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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by the progressive
loss of motor neurons, leading to muscle atrophy, paralysis, and death within 3-5 years. Sporadic (~90% of cases)
and familial forms of the disease display similar clinical and pathological features. ALS typically affects people
between 40-70 years of age (average 55 years) with an incidence of ~2 cases per 100,000 individuals, which
corresponds to a 1 in 2000 lifetime risk to develop the disease. An increased prevalence of ALS has recently been
observed, with the worldwide affected population estimated to reach ~108,000 patients by 2012 with one-third
residing in the U.S. It has recently been reported that Gulf War veterans exhibit a significant increased risk of
developing ALS, and extends more generally to the military service outside of the Gulf War. ALS patients are
often affected in the prime of their lives, and retain full intellectual awareness of their inexorably declining motor
faculties during the disease progression. There is no effective treatment for ALS; riluzole, a presumptive anti-
glutamatergic agent, is the only FDA-approved therapeutic drug for ALS, which only extends median survival by
2-3 months. The genetic linkage of several mutations in the gene for Cu/Zn superoxide dismutase (SOD 1) in
some cases of familial ALS (FALS) provided the first indication of a potential causal factor in the disease process.
Recent studies have now linked FALS to sporadic ALS (SALS) through common SOD1 containing astrocytes,
demonstrating that SOD1 is a viable target for both FALS and SALS, providing further impetus for the
identification of compounds active in mutant SOD1 disease models.! These similarities in the clinical and
pathological features of FALS and SALS has led investigators to use the FALS phenotype as a strategy for
elucidating disease pathogenesis and defining novel treatments in both forms of the disease. Although the
underlying biochemical alterations and the mechanisms of neuronal degeneration remain unknown in ALS, it has
been postulated that protein misfolding and aggregation may be an early event that triggers both damaging and
compensatory molecular processes and genetic programs that are toxic to neurons, altering transcription through
the sequestration of proteins and leading to activation of signaling cascades associated with mitochondrial
dysfunction, energy metabolism defects, inflammation, oxidative stress, apoptosis, excitotoxicity, and global
deleterious effects on protein homeostasis, all of which may underlie the ALS pathology. Employing a high-
throughput screen (HTS) of a library of >50,000 compounds, we have identified three chemotypes (Figure 1),
arylsulfanylpyrazolones (AXP, X = S), pyrimidine-2,4,6-triones (PYT), and cyclohexane-1,3-diones (CHD),
which provide protection from toxicity and block aberrant protein aggregation caused by mutant SOD1. The last
year has been focused on enhancing potency and/or pharmacokinetic properties of the three chemotypes, testing
our best compounds from last year at different doses in the ALS mouse model, and investigating possible
mechanisms of action of the compounds.
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Figure 1. Three active chemotypes from the HTS

BODY
Biological Activity and New Analogue Synthesis

Primary cell-based assay for guiding analogue synthesis

To guide analogue synthesis, we utilize a cellular model in which cell death depends on the expression of
G93A-SODL1. Cytotoxicity is determined in cultured PC12 cell lines expressing G93A-SOD1, using the cell
viability reagent Calcein AM. To determine potency, analogues are tested for restoration of cell viability via a
dose response experimental design format. Analogues of compounds that protect against mutant SOD1-induced
cytotoxicity in the cell-based assay are then prioritized for in vivo studies in the G93A transgenic mouse.



Originally, Cambria Pharmaceuticals was responsible for assay design and implementation and had
primary responsibility for all biological assays. As a consequence of the closure of Cambria in 2012, the assay
technology was transferred to the Morimoto Laboratory at Northwestern University. To ensure accuracy in the
transfer of technology, we began by testing the three original chemotypes (Figure 1), arylsulfanylpyrazolones
(AXP, X = S), pyrimidine-2,4,6-triones (PYT), and cyclohexane-1,3-diones (CHD), identified in the high-
throughput screen. Consistent with previous studies at Cambria, we found that these three scaffolds provided
protection from toxicity caused by expression of mutant SOD1. After demonstrating the successful transfer of
the cell-based assay, new compounds modified from the AXP, CHD, and PYT cores were tested to direct future
structural modifications. This report covers the entire period of grant support.

SAR of aryloxanylpyrazolones

Once the ASP class of compounds was identified, numerous analogues were made. We also were
interested in trying to determine the target(s) of action of this class of compounds (vide infra), and several
biotinylated analogues were made for pull-down studies (1a-d). The in vitro ECsg of 1 (R1 = R2 = H) in our mutant
SOD1-PC12 aggregation assay was 0.067 uM, so the long, bulky side chain attached to N* of the pyrazolone ring
did not appear to have a significant effect on the activity of the parent molecule; it appears that steric hindrance
is not a problem at that position. Methylation of N* of 1 (R1 = Me, Rz = H), not surprisingly, also had a similar
ECso (0.75 uM). However, the N*,N2-dimethyl analogue (1, R1 = Rz = Me) was inactive! This was telling us
something very important about the N2-H. Therefore, we carried
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out a SAR study on analogues of 1 to determine the importance of this N-H, and the results are summarized in
Table 1. All of the N!-substituted compounds are active except for 1f, j, k, and 0. Compound 1f is intriguing
because it is small and not bulky. It was thought that the hydroxyl group of the hydroxyethyl group could form
an intramolecular hydrogen bond, via a 6-membered ring, to the N-H, thereby destroying any activity. To test
that hypothesis, the corresponding hydroxypropyl analogue (1g) was made, which would require a much less
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stable 7-membered ring intramolecular hydrogen bond, and, indeed, activity returned. An increase in electron-
withdrawing ability should also have an important effect on activity because of its decrease in pKa of N-H. In
fact, 1h and 1i have increasingly lower activity, and 1j, 1k, and 1o are inactive, as expected for an electron-
withdrawing effect. To further confirm these results, other cycles were incorporated in place of the pyrazolone
ring (2-4); none of these were active. These results support the importance of N2-H in its activity, presumably
some hydrogen-bonding interaction with a target that is essential for activity. It also has guided our thinking in
terms of sites for attachment of groups for pull-down mechanism of action experiments.

Table 1. SAR studies of substituted pyrazolones.
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Amine analogs of arylsulfanylpyrazolone (ASP), the arylazanylpyrazolone (AAP) analogs

Different sulfur-containing linkers (X) in the ASP compounds (see Figure 1) were synthesized, and X =S
was most potent. However, sulfide-containing compounds showed rapid metabolic degradation. When X = O,
the metabolism diminished greatly, and when an analog with X = O and R = 3,5-dichloro was administered to
the G93A ALS mouse at 20 mg/kg, an enhancement in life expectancy of 13% was observed (vide infra). This
was not as large an increase as was hoped, so additional dosing studies were carried out (vide infra) and further
modifications to the ASP structure (CMB-087229), varying X, were made. We believe that greater
enhancement of life expectancy was not attained because of the poor bioavailability of the compound. As such,
additional analogs were developed. When X = NH, moderate potency (1.1 uM), excellent solubility (=500 uM)
and plasma stability (>60 min), good microsomal stability (T2 95 min with human and 30 min with mouse
microsomes) were observed, but Caco-2 values were low, predicting poor bioavailability: A->B, 1.3 x 10%cm s’
Land B->A, 24.2 x 10 cm s, suggesting an efflux substrate (efflux ratio, ER 19.2). We suspected that the NH
may be responsible, so a series of N-substituted analogs (ASP, X = NR) was synthesized, all of which were
active (Figures 2-4). Microsome stability also improved (T12 for human microsomes >180 min). Caco-2
permeability improved considerably for the N-Me analog (ER 3.5), but still remained out of the optimal range
in addition to having low permeability. In addition, N-substituted analogs were used for our target identification
studies (vide infra).
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Because alkylation (R = alkyl or arylalkyl) gave active analogues that had much improved microsome
stability, and Caco-2 permeation was better, we continued to pursue analogues of 5 (Figures 5-9). On the basis
of these results, a SAR is depicted in Figure 10.
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Figure 10. SAR summary

As shown in Figure 8, the placement of the nitrogen atom along the side chain is important. The most relevant
site for our studies is the placement in the middle of the chain (Figure 8, 6, R* = Me, R? = 3,5-dichloro), which
was comparable in potency to 5 but much more stable in microsomes (>180 min, human), good Caco-2
permeability and low efflux ratio (0.8). The importance of this compound is that the nitrogen basicity of 6 (R* =
Me, R? = 3,5-dichloro) (pKa ~8.5) is much greater than that in 5 (R! = Me, R? = 3,5-dichloro) (pKa ~5);
consequently, salts can be made with 6. Several salts were made: HCI, citrate, tartrate, sulfate, and phosphate
salts. They were all much more soluble than the parent molecule, with the HCI salt being the most soluble. In
animal testing with these compounds it was observed that the mice were severely irritated by the HCI salt,
mildly irritated by the tartrate salt, but not irritated by the citrate salt. However, citric acid was not sufficiently
acidic to allow the salt to be stable. Therefore, the phosphate and sulfate salts were made, which also did not
irritate the animals.

SAR studies with cyclohexane-1,3-dione (CHD) analogues

We had found that one of our most potent CHD analogues (CMB-086874, 7), which also had good ADME
properties, exhibited no life extension of the ALS mouse, even at 20 mg/kg. However, we subsequently found
that, unlike all other active compounds, 7 did not penetrate neurons, so we searched for CHD analogues that could
penetrate neurons and identified two positive structures (8 and 9) The most potent (8c) was found to
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have excellent in vitro ADME properties in terms of plasma (T12 >60 min) and microsomal stability (T2 74 min,
human; 52 min, mouse microsomes), Caco-2 permeability (24.1 x 10® cm s) with low efflux ratio (0.1), and no
MTD reached, even at 5 g/kg after 5 days (no observable toxicity). ALS mouse studies are discussed below.

Animal PK and Efficacy Studies

Effect of CMB-021805 on SOD1 G93A ALS Mice
Genetic mouse models have played a critical role in the study of human neurological disorders by providing
accurate and experimentally accessible systems to study mechanisms of pathogenesis, to characterize
biomarkers of disease, and to test potential therapeutic strategies for translation in patients with
neurodegenerative diseases. The G93A mutant SOD1 transgenic mouse model is one of the most widely



employed models of ALS as it replicates many of the symptoms observed in ALS patients. The similarities in

the clinical and pathological features of familial and sporadic ALS has led investigators to use the familial ALS

phenotype (G93A mice) as a strategy for elucidating disease pathogenesis and defining novel treatments for

both forms of the disease. In our original submission we showed that compounds from PYT (CMB-021805),

ASP (CMB-087229), and CHD (CMB-086874) scaffolds were efficacious in the protein aggregation assay. The
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PYT molecule, CMB-021805, was chosen as the first NCE compound for testing in the G93A ALS mouse
model. Behavioral results of Open-Field analysis showed a marked significant protective effect in a dose

dependent manner using CMB-021805 (Figure 11).
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Figure 11. Open field test results using CMB-021805 are dependent on motor performance and can be evaluated via multiple parameters.
One easy way to conceptualize this parameter is ‘resting time’ (graph B). As disease develops in the animals, their muscles become
weak and they need to spend more time resting. In graph B the resting time for the wild type (healthy) animals changes little over time.
Untreated ALS animals begin to rest significantly more in week 14-15 as disease becomes more severe. Disease is so severe in week
18-19 that these untreated mice become untestable. CMB-021805 was effective in decreasing resting time during this period. There
was a dose-dependent improvement, with the greatest improvement at the highest dose (10 mg/kg).

Also, CMB-012805 treatment significantly extended survival in the G93A ALS mice in a dose dependent
manner in comparison to untreated G93A mice (Figure 12). We extended these studies by increasing the dose
administration to 20 mg/kg (Figure 8B).
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Figure 12. Kaplan-Meier Survival Curve of Dose Response Using CMB-021805 in G93A mice. Figure A includes 0.1, 1, and 10
mg/kg dosing, while Figure B includes 20 mg/kg dosing.

These experiments resulted in a remarkable improvement in survival extension resulting in 11.9% and 26.4%
extension in lifespan in the 10 mg/kg and 20 mg/kg highest doses, respectively (untreated G93A mice: 124.6 +
3.7 days; 0.1 mg/kg CMB-021805-treated G93A mice: 126.5 + 4.3 days; 1 mg/kg CMB21805-treated G93A
mice: 131.2 + 5.1 days; 10 mg/kg CMB-021805I-treated G93A mice: 139.4 + 5.9 days, p<0.01; 20 mg/kg
CMB-021805-treated G93A mice: 157.5 + 11.7 days, p<0.01). Since our original submission, we have extended
our efficacy studies administering CMB-021805 and CMB-087229 in G93A ALS mice. We performed
maximum tolerated dose studies to ensure that each had similar outcomes. Since the half-life of CMB-021805 is
relatively short, we carried out additional dosing trials in the G93A mice administering 30 mg/kg and 10 mg/kg
BID, along with 20 mg/kg CMB-021805 for comparison to the previous trial. These additional studies provided
critically vital information in the evaluation of CMB-021805 and demonstrated that the results are reproducible.
The 30 mg/kg dose resulted in no significant increase in survival over 20 mg/kg, suggesting that this dosing
level was near to the cumulative toxicity level. While the 20 mg/kg dose was the same as that previously
observed (25.5% survival extension), the 10 mg/kg BID dose resulted in almost 31% life extension in the G93A
mice! This finding is second to none and higher than any result reported in this animal model (Figure 13).
These survival findings have now been replicated in the Ferrante laboratory.
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Figure 13. CMB-021805 treatment significantly extended onset of death and survival in the G93A ALS mice in a dose dependent
manner, in comparison to untreated G93A mice. Survival extension was significant at the 20 mg/kg and 10 mg/kg bid doses. The 30
mg/kg dose of CMB-021805 did not significantly extend life span mice (untreated G93A mice: 125.25+4.3 days; 30 mg/kg CMB-
021805-treated G93A mice: 127.6+4.7 days, p<0.42; 20 mg/kg CMB-021805-treated G93A mice: 157.2+10.1 days, p<0.01; 10 mg/kg
bid CMB-021805-treated G93A mice: 163.8+12.2 days, p<0.01). Survival extension: 25.5% at 20 mg/kg; 30.8% at 10 mg/kg BID.

Neuropathological analysis in untreated G93A mice at 120 days revealed marked gross spinal cord
atrophy, with neuronal loss in the ventral horns from the lumbar spinal cord in untreated G93A mice, in
comparison to wild type littermate control mice (Figure 14). The pathology findings in the untreated G93A
mice were significantly reduced by CMB-021805 (20 mg/kg) administration. There was significant gross
atrophy of the lumbar spinal cord in untreated G93A mice, in comparison to WT littermate control mice (WT
littermate control: 3.26 + 0.21 x 10° um?3, untreated G93A mice: 2.15 + 0.42 x 10° um?3, P<0.001) with
significant amelioration of gross spinal cord atrophy in CMB-21805-treated mice at the 20 mg/kg dose (CMB-
021805- treated G93A mice: 3.05 + 0.27 x 10° um?, p<0.01). The gross atrophy was largely associated with the
ventral horn of the lumbar spinal cord (WT littermate control: 7.07 + 0.37 x 10° um?, untreated G93A mice:
4,97 + 0.53 x 10° um? , p<0.01) and was significantly improved by CMB-021805 (20 mg/kg) treatment (CMB-
021805-treated G93A mice: 6.68 + 0.41 x 10° um?, p<0.05). Consistent with the above findings, there was
marked ventral horn neuronal loss in the untreated G93A mice, as compared to the WT littermate control mice
(WT littermate control: 96.4 + 11.2; untreated G93A mice: 23.7 £ 17.3, p< 0.0001) (Figure 14A and C), with
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significant reduction in neuronal loss as a consequence of CMB-021805 administration, in comparison to the
untreated G93A mice (CMB-021805-treated G93A mice: 69.7 £ 14.1, p<0.05) (Figure 14B).

Figure 14. Neuroprotective effects of CMB-021805 (20 mg/kg) in the
lumbar spinal cord in G93A transgenic ALS mice. Nissl staining of the
lumbar spinal cord from (A) wild-type mice, (B) G93A mice treated
with CMB-021805, and (C) untreated G93A mice shows a marked
gross atrophy in untreated G93A mice. Treatment with 21805
significantly improved the gross neuropathological changes, as shown
in Figure B and B*. High magnification photomicrographs of Nissl
staining in the ventral horn from the same sections in A, B, and C of
the lumbar spinal cord from (A*) wild-type mice, (B*) G93A mice
treated with 21805, and (C*) untreated G93A mice demonstrates
ventral neuron loss and atrophy in untreated G93A mice. The treatment
with 21805 markedly improved these neuropathological changes.

Furthermore, the neuropathology results showed a significant neuroprotection from the gross loss of
white and grey matter in CMB-021805 treated G93A mice at 126 days, by 26% and 28%, respectively (Figure
15). Stereological analysis demonstrated a 36% reduction in the loss of ventral horn neurons. These results
confirm and extend the earlier studies using CMB-021805.

Figure 15. Neuropathology analysis of the
10 mg/kg BID dose of CMB-021805 at 126
days showed marked improvement in both
gross tissue loss of white and grey matter in
the spinal cord of treated G93A mice (C) in
comparison to untreated G93A mice (B) at
26% and 28%, respectively. There was 36%
reduction in ventral horn neuron loss in the
CMB-021805-treated G93A mice.

Effect of CMB-087229 on SOD1 G93A ALS Mice
The ASP molecule, (CMB-087229, 1a), also showed significant dose-dependent extension in survival. Control
and transgenic mice of the same age (x 3 days) and from the same “f” generation were selected from multiple
litters to form experimental cohorts. The tolerable dose range for 1a was determined in wild-type mice by
increasing the dose b.i.d. one-fold at each ip injection; the maximum tolerated dose was 75 mg/kg. On the basis
of the studies performed to determine tolerance and blood brain levels, the dose levels of 1.0, 10, and 20 mg/kg
11



once a day were administered, starting at 6 weeks of age, throughout the lives of the G93A mice.
Administration of 1a resulted in a significant extension in survival in the G93A ALS mice in a dose dependent
manner in comparison to untreated G93A mice (Figure 16A). The most efficacious dose (20 mg/kg) resulted in
a life extension of 13.4%. In addition, motor performance, as measured by open field analysis in distance
traveled at the 20 mg/kg dose was significantly improved over the untreated from 8-11 weeks (Figure 16B).
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Figure 16. A. Kaplan—Meier plot of 1la-treated SOD1 G93A ALS mice: untreated group, 125.7 + 4.9 days;
group 1 (1 mg/kg), 129.2 + 5.3 days; group 2 (10 mg/kg), 135 £ 5.5 days; group 3 (20 mg/kg), 142.5 + 8.2 days;
p < 0.05. B. Motor performance as measured by open field showed that the 1a 20 mg/kg dose was significantly
improved between 8 and 11-week time points.

We carried out an additional dosing trial in the G93A mice administering 30 mg/kg and 10 mg/kg BID,
along with 20 mg/kg CMB-087229, as we had done with CMB-021805 (Figure 17). These results did not
extend survival more than the 13% that we observed in the first trial. Body weight analysis showed no
significant difference from the 20 mg/kg dosing. Survival studies also showed no significant difference with
either 30 mg/kg or 10 mg/kg BID. The neuropathology findings were not significantly different, as well, at any
dose. Therefore, we concluded that CMB-087229 might have reached its greatest efficacy at 20 mg/kg with an
approximate 13% survival extension.
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Figure 17. Body weight change showed no significant differences using CMB-087229 at 30 mg/kg and 10 mg/kg BID (A). In
addition, there were no significant differences in survival over that of the 20 mg/kg dose at 13% increase.

Neuropathology analysis, using the most efficacious dose in the survival and open field analyses of 20
mg/kg, showed that gross atrophy of the spinal cord was not significantly different in la-treated versus
untreated G93A mice, although greater than the untreated group. While there was a reduction in gross atrophy
of the lumbar spinal cord in la-treated G93A mice, in comparison to untreated G93A mice (untreated G93A
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mice: 2.26 + 0.44 x 10° um?; la-treated G93A mice: 2.61 + 0.27 x 10° um?3, p<0.48) it was not significant.
Consistent with the above findings, there was no significant reduction in ventral horn neuronal loss in the 1a-
treated G93A mice, as compared to the untreated G93A mice (untreated G93A mice: 26.3 £ 17.2; la-treated
G93A mice; 45.1 £ 15.3, p<0.42), although there was a greater number of neurons remaining in the la-treated
mice.

In vivo half-life of 8c and activity in the SOD1 G93A ALS mouse model

Maximum blood levels of 8¢ (CMB-087820) by i.p. administration occurred at 12 h, but brain
penetration was only 8.3 uM. Control and transgenic mice of the same age (+ 3 days) and from the same “f”
generation were selected from multiple litters to form experimental cohorts. The tolerable dose range for 8¢ was
determined in wild-type mice by increasing the dose b.i.d., and the maximum tolerated dose was over 5 g/kg
with a cumulative dose of 10 g/kg. On the basis of the ADME and MTD studies, the dose levels of 10, 20, and
30 mg/kg were administered daily, starting from 6 weeks of age to the end of life of the G93 A mice.
Administration of 8¢ resulted in a 13% extension in survival at 20 mg/kg compared to untreated G93A mice
(Figure 18). This result is slightly better than that observed for the only FDA approved drug riluzole, which
showed a lifespan extension of 10-11% at 22 mg/kg in the same animal model. Possibly the reason better life
extension was not obtained with 8¢ was because brain penetration was found to be only 8.3 uM, a few percent
of the blood level, which may account for the relatively low activity observed.
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Figure 18. Kaplan-Meier plot of 8c-treated SOD1 G93A ALS mice: untreated group, 125.7 + 4.3 days; group 1
(10 mg/kg), 139.2 + 8.3 days; group 2 (20 mg/kg), 142.0 £ 9.1 days (p < 0.03); group 3 (30 mg/kg), 127.9 + 4.7
days; p < 0.05). CMB-087820 is 8c.

Neuropathology analysis in untreated G93A mice at 120 days revealed marked gross spinal cord
atrophy, with neuronal loss in the ventral horns from the lumbar spinal cord in untreated G93A mice, in
comparison to wild type littermate control mice. The pathology findings in the untreated G93A mice were not
significantly reduced by 8c (20 mg/kg) administration, the best dose found in the behavioral and survival
analyses. While there was a reduction in gross atrophy of the lumbar spinal cord in 8c-treated G93A mice, in
comparison to untreated G93A mice (untreated G93A mice: 2.15 + 0.46 x 10® um?3; 8c-treated G93A mice: 2.45
+0.29 x 10° um?, p<0.57) it was not significant. Consistent with the above findings, there was no significant
reduction in ventral horn neuronal loss in the 8c-treated G93A mice, as compared to the untreated G93A mice
(untreated G93A mice: 25.1 + 16.8; 8c-treated G93A mice; 39.2 £ 14.1, p<0.38).

In vivo half-life of the phosphate salt of 6 (R! = Me, R? = 3,5-dichloro) and activity in the SOD1 G93A
ALS mouse model

Eight wild-type mice were given increasing doses of the phosphate salt of 6 (R* = Me, R? = 3,5-dichloro)
injected IP twice per day, starting at 40 mg/kg and doubling with every dose thereafter. After 640 mg/kg was
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injected, 50% of mice began to show mild symptoms of discomfort, including huddling, piloerection, trembling
and an altered gait. After 1280 mg/kg, 50% of mice showed severe adverse affects, including a decrease in
body temperature, altered breathing, and severely impaired movement. After 2560 mg/kg, 25% of the mice
were dead. Thus, the MTD, defined as the maximum dose at which no adverse effects were seen, is 320 mg/kg.
The phosphate salt of 6 (R* = Me, R? = 3,5-dichloro) has good blood-brain barrier penetration with a T1/2 of 3 h;
the brain:blood ratio is 0.9 (Figure 19).
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Figure 19. Blood and brain concentration of the phosphate salt of 6 (R! = Me, R? = 3,5-dichloro) after injection
with 300 mg/kg.

Mice received daily injections of 20 mg/kg of the phosphate salt of 6 (R! = Me, R? = 3,5-dichloro). The
cohorts were made of 12 male mice each and distributed based on parentage, weight and genotype. IP
injections of drug began at 30 days of age and continued until death. There was a slight, but not significant,
difference between the treated and untreated animals with regard to distance traveled, resting time, ambulatory
time, ambulatory counts, body weight, and survival.

We continued to breed, characterize, and maintain selective stocks of transgenic mutant G93A ALS
mice and littermate control mice for the drug discovery and translational studies. Fifteen breeding triads (1
male, 2 females) were organized every 2 months, and on average eight pups were born per litter. Seventy five to
eighty percent of the dams became pregnant, which provided 100 littermate wild type and 100 mutant G93A
mice. All mice were genotyped and ear tagged at 15 days to ensure proper placement into the studies. Mice
were weaned at 21 days and placed into experimental cohorts for maximum tolerated dose, PK, or in vivo
preclinical trials. Mutant SOD1 copy number was analyzed to ensure that the mice were genetically comparable
and that there had not been a change in the mutant gene copy number. Male mice were used as breeders for the
next generation. The MTD and PK studies required 10 and 18 mice, respectively. The preclinical trials required
50 mice, 40 mutant G93A, and 10 littermate control wild type mice.

Maximum Tolerated Dose (MTD) and Pharmacokinetic (PK) Studies of Other Analogues

We performed MTD and PK studies using nine novel compounds generated in the Silverman laboratory.
Some studies were repeated because they were a new batch of compound or to resolve toxicity issues. The
compounds included CMB-087229 (1a), CMB-087816 (10), CMB-086874 (7), CMB-021805 (11), CMB-
087839 (6, R! = CHs, R? = 3,5-dichloro), CMB-087885 (12, X = chloride), 12 (X" = tartrate), 12 (X" = citrate),
12 (X" = phosphate), and CMB-087822 (9c). Repeat MTD and PK analyses were completed on new
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compound shipments of 1a and 11 to ensure that their activity was comparable to the previously synthesized
agents. These agents were used in a novel or repeat preclinical trial with G93A mice and for mechanistic
studies. Compounds 10 and 7 failed to reach MTD with a dose of 5,000 mg/kg.

A summary of the animal efficacy studies is shown in Table 2.

Table 2. Summary of Advanced Compound Status
Compound | Scaffold | Structure Key observations
CMB- PYT Oy ™0 MTD = 100 mg/kg, excellent oral absorption, good
021805 11 @NNYN¢\© BBB penetration (~33% blood level), short half life
O (~60 min in vitro, ~45 min.), maximum 31%
lifespan extension in ALS mice
CMB- PYT F Oy © F | MTD >5000 mg/kg, short half life (~80 min in
087816 10 QWNYNAQ vitro)
FF 0 FF
CMB- AXP, cl MTD = 75 mg/kg, good BBB penetration (~55%
087229 1a | X=0 QOWO blood level), maximum 13% lifespan extension in
al H,NH ALS mice, poor bioavailability?
CMB- AXP, o] MTD LDso = 1280 mg/kg
0878396 | X=NR | © N N
CHy H
Cl
CMB- AXP, H O Chloride and tartrate salts are irritants in mice —
087889 12 = cl Ny “N-NH phosphate salt was well tolerated with MTD 320
NHR @cm H mg/kg
Cl
CMB- CHD o 0 MTD = 75 mg/kg, excellent BBB penetration
086874 7 (100% blood level), in vitro half life >180 min., no
effect on lifespan in ALS mice, inactive on neurons
and most other cell types
F3C CF3
CMB- CHD o o MTD >5000 mg/kg, in vitro half life ~60 min., 13%
087820 8c ? lifespan extension in ALS mice, poor brain
o penetration (few % of blood level)
F3C/©LCF3
CMB- CHD o 0 MTD = 1280 mg/kg
087822 9c
F3C©CF3

In Vivo C. elegans Model Studies

Pharmacological and genetic approaches were integrated using Morimoto’s previously described C.
elegans model for ALS.% C. elegans has several characteristics that make it ideal for drug studies, including a
short lifecycle, small size, and ease of culturing in liquid. Furthermore, decades of genetic, and neurobiological
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and antiparasitic drug studies in C. elegans provide a strong foundation for use of this organism in experiments
designed to uncover pathways involved in a compound’s mechanism of action. The Morimoto C. elegans ALS
models express wild type and three mutant SOD1 variants (G85R, G93A, and 127X) in body wall muscle cells.
The ability to employ dynamic imaging in live animals allows the visualization of the SOD1 protein in the muscle
cells. While WT SOD1 protein remains soluble, all three mutant SOD1 proteins form aggregates in early
development. Expression of these aggregation-prone proteins caused a decrease in motility (25-30% compared to
wild type), indicating toxicity. Taking advantage of these phenotypes, our compounds were tested to determine
if they could suppress protein aggregation and toxicity in the C. elegans model. If the compounds reduced
aggregation and toxicity significantly, genetic approaches could be employed to identify pathways of drug action.

To determine whether the compounds protect cells against the toxic effects of aggregated variants of
SOD1, each lead compound and several of their analogues were tested for their ability to restore motility in the
C. elegans model. Since the lead compounds reduced cytotoxicity in PC12 cells expressing mutant G93A SOD1,
the C. elegans model expressing G93A was utilized to test whether the compounds improve motor performance.
Motility of animals was calculated by capturing movies using SimplePCI. Using ImagelJ, the position of all
animals was determined and animals were tracked. The length of the track was calculated as the sum of the lengths
of all movement vectors. The average speed (pixels per frame) was the sum of all movement vectors divided by
the total number of vectors (tracks). Speeds were converted from pixels per frame into body lengths per sec
(BLPS). G93A expressing animals were treated with three different concentrations of compounds, 10 uM, 100
uM, and 1.5 mM. In some cases, addition of the drug at high concentrations yielded toxicity. The highest
concentration that was not toxic to the animals was selected for motility tests. Geldanamycin (GA), a compound
that inhibits the chaperone HSP90 and induces expression of other chaperones, restored motility to near wild type
levels, as anticipated (the speed of wild type is 0.071+/-0.008 BLPS, G93A is 0.044+/-0.002, and the speed of
geldanamycin treated animals is 0.061+/-0.005) (Figure 20). The test compounds did not perform as well as
geldanamycin, reaching speeds of 0.053 BLPS, but the compounds did provide protection in the cytotoxicity
screen by partially suppressing the motility defect. Therefore, the ability of a subset of compounds to reduce
aggregation of G93A was tested. A small decrease in overall aggregation of G93A was observed, reflecting the
small improvement in motility. However, with the goal of utilizing genetic manipulations, these differences in

aggregation and toxicity are not robust enough to employ genetic screens to dissect the mechanism of drug action.
Figure 20. Compounds reduce the toxicity associated with expression of G93A

A Ca in body wall muscle cells. The ASP (A), CHD (B) and PYT (C) scaffolds and
_ their analogs were tested for suppression of the motility defect caused by G93A.
Eo . The body length per sec (BLPS) of wild type animals is 0.071+/-0.008. G93A
o H H H H ’T‘ expressing animals move at a rate of 0.044+/-0.002; the speed of geldanamycin
treated animals was 0.061+/-0.005. The largest improvement for each scaffold

o

T ComtlGAASPASPL ASP AW ASPA AP was ASP-2 (0.052+/-0.008), CHD-Lead (0.051+/-0.005) and the PYT-Lead
(0.051+/-0.005). Those with p<0.05 are highlighted (*).

B
_ Previous efforts focused on the C. elegans ALS models
:E:j ﬂ ﬂ ﬂ ﬂ H H ’T‘ that express wild type and three mutant SOD1 variants (G85R,
e o an o onor emes awes onoe enos GI93A, and 127X) in body wall muscle cells. While WT SOD1
- protein remains soluble, all three mutant SOD1 proteins form
¢ :E::: aggregates in early development. Expression of these
H i ; aggregation-prone proteins causes a decrease in motility (25-30%

I compared to wild type), indicating toxicity. Taking advantage of
sz H ﬂ H ﬂ these phenotypes, we tested whether 1a, 7, and 11 could suppress
"t e e evr s s s eea s era e wra’ Protein aggregation and toxicity in the C. elegans model. If the
- compounds reduced aggregation and toxicity significantly, we
could employ genetic approaches to identify pathways of drug action. We found that the test compounds did not
perform as well as geldanamycin, but the compounds did provide protection in the cytotoxicity screen by
partially suppressing the motility defect of G93A expressing animals. Therefore, we tested for the ability of 1a,
7, and 11 to reduce aggregation. A small decrease in overall aggregation of G93A was observed, reflecting the
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small improvement in motility. However, with the goal of utilizing genetic manipulations, these differences in
aggregation and toxicity are not robust enough to employ genetic screens to dissect the mechanism of drug
action.

Approaches to Target Identification
In Vivo Neurotoxicity and Gene Profiling Studies

To provide a better understanding of the mechanism of action of these novel analogs, we undertook
neurotoxicity and gene profiling studies in both G93A and G85R models of ALS. We have performed gene
array studies that have provided leads consistent with disease mechanisms. These findings have led to further
experimental studies using 3-nitropropionic acid as a mitochondrial inhibitor resulting in mitochondrial
dysfunction. We have furthered these experiments, completing conformational studies in the G93A mice.

We began our query with CMB-021805 by looking at changes in a general neurotoxicity PCR array,
profiling the expression of 84 key genes involved in drug and chemical-induced neurotoxic responses
(SABiosciences) using both G93A and G85R ALS mouse models. Quantifiable gene expression changes that
occur prior to gross morphological changes allow an earlier identification and determination of neurotoxicity
and the more specific mechanisms behind it. The organization of genes by their predicted direction of
expression change allows for a more exact data analysis. Using real-time PCR, we analyzed the expression of a
focused panel of genes involved in neurotoxicity. Our results provided a number of hits, the greatest of which
were close to a four-fold change and associated with mitochondrial protection (superoxide dismutase 2, SOD2;
angiopoietin-like 4, Angptl4; and Fas ligand TNF superfamily, FasL) (Table 3 and Figure 21). Increased SOD2
is especially interesting, as we have previously reported that crossing experiments with SOD2 overexpressors

Table 3. Fas ligand (TNF superfamily, member 6) APT1LG1, CD178, CD95L, Fas-L, Fas-Ligand, Faslg,
Tnfsf6, gld, superoxide dismutase 2, mitochondrial MGC6144, MnSOD, Sod-2.

Fold Change
C09 Fasl 0.000722858 0.000181719 3.977880675
FO09 Sod?2 0.023947187 0.006407601 3.737309388
A02 Angptl4 0.000103076 0.000028752 3.585066798
D11 1110 0.000033534 0.000012343 2.716972569
A08 Bdnf 0.002624030 0.001020859 2.570412675
BO1 Casp7 0.163345657 0.068109507 2.398279828
B10 Coll2al 0.000029601 0.000012515 2.365262
F11 Tnfrsf10b 0.000089733 0.000042095 2.131693472
FO3 Poulfl 0.000018096 0.000009035 2.002774511
F08 Slc16a3 0.000204729 0.000102933 1.988940337
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o Figure 21. Scatter plot of select genes
associated with neuroprotection in the
N2a mutant G85R cell line
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and G93A mice is neuroprotective and leads to increased survival.® The next group, with three-fold change,
included brain-derived neurotrophic factor (BDNF) and interleukin 10 (1110), an anti-inflammatory cytokine,
both of which are involved in neuroprotection and relevant to the disease process in ALS. There were another
half dozen genes that were down regulated and associated with apoptosis. These findings provide evidence to
suggest that mitochondrial neuroprotection might be involved as one mechanism of action for CMB-021805. As
such, we next used a model of mitochondrial derangement, administering 3-nitropropionic acid (a selective
inhibitor of the mitochondrial electron transport chain), with concomitant administration of CMB-021805, to
determine whether any further evidence of neuroprotection was associated within the mitochondrial pathway.
We used SABIosciences PCR array profile analysis, monitoring genes, including regulators and mediators of
mitochondrial molecular transport, not only the metabolites needed for the electron transport chain and
oxidative phosphorylation, but also the ions required for maintaining the mitochondrial membrane polarization,
which are potentially important for ATP synthesis. This array's genes also target and translocate previously
translated and folded proteins across and/or into the outer and/or inner mitochondrial membranes and even into
the mitochondrial matrix. Indeed, CMB-021805 not only slowed neuronal (N2a G85R) cell death after 3-
nitropropionic acid administration, but it also provided a gene array profile, indicating mitochondrial
improvement (Figure 22). In this experiment, those mitochondrial-associated genes that were down regulated
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Figure 22. Scatter plots of N2a G85R cells treated with 3-nitropropionic acid resulting in the down-regulation of mitochondrial
associated genes (A) that were reversed by the administration of CMB-021805.

by 3-nitropropionic acid (e.g., aryl-hydrocarbon receptor-interacting protein, Aip; BCL2-antagonist/killer 1,
Bak1,; fractured callus expressed transcript 1, Fxcl; heat shock protein 90, alpha (cytosolic), class A member 1,
Hsp90, and solute carrier family 25, Scl25 genes) were all significantly upregulated by the administration of
CMB-021805. These findings suggest that CMB-021805 is neuroprotective by improving mitochondrial
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function.

Lastly, to help provide evidence for confirmation of the gene changes with respect to CMB-021805, we
analyzed the expression of SOD2 and BDNF in Western analyses from in vivo experiments in G93A ALS mice.
Mice were given continuous daily intraperitoneal injections of CMB-021805 (20 mg/kg) for two weeks and
euthanized. The brain was immediately quenched and analyzed. Consistent with the G85R studies, there was
significant increased expression of SOD2 and BDNF in the brains of treated mice in comparison to untreated
G93A mice. The levels of each protein reached that observed in wild type mice (Figure 23).
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Figure 23. Western analysis of SOD2 (A) and BDNF (B) in G93A mice treated with CMB-021805.

Attempts at target identification via pharmacological and functional screening

Compound 1 (R: = Rz = H) was sent to NIMH Psychoactive Drug Screening Program at the University
of North Carolina, where pharmacological and functional screening is carried out on a large number of CNS
receptors, channels, and transporters. The only CNS protein in the tested panel affected by this compound was
GPCR metabotrophic glutamate receptor 5 (mGluRs), which was antagonized 65% at 10 uM concentration.
Antagonists of this receptor have been shown to be therapeutic in ALS.* However, when a variety of known
mGIuRs and other mGIuR receptor antagonists were screened in our cell-based assay, none showed any activity
(Table 4). It is apparent that our assay is not sensitive to this class of receptors, and it is therefore highly
unlikely that mGluRs antagonism is the primary mechanism for the activity of this compound.

Table 4. Effect of metabotrophic glutamate receptor antagonism on our cell-based assay

Structure Name Target Potency Neuroprotection
(1C,) (EC.,)
-D;‘_'NZ_N . | ACDPP mGIuR5 Ki=295nM |>32 uM
Ot
p— MPEP mGIuR5 36 nM >32 uM
\JT@
oW Fenobam mGIuR5 87 nM >32 uM
“ W
F,CL,,.._N,\Q DFB mGIuR5 3-5 fold >32 uM
potentiation
e, SIB mGIuR5 0.4 uM >32 uM
T, LY 456236 | mGluR1 143 nM >32 uM
mew;
e LY 341495 | mGIuR2/ 2.3 nM >32 uM
mGIuR3 1.3 nM
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Approaches to Identify the Target of Activity via in vivo studies

Our most promising novel compound, CMB-021805 (11), arose from the pyrimidine 2,4,6-trione
chemical scaffold. Compound 11 shows superior biological performance as a disease-modifying therapeutic
candidate, with excellent drug qualities, very low toxicity, superb oral and blood absorption, and good blood-
brain barrier penetration.’ We have furthered these experiments, completing confirming studies in G93A SOD1
mice. To provide a better understanding of the biological activity of these novel analogues, we have expanded
our previous findings associated with the biological effects of compound 11. We have identified actions of 11
that, in addition to anti protein-aggregation properties, improve brain-derived neurotrophic factor, reduces
oxidative stress, modulates aberrant nucleosomal dynamics, and significantly ameliorates mitochondrial
dysfunction. Moreover, 11 is highly neuroprotective in both in vitro and in vivo model systems of ALS. In both
clinically presymptomatic and symptomatic therapeutic trials in ALS mice, 11 had dose-dependent benefits,
slowing functional motor performance decline, and markedly ameliorating the neuropathological phenotype
observed in ALS mice after clinical disease expression. Consistent with the improved clinical and pathological
phenotype, we have also found that 11 is neuroprotective against altered signaling cascades in ALS mice. These
data suggest that 11 has salient pleiotropic properties that may provide efficacy in ALS patients.

We performed a Western analysis for markers of mitochondrial function and biogenesis (SOD2, PGC-
1a, and TFAM) and mitochondrial dynamics fission (Drpl) and fusion (Mfn1l) proteins, and found that they
were markedly changed in mutant G85R N2a cells, compared with wild type control cells (Figure 24). While
SOD2, PGC-1a, and TFAM were significantly reduced, Drpl and Mfnl were significantly increased. The levels
of Drpl and Mfnl in wild type N2a cells were not significantly different, confirming previous studies that both
fission and fusion of mitochondria are at equilibrium under normal conditions. These findings are consistent
with the hypothesis that mitochondrial dynamics are disrupted in ALS. Mutant G85R N2a cells treated with 11
showed significantly increased levels of SOD2, PGC-1a, and TFAM, while normalizing Drpl and Mfn1 to wild
type levels (Figure 24). In addition, oxidative stress may mediate mitochondrial dysfunction and, as such, we
administered 11 to N2a mutant G85R cells, resulting in improved cell viability by 25%, as measured using a
colorimetric assay (MTS) (Figure 24). We induced oxidative stress and serum deprivation in N2a G85R cells
using hydrogen peroxide (500 mM), as this oxidative stressor is a potential pathophysiological mechanism in
ALS. Cell death was significantly increased in untreated cells, while 11 administration resulted in significant
protection (Fig