Biochemical Pharmacology 117 (2016) 68-77

journal homepage: www.elsevier.com/locate/biochempharm

Contents lists available at ScienceDirect

Biochemical Pharmacology

Pharmacological properties of microneurotrophin drugs developed for @Cmsmk
treatment of amyotrophic lateral sclerosis

James P. Bennett Jr.*>%* Laura C. O’'Brien*", David G. Brohawn *¢

2 Parkinson’s Disease Research Center, Virginia Commonwealth University, Richmond, VA, United States

b Department of Physiology and Biophysics, Virginia Commonwealth University, Richmond, VA, United States
“Department of Neurology, Virginia Commonwealth University, Richmond, VA, United States

d Neurodegeneration Therapeutics, Inc., Charlottesville, VA, United States

€ Department of Human Genetics, Virginia Commonwealth University, Richmond, VA, United States

ARTICLE INFO

Article history:

Received 26 May 2016
Accepted 1 August 2016
Available online 3 August 2016

Keywords:
Microneurotrophin

ALS

iPSC-derived motor neuron
RNA-sequencing

Gene ontology

ABSTRACT

Microneurotrophins (MNT's) are small molecule derivatives of dehydroepiandrosterone (DHEA) and do
not have significant interactions with sex steroid receptors. MNT’s retain high-affinity binding to protein
tyrosine kinase (Trk) receptors and can mimic many pleiotropic actions of neurotrophin (NT) proteins on
neurons. MNT'’s offer therapeutic potential for diseases such as amyotrophic lateral sclerosis (ALS) where
motor neurons (MN) degenerate.

MNT's cross artificial membranes mimicking the blood-brain barrier, are not major substrates for ABC
(ATP-binding cassette) transporters and are metabolized rapidly by mouse but more slowly by human
hepatocytes. A lead MNT (BNN27) and its mono-oxidation metabolites enter mouse brain rapidly.
RNA-sequencing measured gene expression profiles of human H9eSC-(embryonic stem cell)-derived or
CTL (control) subject iPSC-(induced pluripotential stem cell)-derived MN’s exposed to NT proteins or
MNT molecules. Expression ratios (relative to DMSO (dimethylsulfoxide) vehicle) were calculated, and
the resulting top 500 gene lists were analyzed for Gene Ontology (GO) grouping using DAVID
(Database for Annotation, Visualization and Integrated Discovery). The MNT's BNN20, BNN23, and
BNN27 showed overlap of GO terms with NGF (nerve growth factor) and BDNF (brain-derived neu-
rotrophic factor) in the H9eSC-derived MN’s. In the iPSC-derived MN’s two (BNN20, BNN27) showed
overlap of GO terms with NGF or BDNF. Each NT protein had GO terms that did not overlap with any
MNT in the MN cell lines.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

(familial ALS, fALS) from point mutations in at least 20 known
genes or hexanucleotide expansions in the non-coding sequence

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative dis-
ease (NDD) of adults first described in Western medicine by Char-
cot in the late 19th century [1]. ALS is usually rapidly fatal with
death, in the absence of artificial ventilation, due to respiratory
failure within 2-5 years of diagnosis. Pathologically, ALS develops
from the accelerated dysfunction and death of upper and lower
motor neurons, leading to spasticity, weakness, muscle atrophy,
dysphagia and ventilatory failure.

Most ALS arises “sporadically” without known autosomal muta-
tions (sporadic ALS, sALS), with ~5-10% of cases arising in families
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between alternate 5’ exons in transcripts from C9orf72 [2,3]. This
gene is associated with 9p-linked ALS and frontotemporal demen-
tia (FTD [3,4]). Abnormally expanded C9orf72 is the most common
known cause of fALS (~40%), is found in up to 11% of patients with
SALS, and appears to interfere with RNA processing, export from
the nucleus and protein translation [2-4].

There are no meaningful disease-altering therapies for sALS in
spite of multiple large drug trials to determine efficacy. There are
many potential reasons for these failures, including the possibility
that sALS is a syndrome, like in many malignancies, where multiple
different molecular genetic etiologies can yield similar clinical phe-
notypes. If true, then a search for a single universal therapy target-
ing one gene or pathway has limited chances for success, and a
better approach could include drugs with pleiotropic effects on
multiple neuronal survival pathways.
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Neurotrophins (NT’s) may represent rational members of this
therapeutic approach. NT’s include multiple proteins endogenously
produced in developing and/or adult nervous systems that pro-
mote neuronal growth and synapse formation, preservation of neu-
ronal circuits, resistance to stress insults and inhibition of cell
death [5]. NTs carry out these multiple actions by binding to and
activating specific tyrosine kinase receptors (tropomyosin kinase,
Trk) that auto-phosphorylate and activate cellular growth signal-
ing [5-7]. Because they are large proteins, NT's are not good drug
candidates for systemic administration to reach specific central
nervous system (CNS) targets and have not shown efficacy in clin-
ical studies of NDD’s [5,6].

Microneurotrophins (MNT) are small molecule derivatives of
dehydroepiandrosterone (DHEA), an endogenous steroid precursor
with activity at sex hormone receptors. MNTs are devoid of sex
hormone receptor activity but do bind potently to NT Trk receptors
and show neurotrophic, anti-inflammatory and anti-apoptotic
activities in multiple rodent neural cell, tissue and animal models
[8-12].

There were two hypotheses tested in the present preclinical
study. The first hypothesis was that MNT’s would exhibit charac-
teristics in in vitro or animal tests desirable of neurotherapeutics
for ALS-would cross the blood-brain barrier (BBB), would lack sig-
nificant ATP-binding cassette (ABC) transporter interaction and
would exhibit slow metabolism by human liver.

The second hypothesis tested was that MNT's would behave at
the molecular level similar to NT proteins.

To test the first hypothesis, we characterized in vitro the cell
permeabilities, potential substrate activities of MNTs at the two
human ABC transporters felt to account for removal (“reverse
pumping”) of drugs from the brain to blood across the BBB, meta-
bolism by cryopreserved hepatocytes from mouse and human and
crossing of the BBB in mice by a lead MNT BNN27. To test the sec-
ond hypothesis, we used global gene expression analysis with
RNA-sequencing (RNA-seq) to compare effects of MNT’s and NT
proteins in two sources of human stem cell-derived motor
neurons.

2. Materials and methods
2.1. Generation of human iPSCs and motor neurons

The induced pluripotential stem cell (iPSC) cell line used was
derived from peripheral blood mononuclear cells from a healthy
donor using electroporation of pEB-C5 and pEB-Tg reprogramming
plasmids ([13]; Addgene®) as described in O’Brien et al. [14]. H9-
derived human embryonic neural stem cells (H9eSC, Gibco, Life
Technologies) and iPSCs were differentiated into motor neurons
following a previously described protocol [15] with modifications
[14]. All cultures were maintained at 37 °C in reduced (5%) oxygen
and 5% CO, conditions.

2.2. Incubation of differentiated motor neurons with MNTs or NTs

Following 21 days of motor neuron differentiation, cells were
incubated with 100 nM BNN20, BNN23, or BNN27 (all in 0.001%
dimethylsulfoxide (DMSO)), 0.001% DMSO vehicle control
(Sigma-Aldrich, St. Louis, MO), 100 ng/ml nerve growth factor
(NGF, Sigma-Aldrich) or 100 ng/ml brain-derived neurotrophic fac-
tor (BDNF, Sigma-Aldrich). MNTs were dissolved in DMSO and
diluted; final DMSO was 0.001%. RNA was isolated using the
RNeasy Plus Micro Kit (Qiagen, Valencia, CA) according to manu-
facturer instructions. Structures for the MNTSs are shown in Fig. 1.
These three MNT analogs were the first ones synthesized and
characterized [10,11] and were kindly made available to us by

O,
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Fig. 1. Structures and MW's of the MNT’s used in this study.

Dr. A. Gravanis. At the time of manuscript preparation, no other
MNT analogs had been synthesized.

2.3. Sample preparation and sequencing

RNA for all samples was quantified using a Nanodrop® 2000c
spectrophotometer (ThermoFisher Scientific,c Waltham, MA) and
quality was assessed using the Experion® automated electrophore-
sis system (Bio-Rad, Hercules, CA). Bio-Rad’s Experion® calculated
an RNA Quality Index (RQI) score by comparing three portions of a
sample’s electrophoretic profile to a manufactured standard of
degraded RNAs. RNA Quality Index (RQI) values range between 1
and 10, with increasing values representing higher quality RNA.
500 ng of RNA from each sample with an RQI score >7 was used
for library construction.

The Illumina Truseq® Stranded Total RNA HT Sample Prep Kit®
(Illumina, San Diego, CA) instructions were followed to generate
barcoded RNA-Sequencing libraries for all eligible samples. We
confirmed libraries had the expected sized band (~260 bp) using
the Experion® automated electrophoresis system (Bio-Rad). We
then quantified libraries using the KAPA® library quantification
kit (Kapa Biosystems, Wilmington, MA). Barcoded RNA-
Sequencing libraries were equimolar pooled and added to the Illu-
mina Nextseq 500®° lane for multiplex sequencing at Cofactor
Genomics® (Saint Louis, MO). Data were processed using the stan-
dard Illumina processing pipeline to segregate each multiplexed
sample’s reads, and raw FastQ files for each sample were sent to
us for further processing. We routinely obtained >50 million
2 x 150 base pair (bp), paired-end reads from each sample.

2.4. Data pre-processing and alignment with Tophat

FastQ files for each individual sample were input to FastQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) for
quality assessments. This software identifies any data quality
issues across metrics including: base quality per position across
reads, overall GC content, sequence length distribution, and dupli-
cate read frequency. All samples passed this QC check (data not
shown).

Samples were next processed using Trimmomatic [16]. Trim-
momatic removed all [llumina adaptor sequences and bases with
a Phred quality score greater than 20 from the 3’ end of our reads.
A Phred score of 20 indicates a 99% probability the base is correctly
identified. Fragments > or = to 50 bp were retained after that step.
We took these filtering steps to ensure high quality reads were
used for alignment, as the average Phred score decreased in bases
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toward the 3’ end of reads across samples decreased (data not
shown).

We next used the Burrows-Wheeler Aligner (BWA [17]), to cal-
culate insert size metrics for each sample (including average size
and standard deviation) to improve Tophat2 alignment. Once these
metrics were obtained, we aligned each sample’s reads to the hg38
human reference transcriptome then genome using Tophat2 [18].
The hg38 reference transcriptome and genome were derived from
[llumina iGenomes UCSC hg38 directory (https://support.illu-

mina.com/sequencing/sequencing_software/igenome.html).

2.5. Cufflinks for gene abundance estimates

Gene and transcript abundances for all samples were estimated
using Cufflinks v2.2.1 (http://cufflinks.cbcb.umd.edu/howitworks.
html). We opted to mask all rRNA, tRNA, and mitochondrial RNA
mapped reads from FPKM calculations, as these RNA species
accounted for different proportions of total mapped reads in each
sample. We only considered reads aligning to known genes (com-
patible hits norm flag) in our FPKM calculations, as we suspected
the number of novel transcripts varies across samples. We also
used the genome bias and multi-hits correction flags, as recom-
mended by the Tuxedo Suite developers.

2.6. Determination of P-gp substrate properties of microneurotrophin
drugs (Cyprotex®, Watertown, MA Table 1)

Madin Darby Canine Kidney (MDCK) epithelial cells stably
transfected with the human MDR1 gene (the gene encoding for
the efflux protein P-glycoprotein, P-gp) are seeded on a Mul-
tiscreen™ plate (MilliporeSigma, Billerica, MA) and form a conflu-
ent monolayer over 4 days prior to the experiment. To verify the
MDCK-MDR1 cell monolayers are properly formed, aliquots of
the cell buffers are analyzed by fluorescence to determine the
transport of the impermeable dye Lucifer Yellow. Any deviations
from control values are reported.

For apical to basolateral (A — B) permeability, the test agent in
the absence or presence of 100 uM verapamil (a P-gp inhibitor)
was added to the apical (A) side and the amount of permeation
is determined on the basolateral (B) side; for basolateral to apical
(B — A) permeability, the test agent in the absence and presence
of 100 uM verapamil was added to the B side and the amount of
permeation was determined on the A side. The A-side buffer

contains 100 uM Lucifer yellow dye, in Transport Buffer (1.98 g/L
glucose in 10 mM HEPES, 1x Hank’s Balanced Salt Solution) pH
7.4, while the B-side buffer has Transport Buffer at pH 7.4.
MDCK-MDR1 cells are incubated with these buffers for 2 h, and
the receiver side buffer is removed for analysis by LC-MS/MS
(using propranolol as an analytical internal standard).

The rate of passage of the test compounds through this cell
monolayer barrier from apical to basolateral (A — B) in this bi-
directional transport assay is used to determine the apparent per-
meability coefficient (Papp) = (dQ/dt)/(CoA) where dQ/dt is rate of
permeation, Cy is initial concentration of test agent, and A is the
area of monolayer (0.11 cm?).

The basolateral to apical (B — A) to apical to basolateral (A — B)
apparent permeability coefficient ratio

Popp(B — A)

Re = Popp(A — B)

is used to determine the extent of efflux of the test compounds. All
experiments were carried out in duplicate and averaged results are
shown.

2.7. Determination of BBB-PAMPA permeability properties of
microneurotrophin drugs (Cyprotex®, Table 2)

Compounds (10 mM) in 100% DMSO were dissolved in transport
buffer (pH 7.4) to a final concentration of 10puM (final
DMSO = 0.1%). The filter membrane was coated with 4 pul of a
20 mg/ml porcine brain lipid in dodecane. Three hundred (300)
pl of the compound solution was added to the donor well. The
acceptor well was filled with 200 pl of transport buffer. The accep-
tor filter plate was carefully placed on to the donor plate to create a
sandwich. The plate was left undisturbed for 18 h. Samples of the
donor and acceptor wells were analyzed by LC/MS/MS and the
effective permeability (Pe) was calculated using the following
equation: Data are expressed as permeability (Pe):

logPe = {~((VbVa)/(Vo + Va)AIn{1 - [drug], /[drugl,}}

where Pe is the permeability, Vp and V, are the volumes of the
donor and acceptor compartments, A is the area of the membrane,
tis the incubation time, and A and E subscripts on the concentration
term refer to the acceptor and equilibrium concentrations, respec-
tively. All experiments were performed in quadruplicate and aver-
aged results are shown.

Table 1
MDCK-MDR1 Permeability and P-gp Substrate Identification.
Test Article Test Assay Mean A — B Py, Mean B — A Py, Efflux Comment
Conc. Duration (10°%cms™1) (10°%cms™1) Ratio
Ranitidine 10 uM 2h 0.22 2.1 9.5 Low permeability
Warfarin 10 uM 2h 28.2 35.1 1.2 High permeability
Loperamide 10 uM 2h 1.1 719 65.4 P-gp efflux control
Loperamide + 100 pM 10 uM 2h 46.6 48.4 1.1 P-gp substrate + inhibitor
verapamil
BNN-20 10 uM 2h 33 8.0 2.4
BNN-20 + 100 uM verapamil 10 uM 2h 4.4 10.7 2.4 BNN-20 is not a P-gp
substrate
BNN-27 10 uM 2h 9.2 33.7 3.7
BNN-27 + 100 uM verapamil 10 uM 2h 9.6 39.5 4.1 BNN-27 is not a P-gp
substrate
BNN-23 10 uM 2h 7.6 30.7 4.0
BNN-23 + 100 uM verapamil 10 uM 2h 8.7 57.3 6.6 BNN-23 is not a P-gp

substrate

Papp: apparent permeability rate coefficient; Efflux Ratio: Papp (B — A)/Papp (A — B)

Conclusion: All 3 drugs exhibit moderate (or moderate-high) permeability rates across MDR1-MDCK epithelial monolayers with only minor efflux evident. The inclusion of

verapamil did not alter this minor efflux.

" Low post-assay recovery in the A — B transport direction; Low recovery may be due to low aqueous solubility, high lipophilicity, and/or non-specific binding of the test

article.
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Table 2
BBB-PAMPA Permeability.
Test Assay Mean Pe* Recovery = Comment
Article Duration  (x10°®cms™!) (%)
Atenolol 18h 0.0000 111 Low permeability
control
Verapamil 18 h 349 42.2 High permeability
control
BNN-20 18h 7.9 354 High permeability
BNN-27 18h 12.7 93.0 High permeability
BNN-23 18h 14.0 943 High permeability

Pe*: Effective Permeability coefficient.
Conclusion: All 3 drugs exhibit high permeability rates across PAMPA-BBB mem-
branes, predicting a high probability of passive BBB permeability.

2.8. Determination of breast cancer resistance protein (bcrp)
properties of microneurotrophin drugs (Cyprotex®, Table 3)

Caco-2 cells (human epithelial colorectal adenocarcinoma cells)
grown in tissue culture flasks are trypsinized, suspended in med-
ium, and the suspensions were applied to wells of a Millipore 96
well Caco-2 plate. The cells are allowed to grow and differentiate
for 21 days. For Apical to Basolateral (A — B) permeability, the drug
is added to the apical (A) side and amount of permeation is deter-
mined on the basolateral (B) side; for Basolateral to Apical (B — A)
permeability, the drug is added to the B side and the amount of
permeation is determine on the A side. To verify a compound is a
BCRP substrate, 50 M of novobiocin is added to both chambers
during the equilibration step and for the duration of the assay.
The A-side buffer contains 100 pM Lucifer yellow dye, in Transport
Buffer (1.98 g/L glucose in 10 mM HEPES, 1x Hank’s Balanced Salt
Solution) pH 7.4, and the B-side buffer is Transport Buffer, pH 7.4.
Caco-2 cells are incubated with these buffers for 2 h, and the recei-
ver side buffer is removed for analysis by LC-MS/MS. To verify the
cell monolayers are properly formed, aliquots of the cell buffers are
analyzed by fluorescence to determine the transport of the imper-
meable dye Lucifer Yellow. Any deviations from control values are
reported.

Data are expressed as permeability P,pp

dQ/dt
Pa =~Coa

where dQ/dt is rate of permeation, Cy is initial concentration of test
agent, and A is the area of monolayer. All experiments were per-
formed in duplicate and averaged results are shown.

2.9. In vitro and in vivo metabolism of BNN27

In vitro metabolism of BNN27 was carried out using cryopre-
served hepatocytes from mice or humans. BNN27 was incubated
in duplicate with primary, cryopreserved hepatocytes at 37 °C.
The cells were thawed; viable cells counted, and equilibrated
according to the supplier’s directions. After 30 min equilibration
at 37 °C with gentle agitation, BNN27 was added into the cell sus-
pension to give the desired final concentration of 3 uM. The cell
suspension was incubated at 37 °C as described above. At the indi-
cated times, samples were removed and mixed with an equal vol-
ume of ice-cold stop solution (methanol). In parallel, blank
hepatocytes in the absence of BNN27 was incubated for 120 min
and is used as a control to show the presence of peaks derived from
the hepatocytes. Stopped reactions were incubated at least ten
minutes on ice, and an additional volume of water was added.
The samples are centrifuged to remove precipitated protein, and
the supernatants were analyzed by LC-MS/MS.

In vivo brain penetration and metabolism studies of BNN27
used adult CD-1 mice (n = 4) given 50 mg/kg IP of BNN27 dissolved
in 10% DMSO; 90% of 10% hydroxypropyl-B-cyclodextrin in water.
30 min after injection the brains were removed and divided in half
sagitally. One set of brain samples was homogenized in PBS buffer
(2 ml per gram of tissue, on ice) and homogenates were mixed
with 3 volumes of methanol containing an analytical internal stan-
dard (diclofenac) to extract the compound. Samples were cen-
trifuged to remove precipitated protein and supernatants
analyzed by LC-MS/MS. The second set of brain samples was
homogenized in ice-cold absolute ethanol (2 ml per gram of tissue)
and then stored overnight at —20 °C to extract. The following day, 3
volumes of methanol containing an analytical internal standard
(diclofenac) was added, and samples were vortexed and cen-
trifuged to remove precipitated protein, followed by LC-MS/MS
analysis of the supernatants.

The analyte signal was optimized for each compound by elec-
trospray ionization (ESI) in positive ionization mode. An MS2 scan
was used to optimize the precursor ion mass, and an SIM scan was
used to optimize the fragmenter voltage. Product ion analysis was
used to identify the best fragment and collision energy for analysis.
Following MRM method optimization, a test injection was per-
formed using the column/gradient conditions shown below. A
qualitative ionization ranking was assigned indicating the com-
pound’s ease of ionization.

Samples were analyzed by LC-MS/MS using a SCIEX QTrap 5500
mass spectrometer coupled with an Agilent 1290 HPLC Infinity ser-

Table 3
Caco-2 Cell Permeability and BCRP Substrate Identification.
Test Article Test Assay Mean A — B Papp Mean B — A Py, Efflux Comment
Conc. Duration (10 %cms™) (10 %cms™1) Ratio
ranitidine 10 uM 2h 0.46 3.0 6.5 Low permeability ctl
warfarin 10 uM 2h 215 16.2 0.75 High permeability ctl
Estrone 3-sulfate 10 uM 2h 0.52 18.2 35.0 BCRP efflux control
Estrone 3-sulfart + 50 M 10 uM 2h 2.2 2.2 1.0 BCRP substrate + inhibitor
novobiocin
BNN-20 10 uM 2h 1.7 3.7 2.2
BNN-20 + 50 ptM novobiocin 10 uM 2h 2.2 2.0 0.90 BNN-20 is not a BCRP
substrate
BNN-27 10 uM 2h 4.0 6.0 1.5
BNN-27 + 50 uM novobiocin 10 uM 2h 6.4 33 0.52 BNN-27 is not a BCRP
substrate’
BNN-23 10 uM 2h 1.9 3.7 1.9
BNN-23 + 50 M novobiocin 10 uM 2h 3.0 4.6 1.5 BNN-23 is not a BCRP

substrate’

Conclusion: All 3 drugs exhibit moderate permeability rates across Caco-2 epithelial monolayers with no efflux evident. The inclusion of novobiocin did not significantly alter

the overall permeability profiles of these compounds.

" Low post-assay recovery in the A — B transport direction; Low recovery may be due to low aqueous solubility, high lipophilicity, and/or non-specific binding of the drug.
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ies, a CTC PAL chilled autosampler, all controlled by Analyst soft-
ware. After separation on a C18 reverse phase HPLC column
(Acquity UPLC HSS T3, 1.8, 2.1 x 50 mm) using an acetonitrile-
water gradient system, peaks were analyzed by mass spectrometry
(MS) using ESI ionization in MRM mode. HPLC retention times (Ry)
of metabolites varied within 5% or less from each other.

2.10. Data analysis

All graphs, curve fitting and statistical analyses were performed
with GraphPad Prism® for Macintosh, v 5.0-7.0. All RNA seq bioin-
formatics processing was performed using Unix code on Macintosh
0SX v.10x MacPro computers with 8 or 12 core processors and
64 GB RAM.

3. Results

3.1. MNT’s show very good cell permeability and are not major
substrates for blood-brain barrier ABC transporters

Tables 1-3 show that none of the three MNTs tested in vitro
were major substrates for human ABC transporters P-gp [19-22]
(Table 1) or BCRP [22,23] (Table 3). The efflux rates (B — A) of
BNN20 and BNN27 were reduced <50% by inclusion of novobiocin,
suggesting weak interaction with BCRP transporter.

All three MNTs had high cellular permeability in a PAMPA assay
(parallel artificial membrane permeability assay) (Table 2) in
which the movement of drugs through a lipid-rich artificial mem-
brane is measured. The effective permeability coefficients (Pe) for
the three MNT’s tested ranged from 7.9 to 14.0 (x107® cm/s), with
the high permeability CTL (verapamil) having a Pe of 34.9, and the
low permeability CTL having Pe of 0.00. These findings suggest that
MNTs will cross the BBB rapidly and will not be pumped out of the
brain by P-gp and will be pumped very little if at all by BRCP. Both
are known ABC transporters active at the BBB.

3.2. The lead MNT BNN27 is rapidly metabolized by mouse hepatocytes
but more slowly metabolized by human hepatocytes to likely single
hydroxylation species

Fig. 2 shows that cryopreserved mouse hepatocytes rapidly
metabolized BNN27 whereas human cryopreserved hepatocytes
more slowly metabolized BNN27. Both experiments were carried
out over 2 h. Fig. 3 shows metabolic profiling of BNN27 following
incubation with mouse (upper) or human (lower) cryopreserved
hepatocytes. The detection was carried out at a mass/charge (m/
z) ratio of 331, which represents the parent drug (m/z=315)+16
to scan for possible single mono-oxidation (likely hydroxylation)
metabolites. At least 7 metabolites of BNN27 were identified in
mouse hepatocyte cultures, whereas 3-4 metabolites of BNN27
were found in human hepatocyte cultures at much lower levels
(~5-fold) (metabolite M1 present at very low levels). The individ-
ual metabolites were not structurally identified in this study.

3.3. BNN27 and its metabolites can be detected in mouse brain 30 min
after injection

Fig. 4 shows that within 30 min of IP injection (50 mg/kg) of
BNN27, 6 mono-oxidation metabolites are detectable in mouse
brain (n =4 mice examined; shown are the results from mouse 2
which were very representative of the group). BNN27 levels in
whole brain, assayed by LC/MS/MS at m/z of 315, 30 min after
50 mg/kg IP injection, were 8230 + 1995 (SEM) ng/gm with PBS/
methanol extraction, and 9856 + 1719 (SEM) ng/gm with ethanol
extraction.

mouse hepatocytes
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R=1.0
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1-phase decay Y;,=100, plateau=0
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K 0.00563
1004 v Half Life | 123.1
~
N
4
4
(]
S
=
£
2
20+
0 T T T T T T
0 20 40 60 80 100 120

minutes

Fig. 2. BNN27 is metabolized rapidly by mouse cryopreserved hepatocytes (top)
but more slowly by human cryopreserved hepatocytes (bottom). Experiments were
carried out with 10 uM initial [BNN27] and at 37°. [BNN27] in the supernatant was
analyzed by LC/MS/MS at m/z of 315. Data were fit to one- or two-phase decay
curves in Prism®.

3.4. H9 eSC/NSC-derived motor neurons and Ctl iPSC/NSC-derived
motor neurons have very similar gene expression

Fig. 5 shows that at the gene expression level, H9 eSC/NSC-
derived motor neurons and Ctl iPSC/NSC-derived motor neurons
were very similar to each other. There was an excellent correlation
(Pearson r = 0.92) of the log,FPKM values for 8904 gene pairs from
the two MN cell lines.

3.5. Gene expression analyses reveal many similarities among MNT’s
and NT'’s effects on NSC-derived motor neurons

We used Cufflinks2 to acquire FPKM (Fragments Per Kilobase of
exon per Million reads) values in which NSC’s made from H9 eSC/
NSC’s or iPSC’s derived from PBMC's of a 62 year-old control indi-
vidual without any neurological illness were differentiated into
motor neurons for 21 days, then exposed in duplicate for 24 h to
neurotrophin proteins (NGF, BDNF) at 100 ng/ml or MNT's
BNN20, BNN23, BNN27 (see Fig. 1) at 100 nM, or to 0.001% DMSO
vehicle. Total RNA was then extracted, analyzed for quality, bar-
coded sequencing libraries were made and quantitated, followed
by multiplex, paired-end read RNA sequencing. The reads were
checked for quality using FastQC®, trimmed of bar codes using
Trimmomatic® [16], then aligned against the hg38 version of the
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Fig. 3. Metabolism of BNN27 into mono-oxidation metabolites by mouse (top) and human (bottom) cryopreserved hepatocytes. Shown are LC/MS/MS tracing from m/z of 331
to detect mono-oxidation (likely hydroxylation) metabolites of BNN27 after 2 h of incubation with hepatocytes. Note that the relative levels of metabolites is ~5-fold less in

human compared to mouse hepatocyte supernatants.

human genome using tophat2 [18]/bowtie2 (http://bowtie-
bio.sourceforge.net/bowtie2/index.shtml), then quantitated using

Cufflinks2 (http://cole-trapnell-lab.github.io/cufflinks/install/).
The ratios of averaged FPKM values for each incubation condition
divided by DMSO vehicle controls were ranked from largest to
smallest. Genes from the top 500 ratios for each incubation condi-
tion were then submitted to DAVID and analyzed using gene anno-
tation clustering.

Searching through the RNA-seq database of FPKM’s showed that
a number of neurotrophin-related genes were mildly stimulated by
NT’s or MNT drugs. Relative to expression in vehicle CTL (0.001%
DMSO), the following genes were activated: ADCYAP1 (CRE-
responsive): (BDNF 31%; BNN20 24%; BNN27 22%; BNN23 36%;
NGF 35%); CREM (CREB modulator): (BDNF 27%; BNN20 -5%;
BNN27 21%; NGF 3%); NRF2/NFE2L2 (Akt-responsive) (BDNF 13%;
BNN20 1%; BNN27 -8%; BNN23 9.1%; NGF 0.5%). We also did

observe that NRF1, not normally considered a neurotrophin-
responsive gene was increased by BNN20 (28%); and BNN23
(38%). Notably, expression of thioredoxin (TXN), a major anti-
oxidant gene considered to be stimulated by CREB, did not increase
in the motor neurons following exposure to BDNF, NGF or any of
the MNT drugs.

Tables 4 and 5 summarize our DAVID [32,33] findings after gene
annotation clustering. We used a conservative strategy to report
GO terms only and show only those GO terms with Benjamini
(multiple comparison)-corrected p values <0.05.

For Table 4 (H9 eSC/NSC-derived MN’s): Overall, the most sig-
nificant GO term overlaps occurred with BNN20 and BNN27, and
both NGF and BDNF, involving GO terms representing ribosome
functions. The next most significant GO clustering involved
BNN20 and BNN27, and NGF and BDNF, involving GO terms
representing cytoskeleton. BNN23 showed significant GO term
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Fig. 4. Rapid entry of BNN27 mono-oxidation metabolites into CD-1 mouse brain (n = 4 mice studied) 30 min after systemic (IP) injection of BNN27 (50 mg/kg). Shown is the
LC/MS/MS tracing of brain extract from mouse 2, revealing the presence of 6 out of the 7 mono-oxidation metabolites found in the mouse hepatocyte culture experiment

(Fig. 4).
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Fig. 5. Marked correlation in gene expression FPKM values between CTL-MN’s and
H9-MN’s. Shown are results from 8904 gene pairs with minimum FPKM of 5.0. Data
were taken from duplicate independent assays of RNAseq data from CTL-MN’s and
H9-MN’s exposed to vehicle (0.001% DMSO) and are expressed as log, of FPKM
values. 48 points were outside the range of the graph.

alignment involving GO terms representing nucleoplasm and
synaptic function, but these GO terms were not significantly repre-
sented by either neurotrophin protein or other MNT drugs. BNN27
shared one GO term involving intracellular and protein transport
with NGF, and one GO term involving microtubule cytoskeleton
that did not appear with either NT protein. Finally, each NT protein
showed three GO terms each that did not appear with any MNT
drug.

For Table 5 (Ctl iPSC/NSC-derived MN’s): Overall the most sig-
nificant GO term overlaps occurred with all three MNT drugs and
both NT proteins in areas of cytoskeleton, organelle lumen and
nuclear lumen. BNN20 and BNN23 showed GO term overlap with

NGF in RNA splicing, translation and ribonucleoprotein complex.
BNN20 and BNN27 showed GO term overlap with both NT's NGF
and BDNF for intracellular organelle lumen, and all three MNT
drugs showed GO term overlap with NGF in the area of growth
cone formation and polarized growth. BNN20 by itself showed sig-
nificant GO term clustering in areas of mitotic cell process and
unfolded protein binding.

4. Discussion and conclusions

To date no cell or animal model of ALS accurately predicts effi-
cacy of neuroprotective treatments for the most commonly occur-
ring, sporadic form of the illness (sALS). Because of the survival-
promoting, pleiotropic actions of neurotrophins on neurons [24],
and the demonstrated efficacy of neurotrophins or neurotrophin
receptors in preventing motor neuron death following axotomy
[25-27], we are pursuing the pre-clinical development of
microneurotrophins for ALS.

As part of this development effort, we characterized the in vitro
permeability of the MNT's to artificial membrane and their interac-
tions with ABC transporters that can remove drugs by reverse-
pumping across the BBB. We observed that MNT’s had excellent
potential BBB permeability and were not major substrates for
ABC drug transporters.

We then examined the metabolism of a lead MNT, BNN27, by
mouse and human liver cells. We observed rapid metabolism by
mouse and slower metabolism by human liver cells. In both sys-
tems BNN27 metabolites could be detected and are likely ring sin-
gle hydroxylation metabolites produced by the cytochrome P450
system. However, because we did not characterize any of the
metabolites structurally, we can only speculate as to their chemical
identity.

Following systemic (IP) injection, BNN27 enters mouse brain
within 30 min, but so do most of its mono-oxidation metabolites.
This finding makes mouse experiments problematic in terms of
assessing either efficacy or toxicity of BNN27, since the effica-
cious/offending species would not be clear. Because of the
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Table 4

Gene Ontology (GO) Terms from DAVID for commercially acquired human H9 ESC-derived NSC's that were differentiated into motor neurons, then exposed to NGF or BDNF
(100 ng/ml) or Microneurotrophins BNN20, BNN23, BNN27 (each at 100 nM) for 24 h and Analyzed by RNA Seq. X = present; En = range of GO enrichment (fold); Bj = range of

Benjamini-corrected p values.

Gene Ontology (GO) terms Nerve growth factor (NGF)  Brain-derived neurotrophic ~ BNN20 BNN23 BNN27
factor (BDNF)
Ribosome, translation, ribonucleoprotein complex X X X X
En 3.5-8.1-fold, En 2.6-6.9 En 3.3-7.2 En 2.6-7.0
Bj 0.045-4.7E—-11 Bj 0.05-0.01 Bj 0.013-8.0E-6 Bj 0.01-3.3E-7
Cytoskeletal part, non-membrane bound organelle X X X X
En 1.6-1.7 En 1.4-1.8 En 1.2-1.6 En 1.6
Bj 0.01-4.8E-5 Bj 0.03-0.01 Bj 5.3E-4 Bj 0.01-4.8E-5
Endoplasmic reticulum X X
En 1.9-2.5 En 1.0-2.0
Bj 0.03-0.002 Bj 0.03
Nucleoplasm X
En 1.7
Bj 0.04
Synapse X
En 2.6-3.0
Bj 0.01
Microtubule cytoskeleton X
En 1.6-2.1
Bj 0.02-0.01
Intracellular transport, protein transport X X
En 2.0-2.2 En 2.2
Bj 0.01 Bj 0.02
Intracellular organelles X
En 1.5
Bj 0.04
Growth cone, polarized growth X
En 5.8-5.9
Bj 0.04
Spliceosome, small ribonucleoprotein complex X
En 3.4-9.5
Bj 0.04
Vesicle, coated vesicle, vesicle membrane X
En 2.8-6.0
Bj 0.047-0.002
Sterol/cholesterol biosynthesis X
En 9.2-10.8
Bj 0.03
Golgi membrane X
En 2.8
Bj 0.047

specificity of MS/MS detection, it is possible to distinguish among
BNN27 parent drug (m/z=315) and BNN27 mono-oxidation
metabolites (m/z=331) in hepatocyte supernatants and brain
extracts. However, it is problematic to use mice for studies of
BNN27 in brain, as the metabolites are rapidly formed after sys-
temic injection and can be found in brain extracts.

We then examined the ability of three MNT drugs to activate
gene programs in “young” motor neurons produced by differentia-
tion of human neural stem cells produced from either human
embryonic stem cells (hESC) or CTL human PBMC induced pluripo-
tential stem cells (CTL iPSC). We carried out high-resolution,
paired-end read RNA sequencing of libraries prepared from each
MN cell type following incubation with either NT protein or MNT
drug, and subjected the resulting lists of the 500 most activated
genes (relative to DMSO control) to analysis in DAVID to determine
GO groups. We used a conservative analysis of DAVID results and
report only GO groups where the multiple comparison-corrected
p values (by Benjamini method) were <0.05.

We found that in the CTL iPSC/NSC-derived MN’s, all three MNT
drugs stimulated the same GO groups as did NGF and BDNF,
whereas in the H9 human eSC/NSC-derived MN’s, two of the three
MNT drugs activated similar GO groups as did NGF and BDNF.
There were notable exceptions to these trends, and the “fit” is
not perfect.

These studies point to the challenges in using “young” motor
neurons that were differentiated from NSC's. We agree with the
cautions advanced in a recent review of stem cell models of ALS
[31]. We have found that increasing duration of MN differentiation
from 21 days to 42 days substantially increases neurophysiological
maturity (depolarization spikes following current injection)
(O'Brien et al., under review). We do not yet know to what extent
neuromuscular synapse formation among iPSC-derived MN’s and
muscle cells, presence of co-cultured astrocytes, or growth in a
3-D scaffold matrix will alter MN gene expression following NT
or MNT exposure. These are conditions to be explored in future
studies.

Because it is not clear which GO terms are most involved in MN
dysfunction and death in ALS, it is not possible to select any one
MNT drug based on the results shown in Tables 4 and 5. Rather,
it seems reasonable to conclude that the MNT drugs tested are cap-
able of stimulating many of the same GO families as do NT proteins
in the MN cell lines.

There are many limitations to our study:

First, the RNA sequencing bioinformatics analyses have inher-
ent biases [28], particularly with the Cufflinks quantitation of gene
expression that in our experience overestimates gene expression
relative to other approaches such as DEseq [29] or EdgeR [30].
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Table 5

Gene Ontology (GO) terms from DAVID for CTL human iPSC/NSC-derived motor neurons exposed to NGF or BDNF (100 ng/ml) or microneurotrophins BNN20, BNN23, BNN27
(each at 100 nM) for 24 h and analyzed by RNA seq. X = present; En = range of GO enrichment (fold); Bj = range of Benjamini-corrected p values.

Gene Ontology (GO) terms Nerve growth factor Brain-derived BNN20 BNN23 BNN27
(NGF) neurotrophic
factor (BDNF)
RNA splicing, translation, ribonucleoprotein complex X X X
En 2.3-fold, En 2.4-4.6 En 23
Bj 0.003 Bj 0.038- Bj 0.007
4.1E-6
Cytoskeletal part, non-membrane bound organelle X X X X X
En 1.6-3.2 En 1.5 En 1.6 En 1.5 En 1.5
Bj 0.01-1.2E-5 Bj 0.002 Bj 1.9E-4 Bj 0.009 Bj 0.018
Organelle lumen, membrane-enclosed lumen nuclear X X X
lumen En 1.8 En 1.8-1.9 En 1.9-2.0
Bj 2.0E-4-4.5E-5 Bj 1.2E-5-3.3E-6 Bj 0.038-
7.5E-6
Microtubule cytoskeleton X X X
En 2.2 En 1.6-1.7 En 1.6
Bj 0.003 Bj 0.01- Bj 0.03-
0.006 0.02
Intracellular organelle lumen X X X X
En 1.8 En 1.9 En 1.9 En 1.6-2.1
Bj 2.7E-5 Bj 3.3E-6 Bj 2.8E-6 Bj 0.02-
0.01
Growth cone, polarized growth X X X X
En 6.9-7.0 En 5.5-5.6 En 1.7 En 1.6
Bj 0.002 Bj 0.046-0.043  Bj 0.006 Bj 0.029
Neuron projection X
En 2.7
Bj 0.003
Chromosome, chromatin X
En 2.1-2.9
Bj 0.02-0.008

Mitotic cell cycle, cell cycle process/phase

Unfolded protein binding

X
En 2.4-2.7
Bj 0.03-0.01
X

En 5.1

Bj 9.4E-4

Second, we examined only two MN cell lines, whereas a greater
number of lines, particularly some from ALS subjects, would have
increased the generalizability of our findings.

Third, we examined gene expression changes after 24 h of NT or
MNT exposure. We do not know if longer periods of incubation
would have activated (or repressed) gene programs.

Fourth, we did not use a FACS-concentrated population of MN’s.
It is likely that some of the cells studied are “young” neurons but
not yet differentiated to “young” MN's.

And fifth, and perhaps most important, we do not yet have any
follow-up data on the actual efficacy of any MNT in ALS subjects.
This awaits clinical studies of one or more MNT drugs in humans
with ALS.

In spite of these limitations, we do conclude that our findings,
although limited in interpretation, support going forward with
MNT development. Our finding that MNT’s activate gene programs
similar to NT proteins, in two human, derived MN cell lines, sug-
gest that MNT drugs will mimic NT actions on spinal MN’s in ALS
subjects. Clinical trials will be necessary to determine MNT effi-
cacy, but our findings that 100 nM levels of MNT can activate gene
programs in “young” MN'’s is encouraging for achieving these drug
levels in vivo.
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