzyme and an autophagy
inducing agent of embodiments herein. Some embodiments
herein are directed to a method of treating NASH, the
method comprising administering to a subject 1 need
thereof a lysosomal enzyme and an autophagy inducing
agent of embodiments herein. In some embodiments, the
autophagy inducing agent induces autophagy.

[0063] GSD Ia 1s a devastating disease that currently has
few treatment options. Although much research has been
performed to understand its pathophysiology, no study has
been performed linking 1t to the key cellular process of
autophagy. This link not only opens new msights into the
pathogenesis and treatment of GSD Ia, but also leads to
new potential therapies for a much more common disorder,
NAFLD. The development of small molecule therapy for
steatosis could provide new agents for NAFLD, which
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atfects >20% of the population in developed countries and
>4(0% of the US adult population.

[0064] 'The therapeutic agents of embodiments herein are
believed to manipulate autophagy m GSD I and NAFLD to
reverse steatosis m GSD I, NASH, and NAFLD. Autophagy
1s downregulated 1n these disorders, and 1t 1s believed that
stimulating autophagy reverses steatosis. The steatosis of
GSD 1 closely resembles NAFLD, a major unmet health
need estimated to affect nearly 40% 1n the population of
the United States. If successtul in GSD 1, 1t 18 believed that
modulating autophagy may be effective at reversing steato-

s1s 1n other conditions such as NAFLD and NASH.
[0065] Some embodiments herein are directed to a method

of reversing steatosis 1mm a subject 1 need thereof, the
method comprising administering to the subject a therapeu-
tic agent of embodiments herein. Some embodiments herein
are directed to a method of reversing glycogen storage 1 a
subject 1 need thereof, the method comprising administer-
ing to the subject a therapeutic agent of embodiments
herem. Some embodiments herein are directed to a method
of modulating autophagy 1n a subject 1n need thereof, the
method comprising administering to the subject a therapeu-
tic agent of embodiments herein. Some embodiments herein
are directed to a method of inducing autophagy 1n a subject
in need thereot, the method comprising administering to the
subject a therapeutic agent of embodiments heremn. Some
embodiments herein are directed to a method of reducing
hepatosteatosis 1n a subject 1 need thereof, the method
comprisimg administering to the subject a therapeutic agent
of embodiments herein. Some embodiments are directed to
treating hepatosteatosis 1 a subject m need thereof, the
method comprising administering to the subject a therapeu-
tic agent of embodiments herein.

[0066] In some embodiments, the autophagy-inducing
agent may be selected from a thyroid hormone, a mTOR
inhibitor, caffeine (trimethylxanthine), a steroid hormone,
a PPAR-a agonist, an AMPK activator, a B2 agonist, a cal-
ctum channel blocker, a chemical chaperone, an intracellular
1nositol reducer, a Sirtuin-1 activator, a samesoid X receptor
suppressor, or a combination thereof. In some embodiments,
the sterord hormone may be dehydroepiandrosterone
(DHEA). In some embodiments, the mTOR inhibitor may
be selected from rapamycin, Torinl, temsirolimus (CCI-
779), everolmus (RADO0O1), and ndaforolimus (AP-
23573), Deforolimus (AP23573, MK-8669), mTORCI/
mTORC?2 dual mhibitor (e.g. PP242 WYE354), mTOR/
P13K dual mhibitor (e.g. PI103 NVP-BEZ235), an analog
thereof, or a combination thereof. In some embodiments, the
AMPK activator may be selected from 5-Aminoimidazole-
4-carboxamide ribonucleotide (AICAR), quercetin, a-lipoic
acid, R-lipoic acid, metformin, resveratrol, guanidine,
biguanidine, galegine, ginsenoside, curcumin, berberine,
epigallocatechin gallate, theatlavin, hispidulin, a salicylate,
a prodrug thereot, or a combination thereof. In some embo-
diments, the PPAR-a agonist may be selected from bezafi-
brate, genofibrate, ciprofibrate, gemftibrozil, clofibrate, an
analog thereof, or a combination thereof. In some embodi-
ments, the thyroid hormone may be selected from thyroxine
(T4), triiodothyronine (13), an analog thercof, or a combi-
nation thereof. In some embodiments, the calcium channel
blocker may be verapamil. In some embodiments, the che-
mical chaperone may be trehalose. In some embodiments,
the mtracellular 1nositol reducer may be carbamazepine,
lithium chloride, or a combination thereof. In some embodi-

Sep. 14, 2023

ments, the Sirtuin-1 activator may be methylene blue,
resveratrol, or a combination thereof. In some embodiments,
samesold X receptor suppressor may be mifepristone. In
some embodiments, the autophagy-inducing agent induces
autophagy. In some embodiments, the autophagy-inducing
agent 18 not a B2 agonist. In some embodiments, the autop-
hagy-inducing agent 1s a 2 agonist.

[0067] P2 agonists are molecules that sttmulate the P2-
adrenergic receptor. Numerous P2 agonists are known 1n
the art and may be used 1n the therapeutic methods of the
mvention. In some embodiments, the P2 agonist used 1n
embodiments heremn may be selected from albuterol, arbu-
tamine, bambuterol, befunolol, bitolterol, bromoacetylalpre-
nololmenthane, broxaterol, carbuterol, cimaterol, cirazoline,
clenbuterol, clorprenaline, denopamine, dioxethedrine,
dopexamine, ephedrine, epinephrine, etafedrine, ethylnore-
pinephrine, etilefrine, fenoterol, formoterol, hexoprenaline,
higenamine, 1bopamine, i1soetharine, 1soproterenol, 1so-
xsuprine, mabuterol, metaproterenol, methoxyphenamine,
norepinephrine, nylidrin, oxytedrine, pirbuterol, prenalterol,
procaterol, propranolol, protokylol, quinterenol, ractopa-
mine, reproterol, rimiterol, ritodrine, salmefamol, soterenol,
salmeterol, terbutaline, tretoquinol, tulobuterol, xamoterol,
zilpaterol, zinterol, or a combination thercof. In some embo-
diments, B2 agonists used 1n the disclosed methods do not
interact, or show substantially reduced interaction, with P1-
adrenergic receptors. In some embodiments, the B2 agonist
1s a selective B2 agonist. In embodiments, the 32 agonist 1s
clenbuterol, albuterol, fenoterol, formoterol, salmeterol, or a
combination thereof. In embodiments, the P2 agonist 1s
clenbuterol. In some embodiments, the P2 agonist mmduces
or promotes autophagy 1n the subject.

[0068] In some embodiments, the therapeutic agent may
be a lysosomal enzyme. In some embodiments, the lysoso-
mal enzyme may be selected from glucocerebrosidase, acid
alpha-glucosidase (acid alpha-glucosidase or GAA), alpha-
oalactosidase, alpha-n-acetylgalactosamimdase, acid sphin-
oomyelase, alpha-iduronidase, or a combination thereof.
In some embodiments, the lysosomal enzyme may be acid
a-glucosidase. In some embodiments, the acid alpha-gluco-
sidase may be selected from a GAA, recombinant human
acid alpha-glucosidase (thGAA), alglucosidase alfa, neo-
rthGAA, reveglucosidase alpha, an rhGAA admimstered
with a chaperone (e.g. 1-deoxynojirimycin (DNJ), a-homo-
nojIrimycin, or castanospermine), or a combination thereof.
In some embodiments, the steatosis-associated disorder may
be selected from GSD I, NAFLD, NASH or a combination
thereof. In some embodiments, GSD I may be selected from
GSD Ia, GSD Ib, or GSD Ic. In some embodiments, the

GSD I 1s GSD Ia.
[0069] Some embodiments are directed to a composition

comprising a therapeutic agent of embodiments herein, and
pharmaceutically acceptable excipient. In some embodi-
ments, the therapeutic agent may be an autophagy-inducing
agent, a lysosomal enzyme, or a combination thereof. Some
embodiments are directed to a composition comprising a B2
agonist and an acid alpha-glucosidase. Some embodiments
are directed to an adeno-associated virus (“AAV”) vector
encoding a lysosomal enzyme, such as acid alpha-
olucosidase.

[0070] According to some embodiments, a method of
treating a steatosis-associated disorder comprises adminis-
tering a therapeutically effective amount of an autophagy-
inducing agent. The autophagy-inducing agent may be
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administered at a dosage of, for example, 0.1 to 100 mg/kg,
suchas 0.5, 1.0, 1.1,1.6,2,8,9,10, 11, 15,16, 17, 18, 19,
20, 21, 22, 27, 28, 29, 30, 40, 45, 50, 60, 70, 80, 90 or
100 mg/kg per day, or a range between any two of these
values. Dosage forms suitable for internal admimistration
may contain from about 0.1-500 milligrams of active ingre-
dient per umit. In these pharmaceutical compositions, the
active mngredient may be ordinarily be present 1n an amount
of about 0.5-95% by weight based on the total weight of the
composition.

[0071] In some embodiments, the autophagy-inducing
agent will be administered 1n a dose ot about 80 ug/day to
about 160 pg/day. In some embodiments, the autophagy-
inducing will be admimistered mn a dose of about 20 ug/day
to about 2100 ug/day, about 20 ug/day to about 720 ug/day,
about 20 ug/day to about 500 ug/day, about 20 ug/day to
bout 300 ug/day, about 20 ug/day to about 200 ug/day,
bout 40 ug/day to about 2100 ng/day, about 40 ug/day to
bout 720 ug/day, about 40 ug/day to about 500 ug/day,
hout 40 ng/day to about 300 ug/day, about 40 ug/day to
pout 200 ug/day, about 80 ug/day to about 2100 ug/day,
hout 80 ug/day to about 720 ug/day, about 80 ug/day to
bout 500 ug/day, about 80 ug/day to about 300 ug/day,
pout 80 ug/day to about 200 ug/day, or a range between
any two of these values. In embodiments, the effective
amount for a particular individual may be varied (e.g.,
increased or decreased) over time, depending on the needs
of the individual. In some embodiments, the effective
amount of clenbuterol 1s about 80 to 160 ug/day (or 40 to
80 micrograms by mouth twice daily).

[0072] In some embodiments, the etfective amount of
other drugs that enhance autophagy are provided i Table 1.

TR T =T T - Y -

TABLE 1

Dose and method of

Drug Source administration

a-lipoic acid 100 mg capsules (OTC dietary 20 mg/kg PO daily

(AMPK supplement) (adult dose 300 mg
activator) BID)

Metformin 500 mg Glucophage oral tablets, 10 mg/kg PO BID
(AMPK Bristol Meyers Squibb (adult dose 500 mg

activator) BID)

Verapamil 40 mg oral tablets (generic) 2 mg/kg PO TID
(adult dose 80 mg
TID)
Trehalose 100% Pure Trehalose, Swanson 2-10 g PO daily
Ultra (OTC dietary supplement)
Carbamezipine 100 mg tablets Tegretol or oral 10 mg/kg PO daily
suspension (adult dose 200 mg
BID)
Lithium lithium citrate 300 mg/S ml 10 mg/kg BID PO
chloride Syrup (adult dose 900 mg
BID)
Bezafibrate Powder from Sigma 3.3 mg/kg daily (adult

dose 200 mg daily)

Methylene blue U.S.P. powder available from 0.4-1 mg/kg TID
chemical supply houses or 65 mg (adult dose 50 mg
tablets TID)

Resveratrol Resvantage Canine, Advantage 1 mg/kg PO daily
Biosciences 5 mg tablet (adult dose 20-500 mg
daily
Mifepristone 200 mg Mifeprex tablet (Danco 3 mg/kg daily PO

(adult dose 100 to
300 mg daily)

laboratories)

[0073] In some embodiments, the autophagy-inducing
agent may be administered once every 1, 2, 3,4, 5,6, 7, 8,
9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25,26, 27, 28,29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, or
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40 days, or a range between any two of these values. In some
embodiments, the autophagy-inducing agent may be admi-
nistered at least once every 1,2, 3,4, 5,6,7,8,9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20 weeks, or a range between any
two of these values. In some embodiments, the autophagy-
inducing agent may be administered using single or divided
doses of every 60, 48, 36, 24, 12, 8, 6, 4, or 2 hours, or a
range between any two of these values, or a combination
thereof.

[0074] For example, 1n some embodiments, an autophagy-
inducing agent may be administered as a single dose at a
single time point, or admiistered to the patient over the
span a several hours (e.g., once every hour, once every two
hours, once every three hours, etc.) or over the span of sev-
eral days (e.g., once a day, once every two days, once every
three days, etc.).

[0075] As known by those of skill 1n the art, the optimal
dosage of autophagy-inducing agents usetul m the present
disclosure depend on the age, weight, general health, gen-
der, and severity of the steatosis-associated disorder of the
individual being treated, as well as route of administration
and formulation. A skilled practitioner 1s able to determine
the optimal dose for a particular mdividual. Additionally, 1n
vitro or 1 vivo assays may be employed to help to 1dentity
optimal dosage ranges, for example, by extrapolation from
dose-response curves dertved from 1n vitro or animal model
test systems.

[0076] Administering of a therapeutic agent usetul 1n the
disclosed methods may be performed by any suitable route,
including administration by inhalation or msufflation (either
through the mouth or the nose) or oral, sublingual, buccal,
parenteral, topical, subcutancous, intraperitoneal, mtrave-
nous, mtrapleural, mtraoccular, mtraarterial, rectal adminis-
tration, or within/on implants, €.g., matrices such as col-
lagen fibers or protemn polymers, via cell bombardment, 1n
osmotic pumps, grafts comprising appropriately trans-
formed cells, etc. In particular, the disclosed therapeutic
methods and agents are useful for treating steatosis-asso-
ciated disorders characterized by severe brain mvolvement
without the need for mvasive administration techniques
directly to brain (e.g., intrathecal administration).

[0077] A therapeutic agent may be administered to the
patient as a pharmaceutical composition comprising the
therapeutic agent and a pharmaceutically acceptable carrier
or excipient. The preparation of a pharmacological compo-
sition that contains active ingredients dissolved or dispersed
therein 1s well understood m the art. The pharmaceutical
compositions may be 1 the form of a sterile mjectable aqu-
cous or oleagenous suspension. This suspension may be for-
mulated according to the known art using those suitable dis-
persing or wetting agents and suspending agents which have
been mentioned above. The sterile injectable preparation
may also be a sterile mjectable solution or suspension 1n a
non-toxic parenterally-acceptable diluent or solvent. Among
the acceptable vehicles and solvents that may be employed
are water, Ringer’s solution and 1sotonic sodium chloride
solution. In addition, solid forms suitable for solution, or
suspensions, 1 liquid prior to use can also be prepared. For-
mulation also varies according to the route of administration
selected (e.g., solution, emulsion, capsule).

[0078] Pharmaceutically acceptable carriers can include
mnert imgredients which do not interact with the autophagy-
inducing agent, lysosomal enzyme and/or other additional
therapeutic agents. These carriers include sterile water, salt
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solutions (e.g., NaCl), physiological saline, bacteriostatic
saline (saline containing about 0.9% benzyl alcohol), phos-
phate-butfered saline, Hank’s solution, Ringer’s-lactate sal-
ine, butfered saline, alcohols, glycerol, ethanol, gum arabic,
vegetable oils, benzyl alcohols, polyethylene glycols, gela-
tin, carbohydrates such as lactose, amylose or starch, sugars
such as mannitol, sucrose, dextrose, lactose, trehalose, mal-
tose or galactose, magnesium stearate, talc, silicic acid, vis-
cous paraliin, perfume oil, fatty acid esters, hydroxymethyl-
cellulose and polyvinyl pyrolidone, as well as combinations
thereof. The compositions may be mixed with auxiliary
agents, €.g., lubricants, preservatives, stabilizers, wetting
agents, emulsifiers, salts for influencing osmotic pressure,
pH buffers, coloring, flavoring and/or aromatic substances
and the like which do not deleteriously react with the active
compounds. In addition, the compositions of embodiments
herem may be lyophilized (and then rehydrated) 1n the pre-
sence of such excipients prior to use.

[0079] Standard pharmaceutical formulation techniques as
known 1n the art can be employed, such as those described
Remington’s Pharmaceutical Sciences, Mack Publishing
Company, Easton, Pa. Methods for encapsulating composi-
tions. The composition can be a liquid solution, suspension,
emulsion, tablet, pill, capsule, sustained release tormulation,
or powder. The composition can also be formulated as a
suppository, with traditional binders and carriers such as tri-
olycerides. Oral formulation can include standard carriers
such as pharmaceutical grades of mannitol, lactose, starch,
magnesium stearate, polyvinyl pyrollidone, sodium sacchar-
ine, cellulose or magnesium carbonate. For example, a com-
position for mtravenous administration typically 1s a solu-
tion 1n a water-soluble carrier, ¢.g., sterile 1sotonic aqueous
butter. Where necessary, the composition may also include a
solubilizing agent and a local anesthetic to ease pain at the
site of the mjection. Generally, the ingredients are supplied
either separately or mixed together i unit dosage form, for
example, as a dry lyophilized powder or water free concen-
trate 1n a hermetically sealed contamner such as an ampule or
sachette mdicating the quantity of active agent. Where the
composition 1s administered by injection, an ampule of ster-
1le water for injection or saline can be provided so that the
ingredients may be mixed prior to administration.

[0080] The therapeutic agent of embodiments herein may
be admiistered as a neutral compound or as a salt or ester.
Pharmaceutically acceptable salts include those formed with
free amino groups such as those derived from hydrochloric,
phosphoric, acetic, oxalic or tartaric acids, and those formed
with free carboxyl groups such as those derived from
sodium, potassium, ammonium, calcium, ferric hydroxides,
1sopropylamine, triethylamine, 2-ethylamino ethanol, histi-
dine, and procaimne. For instance, salts of compounds con-
taining an amine or other basic group can be obtamed by
reacting with a suitable organic or morganic acid, such as
hydrogen chloride, hydrogen bromide, acetic acid, perchlo-
ric acid and the hike. Compounds with a quaternary ammo-
nium group also contain a counteranion such as chloride,
bromide, 10dide, acetate, perchlorate and the like. Salts of
compounds contamning a carboxylic acid or other acidic
functional group can be prepared by reacting with a suitable
base such as a hydroxide base. Salts of acidic functional
groups contain a countercation such as sodium or potassium.
[0081] The methods of the present disclosure contemplate
single as well as multiple administrations, given either
simultaneously or over an extended period of time. In embo-
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diments, the therapeutic agent may be admimistered at reg-
ular 1ntervals (1.e., periodically) and on an ongoing basis,
depending on the nature and extent of effects of the steato-
s1s-associated disorder, and also depending on the outcomes
of the treatment. In some embodiments, the therapeutic
agent’s periodic administrations may be bimonthly,
monthly, biweekly, weekly, twice weekly, daily, twice a
day, three times a day, or more often a day. Administrative
intervals may also be varied, depending on the needs of the
patient. Therapeutic regimens may also take mto account
halt-life of the administered therapeutic agents of embodi-

ments herein.
[0082] Some embodiments are directed to a method of

treating a steatosis-associated disorder comprising adminis-
tering a composition comprising a therapeutic agent of
embodiments herein, and a pharmaceutically acceptable
excipient. In some embodiments, the steatosis-associated
disorder may be GSD Ia, GSD Ib, GSD Ic, NAFLD,
NASH, or a combiation thereof. In some embodiments,
the therapeutic agent may include a lysosomal enzyme, an
autophagy-inducing agent, or a combiation thercof. In
some embodiments, the autophagy-imducing agent may be
administered 1 combination with (e.g. prior to, after, and/or
concurrently with) a lysosomal enzyme. Some embodiments
provide for a method of treating a steatosis-associated dis-
order, the method comprising administering an adjuvant
therapy comprising an autophagy-inducing agent of embo-
diments herein to enhance efficacy of an enzyme replace-
ment therapy. In some embodiments, the enzyme replace-

ment therapy may be administration of a lysosomal enzyme.
[0083] In some embodiments, the lysosomal enzyme may

be administered to the individual 1n a form that, when admi-
nistered, targets tissues such as the tissues atfected by the
disease (e.g., liver, heart or muscle). In some embodiments,
the lysosomal enzyme 1s admimistered 1n 1ts precursor form.
In some embodiments, a mature form of the lysosomal
enzyme (€.2. GAA) that has been modified to contain motifs
to allow etlicient uptake of the lysosomal enzyme may be
administered. In embodiments, the lysosomal enzyme may
be selected from glucocerebrosidase, alpha-glucosidase
(e.g., acid alpha-glucosidase), alpha-galactosidase (e.g.,
alpha-gal, alpha-galactosidase or alpha-gal), alpha-n-acetyl-
galactosamimdase, acid sphimmgomyelinase, and alpha-
1duronidase.

[0084] In some embodiments, a method of treating a stea-
tosis-associated disorder of embodiments herein comprises
administering a lysosomal enzyme. In some embodiments, a
method of treating a steatosis-associated disorder of embo-
diments herem comprises administering a lysosomal
enzyme and an autophagy-inducing agent. In some embodi-
ments, a method of treating a steatosis-associated disorder
of embodiments herein comprises administering an autop-
hagy-inducing agent as an adjunctive therapy to lysosomal
enzyme replacement therapy.

[0085] In some embodiments, the lysosomal enzyme 1s
acid alpha-glucosidase (GAA). In some embodiments, the
GAA 15 recombmant GAA. In some embodiments, the
GAA 1s a precursor form of recombinant human GAA
(thGAA). In some embodiments, the GAA 1s either GAA,
rthGAA, alglucosidase alfa, neo-thGAA (modified recomba-
nant human GAA with synthetic oligosaccharide ligands
which 1s sold by Genzyme Corp.), reveglucosidase alpha
(a fusion of IGF-2 and GAA sold by Biomarin Pharmaceu-
ticals, Inc.), ATB200 (an thGAA with a higher bis-M6P con-
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tent) that 1s administered in combination with AT221 (an
oral chaperone molecule (e.g. 1-deoxynojirimycin (DNJ),
o-homonojirimycin, or castanospermine)) (sold by Amicus
Therapeutics, Inc.), or a combination thereot. The thGAA
may be alglucosidase alfa (sold by Genzyme Corp. under
the tradename Myozyme® (for infantile onset Pompe dis-
case) and Lumizyme®).

[0086] GAA may be obtamable from a varniety of sources.
In some embodiments, a recombinant human acid a-gluco-
sidase (thGAA) produced 1n Chinese hamster ovary (CHO)
cell cultures 1s used. Production of GAA m CHO cells yields
a product having glycosylation that allows significant and
etficient uptake of GAA 1n tissues such as heart and muscle.
In some embodimments, Myozyme® (alglucosidase alfa from
Genzyme Corp.), or other recombimant human GAA, may

be used 1n accordance with the mvention.
[0087] In embodiments, the GAA may have a specific

enzyme activity m the range of about 1.0 to about
8.0 umol/min/mg protein, about 2.0 to about 8.0 umol/
min/mg protein, about 3.0-8.0 umol/min/mg protein, about
4.0 to about 8.0 umol/min/mg protein, about 2.0 to about
3.5 umol/min/mg protein, about 1.0 to about 3.5 umol/
min/mg protein, about 1.0 to about 5 umol/min/mg protein,
about 2.0 to about 5 pumol/min/mg protein, or a range
between any two of these values. In some embodiments,
the GAA has a specific enzyme activity of at least about
1.0 umol/min/mg protein, at least about 2.0 umol/min/mg
protein, at least about 2.5 umol/min/mg protein, at least
about 3.0 umol/min/mg protein, at least about 3.5 umol/
min/mg protein, at least about 4.0 umol/min/mg protein, at
least about 5.0 umol/min/mg protem, at least about
6.0 umol/min/mg protein, at least about 7.0 umol/min/mg
protein, at least about 8.0 ymol/min/mg protein, or a range

between any two of these values.
[0088] In some embodiments, the lysosomal enzyme may

be administered alone, or in compositions or medicaments
comprising the lysosomal enzyme, as described herein. In
some embodiments, for the treatment of steatosis-associated
disorders, an autophagy-inducing agent of embodiments
described heremn may be administered to a patient 1n combia-
nation with a lysosomal enzyme. In some embodiments, an
autophagy-inducing agent and lysosomal enzyme may be
components of a single pharmaceutical composition. In
some embodiments, an autophagy-inducing agent and lyso-
somal enzyme may be components of separate pharmaceu-
tical compositions that are mixed together before adminis-
tration. In some embodiments, the autophagy-inducing
agent and lysosomal enzyme may be components of sepa-
rate pharmaceutical compositions that are admimistered
separately. In some embodiments, the autophagy-inducing
agent and the lysosomal enzyme may be admiistered
simultaneously, without mixing (e.g., by delivery of the
autophagy-inducing agent on an mtravenous line by which
the lysosomal enzyme 1s also administered). In some embo-
diments, the autophagy-inducing agent may be admimistered
separately (e.g., not admixed), but within a short time frame
(¢.g., within 24 hours) prior to or subsequent to administra-
tion of the lysosomal enzyme. A synergistic effect may sup-
port reduced dosing of ERT when used with the autophagy-
inducing agent and a reduced dosing of the autophagy-indu-
cing agent.

[0089] In embodiments, the lysosomal enzyme may be
optionally administered 1n conjunction with other agents,
such as antihistamines or mmmunosuppressants or other
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immunotherapeutic agents that counteract anti-lysosomal
enzyme antibodies. In embodmments, the lysosomal
enzymes may include a human enzyme, recombinant
enzyme, wild-type enzyme, synthetic enzyme, or a combi-
nation thereof.

[0090] In some embodiments, gene therapy may be used.
For example, genes encoding the aforesaid lysosomal
enzymes, such as acid alpha-glucosidase, may be used. In
some embodiments, pro- autophagy genes may be used 1n
oene therapy, for example, genes encoding Adenosine-
monophosphate-activated protemn kinase (“AMPK””) and/or
transcription factor EB (“TFEB”).

[0091] In some embodiments, admimstration of a lysoso-
mal enzyme may also encompass administration of a func-
tional equivalent of a lysosomal enzyme. A functional
equivalent may iclude a compound different from the lyso-
somal enzyme that, when admimstered to the patient,
replaces the function of the lysosomal enzyme to treat the
lysosomal storage disorder. Such functional equivalents
may mclude mutants, analogs, and derivatives of lysosomal
enzymes.

[0092] In some embodiments, the compositions may be
formulated with a physiologically acceptable carrier or exci-
pient to prepare a pharmaceutical composition. Suitable
pharmaceutically acceptable carriers may include, but are
not limited to water, salt solutions (e.g., NaCl), saline, bui-
fered saline, alcohols, glycerol, ethanol, gum arabic, vege-
table oils, benzyl alcohols, polyethylene glycols, gelatin,
carbohydrates such as lactose, amylose or starch, sugars
such as mannitol, sucrose, or others, dextrose, magnesium
stearate, talc, silicic acid, viscous paraffin, perfume oil, fatty
acid esters, hydroxymethylcellulose, polyvinyl pyrolidone,
etc., as well as combinations thereof. The pharmaceutical
preparations may, 1f desired, be mixed with auxihary agents,
¢.g., lubricants, preservatives, stabilizers, wetting agents,
emulsifiers, salts for mfluencing osmotic pressure, bufiers,
coloring, flavoring and/or aromatic substances and the like
which do not deleteriously react with the active compounds.
In some embodiments, a water-soluble carrier suitable for
intravenous administration may be used.

[0093] The composition or medicament, 1f desired, may
also contain minor amounts of wetting or emulsitying
agents, or pH buffering agents. In some embodiments, the
composition may be a liquid solution, suspension, emulsion,
tablet, pill, capsule, sustamed release formulation, or pow-
der. In some embodiments, the composition may also be for-
mulated as a suppository, with traditional binders and car-
riers such as triglycerides. Oral formulation may include
standard carriers such as pharmaceutical grades of mannitol,
lactose, starch, magnesium stearate, polyvinyl pyrollidone,
sodium saccharme, cellulose, magnesium carbonate, etc.
[0094] The composition or medicament can be formulated
in accordance with the routine procedures as a pharmaceu-
tical composition adapted for admimstration to human
beings. For example, in some embodiments, a composition
for intravenous administration may be a solution in sterile
1sotonic aqueous butier. In some embodiments, the compo-
sition can also include a solubilizing agent and a local anes-
thetic to ease pain at the site of the mjection. In some embo-
diments, the mgredients may be supplied either separately or
mixed together mm umit dosage form, for example, as a dry
lyophilized powder or water free concentrate i a hermeti-
cally sealed container, such as an ampule or sachette mdicat-
ing the quantity of active agent. In some embodiments,
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where the composition 1s to be administered by intfusion, 1t
may be dispensed with an mfusion bottle contaming sterile
pharmaceutical grade water, saline or dextrose/water. In
some embodiments, where the composition 1s admimistered
by 1njection, an ampule of sterile water for mjection or sal-
ine can be provided so that the mgredients may be mixed
prior to admimistration.

[0095] According to some embodiments, a method of
treating a steatosis-associated disorder comprises adminis-
tering a therapeutically effective amount of a lysosomal
enzyme. In some embodiments, the lysosomal enzyme 1s
administered as part of a lysosomal enzyme replacement
therapy. In some embodiments, the therapeutically effective
amount of the lysosomal enzyme (e.g. GAA) 1s about 1 mg/
kg to about 100 mg/kg, about 1 mg/kg to about 75 mg/kg,
about 1 mg/kg to about 60 mg/kg, about 1 mg/kg to about
50 mg/kg, about 1 mg/kg to about 40 mg/kg, about 1 mg/kg
to about 30 mg/kg, about 1 mg/kg to about 20 mg/kg, about
5 mg/kg to about 100 mg/kg, about 5 mg/kg to about 75 mg/
kg, about 5 mg/kg to about 60 mg/kg, about 5 mg/kg to
about 50 mg/kg, about 5 mg/kg to about 40 mg/kg, about
5 mg/kg to about 30 mg/kg, about 5 mg/kg to about
20 mg/kg, about 10 mg/kg to about 100 mg/kg, about
10 mg/kg to about 75 mg/kg, about 10 mg/kg to about
60 mg/kg, about 10 mg/kg to about 50 mg/kg, about
10 mg/kg to about 40 mg/kg, about 10 mg/kg to about
30 mg/kg, about 10 mg/kg to about 20 mg/kg, less than
about 100 mg/kg, less than about 75 mg/kg, less than
about 60 mg/kg, less than about 50 mg/kg, less than about
40 mg/kg, less than about 30 mg/kg, less than about 25 mg/
kg, less than about 20 mg/kg, less than about 15 mg/kg, less
than about 10 mg/kg, less than about 5 mg/kg, or a range
between any two of these values. In some embodiments,
the effective dose for a particular individual may be varied
(¢.g., increased or decreased) over time, depending on the
needs of the individual. For example, mm times of physical
illness or stress, or if anti-enzyme antibodies become pre-
sent or mcrease, or 1f disease symptoms worsen, the amount
may be increased.

[0096] In embodiments, a therapeutically effective
amount of the lysosomal enzyme (or composition or medi-
cament containing the lysosomal enzyme) may be adminis-
tered at regular intervals, depending on the nature and extent
of the disease’s effects, and on an ongoing basis. Adminis-
tration at a “regular interval,” as used herein, indicates that a
therapeutically effective amount 1s adminmistered periodi-
cally (as distinguished from a one-time dose). The interval
can be determined by standard clinical techmques. In some
embodiments, the lysosomal enzyme’s periodic administra-
tions may be bimonthly, monthly, biweekly, weekly, twice
weekly, daily, twice a day, three times a day, or more often a
day. The administration interval for a single individual need
not be a fixed interval, but can be varied over time, depend-
ing on the needs of the individual. For example, in times of
physical 1llness or stress, 1f anti-enzyme antibodies become
present or increase, or if disease symptoms worsen, the
interval between doses may be decreased. In some embodi-
ments, a therapeutically effective amount of the lysosomal
enzyme at an amount of about 10 mg/kg body weight may
be admmistered weekly. In some embodiments, a therapeu-
tically effective amount of the lysosomal enzyme at an
amount of about 5 mg/kg body weight may admmistered
twice weekly.
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[0097] In some embodiments, a lysosomal enzyme may be
administered once every 1,2, 3,4,5,6,7, 8,9, 10, 11, 12,
13,14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, or 40 days, or a
range between any two of these values. In some embodi-
ments, a lysosomal enzyme may be administered at least
once every 1, 2,3, 4,5,6,7,8,9,10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20 weeks, or a range between any two of
these values. In some embodiments, a lysosomal enzyme
may be admimistered using single or divided doses of
every 60, 48, 36, 24, 12, 8, 6, 4, or 2 hours, or a range
between any two of these values, or a combination thereof.
For example, mm some embodiments, a lysosomal enzyme,
functional equivalent thereof, or gene may be administered
once every about one to about two, about two to about three,
about three to about four, or about four to about five weeks.
[0098] In some embodiments, a therapeutic agent may be
periodically administered. In some embodiments, periodic
admimistration of the therapeutic agent may be bimonthly,
monthly, biweekly, weekly, twice weekly, daily, twice a
day, three times a day, or more often a day. In some embodi-
ments, the therapeutic agent may be admimstered once
every 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17,
18,19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33,
34, 35, 36, 37, 38, 39, or 40 days, or a range between any
two of these values. In some embodiments, the therapeutic
agent may be administered at least once every 1, 2, 3,4, 5, 6,
7,8,9,10, 11, 12,13, 14, 15,16, 17, 18, 19, 20 weeks, or a
range between any two of these values. In some embodi-
ments, the therapeutic agent may be administered using sin-
ole or divided doses of every 60, 48, 36, 24, 12, 8, 6, 4, or
2 hours, or a range between any two of these values, or a
combination thereof. For example, mm some embodiments,
the therapeutic agent may be administered once every
about one to about two, about two to about three, about
three to about four, or about four to about five weeks.
[0099] In some embodiments, an autophagy-inducing
agent may be administered prior to, or concurrently with,
or shortly thereafter, the lysosomal enzyme, functional
equivalent thereof or gene encoding such enzyme. In some
embodiments, the autophagy-inducing agent may be admi-
nistered sufficiently prior to administration of the lysosomal
enzyme so as to permit modulation (e.g., up-regulation) of
the target cell surface receptors to occur, for example, at
least about two to about three days, about three to about
four days, or about four to about five days before the lyso-
somal enzyme 1s administered. For example, 1n some embo-
diments, the autophagy-inducing agent may be adminmstered
to a patient about 0.25,0.5,1,2,3,4,5,6,7,8,9, 10, 11 or
12 hours, or 1, 2, 3,4, 5, 6,7, 8 days, prior to administration
of a lysosomal enzyme or a functional equivalent thereof.
[0100] In some embodiments, a lysosomal enzyme may be
formulated as neutral or salt forms. Pharmaceutically accep-
table salts may mnclude those formed with free amino groups
such as those dertved from hydrochloric, phosphoric, acetic,
oxalic, tartaric acids, etc., and those formed with free car-
boxyl groups such as those derived from sodium, potassium,
ammonium, calclum, ferric hydroxides, 1sopropylamine,
triethylamine, 2-ethylamino ethanol, histidine, procaine, etc.
[0101] In some embodiments, a therapeutic agent (or com-
position or medicament containing the therapeutic agent) 1s
administered by an appropriate route. The therapeutic agent
of embodiments herein may be admiistered by any suitable
route, mcluding administration by mhalation or insufflation



US 2023/0285328 Al

(either through the mouth or the nose) or oral, sublingual,
buccal, parenteral, topical, subcutaneous, intraperitoneal,
intravenous, trapleural, mtraoccular, intraarterial, rectal
administration, or within/on mmplants, e.g., matrices such
as collagen fibers or protein polymers, via cell bombard-
ment, 1m osmotic pumps, grafts comprising appropriately
transformed cells, etc. In one embodiment, the therapeutic
agent may be administered mtravenously. In other embodi-
ments, the therapeutic agent may be administered by direct
administration to a target tissue, such as heart or muscle
(e.g., mntramuscular). In yet another embodiment, the thera-
peutic agent 1s admimistered orally. More than one route can
be used concurrently, 1f desired.

[0102] In some aspects of the mvention, a therapeutic
agent 18 administered mm combimation with a second thera-
peutic agent or treatment, and 1n such cases, the therapeutic
agents or treatments may be administered concurrently or
consecutively 1n either order. For concurrent administration,
the therapeutic agents may be formulated as a single com-
position or as separate compositions. The optimal method
and order of administration of the therapeutic agents and a
second therapeutic agent or treatment can be ascertained by
those skilled 1n the art using conventional techniques and n
view of the mformation set out herein.

[0103] The disclosed combination therapies may elicit a
synergistic therapeutic etfect, 1.¢., an effect greater than the
sum of their individual etfects or therapeutic outcomes.
Measurable therapeutic outcomes are described herem. For
example, a synergistic therapeutic effect may be an effect of
at least about two-fold greater than the therapeutic etfect
chicited by a single agent, or the sum of the therapeutic
eltects elicited by the single agents of a given combination,
or at least about five-fold greater, or at least about ten-fold
oreater, or at least about twenty-fold greater, or at least about
fifty-fold greater, or at least about one hundred-fold greater.
A synergistic therapeutic effect may also be observed as an
increase 1n therapeutic etfect of at least 10% compared to
the therapeutic effect elicited by a single agent, or the sum
of the therapeutic effects elicited by the single agents of a
oiven combination, or at least 20%, or at least 30%, or at
least 40%, or at least 50%, or at least 60%, or at least
70%, or at least 80%, or at least 90%. or at least 100%, or
more. A synergistic effect 1s also an effect that permats
reduced dosing of the therapeutic agents when they are
used 1n combination.

[0104] Where a combination therapy 1s used, in some
embodiments, admimstration of the autophagy-inducing
agent and the lysosomal enzyme can take place once every
1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35,
36, 37, 38, 39, or 40 days, or at least once every 1, 2, 3, 4, 3,
6,7,8,9,10, 11,12, 13,14, 15,16, 17, 18, 19 or 20 weeks,
any range of two of these values, or any combination
thereotf, using single or divided doses of every 60, 48, 36,
24,12, 8, 6, 4, or 2 hours, or any combination thereof.
[0105] In some embodiments, the autophagy-inducing
agent (e.g. B2 agonist) 1s admimstered prior to, or concur-
rently with, or shortly thereatter, the lysosomal enzyme,
functional equivalent thereof or gene encoding such
enzyme. In some embodiments, the autophagy-inducing
agent may be administered sufficiently prior to administra-
tion of the lysosomal enzyme so as to permit modulation
(¢.g., up-regulation) of the target cell surface receptors to
occur, for example, at least two-three, three-four or four-
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five days before the lysosomal enzyme 1s administered.
For example, mm some embodiments, the autophagy-indu-
cing agent may be administered to a patient about (.25,
05,1,2,3,4,5,6,7,8,9,10, 11 or 12 hours, or 1, 2, 3, 4,
5, 6, 7, 8 days, prior to administration of the lysosomal
enzyme, recombinant version thereof, or a functional
equivalent thereof.

[0106] In some embodiments, the lysosomal enzyme and
the autophagy-inducing agent of embodiments herein may
be formulated into a composition or medicament for treating
the steatosis-associated disorders of embodiments herein.
Suitable pharmaceutically acceptable carriers include but
are not limited to water, salt solutions (e.g., NaCl), saline,
buffered saline, alcohols, glycerol, ethanol, gum arabic,
vegetable oils, benzyl alcohols, polyethylene glycols, gela-
tin, carbohydrates such as lactose, amylose or starch, sugars
such as mannitol, sucrose, or others, dextrose, magnesium
stearate, talc, silicic acid, viscous paraffin, perfume o1l, fatty
acid esters, hydroxymethylcellulose, polyvinyl pyrolidone,
etc., as well as combinations thereof. The pharmaceutical
preparations can, 1f desired, be mixed with auxiliary agents,
¢.g., lubricants, preservatives, stabilizers, wetting agents,
emulsifiers, salts for mfluencing osmotic pressure, buffers,
coloring, flavoring and/or aromatic substances and the like
which do not deleteriously react with the active compounds.
In some embodiments, a water-soluble carrier suitable for
intravenous administration 1s used.

[0107] In some embodiments, the composition or medica-
ment, 1f desired, can also contain minor amounts of wetting
or emulsitying agents, or pH butfering agents. The compo-
sition can be a hiquad solution, suspension, emulsion, tablet,
pill, capsule, sustained release formulation, or powder. The
composition can also be formulated as a suppository, with
traditional binders and carriers such as triglycerides. Oral
formulation can include standard carriers such as pharma-
ceutical grades of manmitol, lactose, starch, magnesium
stearate, polyvinyl pyrollidone, sodium saccharine, cellu-
lose, magnesium carbonate, etc.

[0108] In some embodiments, the composition or medica-
ment may be formulated 1n accordance with the routine pro-
cedures as a pharmaceutical composition adapted for admin-
1stration to human bemgs. For example, m some
embodiments, a composition for intravenous administration
typically 1s a solution 1 sterile 1sotonic aqueous buffer. In
some embodiments, the composition may also include a
solubilizing agent and a local anesthetic to ease pain at the
site of the myjection. In some embodiments, the mgredients
are supplied either separately or mixed together m umnit
dosage form, for example, as a dry lyophilized powder or
water free concentrate m a hermetically sealed contamer
such as an ampule or sachette indicating the quantity of
active agent. In some embodiments, where the composition
1s to be administered by infusion, the composition can be
dispensed with an infusion bottle containing sterile pharma-
ceutical grade water, saline or dextrose/water. In some
embodiments, where the composition 1s administered by
injection, an ampule of sterile water for injection or saline
can be provided so that the ingredients may be mixed prior

to administration.
[0109] While embodiments set forth herein are described

in terms of “comprising”, all of the foregoing embodiments
also mclude compositions and methods that consist of only
the mngredients or steps recited or consist essentially of the
ingredients and steps recited, and optionally additional



US 2023/0285328 Al

ingredients or steps that do not materially affect the basic
and novel properties of the composition or method.

[0110] This disclosure and embodiments illustrating the
method and materials used may be further understood by
reference to the following non-limiting examples.

Example 1: In Vitro Testing of Compounds

[0111] The role of autophagy mm GSD Ia has been carried
out 1n Goé6pase-deficient mice. A Western blot analysis for the
autophagy marker protein LC3 was performed to ascertain
the status of autophagy mn Gb6pase-deficient mice. This ana-
lysis took advantage of the fact that Cytosolic LC3 (LC3-I)
1s lipidated and inserted into the autophagosomal mem-
brane, forming LC3-II when autophagosomes are formed.
Thus, the ratio of LC3-II to actin or other housekeeping
genes can be used as a marker of autophagy. A decrease m
hepatic LC3-1II protein was observed i G6Pase-deficient
mice (FIG. 1(A)), indicating that loss of (G6Pase leads to a

down-regulation of autophagy:.
[0112] Chronic stimulation also may lead regulation of

autophagy at the transcriptional level. Accordingly, the
levels of key ATG proteins were ascertained. Beclin-1 15 a
key member of the Class III PI3K complex, which 1s neces-
sary for mitiating autophagy. It was found that there 1s less
Beclin-1 present 1n the livers of mice deficient 1n G6Pase
(FIG. 1(B)). ATGS, which plays a key role 1n the elongation
of autophagosomal membranes, 1s also decreased 1n these
mice (FIG. 1(B)). Simlar data for ATGS and Beclin
mRNA were observed (data not shown). Thus, besides a
decrease 1n hepatic autophagy 1in Gb6bpase (-/-) mice, the
levels of autophagy proteins were also decreased, suggest-
ing that long-term downregulation of autophagy 1n GSD Ia
may occur via transcriptional mechanisms.

[0113] This data regarding G6Pase deficiency were vali-
dated 1 cell culture studies. AML-12 murine hepatic cells
were transfected with stIRNA against G6Pase (s1G6Pase) for
96 hours to knockdown (“KD”) G6Pase, and lipid accumu-
lation and autophagy were assayed. At this time point, L.C3-
II levels were decreased (FIG. 2(A)). The MTOR and
AMPK pathways were mvestigated to determine which
upstream pathways were potentially responsible for the
autophagy deficit. Loss of G6Pase led to a decrease 1 active
(phosphorylated) AMPK, as well as a decrease i phos-
phorylated ACC, 1ts downstream target. Furthermore, an
increase 1n phosphorylated p70s6k, a marker for mTORCI
activity was also noted (FIG. 2(B) and FIG. 3(A)). Both of
these changes 1n cellular signaling are believed to play arole
in reducing autophagy. G6Pase-KO mouse livers also
showed a decrease m AMPK and an increase in mTOR path-
way activities (FIG. 3(B)), suggesting that both pathways
may contribute to suppression of autophagy in GSDIa.
Furthermore, restoration of AMPK signaling by overexpres-
sion of a previously described constitutively active AMPK
construct led to restoration of autophagy m G6PC KD cells
(FIG. 3(C)). In addition, mmaging studies revealed lipid
accumulations 1 siG6Pase-treated AML-12 cells both by
fluorescence (FIG. 4(A)) and by electron microscopy (FIG.
4(B)), stmilar to lipid accumulations present in G6Pase-KO
mouse liver (FIG. §5). These results indicate that KD of
G6Pase n AML12 cells with siG6Pase can re-capitulate

the abnormalities of GSD Ia 1n an 1n vitro system
[0114] Candidate drugs for restoring autophagy i the

GSD Ia hiver were evaluated. Rapamycin 1s known to both
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have potent effects on activating autophagy as an mTORCI
inhibitor, and to regulate lipid metabolism due to 1its effect
upon mTORCI1. GSD Ia mice were treated with rapamycin
daily tor 7 days prior to evaluating etfects upon autophagy
and lipid accumulation 1n the liver. This Rapamycin treat-
ment decreased phosphorylation of the mTOR substrate
p70s6k, a result consistent with mhibition of mTORCI
(FIG. 5(A)). Furthermore, LC3-II was increased (FIG. S
(B)), which 1s consistent with activation of autophagy, and
an equivalent effect was observed 1n the kidneys of G6Pase-
KO mice (FIG. 6). In addition, rapamycin reduced triglycer-
1des 1 the GSD I liver, suggesting that activation of autop-
hagy could be beneficial 1n the fatty liver (FIGS. 5(C)-5(D)).
Importantly, rapamycin reduced glycogen content 1n the
(GSDIa liver almost as low as that observed m wild type
mouse hiver (FIG. S(E)).

[0115] The effect of rapamycm was further evaluated n
dogs with GSDIa that were treated with AAV-G6Pase to
promote survival and prevent hypoglycaemia. Dogs with
GSDIa had significantly reduced autophagy in the liver, mn
comparison with unattected carrier dogs (FIG. 7(A)). Dogs
had residual hepatomegaly despite treatment with AAV-
G6Pase, which was significantly reduced (FIG. 7(B)) tol-
lowmg 1 week of daily oral rapamycimn administration
(1 mg/kg/day). Serum GGT was significantly decreased
(FIG. 7(C)) tollowing rapamycin, indicating reduced hepa-
tocellular damage from GSDIa. These data supported a ben-
eficial effect from stimulating autophagy 1 the large animal
model for GSDIa.

[0116] 'To determine the mechanisms for abnormal autop-
hagy, the cell signaling cascades 1n the livers of mice lacking
functional G6Pase will be studied. The mTORCI and
AMPK pathways will be studied because these pathways
are critical for the initiation of autophagy through regulation
of phosphorylation of ULKI1 protein, a key component of
the carly autophagasome. It will also be determined how
these pathways have been dysregulated mm GSD Ia. The
effects on the downstream metabolites will also be exam-
mned by utilizing the Metabolomics Core Facility at Duke-
NUS. The ER stress/UPR pathway, and the function of tran-
scription factors known to induce autophagy, such as the
FoxO family, will be mvestigated. Finally, the abnormalities
detected mm GSD Ia mouse livers will be evaluated 1 canine
and human GSD Ia livers available under IACUC and IRB

approved protocols at Duke Unmiversity.
[0117] In vitro modeling of G6Pase deficiency: To further

study the role of autophagy 1n the pathogenesis ot GSD Ia,
experiments 1 cell culture of hepatic cell lines (e.g..
AMIL12) will be performed using both pharmacological
and genetic approaches. Experiments using siRNA to
knock down (KD) G6Pase 1n a cell culture model tor GSD
Ia have begun. Treating hepatic cells with the GOPT 1nhibai-
tor S4048 may be a better acute model because G6Pase pro-
tein 1s long-lived, leading rapidly to the accumulation of
GOP and onset of GSD Ia-like etfects 1 cultured cells. It 1s
possible to probe the acute etfects on lipid/glycogen accu-
mulation, autophagy, and upstream signaling pathways over
longer periods of time 1n cell culture. G6Pase will be perma-
nently knocked down in AML-12 cells, which are immorta-
lized mouse hepatocytes that maintain much of the normal
hepatic metabolic phenotype, to further examine the chronic
effects of the loss of G6Pase on autophagy signaling. This
work will allow the understanding how G6P accumulation
leads to the derangements 1n cell signaling and autophagy,
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and will provide mechanistic insight into potential therapeu-
tic targets. Furthermore, a comparison between the findings
in cell culture and 1n vivo will enable the determination
whether the effects of G6Pase knockdown are cell-autono-
mous, and can be modified by circulating factors or drugs.

TABL.

ey

2

Treating Go6pase (-/-) mice with drugs that enhance autophagy
Drug (class) Effect

Bezafibrate (PPAR-a agonists)
Caffeine
B2-agonists (clenbuterol)

Reduced steatosis, increased FAO
Increased autophagy, reduced steatosis

Increased autophagy in hiver (not

shown)
Rapamycin (mTOR mhibitors) Increased autophagy in GSDIa hiver
Thyroid hormone Increased autophagy, reduced steatosis

A-lipoic acid (AMPK activator) Activated autophagy, reduced
intercellular

Activated autophagy, activated AMPK
1n vitro

Metformin (AMPK activator)

Induced autophagy, reduced cytosolic
calctum

Verapamil (Calcium channel

Trehalose (chemical Stimulated autophagy

Activated autophagy, reduced
hepatosteatosis

Carbamazepine (Intracellular
inositol reduction)

Lithium Chlonde (Intracellular Activated autophagy, reduced
1nositol reduction) apoptosis and steatosis

Methylene blue (Sirtuin-1 Activated autophagy, inhibited
activator) hepatosteatosis

Resveratrol (Sirtuin-1 activator) Enhanced FAO, reduced
Activated autophagy, inhibited FXR

Mifepristone (sarnesoid X
receptor suppressor)

[0118] Manipulation of autophagy to investigate efficacy
in vitro: Preliminary data has suggested that autophagy 1s
deficient 1n GSD Ia. Also, findings have suggested that
increasing hepatic autophagy may decrease hepatosteato-
s1s and glycogen accumulation. Theretore, autophagy will
be artificially induced to determine 1ts therapeutic benefit
in GSD Ia. Using the cell culture model generated above,
compounds known to induce autophagy 1in human hepatic
cells will be tested. Compounds such as mTOR mhibitors
rapamycin, Torinl, and the AMPK activator AICAR,
known to have potent effects on autophagy, will be
investigated.
[0119] It will be examined whether B-oxidation of fatty
h

acids can be increased with mhibition of pmTOR, or w1
activation ot either pAMPK or PPAR-a using appropriate
drugs (Table 2). One such drug 1s bezafibrate (200 uM), a
pan-peroxisome proliferator that increased autophago-
somes 1 cultured rat hepatocytes. Fatty acid P-oxidation
(FAQO) was 1increased by bezafibrate (400 uM) as indicated
by increased carnitine palmitoyl transferase (CPT) activity
in cultured cells, and reversed the effects of NAFLD 1n
mice. The FAO/oxidative phosphorylation by metabolo-
mic analysis of acylcarnitines 1n cell and liver extracts
and Seahorse studies of oxygen consumption in vitro will
be tollowed. These studies will enable the i1dentification
and understanding of the abilities of known autophagy
inducers to improve the metabolic disorder in GSD Ia.

[0120] It 1s believed that G6Pase KD cells will demon-
strate the abnormalities of autophagy observed in the
Gopase (-/-) mouse liver, namely decreased LC3-1I, Atg
5, and Beclin 1. Additionally, 1t 1s believed that accumula-
tion of triglycerides will occur following G6Pase 1n vitro.
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Example 2: In Vivo Testing of Compounds in GSD
[a Mice

[0121] Clenbuterol was shown to induce autophagy 1n a
murine model for hepatosteatosis (FIG. 8). Increasing con-
centrations of clenbuterol were capable of activating
autophagy as indicated by observing increased LC3-II
relative to action (FIGS. 8(A)-8(B)), and smmilarly
increased LC3-II was observed in primary hepatocytes
(FIG. 8(C)). Thus, clenbuterol, a long-acting 2-agonist
with proven safety for long-term treatment of mice, repre-
sents a leading candidate among drugs to be considered for
the manipulation of autophagy in GSD Ia (Table 1).
[0122] The promising autophagy-inducing compounds
of Example 1 will be tested in G6Pase (-/-) GSD Ia-
model mice to determine their effects on the metabolic
derangements of this disease. The mice also will be treated
with the autophagy-inducing compound from 5 to 12 days
of age. The fasting serum glucose, hepatic lipid and glyco-
gen content, cell signaling pathways, metabolites, as well
as hepatic autophagy will be examined. It a compound
successtully ameliorates the abnormalities of GSD Ia, the
fasting serum glucose should be increased n the treated
animals, and the hepatic lipid and glycogen content should
be reduced tfrom their abnormally high levels. Thereatter, a
successful compound will be evaluated 1n the high fat diet
fed mouse model to evaluate its ettects on diet-induced
hepatosteatosis 1n wild-type mice.

[0123] Metabolomics provide nominvasive monitoring
of therapeutic effects in GSD Ia: Blood and urine sampling
will demonstrate the correction of biochemical abnormal-
ities of GSD Ia by metabolomics. At 2, 6, and 12 months
of age, mice will be fasted for 8 hours prior to collection of
blood for monitoring glucose, which will demonstrate pre-
vention of hypoglycaemia 1f gluconeogenesis has been
increased by small molecule treatment. Metabolomics
consisting of plasma acylcarnitines, amino acids, trigly-
cerides, and lactate will be analyzed on fasting samples.
GSD-Ia patients have ¢levated plasma lactate and urinary
methylglutaconate, both of which can reflect mitochon-
drial dystunction. Urine organic acids will be analyzed
for lactate, methylglutaconate, and 3-hydroxybutyric acid
by gas chromatography-mass spectrometry as described to
detect changes 1n ketogenesis related to treatment. This
panel of testing has revealed unique biomarkers among
patients with diabetes, endorsing the selection of these
tests for other carbohydrate disorders such as GSD Ia.
Metabolomic monitoring will be critical to developing
biomarkers to serve as surrogate markers for etficacy in
an eventual clinical trial in GSD Ia.

[0124] Metabolomic analysis of hepatic extracts will be
performed. Acylcarmitine and amino acid profiling will
detect any changes related to increased lipolysis and fatty
acid beta-oxidation following stimulation of autophagy 1n
mice with hepatosteatosis.

[0125] Expected Outcomes: It 1s believed that elevations
of markers for ER stress that are present in the G6pase (-/-)
mouse liver will be elevated 1n G6Pase KD cells. Abnorm-
alities detected in the murine GSD Ia liver should be pre-
sent 1n canine and human GSD Ia liver samples, confirm-
ing the relevance of these abnormalities to GSD Ia 1n
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higher mammals. Ettective small molecule therapies will
reduce liver triglycerides through increasing autophagy,
and the reversal of hepatosteatosis will improve the bio-
chemical abnormalities of GSD Ia.

[0126] Metabolomics of blood and urmne will reveal the
correction of biochemical abnormalities, including hypogly-
caecmia, lactic acidemia and lactic aciduria, elevated urine
ketones, and other biomarkers to be determined. Metabolo-
mics of hepatic extracts will reveal increased long-chain
acylcarnitines and decreased amino acids, as demonstrated
tollowing stimulation of lipolysis 1 mice with hepatostea-
tosis. The small molecule drug will activate autophagy and
further normalize the metabolic derangements (particularly
lipid) of GSD Ia through metabolomics detection and

analyses.
[0127] Efthicacious compounds will be evaluated m a mur-

ine model for NAFLD.

Example 3: Therapeutic Potential of Novel Candidate
Drug Therapies mm Conjunction with ERT to Correct
GAA Deficiency i Mice with Pompe Disease.

[0128] In GAA-KO mice, ERT failed to correct glycogen
storage 1n the skeletal muscle as evidenced by high residual
levels of glycogen following standard of care ERT. The abil-
ity to directly study novel therapies mn engineered human
muscle will be of great future utility to Pompe disease
research commumity. Initially, the 1 vitro human muscle

model needs to be correlated with the validated GAA-KO

mouse model.

[0129] Preliminary Results: Etfective dosages for ERT 1n
Pompe disease are up to 100-told greater than those 1n other
lysosomal disorders. This high-dose requirement has been
attributed to the low abundance of cation-independent man-
nose-6-phosphate receptor (CI-MPR) 1n skeletal muscle
(FIG. 9(A)). The impact of CI-MPR-mediated uptake of
recombinant human (rh) acid-a-glucosidase (GAA) upon
ERT has been evaluated in GAA knockout (KO) mice with
Pompe disease. Clenbuterol, a selective P2 agonist, was
revealed to enhance CI-MPR expression and increase effl-
cacy from ERT, thereby demonstrating a key role of CI-
MPR with regard to replacement therapy in Pompe disease.
The clearance of stored glycogen was increased by 2-ago-
nist treatment during ERT, as demonstrated by lower glyco-
ogen content m skeletal muscle following the addition of
clenbuterol (FIG. 9(B)) or albuterol treatment. The skeletal
muscles comprised primarily of type II myofibers responded
more efficaciously to ERT when clenbuterol or albuterol
therapy was added, including the tibialis anterior muscle.
Type II muscles are resistant to ERT 1n association with
low CI-MPR expression.

[0130] 'The availability of ERT has prolonged the survival
of patients, which has increased the understanding of pathol-
ogy and extent of disease m mfantile Pompe disease. Even
in patients with a good response to ERT, residual motor
weakness (neck flexor weakness, dorsiflexor weakness,
mypathic facies, ptosis and strabismus) has been observed.
Autopsy of infantile patients has revealed glycogen accumu-
lation 1 Purkinje cells of the cerebellum, neurons of the
cerebral cortex, motor neurons of the spimal cord and 1n vas-
cular smooth muscle cells of the CNS vasculature, all of
which may contribute to the neurological deficits observed
1n these patients despite compliance with ERT. Correction of

neuromuscular mvolvement and bram pathology has not
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been possible 1n Pompe disease, despite adherence to stan-
dard-of-care ERT. Our prootf-of-concept data demonstrated
that adjunctive P2-agonist treatment with ERT reversed neu-
romuscular mvolvement i GAA-KO mice. The proposed
clinical trial of clenbuterol with ERT will reveal how effec-
tively p2-agonist therapy mcreases CI-MPR expression and
increases receptor-mediated uptake of thGAA 1mm Pompe
disease.

[0131] [p2-agonist therapy should enhance the response to
ERT m Pompe disease and other lysosomal storage disor-
ders. Furthermore, increasing CI-MPR expression should
reduce the dosage requirements for ERT or a future gene
therapy. Adjunctive therapy with a B2 agonist, such as albu-
terol, has been shown to improve the 6 minute walk test
performance 1n patients with late-onset Pompe disease.
Overall, the availability of treatments that can prove efficacy
of ERT for Pompe disease and other lysosomal storage dis-
orders will improve efficacy and reduce the costs of thera-

pies for these diseases.
[0132] Protocol: Recombinant human GAA (rhGAA)

used 1n clinical practice will be obtained from Genzyme.
Based on our preliminary studies m mice, the impact of
adjunctive small molecule therapy upon ERT will be evalu-
ated. Imitial doses to be administered are shown 1n Table 2.
[0133] Evaluating the eflicacy of alternative small mole-

cule therapy and ERT mm GAA-KO mice. ERT 1s enhanced
by the addition of a B2 agonist, clenbuterol, which was
demonstrated to mnduce muscle hypertrophy and to increase
the expression of CI-MPR m muscle and to increase the
efficacy of ERT. Four other drugs will be administered to
groups of GAA-KO mice at the dose anticipated to induce
muscle hypertrophy (and increase the expression of Cl-
MPR, analogous to clenbuterol’s effects). These drugs will
be administered to groups of 3 month-old GAA-KO mice 1n
drinking water (Table 3). In addition to the three alternative
B2 agonists, dehydroepiandrosterone will be tested given 1ts
effect upon muscle strength and Igi-1 levels that are analo-
gous to clenbuterol’s effects. The dose-response for feno-
terol and salmeterol has been equivalent to that for clenbu-
terol 1n previous rodent studies. Therefore the same dose for
the former two drugs that has been established for clenbu-
terol will be used when administered 1n drinking water to
mice. Groups of drug-treated GAA-KO mice and mock-
treated GAA-KO mice will be analyzed as negative controls
(n = & per group).

TABLE 3

Small molecule therapies to be evaluated in combination with ERT or gene

therapy

Dose to induce muscle hypertrophy 1n
Drug combination with ERT (reference)!
Clenbuterol 30 mg/l
Fenoterol 30 mg/l
Formoterol 4 mg/l
Salmeterol 30 mg/l
Dehydroepiandrosterone 250 mg/l

LAdministered 1in drinking water.

[0134] Eflicacy will be e¢valuated by administering
biweekly ERT (20 mg/kg thGAA) to groups of 8 GAA-
KO (or DKO) mice (4 male and 4 female). Rotarod testing,
wirchang testing, ELISA, and urinary biomarker will be
cvaluated at 0, 4 and 8 weeks. Tissues will be analyzed at



US 2023/0285328 Al

8 weeks to evaluate (1) GAA activity and glycogen content
in the heart, skeletal muscle, and brain; (2) glycogen stain-
ing for lysosomal accumulations; (3) Western blot detection
of CI-MPR 1n striated muscles, liver, spleen, and brain; and
(4) Western blot detection of hGAA 1n striated muscles,
liver, spleen, and brain. The significance of differences
between groups will be tested using a two-sided Wilcoxon
rank sum test for continuous variables. A p-value <0.05 will

be considered to be statistically significant.

[0135] Expected Results: The GAA-KO mice are
expected to respond to treatment with the drugs listed n
Table 3, because CI-MPR will be increased 1n skeletal mus-
cle. The efficacy of ERT will be enhanced by the addition of
the drugs, increasing biochemical correction and muscle
function.

Example 4: Clenbuterol mn Conjunction with ERT for
GSD Ia

[0136] 'The therapeutic potential of clenbuterol 1n conjunc-
tion with ERT to reverse the glycogen storage and steatosis
of GSD Ia will be mvestigated. Preliminary data revealed
that ERT with recombinant human GAA reduced the stored
glycogen 1n the liver of animals with GSD III. The potential
of treatment with GAA to reverse glycogen storage in the
liver and kidneys of mice with GSD Ia will be evaluated.
Adjunctive therapy with clenbuterol will also be evaluated
for 1ts ethicacy with ERT, because 1t both reduced hepatos-
teatosis and mcreased the uptake of thGAA 1n preclinical
experiments.

[0137] Purpose: These experiments will evaluate the fea-
sibility of ERT with thGAA for GSD Ia, based upon preli-
minary data that showed ERT could reduce cytoplasmic
stores of glycogen.

[0138] Prelimimary Results: thGAA (Myozyme; algluco-
sidase alfa), an FDA approved therapy for Pompe disease,
significantly reduced glycogen levels i primary muscles
from patients with GSD Illa. The smmilarities between
GSD Ia and GSD III with regard to accumulations of cyto-
plasmic glycogen 1n liver indicate that ERT with thGAA
could be etfective in GSD Ia.

[0139] Protocol: This expermment will be performed 1n one
week old Gbpase (-/-) mice, administering ERT +/- clenbu-
terol. The fasting serum glucose, hepatic lipid and glycogen
content, cell-signaling pathways, metabolites, as well as
hepatic autophagy will be examined. If ERT +/- clenbuterol
successtully ameliorates the abnormalities of GSD Ia, the
fasting serum glucose will be increased m the treated ani-
mals, and the hepatic lipid and glycogen content will be
reduced from their abnormally high levels.

[0140] Expected Results: Followmg ERT with thGAA
metabolomics of blood and urine will reveal the correction
of biochemical abnormalities, including hypoglycaemia,
lactic acidemia and lactic aciduria, elevated urine ketones,
and other biomarkers to be determined. ERT 1s anticipated to
lower liver and kidney glycogen content, and that adjunctive
clenbuterol will increase this etfect. Clenbuterol will have
two beneficial etfects: 1) increasing the receptor-mediated
uptake of thGAA m liver and kidney by upregulating CI-
MPR, and 2) increasing autophagy to reduce
hepatosteatosis.

Example 5: Phase 1 Clinical Tral Preparation for
Candidate Drugs

[0141] A pilot clinical trial will be conducted with an
adjunctive small molecule therapy showing the greatest pro-
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mise 1 the GSD Ia mouse models. A Phase 1 clinical trial
with albuterol mn patients with Pompe disease has been con-
ducted. The safety of treatment with new small molecule
drugs will be evaluated 1n adult subjects with GSD la and
Pompe disease. Subjects will start a low dose of drug, and
then will be advanced to a higher dose after the 6 week fol-
low-up visit, and will be monitored for 24 weeks.

[0142] Plan clinical translation of a new candidate drug
for Pompe disease. A Phase I clinical trial of adjunctive
drug therapy tfor late onset Pompe disease 18 planned. Can-
didate drug therapy will be combined with ERT durmg a
year-long pilot study. Subjects will return for safety and efli-
cacy monitoring after 6 and 12 weeks of drug therapy, and
12 weeks thereafter. The majority of patients with late-onset
Pompe disease have a limited clinical response to ERT, and
therefore ERT can be enhanced by upregulating CI-MPR to
increase the receptor-mediated uptake of thGAA. Therapeu-
tic outcomes will be analyzed by comparing the muscle
function, pulmonary function, and biochemical correction
of muscle m subjects with late-onset Pompe disease treated
with ERT, both prior to and during simultancous B2 agonist
therapy.

[0143] A climical trial of new drug therapy in subjects with
GSD Ia will be mmitiated, assessig appropnate climical end-
points on a similar schedule to the clinical trials 1n Pompe
disease.

Example 6: Use of Rapamycin to Induce Autophagy

[0144] The basis for endeavoring to adapt autophagic drug
therapies to GSD Ia came from the symptomatic similarities
between NAFLD and GSD Ia. NAFLD 1s characterized by
lip1d accumulation and hepatomegaly, and 1n 1ts more severe
forms also comprises fibrosis, cirrhosis, and hepatocellular
carcinoma. GSD Ia livers likewise present lipid accumula-
tion, hepatomegaly, fibrosis, and eventual hepatocellular
carcinoma. Due to the striking similarities of some of the
most common symptoms for both diseases and the chronic
outcomes, we 1nvestigated whether recent advances 1n
autophagy manipulation for NAFLD could be applied to
our GSD Ia expermmental models.

[0145] First, since LC3-1I 1s known to be diminished 1n
NAFLD, we sought to confirm that 1t 1s likewise downregu-
lated in GSD Ia. It was found that GSD Ia mice had reduced
levels of LC3-1I, a marker of autophagy, as well as reduced
levels of the pro-autophagic proteins ATGS and Beclin |
(FIG. 10). LC3-II 1s also reduced 1 GSD Ia mouse kidneys,
the kidney being the secondary organ atfected by GSD Ia
(FIG. 11). Finally, whether AAYV treatment with G6PC trans-
gene-carrying vectors prevents the autophagy deficiency
was examined. It was found that providing the therapeutic
benefits of a GOPC transgene does mdeed reduce develop-
ment of GSD Ia autophagy-related symptoms from develop-
ing (FIG. 12). This demonstrates that autophagy 1s indeed
reduced mn GSD Ia mice and 1s directly caused by Gopc
deficiency, showing 1ts relation to NAFLD symptoms and
providing more support for our hypothesis that autophagy
manipulation, which has benefits in NAFLD models, may
provide new treatment routes for GSD Ia models and, even-
tually, patients.

[0146] Since low-autophagy phenotype of NAFLD occurs
in GSD Ia, the potential for autophagy manipulation in GSD
Ia was the focus of research. One of these approaches was to
recapitulate the GSD Ia phenotype from mouse hivers 1n the
AML-12 mouse hepatocyte cell line by knocking down
Gopc using siRNA (“s1iG6P”). The symptoms characteristic
of GSD Ia were confirmed 1n several ways. First, the
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expected reduction 1 total LC3-II quantity was confirmed
by Western blotting (FIG. 13). To further support this find-
ing, a LC3 puncta staining was performed and the puncta
quantified-representing  autophagosome  formation-per
nucleus, and found a corroborative reduction 1n puncta m
knockdown cells (FIG. 14). Since a deficiency mm G6PC m
humans and animals results 1n G6P accumulation that feeds
into other metabolic pathways and causes disease symp-
toms, the G6P accumulation 1in this AML-12 knockdown
model was analyzed, and 1t was found that G6P does 1n
fact accrue when Go6pc 1s knocked down by siRNA
AML-12 cells (FIG. 15).

[0147] Having confirmed the autophagy-reduction pheno-
type 1 both mice and Gopc siRNA AML-12 cells, the use of
rapamycin to i1nduce autophagy in these models was
explored. Rapamycin 1s the prototypical mTOR 1nhibitor,
and smce mTOR downregulates autophagy, inhibiting 1t
via rapamycin results 1n an increase mn autophagic activity.
This was first tested 1n the AML-12 model to conserve dii-
ficult-to-breed GSD la mice. Application of rapamycin to
Go6pc knockdown AML-12 cells enhanced autophagy and
reduced lipid accumulation, as shown 1n autophagic marker
Western blotting and O1l Red O staming (FIGS. 16-17).
Phosphorylated p70s6k (p-p70s6k) 1s indicative of active
mTORC, and we observed that rapamycin reduces the
amount of p70s6k that 1s phosphorylated in s1G6P-treated
AML-12 cells. More importantly, application of rapamycin
to knockdown cells results 1n an increase 1in LC3-I1, which
directly indicates an increase 1n autophagic activity. Simi-
larly, a reduction 1n lipid accumulation from pro-autophagic
rapamycin treatment was expected, and such a lipid reduc-
tion, of both visual staming and quantification of O11 Red O
adherence mtensity was observed.

[0148] GoOpc-/- mice were given mtraperitoneal mjections
of 5 mg/kg rapamycin suspended i 10% DMSO/90% PBS
daily for 7 days starting on day 5 of life. We observed an
increase 1n LC3-II 1n rapamycim-treated mouse livers via
Western blotting as predicted (FIG. 18). Electron micro-
scopy was also performed on mouse hivers to quantify
autophagic vesicles, and mice treated with rapamycin
showed an increase m this mdication of autophagy (FIG.
19).

[0149] Laver triglyceride content was quantified 1 order
to determine whether enhancing autophagy reduced hipid
accumulation as mn AML-12 cells, and we found that liver
triglyceride content was indeed reduced by half mn Go6pc-/-
mice following rapamycin admiistration (FIG. 20). Treat-
ment was suflicient to normalize G6pc-/- mice to the natu-
rally low WT triglyceride levels. That 1s, the treated group
had no significant ditference in hepatic triglycerides when
compared to vehicle-mjected WT mice. Furthermore, elec-
tron microscopy revealed a visible reduction 1 lipid vacuole
s1ize and number 1 GSD Ia mouse livers that received rapa-
mycm (FIG. 21).

[0150] In addition to autophagy and lipids, hepatic glyco-
gen content was also quantified, the elevation of which 1s
characteristic of GSD Ia, and found a substantial reduction
tor GSD Ia mice that received rapamycin (FIG. 22). Hepatic
glycogen content was further analyzed using PAS staining to
stain for polysaccharides, including glycogen, 1n liver sec-
tions. It was found that GSD Ia mice undergoing rapamycin
treatment had wvisibly reduced glycogen-laden vacuoles
compared with untreated attected mice (FIG. 23). This con-
firms our hypothesis that manipulating autophagy can
reduce glycogen accumulation by breaking 1t down through
alternate routes from the traditional one relying on G6Pase,
bypassing the need for G6Pase mm GSD Ia hepatocytes.
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[0151] In addition to the AML-12 and mouse GSD Ia
models, we also examined the GSD la canine model. The
model shows similar symptoms to humans, primarily lethal
hypoglycemia, and later in Iife the canines develop hepatic
adenomas and kidney failure like adult human patients.
Injections with AAV delivering G6PC to canines are effec-
tive for a time, but do not restore 100% of the phenotype.
Because treatments are only partially effective, these
canines were excellent for examining the efficacy of rapa-
mycin 1n a large ammmal model. GSD Ia canines were given
1 mg/kg rapamycin orally daily for 10 days. This was not an
endpoint for the canines, so we could not perform the same
assays that were done for mice, but we were able to examine
liver health using ultrasound to determine the status of the
canine’s hepatomegaly, and ALT and GGT serum-level
assays to determine liver damage. We found that while
there was no significant dorsal liver length change, ventral
liver length was reduced followimg rapamycin treatment
(FIG. 24). This indicates reduction in hepatomegaly docu-
mented prior to drug admimistration.

[0152] Likewise, liver health as indicated by serum levels
of the liver enzymes GGT and ALT improved with rapamy-
cin administration. GGT levels went down significantly
after the 10-day treatment when expressed as either absolute
values or fold reduction from the starting pomt (FIG. 25),
and ALT levels went down with sigmificance when
expressed as fold reduction from starting values (FIG. 26).
These indicate a reduction 1n liver damage following a 10-
day course of oral rapamycin treatment 1n the canmine GSD Ia
model.

Example 7: Autophagy-Enhancing Drug Discovery
for GSD Ia

[0153] The success of the rapamycin experiments at
enhancing autophagy and reducing lipid and glycogen accu-
mulation 1n cells and mice, and improving hiver health 1n
canines showed that autophagy modulation could be a
powerful new avenue for GSD Ia therapies. However, rapa-
mycin 18 a potent, nonspecific mTOR 1nhibitor, causing it to
carry many undesirable side effects. We therefore examined
several other drugs for their potential n enhancing autop-
hagy mn GSD Ia. A literature review turned up 11 drugs
that showed promise m other models where autophagy
enhancement ameliorates disease symptoms (Table 4). In
brief, a wide array of drugs was selected, including those
that modulate autophagy via the 1nositol-3-phosphate (IP3)
pathway, those that do so through AMPK modulation to act
through mTORCI, and those using yet-undetermined path-
ways. Analysis of additional literature led to the selection of
three concentrations of each compound to be tested mn cell
culture using the G6pc siRNA knockdown AML-12 mouse
hepatocyte cell line model of GSD Ia as an mitial screen for
the drugs.

TABLE 4
Autophagy-enhancing drugs

Published Low Med High
Drug Concentration Conc. Conc. Conc.
a-lipoic acid 25, 50, 100, 200 pM 50 uM 100 uM 250 uM
a-tocopherol 100, 200, 400, 100 uM 250 uM 400 uM

800 uM
Bezafibrate 100 uM 25 uM 100 uM 250 uM
Carbamaze-  Cerebrospinal fluud: 1 pg/ml. 5 pg/mlL 10 pg/mL
pine 0.7-1.5 pg/mL
Lithium 2,4, 6,8, 10, .5 mM 1 mM 2 mM

12 mM 141 Serum:
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TABLE 4-continued

Autophagy-enhancing drugs

Published Low Med High

Drug Concentration Conc. Conc. Conc.
0.8-1.2 mM
Metiormin S0uM, 025 mM, O025mM 1.5 mM 2.5 mM
0.5 mM, 2 mM,

2.5 mM
Methylene 10, 100, 1000 nM 10 nM 100 nM 1000 nM
blue
Mifepristone 01,1, 10 uM 0.1 uM 1 uM 10 uM
Resveratrol 50, 100 uM 25 uM 50 uM 100 uM
Trehalose 100 mM 30 mM 1060 mM 200 mM
Verapamil 70 uM 50 uM 160 uM 250 uM

[0154] Drug concentrations were chosen based on similar-
ity to published concentrations 1n either cell culture models
resulting 1n target effects or autophagy, or i vivo extracel-
lular fluid concentrations following animal treatments. The
latter case 1s noted with the fluid type. Concentrations used
in our 1n vitro AML-12 cell culture treatments are listed as
the low, medium, and high concentrations that were
screened.

[0155] The first test using AML-12 cells was the O11 Red
O stain to examine the presence of lipid vacuoles m cells
oiven the treatments. Cell culture wells were each treated
with one of the selected doses for each drug and were scored
for both reduced lipid accumulation compared with con-
trols, and improved cell survival, since the s1IRNA knock-
down model has high lethality in the AML-12 cells line
(Table 5). The screen’s results poimnted to several drugs as
bemng the best contenders for further research: bezafibrate,
carbamazepine, lithium chloride, and mifepristone.

TABLE 5

Lipid reduction scoring of Oi1l Red O-stained, drug-treated, G6pc
knockdown AML-12 cells

Drug\Dose Low Medium High

a-Lipoic acid + - ¢

a-Tocopherol 0 (Spotty +) - (Spotty +1) -

Bezafibrate - + ++

Carbamazepine - + 0

Lithium Chlonde +++ ++ +

Metiormin + +/++ 0

Methylene Blue + —-

Mifepristone + + (Spotty ++) ++ (Great survival)

Trehalose + -- - (High death)

Verapamil + (But high -- (Very high death)
death)

Rapamycin -- --

Resveratrol + 0 (Spotty ++)

DMSO - (Spotty +) -

Ethanol - - -

[0156] Gobpc siIRNA knockdown AMIL-12 cells were
oiven three different doses of each drug treatment. After
72 hours of growth, the media was changed to ketogenic
media and appropriate quantities of each drug were added.
This was performed i duplicate. O11 Red O staining was
then performed and bright field mmages acquired at 10x
magnification.

[0157] Drug treatments at three doses each were per-
formed on G6pc siIRNA knockdown AML-12 cells. Follow-
ing o1l red O staming the whole plates were evaluated
visually for reductions mn lipid accumulation. Treatments
were performed 1n duplicate. -/0/+/++/+++ 1dicates the
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degree of improvement, or lipid reduction, caused by the
treatment, with + mdicating positive benefits.

[0158] In addition to O1l Red O staiming, cells were ana-
lyzed via Western blots for restored LC3 expression for each
drug, under the conditions that had optimal effects 1n the O1l
Red O screen (FIG. 27). Since the Western antibody pre-
viously used successtully for rapamycin treatment LC3
blots had been discontinued by the manufacturer, we tested
two alternative antibodies and chose the one from Cell Sig-
naling Technologies because 1t gave the strongest signal-to-
noise ratio under our experimental conditions. Western blot-
ting confirmed the autophagy-enhancement etfects of many
drugs that showed lipid reduction through the O1l Red O
stain, and 1n particular 1t corroborated the results of bezafl-
brate, carbamazepine, lithium chloride, and mitepristone
application by demonstrating the mcrease 1n L.C3 autopha-
o1¢c marker predicted based on their lipid-reducing effects
(FIG. 27).

[0159] Western blotting was performed on AML-12 cells
incubated for 24 hours with the described drug conditions.
LC3 was quantified and normalized against each condition’s
B-actin protemn quantification.

[0160] Carbamazepine and lithium have potent psychoac-
tive eftects. Lithium compounds were among the first mood-
stabilizing drugs used to treat bipolar disorder and schizo-
phrenia circa 1949, and anticonvulsants, particularly carba-
mazepine, have been combined with lithium n the treatment
of bipolar disorder and schizophrema for over three decades.
The fact that lithrum 1s still prescribed as a mood stabilizer
1n the treatment of bipolar disorder after 75 years stands as a
testament to the potency of 1ts psychoactive effects. These
beneficial effects for patients sutfering from psychiatric 1ll-
nesses would instead become serious side effects 1in patients
prescribed lithium and/or carbamazepine to amelhiorate GSD
la symptoms, so lithium chloride and carbamazepine have
not been pursued 1 mice as potential GSD Ia treatments at
this time.

[0161] Mifepristone 1s used to induce chemical abortions
up to day 70 of pregnancy. These on-and off-label purposes
could produce significant side-effects m GSD la patients
using mifepristone to mmprove their autophagic activity.
Furthermore, the side effects of the drug itself as described
on the FDA label include nausea, vomiting, and diarrhea,
which could make 1t difficult for patients to mntake sutficient
calories for combating hypoglycemia, potentially negating
the benefits. Therefore, administration of mifepristone was
not pursued 1n GSD Ia mice.

[0162] This left bezafibrate as the best candidate to
emerge from the screen. Bezafibrate 1s a PPARa agonist
used to lower cholesterol levels and prevent hyperlipidema
to reduce the risk of heart disease. Since hyperlipidemia 1s a
symptom of GSD Ia, this pre-established on-label ettect
could have benefits m addition to autophagic enhancement
1in patients. In terms of side etfects, bezafibrate does induce
loss of appetite and elevation 1n circulating hiver enzymes.
While these could complicate therapeutics taking advantage
of the medication tor GSD Ia, the overall etfects on autop-
hagy and hyperlipiderma would likely outweigh the down-
sides, so we chose bezalibrate to move forward as our best
drug candidate in GSD Ia mice.

[0163] GoO6pc-/- knockout mice were administered intra-
peritoneal 1njections of bezafibrate 25 mg/kg/day suspended
in 10% DMSO/90% PBS IP for 3 days.

[0164] At the time of tissue collection, blood glucose was
analyzed and affected mice were found to have no increase

when treated with bezafibrate, their levels consistently
below the threshold of detection (< 20 mg/dL). However,
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liver and kidney weights were recorded at the time of sacri-
fice, and these data revealed a shight difference m kidney
s1ize as a percentage of body weight. Bezafibrate caused a
very small but quantitatively significant increase 1n kidney
weight expressed as a percentage of total body weight (p <
(0.046) (FIG. 28). This runs contrary to the expectation that
bezafibrate would reduce kidney size 1n Gope-/- mice.
[0165] Livers and kidneys from mice undergoing bezafi-
brate mmjections were weighed at the time of collection,
welghts expressed here as percentage of body weight. *
indicates p < 0.03. Error bars: mean £ SD.

[0166] A single administration of bezafibrate icreased
LC3-I1 signmficantly, m comparison with vehicle-treated
mice of the same age (FIG. 29). This result demonstrated
increased formation of autophagosomes consistent with the
induction of autophagy.

[0167] The effects of bezafibrate upon autophagy were
further demonstrated by decreased plasma triglycerides
(FIG. 30A). Smmualarly, hiver triglycerides were reduced 1n
(G6Pc-/- mice following bezafibrate administration (FIG.
30B). However, the etfect of a single dose of bezafibrate
did not reduce liver glycogen content (not shown). These
data suggest that the mduction of autophagy with bezafi-
brate was sufficient to decrease the lipid accumulation asso-
ciated with GSD Ia, which underlies the reduction of autop-
hagy and increase 1n apoptosis associated with the liver
involvement of GSD Ia, features shared with NAFLD.
These data promise that drugs such as bezafibrate will
reverse the liver effects of GSD Ia at least 1n part.

[0168] The current approach to GSD Ia therapy focuses on
preventing lethal hypoglycemia by providing constant cal-
ories throughout the day. This fails to prevent many of the
chronic symptoms, mcluding hepatomegaly, hyperlipide-
mia, and glycogen accumulation. While gene therapy
approaches appear very promising for long-term treatments
and are likely to be extremely beneficial down the line, gene
therapy as a treatment field overall 1s still immature. It takes
many years to develop gene therapeutics, and the manufac-
turing process 1s still slow and difficult to scale efficiently.
As such, stopgap and combinatorial treatments for GSD Ia
will be extremely valuable, 1n that they can provide benefit
to patients living with the disease 1n a much shorter time-
frame than can gene therapies.

[0169] Autophagy manipulation has only recently been
explored as a therapeutic approach to many diseases 1n
which toxic accumulation of endogenous products causes
health problems, including prion diseases, Alzheimer’s dis-
case, and NAFLD. The theory behind these treatments 1s
that enhanced autophagy may be able to break down the
excess products trapped 1n cells that causes clinical defects.
Since much of GSD Ia’s symptom set dertves from excess
lipids, glycogen, and even amino acids, 1t stands to reason
that autophagy could be useful for treating aspects of GSD
Ia to reduce the symptoms and improve the quality of life for
patients living with 1t long term.

[0170] In exploring this route, we first found that autop-
hagy 1s reduced 1n GSD Ia mice hivers and kidneys as well as
in the G6pc knockdown AML-12 mouse hepatocyte cell line
model (FIGS. 1, 2, and 4). What this meant to us was that
increasing autophagy m GSD Ia would not actually mean
raising 1ts levels above normal, but rather restoring its levels
closer to normal. The distinction means that pro-autophagic
treatments are likely to have fewer and less imtense side
elfects i patients, further indicating that this course of treat-
ment mmvestigation 1s a strong contender for future GSD Ia
therapeutics. We believe the autophagic reduction occurs
because excess GOP that accumulates as a result of 1nsufli-
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cient G6Pase to hydrolyze 1t signals the cell that the cell 1s
under fed conditions - conditions under which cells try to
store excess energy by activating lipogenesis and ihibiting
autophagy and fatty acid oxidation. Reversing this state
could potentially be done by inhibiting mTORCI or through
other pathways that could out-compete the mTORCI1 1nhi-
bitory effect.

[0171] Using rapamycin, the prototypical mTOR mbhibitor
to induce autophagy, we confirmed that inhibiting mTORCI
can enhance autophagy in GSD Ia model cells and mice, and
that doing so reduces lipid and glycogen accumulation char-
acteristic of GSD Ia (FIGS. 7-14). The effects were further
examined 1n GSD la canines by analyzing the reduction 1n
hepatomegaly and liver damage (as indicated by circulating
GGT and ALT levels) mmduced by rapamycm treatment
(FIGS. 24-26).

[0172] While rapamycin administration showed great
effects, 1its known toxicity, off-target etfects, and side effects
in humans due to 1ts general mhibition of mTORCI, which
controls a wide variety of cellular pathways, makes it a rela-
tively poor option for long-term human treatment. There-
fore, we decided the next step was to look for alternative
drugs with similar pro-autophagic effects to rapamycin
that may produce fewer side effects through long-term
adminmistration. We began by using our newly-developed
Gopc knockdown AML-12 cell model as a screening system
for several drugs with known autophagy-enhancing effects,
and analyzed these drugs using O1l Red O stamning and LC3
western blots to determine their ability to reduce lipid accu-
mulation 1n GSD Ia-like cells and confirm their ability to
enhance autophagy in the face of GSD Ia (Table 5 and
FIG. 27). We found several drugs with pro-autophagic
cifects 1n the face of GSD Ia symptoms, and ultimately
chose the one with the least toxicity and potential for dele-
terious side-effects to proceed with i G6pc-/- mice, bezafi-
brate. This drug has the added benefit of not yet being FDA
approved for any kind of therapy 1n the U.S., but 1s a well-
documented drug approved for use m Europe. This makes 1t
enticing for future research for commercialization because 1t
could be picked up and 1ts research funded by the pharma-
ceutical mmdustry while already having many toxicity studies
completed.

[0173] We found that bezafibrate shows trends 1mn enhan-
cing autophagy 1n GSD Ia mice, but the effect 1s not signifi-
cant. However, the study 1s ongoing and as additional mice
are added to treatment groups to increase statistical power,
we anticipate the mmprovements becoming significant.
Furthermore, hepatic lipid and glycogen accumulation
assays have yet to be performed, and they are planned for
the future.

[0174] Overall this study has shown that autophagy
manipulation has great potential to provide therapeutic ben-
efits for GSD Ia. Rapamycin may not be the best drug for
these purposes, but it has opened the door on this new
approach. Our small screen has turned up several drugs,
and additional screens may reveal yet more as the field of
autophagy enhancement grows and more pro-autophagic
drugs become known. Ongoing work with bezafibrate 1s so
far promising, and our other top drug candidates, carbama-
zepme, lithium chloride, and mifepristone, are excellent
options to turther pursue this course in mouse treatments.
We expect that autophagy induction will prove to be an
approach rich with new GSD Ia therapies that will be
brought to bear 1n the years to come, dramatically improving
the quality of life and clinical outcomes for GSD Ia patients
1n the near future.
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[0175] Although the present invention has been described
in considerable detaill with reference to certamn preferred
embodiments thereot, other versions are possible. Therefore
the spirit and scope of the appended claims should not be
lmmited to the description and the preferred versions con-
tained within this specification.

1-26. (canceled)

27. A method of treating a subject, the method comprising:

administering to a subjecthaving a steatosis-associated dis-

order a therapeutically etffective amount of an autop-

hagy-1nducing agent,

wherein the autophagy-inducing agent comprises a thyr-
o1d hormone, calfeine, an AMPK activator, achemical
chaperone, or a Sirtuin-1 activator.

28. The method of claim 27,

wherein the thyroid hormone comprises thyroxine (14),

trinodothyronine (T3), an analog thereof, or any combi-
nation thereof,

wherein the AMPK activator comprises 5-Aminoimida-

zole-4-carboxamide ribonucleotide (AICAR), querce-

tin, a-lipoic acid, R-lipoic acid, mettormin, resveratrol,
guanidine, biguamdine, galegine, ginsenoside, curcu-
min, berberine, epigallocatechin gallate, theatlavin, his-
pidulin, a salicylate, a prodrug thereof, or any combina-
tion thereof;

wherein the chemical chaperone comprises trehalose; or

wherein the Sirtuin-1 activator comprises methylene blue,
resveratrol, or a combination thereof.

29. The method of claim 27, wherein the steatosis-asso-
ciated disorder comprises Glycogen Storage Disease Type 1
(GSD 1), non-alcoholic fatty liver disease (NAFLD), non-
alcoholic steatohepatitis (NASH), or any combination
thereot.

30. The method of claim 27, wherein glycogen storage in
the subject’s liver, muscles, and/or kidneys 1s decreased and/
or reversed, wherein autophagy 1s induced and/or promoted in
the subject’s liver, muscles, and/or kidneys, or a combimation
thereot.

31. The method of claim 27, further comprising performing
a metabolomic analysis of the subject’s blood and/or the sub-
ject’s urine.

32. The method of claim 31, wherein the metabolomic ana-
lysis of the subject’s blood comprises measuring the level of
blood glucose and/or measuring the level of plasma acylcar-
nitines, amino acids, triglycerides, lactate, or any combina-
tion thereof.

33. The method of claim 31, wherein the metabolomic ana-
lysis of the subject’s urine comprises measuring the level of
lactate, methylglutaconate, 3-hydroxybutyric acid, or any
combination thereof.

34. The method of claim 31, wherein the metabolomic ana-
lysis demonstrates a correction of one or more biochemical
abnormalities 1n the subject.

35. The method of claim 34, wherein the one or more bio-
chemical abnormalities comprise hypoglycemia, lactic acid-
emia, lactic aciduna, elevated urine ketones, increased long
chain acylcarnitines, or any combination thereof.

36. The method of claim 27, further comprising administer-
ing to the subject a lysosomal enzyme.

37. The method of claim 36, wherein the lysosomal enzyme
comprises acid alpha-glucosidase or recombinant acid alpha-
olucosidase.
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38. The method of claim 28, wherein the subjecthas GSD 1,
and wherein one or more GSD I symptoms are improved, and/
or wherein one or more long-term GSD I complications are
prevented and/or delayed.

39. The method of claim 38, wherein the one ormore GSD 1
symptoms comprise hepatosteatosis, abdominal discomfiort,
clevated liver enzyme levels, fatigue, malaise, hepatomegaly,
hyperlipidemia, hypoglycemia, hypertension, iron-resistant
anemia, kidney stones, growth delay, lactic academua,
nephropathy, hepatic/renal glycogenosis, pancreatitis, hepa-
tic adenomata, hepatocellular carcinoma, osteopenia/osteo-
porosis, platelet dystunction, spider angiomata, ascites, sple-
nomegaly, hard liver border, palmar erythema, asterixis, or
any combination thereof.

40. The method of claim 38, wherein the one or more long-
term GSD I complications comprise chronic liver disease,
metabolic syndrome, cirrhosis, fibrosis, or any combination
thereof.

41. A method of treating a subject, the method comprising:

administering toa subject having a steatosis-associated dis-

order a therapeutically effective amount of an autop-
hagy-inducing agent, wherein the autophagy-inducing
agent comprises a thyroid hormone, caffeine, an
AMPK activator, a chemical chaperone, or a Sirtuin-1
activator; and

administering to the subject a therapeutically effect amount

of a lysosomal enzyme.

42. The method of claim 41,

wherein the thyroid hormone comprises thyroxine (T4),
triiodothyronine ('13), an analog thereof, or any combi-
nation thereof;

wherem the AMPK activator comprises S-Aminoimida-
zole-4-carboxamide ribonucleotide (AICAR), querce-
tin, a-lipoic acid, R-lipoic acid, metiormin, resveratrol,
ouamdine, biguanidine, galegine, ginsenoside, curcu-
min, berberine, epigallocatechin gallate, theatlavin, his-
pidulin, a salicylate, a prodrug thereof, or any combima-
tion thereof;

wherein the chemical chaperone comprises trehalose; or
wherein the Sirtuin-1 activator comprises methylene blue,
resveratrol, or a combination thereof.

43. The method of claim 41, wherein the steatosis-asso-
ciated disorder comprises Glycogen Storage Disease Type 1
(GSD 1), non-alcoholic fatty liver disease (NAFLD), non-
alcoholic steatohepatitis (NASH), or any combination
thereof.

44. The method of claim 41, wherein the lysosomal enzyme
comprises glucocercbrosidase, acid alpha-glucosidase,
alpha-galactosidase, alpha-n-acetylgalactosaminidase, acid
sphingomyelinase, alpha-iduromidase, or a combination
thereof.

45. The method of claim 41, wherein the steatosis-asso-
ciated disorder comprises Glycogen Storage Disease Type 1
(GSD 1), and wherein the lysosomal enzyme comprises acid
alpha-glucosidase or recombinant acid alpha-glucosidase.

46. The method of claim 41, wherein glycogen storage m
the subject’s liver, muscles, and/or kidneys 1s decreased and/
or reversed, wherem autophagy 1s induced and/or promoted 1in
the subject’s liver, muscles, and/or kidneys, or the combina-
tion thereof.
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