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Manipulating Glycogen in Alzheimer’s Disease, Epilepsy, Traumatic Brain Injury, and

ALS as a Treatment

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application Serial No.
62/987,208, filed March 9, 2020, the entire disclosure of which is incorporated herein by this

reference.

GOVERNMENT INTEREST

[0002] This invention was made with government support under grant number RO1
NS070899-06-AD-s awarded by the National Institute of Neurological Disorders and Stroke
(NINDS), National Institutes of Health (NIH). The government has certain rights in the

invention.

SEQUENCE LISTING

[0003] The instant application contains a Sequence Listing which has been submitted in
ASCII format via EFS-Web and is hereby incorporated by reference in its entirety. The ASCII
copy of the Sequence Listing, which was created on March 9, 2021, is named 13177N-
2366WO.txt and is 41.3 kilobytes in size.

TECHNICAL FIELD

[0004] The present disclosure is directed to compounds and methods for treating
neurodegenerative diseases by targeting glycogen aggregates. In particular, the disclosure is
directed to compounds and methods for treating neurodegenerative diseases by preventing and/or

clearing glycogen formation in the brain.

BACKGROUND

[0005] Glycogen (1-5um in diameter) is a branched polymer of glucose synthesized by
glycogen synthase (GYS), forming a-1,4-glycosidic linkages, and branching enzyme (BE),
adding a-1,6-glycosidic linkages every 10-15 glucose residues (FIG. 1). Additionally, phosphate
is covalently attached at glucose hydroxyls during synthesis, the removal of which requires the
glycogen phosphatase laforin. Glycogen architecture describes the frequency of branches,
glucose chain length, total phosphate esters, and phosphate position (FIG. 1). These architectural

properties define the granular size, crystallinity, and solubility of a glycogen molecule.



WO 2021/183554 PCT/US2021/021562

[0006] Glycogen serves as the primary mammalian storage carbohydrate. However, the
function of brain glycogen extends beyond a simple energy reserve, and includes a central role in
maintaining brain homeostasis (FIG. 2). Glycogen is primarily found in astrocytes, and
glycogen-derived glucose from astrocytes supports neuronal function by contributing to the
lactate-pyruvate shuttle to maintain glutamatergic synaptic activity and mitochondrial
bioenergetics. Furthermore, a small molecule inhibitor that prevents glucose release from
glycogen leads directly to aberrant metabolism in astrocytes and subsequent neurotoxicity in
preclinical models. Genetically engineered mice that cannot form glycogen in the brain have
defects in short-term memory consolidation, long-term memory formation, and cannot maintain
long-term potentiation of synaptic strength. Together, these data support the notion that glycogen

serves an integral role in maintaining cerebral function (FIG. 2).

[0007] Aberrant glycogen metabolism leads to the accumulation of large (50-100um),
hyperbranched and hyperphosphorylated glycogen aggregates called polyglucosan bodies
(PGBs). PGBs are water-insoluble aggregates that are no longer efficiently degraded. On a
molecular level, PGB accumulation results in increased ER stress, autophagy impairment, and
epigenetic alterations. Electron microscopy from the 1980s demonstrated the accumulation of
PGBs in the aging brain. Large, densely packed glycogen granules were observed in human
postmortem specimens aged 60 or older, but not present in the younger control group aged 26-
35. Since then, age-associated changes in glycogen metabolism and PGB accumulations have
been demonstrated in Drosophila, mice, and human. Furthermore, an inducible knockout of Gys
in Drosophila — which ablates glycogen synthesis - restored locomotor decline with age and also

increased lifespan.

[0008] The onset of Alzheimer's disease (AD) increases in incidence with age, and an
increasing aging demographic means the number of individuals suffering from AD is expanding
rapidly. AD patients suffer from a slow and inevitable decline in memory and cognitive function
through neurodegeneration. Changes in brain metabolism are hallmarks of both aging and AD.
Glucose is the primary substrate for brain metabolism, and its availability and proper utilization
are critical for synaptic communication and normal brain homeostasis. Brain glucose
hypometabolism, evidenced by a decrease in the uptake of '*F-deoxyglucose (FDG) as measured
by PET imaging, is now considered one of the hallmarks of AD. Clinical AD symptoms are

intimately linked with glucose hypometabolism, and the degree of glucose hypometabolism



WO 2021/183554 PCT/US2021/021562

strongly correlates with the severity of clinical symptoms. Interestingly, brain glucose
hypometabolism is especially prominent in several groups with increased risk of AD, including
carriers of the E4 allele of APOFE. APOE4 is currently the most significant genetic risk factor for
late onset AD. To this end, the mechanism(s) that drives glucose hypometabolism remains a

critical knowledge gap in AD research, and thus a barrier in designing novel therapeutic options.

[0009] Accordingly, while a number of amyloid-targeting therapies remain under
investigation, there remains a need for new therapeutic targets and approaches for treating

neurodegenerative diseases.

SUMMARY

[0010] The presently-disclosed subject matter meets some or all of the above-identified
needs, as will become evident to those of ordinary skill in the art after a study of information

provided in this document.

[0011] This summary describes several embodiments of the presently-disclosed subject
matter, and in many cases lists variations and permutations of these embodiments. This
summary is merely exemplary of the numerous and varied embodiments. Mention of one or
more representative features of a given embodiment is likewise exemplary. Such an embodiment
can typically exist with or without the feature(s) mentioned; likewise, those features can be
applied to other embodiments of the presently-disclosed subject matter, whether listed in this
summary or not. To avoid excessive repetition, this summary does not list or suggest all possible

combinations of such features.

[0012] In some embodiments, the presently-disclosed subject matter includes a method for
treating a neurodegenerative disease, the method including administering, to a subject in need
thereof, one or more of a small molecule glycogen synthase (GYS) inhibitor, an antisense
oligonucleotide targeting glycogen synthase, an antibody-enzyme fusion compound targeting
polyglucosan bodies (PGBs), or combinations thereof. In some embodiments, the small molecule

GYS inhibitor includes:
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and a combination thereof. In some embodiments, the antisense oligonucleotide comprises a
nucleotide sequence complementary to an mRNA sequence coding for brain-expressed GYS. In
some embodiments, the antibody-enzyme fusion compound includes a cell-penetrating antibody
comprising 3E10 linked to amylase or a variant thereof. In some embodiments, the antibody-

enzyme fusion compound includes VAL-0417, VAL-1221, and combinations thereof.

[0013] In some embodiments, the method includes clearing PGB-like granules in the brain.
In some embodiments, the method comprises clearing PGB-like granules from cytoplasm in the
brain. In some embodiments, the one or more compounds comprise at least the antibody-enzyme
fusion compound. In some embodimenst, the antibody-enzyme fusion compound comprises
VAL-0417. In some embodiments, the method comprises inhibiting PGB formation in the brain.
In some embodiments, the method comprises inhibiting PGB formation in cytoplasm in the
brain. In some embodiments, the one or more compounds comprise at least one of the small

molecule GYS inhibitor and the antisense oligonucleotide.

[0014] In some embodiments, the method includes first administering the antibody-enzyme
fusion compound to clear existing PGB-like granules in the brain; and then administering at least
one of the small molecule inhibitor and the antisense oligonucleotide to inhibit new PGB
formation in the brain. In some embodiments, the neurodegenerative disease is selected from the

group consisting of traumatic brain injury (TBI), Alzheimer’s Disease (AD), amyotrophic lateral
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sclerosis (ALS), epilepsy, and combination thereof. In some embodiments, the

neurodegenerative disease is Alzheimer’s Disease.

[0015] Further features and advantages of the presently-disclosed subject matter will become
evident to those of ordinary skill in the art after a study of the description, figures, and non-

limiting examples in this document.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The presently-disclosed subject matter will be better understood, and features, aspects
and advantages other than those set forth above will become apparent when consideration is
given to the following detailed description thereof. Such detailed description makes reference to

the following drawings, wherein:

[0017] FIG. 1 shows an image illustrating glycogen architecture: a-1,6-glycosidic bonds
between glucose form the branch point for glycogen. Chain length is defined by a-1,4-glycosidic
bonds glucose molecules. Phosphate can be added at C2-, C3- and C6-positions of glucose P.

[0018] FIG. 2 shows a schematic illustrating that glycogen is a critical component of
cerebral metabolism. Glycogen metabolism is a direct contributor to the astrocyte-neuronal
lactate shuttle that contributes to neuronal energy, while also providing a glucose energy reserve.
Disruptions in glycogen metabolism alter synaptic activity, cognitive function and memory

formation.

[0019] FIGS. 3A-D show images and graphs illustrating accumulation and properties of AD-
PGBs. (A) Left, PAS staining of human AD brain slices showing accumulation of AD-PGBs in
AD subjects. Arrows indicate AD-PGBs. Right, IHC showing Tau aggregation near the same
region of AD brain. Scale bar = Sum. (B) Iodine staining showing increased chain length and
branching in AD-PGBs. (C) Total phosphate content in purified PGBs, AD-PGBs, and normal
glycogen. (D). Schematics of AD-PGBs vs. normal. Values shown are mean = SEM of 30
patients. * p <0.05, ** p <0.01, *** p <0.001; two-tailed 7-test.

[0020] FIG. 4 shows schematics of normal glycogen metabolism vs. step-wise formation of
Alzheimer’s disease (AD)-polyglucosan bodies (PGBs). Early perturbation in glycogen synthesis

or degradation leads to late stage abnormal branching and phosphate content that results in
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PGB/AD-PGBs formation. --> possible dysregulated pathways. GYS: glycogen synthase; BE:
Branching enzyme; GDE: debranching enzyme; GP: glycogen phosphorylase; LA: laforin.

[0021] FIG. 5 shows schematics of muscle, liver, and AD-PGBs architecture, and their
interactions with AMPK. Brain and muscle glycogen interact with AMPK via the B-subunit.
Higher branched and phosphorylated muscle glycogen inhibits AMPK activity.

[0022] FIG. 6 shows a schematic illustrating a summary of the approach discussed in
Example 1. A combination of in vitro and in vivo methods and models are used to investigate

glycogen metabolism in AD.

[0023] FIGS. 7A-D show images and graphs illustrating methods of measuring GYS and GP
activity. (A) Schematic of *C-glycogen enrichment to measure GYS activity. (B) Schematic of
“wash out” experiments to measure GP activity. (C) Representative image of isolated primary
cortical astrocytes. (D) Rates of glycogen synthesis and degradation in primary cortical

astrocytes.

[0024] FIGS. 8A-B show graphs illustrating correlation between glycogen content and
Braak staging/Relative free glucose concentration. (A) Increased glycogen content from AD
patient samples correlates with worse prognosis based on Braak staging. (B) Increase in total
glycogen correlates with decreased free glucose in the brain from the same AD patient sampels
asin A. R2 =0.36. 30 human autopsy samples from the UKY Brain Bank were used in both
analyses. *p < 0.05, **p <0.01, ***p <0.001; two-tailed t-test.

[0025] FIGS. 9A-B show graphs and images illustrating glycogen accumulation in multiple
mouse models. (A) GCMS quantitation of glycogen content in all 3 AD mouse models vs. WT
control confirming glycogen accumulation. 6-month-old mice were used for all groups. * p <
0.05, ** p <0.01, *** p <0.001; two-tailed #-test. (B) 20x scan of IHC slides showing PGB
accumulation in SxFAD, rTg4510, and APOE4 mouse brains vs. WT. Dark brown stains are

PGBs. 4x magnification for each brain are inserted in their respected images.

[0026] FIG. 10 shows a schematic illustrating a summary of the approach for Example 2:
Age-related changes in glucose flux are studied in aging WT, SxFAD, rTg4510 and APOE4 mice
in vivo, as well as how these changes relate to AD pathology and progression. How AD-PGBs

can modulate glucose metabolism through AMPK in vitro is also investigated.
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[0027] FIGS. 11A-C show graphs and images illustrating glycogen content, glycogen
phosphate content, and differences in glucose metabolic pathways. (A) GCMS quantitation of
AD-PGBs purified from WT and SXFAD mice at 8 and 16 weeks. (B) GCMS quantitation of
phosphate content from (A). (C) Heatmap plot targeted metabolomics profiling showing
differences early glucose metabolic pathways in WT and SXFAD mice at 8 and 16 weeks (values

are log transformed). * p <0.05, ** p <0.01, *** p <0.001; two-tailed 7-test.

[0028] FIGS. 12A-D show images illustrating cell-free glycogen binding assay. (A)
Schematic of the cell-free glycogen AMPK binding assay - glycogen/AMPK complexes were
captured by ConA conjugated to magnetic beads. (B) AMPK-WT has increased binding affinity
to AD-PGBs. (C) AMPKBt148p mutant failed to bind to all glycogen types. (D) AMPK 1484
shows similar binding affinity to liver and AD-PGBs.

[0029] FIGS. 13A-D show images illustrating cell-free AMPK activity assay using ACC;.
150: (A) Schematic of the cell-free AMPK activity assay. (B) Binding of AD-PGBs greatly
reduces AMPK activity. (C) AMPKri4sp retains AMPK activity even after binding with AD-
PGBs. (D) AMPKQPr148a closely mimics WT-AMPK activity after binding to AD-PGBs.

[0030] FIGS. 14A-B show graphs illustrating solubility and chain length of glycogen. (A)
Biochemical quantitation of soluble v. insoluble glycogen in control and branching enzyme (BE)
knockdown in immortalized cortical astrocytes (ICE). (B) Iodine staining showing increased
chain length and branching in ICA after BE knockdown. AD-G: AD-PGBs. * p <0.05, ** p <
0.01, *** p <0.001; two-tailed #-test.

[0031] FIGS. 15A-G show a schematic and graphs illustrating a tracing of glucose carbon.
(A) Tracing of glucose carbon through glycolysis and the Krebs cycle. Not all possible labeled
metabolites are shown due to space limitations. : 12C; e e: 3C from glycolysis, pyruvate
dehydrogenase (PDH) and pyruvate carboxylase (PCB)-initiated reactions, respectively. (B)
Decreased flux through glycolysis. (C-E) Decreased flux through the Krebs cycle were observed
after shBE. The x-axis denotes the [number] of 1*C atoms present in each compound. Values
shown are mean + SEM (average of 3 cell lines, n =3, independent experiment). (G)
Immunoblotting showing decreased AMPK activity after BE knockdown. * p <0.05, ** p <
0.01, *** p <0.001; two-tailed #-test.
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[0032] FIG. 16 shows a schematic illustrating a summary of the approach for Example 3:
AD-PGBs is cleared in vivo using an antibody-enzyme fusion approach via ICV administration.
Preclinical assessments to define the efficacy of treatment includes behavior, cerebral glucose

metabolism, and neuropathology.

[0033] FIGS. 17A-C show graphs and images illustrating design of VAL-0417. (A)
Pancreatic a-amylase has the highest activity under neutral pH. (B) Molecular design of VAL-
0417, a fusion of the 3E10 Fab and a-amylase. (C) Schematic for the ELISA design to measure

VAL-0417 limit of detection and standard curve to define linear range.

[0034] FIGS. 18A-D show graphs and images illustrating glycogen metabolism with VAL-
0417 treatment in WT and Epm2a-/- (Lafora disease) mice. (A) Total brain glycogen
(polysaccharide) normalized to tissue weight from untreated, PBS treated, and VAL-0417
treated. (B) VAL-0417 levels in PBS and VAL-0417 treated animals determined by ELISA. Data
shown are the mean + SE. The numbers of animals in each treatment group (n) are shown. * p <
0.05, ** p <0.01, *** p<0.001. (C) PAS-stained brain slices of PBS and VAL-0417 treated
Epm2a-/- mice after 12-day ICV infusion. White arrow indicates glycogen deposits that appear
pinkish-purple; tissue was counterstained with hematoxylin (blue). (D) PCA plot of metabolite

concentrations (>200) showing metabolism returning to normal after VAL-0417 treatment

[0035] While the disclosure is susceptible to various modifications and alternative forms,
specific embodiments thereof have been shown by way of example in the drawings and are
herein described below in detail. It should be understood, however, that the description of
specific embodiments is not intended to limit the disclosure to cover all modifications,
equivalents and alternatives falling within the spirit and scope of the disclosure as defined by the

appended claims.

DEFINITIONS

[0036] Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which the disclosure
belongs. Any methods and materials similar to or equivalent to those described herein can be
used in the practice or testing of the present disclosure, including the methods and materials are

described below.



WO 2021/183554 PCT/US2021/021562

29 CC

[0037] Following long-standing patent law convention, the terms “a,” “an,” and “the” refer
to “one or more” when used in this application, including the claims. Thus, for example,
reference to “a cell” includes a plurality of cells, and so forth.

2% ¢

[0038] The terms “comprising,” “including,” and “having” are intended to be inclusive and

mean that there may be additional elements other than the listed elements.

[0039] Unless otherwise indicated, all numbers expressing quantities of ingredients,
properties such as reaction conditions, and so forth used in the specification and claims are to be
understood as being modified in all instances by the term “about.” Accordingly, unless indicated
to the contrary, the numerical parameters set forth in this specification and claims are
approximations that can vary depending upon the desired properties sought to be obtained by the

presently-disclosed subject matter.

[0040] As used herein, the term “about,” when referring to a value or to an amount of mass,
weight, time, volume, concentration, percentage, or the like is meant to encompass variations of
in some embodiments £50%, in some embodiments +40%, in some embodiments £30%, in some
embodiments £20%, in some embodiments +£10%, in some embodiments £5%, in some
embodiments £1%, in some embodiments +0.5%, and in some embodiments +0.1% from the

specified amount, as such variations are appropriate to perform the disclosed method.

[0041] As used herein, ranges can be expressed as from “about” one particular value, and/or
to “about” another particular value. It is also understood that there are a number of values
disclosed herein, and that each value is also herein disclosed as “about” that particular value in
addition to the value itself. For example, if the value “10” is disclosed, then “about 10” is also
disclosed. It is also understood that each unit between two particular units are also disclosed.

For example, if 10 and 15 are disclosed, then 11, 12, 13, and 14 are also disclosed.

[0042] All combinations of method or process steps as used herein can be performed in any
order, unless otherwise specified or clearly implied to the contrary by the context in which the

referenced combination is made.

[0043] As used herein, nomenclature for compounds, including organic compounds, can be
given using common names, [UPAC, IUBMB, or CAS recommendations for nomenclature.

When one or more stereochemical features are present, Cahn-Ingold-Prelog rules for



WO 2021/183554 PCT/US2021/021562

stereochemistry can be employed to designate stereochemical priority, EIZ specification, and the
like. One of skill in the art can readily ascertain the structure of a compound if given a name,
either by systemic reduction of the compound structure using naming conventions, or by
commercially available software, such as CHEMDRAW™ (Cambridgesoft Corporation,
US.A).

[0044] As used herein, the terms “optional” or “optionally” means that the subsequently
described event or circumstance can or cannot occur, and that the description includes instances

where said event or circumstance occurs and instances where it does not.

[0045] As used herein, the term "patient" refers to a subject afflicted with a disease or

disorder. A patient includes human and veterinary subjects.

[0046] As used herein, the term “subject” can be a vertebrate, such as a mammal, a fish, a
bird, a reptile, or an amphibian. Thus, the subject of the herein disclosed methods can be a
human, non-human primate, horse, pig, rabbit, dog, sheep, goat, cow, cat, guinea pig or rodent.
The term does not denote a particular age or sex. Thus, adult and newborn subjects, as well as

fetuses, whether male or female, are intended to be covered.

[0047] As used herein, the term “derivative” refers to a compound having a structure derived
from the structure of a parent compound (e.g., a compound disclosed herein) and whose structure
is sufficiently similar to those disclosed herein and based upon that similarity, would be expected
by one skilled in the art to exhibit the same or similar activities and utilities as the claimed
compounds, or to induce, as a precursor, the same or similar activities and utilities as the claimed
compounds. Exemplary derivatives include salts, esters, amides, salts of esters or amides, and N-

oxides of a parent compound.

[0048] As described herein, compounds of the invention may contain “optionally
substituted” moieties. In general, the term “substituted,” whether preceded by the term
“optionally” or not, means that one or more hydrogens of the designated moiety are replaced
with a suitable substituent. Unless otherwise indicated, an “optionally substituted” group may
have a suitable substituent at each substitutable position of the group, and when more than one
position in any given structure may be substituted with more than one substituent selected from a
specified group, the substituent may be either the same or different at every position.

Combinations of substituents envisioned by this invention are preferably those that result in the

10
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formation of stable or chemically feasible compounds. It is also contemplated that, in certain
aspects, unless expressly indicated to the contrary, individual substituents can be further

optionally substituted (7.e., further substituted or unsubstituted).

[0049] As used herein, the term “substituted” is contemplated to include all permissible
substituents of organic compounds. In a broad aspect, the permissible substituents include
acyclic and cyclic, branched and unbranched, carbocyclic and heterocyclic, and aromatic and
nonaromatic substituents of organic compounds. Illustrative substituents include, for example,
those described below. The permissible substituents can be one or more and the same or different
for appropriate organic compounds. For purposes of this disclosure, the heteroatoms, such as
nitrogen, can have hydrogen substituents and/or any permissible substituents of organic
compounds described herein which satisfy the valences of the heteroatoms. This disclosure is not
intended to be limited in any manner by the permissible substituents of organic compounds.
Also, the terms “substitution” or “substituted with” include the implicit proviso that such
substitution is in accordance with permitted valence of the substituted atom and the substituent,
and that the substitution results in a stable compound, e.g., a compound that does not
spontaneously undergo transformation such as by rearrangement, cyclization, elimination, etc. It
is also contemplated that, in certain aspects, unless expressly indicated to the contrary, individual

substituents can be further optionally substituted (i.e., further substituted or unsubstituted).

DETAILED DESCRIPTION

[0050] The details of one or more embodiments of the presently-disclosed subject matter are
set forth in this document. Modifications to embodiments described in this document, and other
embodiments, will be evident to those of ordinary skill in the art after a study of the information
provided in this document. The information provided in this document, and particularly the
specific details of the described exemplary embodiments, is provided primarily for clearness of
understanding and no unnecessary limitations are to be understood therefrom. In case of

conflict, the specification of this document, including definitions, will control.

[0051] Provided herein are compounds for treating neurodegenerative diseases. In some
embodiments, the compound includes one or more small molecule inhibitor and/or antisense
oligonucleotide (ASO) that targets glycogen synthase (GYS) or other genes to down-regulate

glycogen synthesis. Suitable small molecule GYS inhibitors include, but are not limited to:

11
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or a combination thereof. As will be understood by those skilled in the art, ASOs are single
stranded nucleic acids that bind to complementary RNA sequences to down-regulate mRNA
expression. Accordingly, suitable ASOs include any single stranded nucleic acid sequence that is
complementary to a nucleic acid sequence encoding for GYS, such as mRNA coding for brain-
expressed GY'S. As will also be understood by those skilled in the art, ASO sequences targeting
mRNA coding for GYS, such as Gys1-ASO, are readily designed and developed based upon the
DNA sequence of GYS shown in SEQ ID NO:1. In some embodiments, one or more of the small
molecule inhibitors and/or ASOs disclosed herein prevent polyglucosan body (PGB) formation

in the brain. In some embodiments, one or more of the small molecule inhibitors and/or ASOs

disclosed herein prevent PGB formation in the cytoplasm.

[0052] Additionally or alternatively, in some embodiments, the compound includes one or
more antibody-enzyme fusion compounds. In one embodiment, the compound clears already
formed polyglucosan-like granules in the brain. In some embodiments, the antibody-enzyme
fusion includes the cell-penetrating antibody 3E10 linked to amylase or any suitable amylase
variant. For examples, suitable antibody-enzyme fusion compounds include, but are not limited
to, VAL1221, VALO0417, or a combination thereof. VAL1221 is a fusion protein comprising the
Fab portion of the cell-penetrating antibody 3E10 linked to recombinant human acid alpha
glucosidase (thGAA). VALO0417 is a fusion protein comprising the cell-penetrating antibody
3E10 linked to amylase. In some embodiments, one or more of the antibody-enzyme fusion

compounds disclosed herein clear and/or eliminate previously formed PGB in the brain. In some
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embodiments, one or more of the antibody-enzyme fusion compounds disclosed herein clear

and/or eliminate previously formed PGB in the cytoplasm.

[0053] Also provided herein are methods for treating neurodegenerative diseases. In some
embodiments, the method includes administering one or more of the compounds disclosed herein
to a subject in need thereof. In some embodiments, the method includes administering one or
more antibody-enzyme fusion compounds to clear PGBs already formed in the brain. For
example, in one embodiment, the method includes administering VAL1221, VAL0417, or a
combination thereof to clear PGBs already formed in the cytoplasm. Additionally or
alternatively, in some embodiments, the method includes administering one or more small
molecule inhibitors and/or ASOs to reduce or prevent PGB formation in the brain. For example,
in one embodiment, the method includes administering one or more small molecule inhibitors
and/or ASOs disclosed herein to reduce or prevent PGB formation in the cytoplasm. In another
embodiment, the method includes first administering one or more antibody-enzyme fusion
compounds to clear PGBs already formed in the brain, then administering one or more small
molecule inhibitors and/or antisense oligonucleotides (ASO) to reduce or prevent glycogen/PGB
formation in the brain, or vice versa. In some embodiments, in contrast to existing methods for
treating glycogen storage disease (GSD), which include enzyme therapy targeting PGBs in the
lysosomes, the methods disclosed herein target PGBs in the cytoplasm. Accordingly, without
wishing to be bound by theory, it is believed that the methods disclosed herein represent

treatment of neurodegenerative diseases through a novel, previously untested target.

[0054] The neurodegenerative disease according to the compounds and methods disclosed
herein includes any suitable neurodegenerative disease involving abnormal accumulation of
glycogen, such as accumulation of PGB in the brain. Suitable neurodegenerative diseases
include, but are not limited to, traumatic brain injury (TBI), Alzheimer’s Disease (AD),
amyotrophic lateral sclerosis (ALS), epilepsy, aging or a combination thereof. For example, in
some embodiments, the methods disclosed herein include administering one or more of the
compounds disclosed herein to treat early and/or late on-set AD. Additionally or alternatively,
the compounds and methods disclosed herein may be anti-aging (i.e., the compounds and
methods reduce, eliminate, or reverse the effects of aging, such as, but not limited to, the effects

of aging on the brain).
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[0055] Further provided herein, in some embodiments, is a method for stable isotope
resolved metabolomics. In some embodiments, to assess glycogen synthesis, cells are isolated
and matured, then *C-glucose enriched culture media is added. The samples are then
periodically collected to purify glycogen, and the fraction of labeled *C-glycogen is measured
over time. For example, to assess glycogen synthesis in cortical astrocytes, the cells are isolated
and matured for 20 days. On the 21% day, the *C-glucose enriched culture media is added and
the samples are collected every hour for eight hours to purify glycogen, and the fraction of
labeled *C-glycogen is measured over time. In some embodiments, to assess glycogen
degradation, a *C-glucose “wash out” experiment is performed. First, cells are cultured with
BC-glucose enriched media to achieve isotopic steady state of *C-glycogen. Next, *C-glucose
media is replaced with regular ?C-glucose media and samples are periodically collected.
Washout of *C-glycogen is then measured over 8 hours to define the rate of glycogen
degradation. For example, to assess glycogen degradation in primary astrocytes, the cells are
cultured with C-glucose enriched media for 8 hours to achieve isotopic steady state of *C-
glycogen. *C-glucose media is replaced with regular '*C-glucose media and samples are
collected every hour for 8 hours. Washout of 1*C-glycogen is measured over 8 hours to define

the rate of glycogen degradation.

[0056] In some embodiments, the metabolomics method is used to establish age-related
changes in cerebral glucose metabolic flux, aberrant glycogen formation, and AD related
neuropathology in vivo across the lifespan of WT and multiple AD mouse models. In some
embodiments, the metabolomics method is used to express mutant AMPK that cannot bind to
AD-PGBs in both WT and AD-PGBs carrying immortalized astrocytes to define metabolic flux
of glucose through central carbon metabolism and fatty acid biosynthesis controlled by AD-
PGBs in vitro. Additionally or alternatively, in some embodiments, isotopologue distribution
adds additional layers of information compared to traditional metabolomics approaches. For
instance, by following isotope distribution of each metabolite, enzyme activity may be assessed

and differential pathway contributions to the total metabolite pool may be calculated.

[0057] The presently-disclosed subject matter is further illustrated by the following specific
but non-limiting examples. The following examples may include compilations of data that are
representative of data gathered at various times during the course of development and

experimentation related to the presently-disclosed subject matter. Those skilled in the art will
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recognize, or be able to ascertain, using no more than routine experimentation, numerous

equivalents to the specific substances and procedures described herein.

EXAMPLES

[0058] These Examples focus on the centralized theme that the accumulation of
polyglucosan body (PGB)-like glycogen granules in Alzheimer's disease (AD) brains, referred to
herein as “AD-PGBs,” and their modulation of glucose metabolism are part of AD progression.
AD-PGBs are up to S0um in diameter and are found in astrocyte cytoplasm, axons, and dendrites
of the cerebral cortex in AD patients. AD-PGBs were found to be a universal feature in all 30
human brain specimens tested to date. Moreover, they are architecturally similar to GSD PGBs
with respect to increased chain length and higher phosphate content (FIGS. 3A-D). Although
previous reports have highlighted the pathogenesis of PGBs in cellular physiology, they have not
established a connection between AD-PGBs with AD progression and physiopathology.

[0059] Based upon the results of the Examples presented herein, and without wishing to be
bound by theory, it is believed that AD-PGBs formation follows a two-stage stepwise
dysregulation in glycogen metabolism (FIG. 4). First, shifts in glycogen synthesis or degradation
drive increases in glycogen size and phosphate content, which occurs early on during aggregate
formation. Second, changes in glycogen branching enzyme, glycogen debranching enzyme and
the glycogen phosphatase laforin results in the formation of AD-PGBs in neurological diseases.
Following formation in the brain, AD-PGBs modulates cerebral glucose metabolism through

direct binding and inhibition of AMP-activated protein kinase (AMPK).

[0060] AMPK is a master regulator of glucose metabolism in multiple tissues including the
brain. AMPK regulates glucose homeostasis by: 1) regulating glucose uptake, 2) maintaining the
bioenergetic balance between glycolysis and mitochondrial metabolism, and 3) switching
between fatty acid biosynthesis and oxidation. In mammals, AMPK exists as a heterotrimer
(AMPKapy), containing a catalytic subunit (o) and regulatory subunits (B and y) (FIG. 5). The
subunit of AMPK (AMPKJ) specifically binds to glycogen, forming a glycogen/AMPK complex
(FIG. 5). Importantly, glycogen architecture modulates AMPK activity. For example, muscle
glycogen has longer chain length, increased branching, and phosphate levels compared to brain
glycogen. These characteristics result in greater binding affinity between muscle glycogen and

AMPK, and this binding inhibits AMPK activity (FIG. 5). Again, without wishing to be bound
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by theory, it is believed that hyperbranched and hyperphosphorylated AD-PGBs has an enhanced
inhibitory effect on AMPK, thereby acting as a driver of glucose hypometabolism during AD.

[0061] Since aberrant glycogen also accumulates in the aging brain, these findings have
broader implications relating to the dynamics of cerebral metabolism and the aging process. In
this regard, these Examples also define aging-associated metabolic changes in WT and AD
mouse models using state-of-art approaches. More specifically, state-of-art techniques are
applied to track cerebral glucose and glycogen metabolism perturbations in aging WT and
multiple AD mouse models. Since there are definitive sex discrepancies regarding metabolism,
cognition, and AD risk, power analysis and experimental procedures are designed to test sex as a

biological variable.

[0062] Finally, these Examples explore whether clearance of AD-PGBs using the antibody-
enzyme fusion VAL-0417 that ablates neuronal GSD PGBs is an effective therapeutic option to

rescue glucose hypometabolism and cognitive function in aged WT and AD mouse models.

[0063] EXAMPLE 1 - Defining glycogen metabolism and AD-PGB architecture in AD

models.

[0064] The accumulation of large insoluble glycogen-like polyglucosan bodies (PGBs) has
been linked to increased ER stress, decreased proteasomal activity, increased misfolded proteins,
and decreased autophagy in neurological GSDs. Strikingly, these are also all features of AD.
While no direct link between glycogen and AD had previously been established, this Example
shows that AD-PGBs are architecturally similar to PGBs and a universal feature of all AD
autopsy specimens tested to date (#=30). The data provided in this Example demonstrates that
AD-PGBs are both hyperbranched and hyperphosphorylated, similar to PGBs. Further, increased
AD-PGBs content correlates with higher Braak scores and lower cerebral glucose. Finally,
5xFAD and rTg4510 AD mouse models, as well as human APOFE4 “knock-in” mice all
accumulate AD-PGBs. In view thereof, without wishing to be bound by theory, it is believed that
AD-PGBs plays a pivotal role in AD disease progression. Therefore, understanding its biological
origin is crucial for the future development of therapeutic interventions. To this end, innovative

techniques are utilized to study glycogen metabolism, turnover, and architecture (FIG. 6).

[0065] Methods
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[0066] Flux analysis of glycogen metabolism in astrocytes. The biosynthesis and
breakdown of glycogen involves glycogen synthase (GYS) and glycogen phosphorylase (GP),
respectively. Early glycogen accumulation results in 1) an increase in synthesis and/or 2) a
decline in degradation. Both enzymes are subject to post-translation modifications, and thus

protein and mRNA levels do not always represent enzyme activity.

[0067] While traditional metabolomics are excellent at quantifying changes in metabolites
after a specific perturbation, it is hard to interpret pathway activity or flux of a specific substrate
such as glucose. For example, a decrease in a metabolite concentration can be indicative of
increased consumption or decreased synthesis. Accordingly, stable isotope resolved
metabolomics is more optimal over traditional metabolomics for these Examples. Only labeling
pathways or metabolites directly downstream of glucose provides a highly-specific method to
study glucose metabolism. Additionally, isotopologue patterns created from *C labeled
metabolites reveal information in enzyme activity and divergent pathways, providing an
additional layer of information for functional interpretation. Furthermore, although the delivery
of 1*C-glucose to the brain has been a major barrier preventing in vivo stable isotope resolved
metabolomics studies, these Examples employ a stress-free liquid diet delivery method

specifically designed to study tissue glucose flux, including in the brain.

[0068] In view thereof, stable isotope resolved metabolomics that traces *C-glucose
metabolism through central carbon metabolism of the brain may be used to define cerebral
glucose flux. For a true assessment of glycogen synthesis and degradation, flux analysis of heavy
labeled glucose incorporation into glycogen over time is required to assess synthesis (FIG. 7A).
Conversely, a *C-glycogen “wash out” experiment can be used to assess the rate of degradation
(FIG. 7B). For in vitro analysis, primary cortical astrocytes are isolated from WT, 5xFAD,
rTg4510, and APOE4 mouse models of AD (FIG. 7C). To assess glycogen synthesis, cortical
astrocytes are isolated and matured for 20 days. On the 21% day *C-glucose enriched culture
media is added, samples are collected every hour for eight hours to purify glycogen, and the
fraction of labeled *C-glycogen is measured over time. For glycogen degradation, a *C-glucose
“wash out” experiment is performed. First, primary astrocytes are cultured with *C-glucose
enriched media for 8 hours to achieve isotopic steady state of *C-glycogen. 1*C-glucose media is
replaced with regular >C-glucose media and samples are collected every hour for 8 hours.

Washout of *C-glycogen is measured over 8 hours to define the rate of glycogen degradation.
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To demonstrate feasibility, this assay was performed on WT primary cortical astrocytes (FIG.

7D).

[0069] Additionally, GYS and GP protein levels may be assessed by western blotting to add
additional layers of information to the flux analysis. Together, these experiments reveal whether

early perturbations in glycogen synthesis or degradation is affected during progression of AD.

[0070] Biochemically define AD-PGBs architecture. Beyond glycogen synthesis and
degradation, glycogen architecture is also an important aspect of glycogen physiology. Glycogen
chain length, branching, and phosphate content are regulated by the coherent synergy between
branching enzyme (BE), debranching enzyme (GDE), and laforin that define its granular size,
solubility, accessibility to cells as a glucose storage cache, and interaction with AMPK.
Dysregulation of any of these three enzymes could result in AD-PGBs formation. Glycogen
architecture may be defined with high-resolution methods to identify metabolic defects that leads
to AD-PGBs formation, pathogenesis of AD-PGBs, and its contribution to AD disease

progression.

[0071] AD-PGBs, metabolism, clinical course, and disease progression in patient samples.
An analysis of AD patients suggested an age-associated accumulation of AD-PGBs that

correlates with Braak staging.
[0072] Results

[0073] AD patient specimens have architecturally abnormal glycogen. Periodic acid-Schiff
(PAS) staining was performed on AD specimens obtained at autopsy to assess glycogen content.
Large granular AD-PGBs co-localize with tau aggregation in human AD patients (FIG. 3A).
AD-PGBs was further purified and analyzed for relative architectural abnormalities using
enzyme-based biochemical methods. AD-PGBs contains 4-fold higher phosphate than normal
liver glycogen and has increased chain length and degree of branching by iodine spectra analysis
(FIGS. 3B-C). AD-PGBs architectural properties closely resemble the malignant PGBs purified
from a neuronal GSD mouse model (FIG. 3D). Together, this data suggests fundamental changes

in glycogen metabolism and architecture may contribute to AD pathogenesis.

[0074] AD-PGBs correlate with Braak score and free cerebral glucose. To examine

whether AD-PGBs correlate with AD progression, glycogen and free glucose were
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simultaneously purified from 30 patient samples (obtained from the UK Brain Bank with
corresponding Braak staging) using a method that allows for sensitive quantification of both
metabolites from as low as 10mg tissue by gas chromatography-coupled mass spectrometry
(GCMS). A strong positive correlation was found between AD-PGBs levels and Braak staging
(FIG. 8A). Additionally, increases in AD-PGBs were found to correlate with decreased total
pools of free glucose in the brain (FIG. 8B). These data suggest AD-PGBs modulates free

glucose levels in the brain and represents a key aspect of AD disease progression.

[0075] 5xFAD, rTg4510, and human APOE4 transgenic mice all show accumulation of
AD-PGBs. To assess if AD-PGBs exists in preclinical models, two different AD mouse models
were utilized: the SXFAD amyloid pathology model and the rTg4510 tauopathy model. Human
APOE4 targeted replacement transgene mice (Apoe™APOE*IMaey were also utilized, a model that
shares metabolic characteristics with humans, but does not form amyloid-beta and tauopathy.
Glycogen was purified from whole brain and quantified glycogen loads using GCMS and
immunohistochemical staining (IHC). A more than 2-fold increase in glycogen accumulation
was found in all three models compared to their age-matched WT controls (FIG. 9A). Moreover,
AD-PGBs was clearly visible with IHC in sagittal brain sections using a highly specific PGB
antibody (FIG. 9B). Importantly, the presence of AD-PGBs in the APOE4 mouse brain suggests
that AD-PGBs is not simply a byproduct of amyloid or tau pathology, but instead may be a

potential driver of the disease.
[0076] Conclusion

[0077] This Example resolves the metabolic perturbations that result in AD-PGBs formation
during disease progression. Defining AD-PGBs metabolism using flux analysis in three different
AD mouse models permits a determination as to whether AD-PGBs arise from early increases in
synthesis or reduction in degradation. AD-PGB architecture identifies unique properties of other

glycogen modeling enzymes that drive disease progression.

[0078] The astrocyte analyses suggest 1*C-glucose enrichment of glycogen reaches isotopic
steady state at 8 hours. However, if glycogen metabolism is compromised in primary astrocytes
isolated from AD mouse models, this time frame could be altered. If this is the case, enrichment
and wash out experimental time points may be increased/decreased to carefully evaluate

glycogen synthesis and degradation. Although astrocytes have been identified as the principal
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site of glycogen metabolism in the brain, possible glycogen accumulation has been observed in

neurons as well.

[0079] EXAMPLE 2 - Determining glycogen modulation of cerebral metabolism in AD

and aging.

[0080] Age-related changes in metabolism with the onset and progression of AD have not
been well established, and thus remain a knowledge gap in the field. This Example shows age-
dependent changes in glycogen accumulation and glucose metabolism in both WT and 5xFAD
mice. Moreover, this Example shows that AD-PGBs can directly bind and modulate AMPK
activity. AMPK is a master regulator of metabolism - controlling glucose flux, glycolysis,
mitochondrial respiration, and fatty acid biosynthesis in the brain. Therefore, without wishing to
be bound by theory, it is believed that AD-PGBs modulates cerebral glucose metabolism through
AMPK during aging and the progression of AD.

[0081] A novel stable isotope resolved metabolomics approach may be used to: 1) establish
age-related changes in cerebral glucose metabolic flux, aberrant glycogen formation, and AD
related neuropathology in vivo across the lifespan of WT and multiple AD mouse models; and 2)
express mutant AMPK that cannot bind to AD-PGBs in both WT and AD-PGBs carrying
immortalized astrocytes to define metabolic flux of glucose through central carbon metabolism

and fatty acid biosynthesis controlled by AD-PGBs in vitro (FIG. 10).
[0082] Methods

[0083] Define age-related changes in glycogen, glucose hypometabolism, and AD

progression.

[0084] Clearly delineating age-related changes in AD-PGBs, glucose hypometabolism,
amyloid pathology, and tauopathy would establish the relationship between them, as well as their
individual roles in driving the onset and progression of AD. In this regard, the present inventors
have developed an innovative non-invasive liquid diet that may be used to study in vivo glycogen
and glucose flux. This method allows for stress-free stable isotope delivery and enrichment of all
major metabolites - from nucleotides to fatty acids - in vivo. Two-week, one-, two-, four-, six-,
nine-, and twelve-month-old age- and sex-matched WT, 5xFAD, rTg4510, and APOE4 mice are
fed 680 g diet/kg mouse supplemented with 0.167 g 1*C-glucose/g diet to allow ad libitum
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consumption for 18 hours (#=14 provides 85% power to detect 20% change in metabolites at 5%
false discovery rate). While this liquid diet allows stress-free ad libitum feeding, if eating
patterns are disrupted in AD mice it may not be applicable. As such, the diet is monitored
carefully by weighing liquid diet daily. If the eating pattern is altered a newly developed gavage
method may be used for consistent delivery of 1*C-glucose across different age in WT and AD

mice.

[0085] At the end of the feeding period, mice are sacrificed by spinal dislocation followed by
immediate brain extraction. Brains are dissected to cortex, hippocampus, and cerebellum and
snap frozen in liquid N». The frozen tissues from in vivo studies is pulverized to 10 um particles
in liquid N> using a magnetic assistant tissue milling and 20 mg of each milled tissue is extracted
in a solvent mixture of H>O:methanol:chloroform (1:1:2) for recovering polar, lipid, and
glycogen. The polar extracts are then analyzed for a wide range of metabolites and their labeling
patterns using GCMS. Measurements include downstream metabolites from central carbon
metabolism including, glycolysis, PPP, Krebs cycle, amino acid metabolism, and metabolism of
nucleotides and their derivatives. The organic layer is analyzed for *C-enrichment of free fatty
acid biosynthesis with variable chain lengths (C:8-C:40). The insoluble layer is further extracted
using 10% TCA to isolate glycogen, and glycogen and phosphate content are assessed using
methods in Example 1. 1*C incorporation into metabolites downstream of *C-glucose is
followed in order to reconstruct metabolic networks specifically altered during normal aging and
during the onset and progression of AD in mouse models. The remaining hemisphere of the brain
is stained for amyloid-beta and tauopathy to better understand the impact of altered metabolism

on the biology of aging and AD progression.

[0086] Together, these data establish the sequence of events connecting AD-PGB formation,
AD-related neuropathology, and glucose metabolism. Further, by including a WT aging group,
the experiments provide insight into natural aging events, and thus define the point of divergence

between normal aging and AD-specific pathophysiology.

[0087] Identify metabolic perturbations driven by AD-PGBs inhibition of AMPK. Cells
harboring shRNA targeting AMPKct have aberrant central carbon metabolism including
glycolysis, Krebs cycle, and fatty acid synthesis. Since AD-PGBs completely inactivate AMPK

in cell-free assays, it is believed that this reprograms cerebral glucose metabolism in a
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pathogenic manner. To interrogate detailed metabolic flux through different glucose metabolic
pathways after AD-PGBs/AMPK interaction, a stable isotope resolved metabolomics approach is
utilized in vitro. WT and mutant AMPKJ cell lines generated as discussed above are used to
study glucose flux through central carbon metabolism. Isotopologue distribution adds additional
layers of information compared to traditional metabolomics approaches. For instance, by
following isotope distribution of each metabolite, enzyme activity may be assessed and

differential pathway contributions to the total metabolite pool may be calculated (FIG. 15A).
[0088] Results

[0089] Age-dependent accumulation of AD-PGBs and impairments in glucose
hypometabolism. The 5xFAD mouse strain is a model of rapid amyloid pathology with cognitive
deficits. To demonstrate age-related AD-PGBs formation and glucose hypometabolism, a
glycogen analysis and targeted metabolomics were performed on WT and SxFAD mouse brains
at 8 and 16 weeks. Age associated increases in glycogen accumulation (FIGS. 11A-B), and
decreases in glucose metabolism were found in 16-week old WT mice when compared to 8-week
controls. However, the differences are exacerbated in the SXFAD model (FIG. 11C), suggesting

a more significant shift in metabolism is required for the progression of AD.

[0090] AMPK has increased binding affinity to AD-PGBs. AMPK modulates the rate of
glucose uptake, glycolysis and fatty acid biosynthesis. AMPK activation in the brain is protective
against focal cerebral ischemia and glucose deprivation, and loss of AMPK activity results in
aberrant metabolism in experimental models. The  subunit of AMPK (AMPKJ) contains a
conserved region called the carbohydrate binding module (CBM), and threonine 148
(AMPKBT148) of the CBM is a key amino acid for the glycogen/AMPK interaction. Substitution
with the phosphomimic aspartic acid (AMPKr148p) prevents AMPK binding to glycogen.
Conversely, the AMPK 311484 mutant binds to glycogen with increased affinity. To study AMPK
interaction with AD-PGBs, a cell-free assay was established using bacterially expressed
recombinant wild type and mutant AMPK trimeric complexes, purified AD-PGBs from the brain
of SxFAD mice, and the glycogen-binding ConA conjugated to magnetic beads to capture the
complex (FIG. 12A).

[0091] WT-AMPK binds to AD-PGBs with 7-fold higher affinity than liver glycogen

isolated from the same mouse. As expected, the T148D mutant has limited binding affinity to
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AD-PGBs while the T148A control has the opposite effect showing comparable binding to both
glycogen subtypes (FIGS. 12 B-D). These data demonstrate that AD-PGBs interacts with AMPK
with high affinity and the interaction is dependent on AMPKT14s.

[0092] Binding of AD-PGBs to AMPK abolishes its activity. To test whether binding to AD-
PGBs impacts AMPK activity, recombinant AMPK complexes were co-expressed with AMPK-
upstream activator CAMKKZ] in bacteria to produce activated AMPK. The ability of AD-
PGBs/AMPK complexes to phosphorylate a recombinant peptide corresponding to the 1-150
amino acid sequence of acetyl-CoA carboxylase (ACCi1.150), a known AMPK substrate (FIG.
13A), was tested. The binding to AD-PGBs resulted in the inability of AMPK to phosphorylate
ACCi1.150 in the cell-free assay. This was rescued by the low affinity Bri4sp mutant, but not the
high affinity Brissa mutant (FIGS. 13B-D). These data confirm that AMPK binds to AD-PGBs
with high affinity and overrides AMPK activity. Together, these cell-free analyses confirm that
the AMPK genetic mutants are powerful tools to study AD-PGBs biology in vitro.

[0093] Generation of cell line with AD-PGBs. Astrocytes play critical roles in maintaining
cerebral metabolism, and their dysregulation is thought to contribute to the pathogenesis of AD.
Much of what is known about astrocyte biology is derived from in vifro studies of isolated
human or rodent astrocytes. Currently, an astrocyte model that contain AD-PGBs does not exist.
In order to study the impact of AD-PGBs on glucose metabolism in vifro, immortalized
astrocytes were genetically engineered to accumulate AD-PGBs based on glycogen storage
disease type IV (GSD-IV). GSD-IV results from glycogen branching enzyme (BE) deficiency.
BE is required for the assembly of a branched glycogen molecule, which enables a high packing
density of glucose for maximum storage. GSD-IV results in systemic aberrant insoluble
glycogen accumulation (similar in structure to AD-PGBs) that drives neurodegeneration in cats
and horses. A stable knockdown of BE using small hairpin RNA was performed in immortalized
cortical astrocytes (ICA), using scrambled shRNA(shScr) as control. ICA-shBE contain 5-fold
higher insoluble glycogen than controls (FIG. 14A), and the glycogen is hyperbranched and
hyperphosphorylated similar to AD-PGBs (FIGS. 14A-B). ICA-shBE is used as an in vitro

model of AD-PGBs accumulation to interrogate its effects on AMPK and glucose metabolism.

[0094] In vitro AD-PGBs model has altered AMPK activity and glucose metabolism. To
confirm that in vifro models of AD-PGBs in ICA modulate AMPK activity and glucose
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metabolism, immunoblotting and stable isotope resolved metabolomics analysis were performed
on ICA-shBE and control (ICA-ShScr) cell lines. To investigate whether AD-glucose alters
glucose metabolism, *Cs-glucose was employed as a tracer to study carbon flux through
glycolysis and the Krebs cycle in ICA-shBE and control cell lines (FIG. 15A). A decrease in
glucose uptake and decreases in the relative amounts of metabolites and their isotopologues in
glycolysis and the Krebs cycle were observed (FIGS. 15B-F). Additionally, ICM-shBE had
reduced p-ACC compared to the control, suggesting inhibition of AMPK activity (FIG. 15G).
These data confirm ICA-shBE have slower glucose metabolism, and AD-PGBs is a direct

modulator of glucose metabolism in astrocytes.
[0095] Conclusion

[0096] The data obtained through the Examples discussed herein show that AD-PGBs have a
dominant inhibitory effect over AMPK in a cell-free assay. This Example confirms that the AD
brain has altered metabolism and that AD-PGBs could drive this phenotype through inactivation
of AMPK. Additionally, the results of the experiments discussed herein improve the
understanding of age-associated metabolic changes in AD, thereby providing scientific rationale

for the development of the next generation of anti-AD therapeutics.

[0097] EXAMPLE 3 - Targeting of AD-PGBs with an antibody-enzyme fusion to treat
AD.

[0098] Abnormal glycogen accumulation is the defining etiology of multiple glycogen
storage diseases (GSDs). Systemic enzyme replacement therapy — which degrades glycogen —
relieves the clinical burdens of GSD type II. GSDs of the brain lead to rapid cognitive decline
and accelerated neurodegeneration. No therapy exists to target abnormal glycogen in the brain.
However, a conditional knock out of glycogen synthase in a brain GSD mouse model prevents
glycogen formation, reverses many side-effects of aging, and reduces neuroinflammation and
gliosis. In view thereof, it is believed that clearance of AD-PGBs in AD models would restore

metabolic profiles, improve cognitive function, and delay neurodegeneration.

[0099] The present inventors have demonstrated the feasibility of intracerebroventricular
(ICV) delivery of a novel antibody-enzyme fusion therapeutic, VAL-0417, to degrade abnormal

glycogen of the brain in vivo. This delivery is used to assess whether VAL-0417 can improve
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AD behavioral/cognitive functions, neuropathology, and metabolism in SXFAD, rTg4510, and
APOE4 mouse models (FIG. 16).

[00100] Methods

[00101] Antibody enzyme fusion targeting cerebral glycogen. Enzyme therapeutics hold a
few advantages over small molecule inhibitors for the treatment of intracellular aggregates due to
1) direct targeting, ii) substrate specificity, and iii) robust half-life in vivo. Genetically engineered
antibody enzyme fusions (AEFs) improve on traditional enzyme therapeutics to allow targeted
penetration of diseased tissues and cell types. The AEF designated VAL-0417 was generated by
fusing the 3E10 antibody heavy chain fragment with human pancreatic a-amylase (FIGS. 17A-
B). 3E10 can penetrate brain cells using a nearly ubiquitously expressed nucleotide salvage
pathway mediated by the equilibrative nucleoside transporter 2 (ENT2). The human pancreatic
a-amylase displayed the best activity to degrade glycogen under neutral pH of the cellular
environment (FIG. 17A). VAL-0417 is designed as a treatment option delivered through
intracerebroventricular injection (ICV). A highly sensitive enzyme-linked immunosorbent assay
(ELISA) was developed to detect VAL-0417 as low as 50pg VAL-0417/ug of protein (FIG.
17C). The ELISA provides a rapid method of detecting VAL-0417, it differentiates VAL-0417

from endogenous amylase proteins, and it provides a robust signal from multiple tissue.

[00102] Examine glucose flux, AMPK activity, bioavailability of VAL-4017 in vivo after
treatment. Biodistribution of VAL-0417 is measured from samples using an in-house ELISA

that has a sensitive of detection of 50pg/ug protein (FIG. 17C).
[00103] Results

[00104] The AEF VAL-0417 degrades PGBs in the brain. The ability of VAL-0417 to
degrade abnormal glycogen was first tested in a murine GSD model of neurodegeneration
(Epm2a’™) in vivo. VAL-0417 was administered directly into the right lateral ventricle using an
ALZET osmotic pump attached to a catheter that was surgically implanted for
intracerebroventricular (ICV) delivery. 6-month-old mice received a continuous infusion of
VAL-0417 (0.026 mg/day) or PBS for 12 days via the ICV pump. Mice were then euthanized,
followed by assessment of total glycogen levels and the cerebral metabolome. Strikingly, VAL-
0417 dramatically reduced total glycogen levels by greater than 70% (FIGS. 18A-C). The results
demonstrated that VAL-0417 degrades brain PGBs after ICV administration.
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[00105] While these results are extremely exciting, they do not demonstrate that
eliminating PGBs impacts brain physiology. Therefore, GCMS was utilized to assess >150 brain
central carbon metabolites of glycolysis and the TCA cycle; amino acids; nucleotides. The
metabolic profile of untreated WT and Epm2a’™ mice segregated into two very distinct groups
(FIG. 18D). The metabolic profile from the PBS-treated laforin KO mice clustered into a third
group, likely due to the physiological effects of surgery and PBS infusion (FIG. 18D).
Strikingly, metabolites of the VAL-0417 treated laforin KO mice clustered tightly within the WT

group, indicating that the cerebral metabolism returned to normal.

[00106] All publications, patents, and patent applications mentioned in this specification
are herein incorporated by reference to the same extent as if each individual publication, patent,
or patent application was specifically and individually indicated to be incorporated by reference,
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[00107] While the disclosure is susceptible to various modifications and alternative forms,
specific embodiments thereof have been shown by way of example in the drawings and are

herein described below in detail. It should be understood, however, that the description of
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specific embodiments is not intended to limit the disclosure to cover all modifications,
equivalents and alternatives falling within the spirit and scope of the disclosure as defined by the

appended claims.
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CLAIMS

What is claimed is:

1. A method for treating a neurodegenerative disease, the method comprising administering,
to a subject in need thereof, one or more compounds selected from the group consisting of a
small molecule glycogen synthase (GYS) inhibitor, an antisense oligonucleotide targeting
glycogen synthase, an antibody-enzyme fusion compound targeting polyglucosan bodies (PGBs),

and combinations thereof.

2. The method of claim 1, wherein the small molecule GYS inhibitor is selected from the

group consisting of:

i i
t X
ch\ o ‘\Q/\Q\\GHO \T[f \GH C?H O /\\/O
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and a combination thereof.

3. The method of claim 1, wherein the antisense oligonucleotide comprises a nucleotide

sequence complementary to an mRNA sequence coding for brain-expressed GYS.

4. The method of claim 1, wherein the antibody-enzyme fusion compound includes a cell-

penetrating antibody comprising 3E10 linked to amylase or a variant thereof.

40



WO 2021/183554 PCT/US2021/021562

5. The method of claim 4, wherein the antibody-enzyme fusion compound is selected from

the group consisting of VAL-0417, VAL-1221, and combinations thereof.

6. The method of claim 1, wherein the method comprises clearing PGB-like granules in the
brain.
7. The method of claim 6, wherein the method comprises clearing PGB-like granules from

cytoplasm in the brain.

8. The method of claim 6 or 7, wherein the one or more compounds comprise at least the

antibody-enzyme fusion compound.

0. The method of claim 8, wherein the antibody-enzyme fusion compound comprises VAL-
0417.

10. The method of claim 1, wherein the method comprises inhibiting PGB formation in the
brain.

11. The method of claim 10, wherein the method comprises inhibiting PGB formation in

cytoplasm in the brain.

12. The method of claim 11, wherein the one or more compounds comprise at least one of the

small molecule GYS inhibitor and the antisense oligonucleotide.

13. The method of claim 1, wherein the method comprises:
first administering the antibody-enzyme fusion compound to clear existing PGB-like
granules in the brain; and then
administering at least one of the small molecule inhibitor and the antisense

oligonucleotide to inhibit new PGB formation in the brain.

14. The method of claim 1, wherein the neurodegenerative disease is selected from the group
consisting of traumatic brain injury (TBI), Alzheimer’s Disease (AD), amyotrophic lateral

sclerosis (ALS), epilepsy, and combination thereof.

15. The method of claim 14, wherein the neurodegenerative disease is Alzheimer’s Disease.
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