AWARD NUMBER:  W81XWH-21-1-0209

TITLE: The Contribution of Rapamycin-Insensitive Processes to
Neurological Symptoms in TSC

PRINCIPAL INVESTIGATOR: Mustafa Sahin

CONTRACTING ORGANIZATION: Children's Hospital, Boston

REPORT DATE:  JULY 2023

TYPE OF REPORT: Annual

PREPARED FOR: U.S. Army Medical Research and Development Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and should
not be construed as an official Department of the Army position, policy or decision unless so
designated by other documentation.



REPORT DOCUMENTATION PAGE oM N e o188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED

July 2023 ANNUAL 1JUL2022 - 30JUN2023
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

The Contribution of Rapamycin-Insensitive Processes to Neurological Symptoms in TSC W81XWH-21-1-0209

5b. GRANT NUMBER
W81XWH-21-1-0209

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

Mustafa Sahin, MD, PhD 5e. TASK NUMBER

5f. WORK UNIT NUMBER
E-Mail: Mustafa.sahin@childrens.harvard.edu

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Children's Hospital, Boston
300 LONGWOOD AVE, BOSTON MA
02115-5724

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

U.S. Army Medical Research and Development Command

Fort Detrick, Maryland 21702-5012 11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Tuberous sclerosis complex (TSC) is a neurocutaneous syndrome that is characterized by benign tumors in multiple organs and
associated with neurological symptoms such as epilepsy, autism spectrum disorder (ASD), intellectual disability, and other neuropsychiatric
disorders. Together, these neurological disorders have been termed TSC-associated neuropsychiatric disorders (TAND), and there is growing
recognition of the impact of these symptoms on the lives of patients with TSC. TSC is caused by mutations in either 7SC/ or TSC2, and these
proteins form a complex (TSC1/2) that functions as a critical inhibitor of the kinase, mammalian target of rapamycin (mTOR). mTOR is
important signaling hub that regulates cell growth and proliferation, and it becomes inappropriately active in TSC, leading to many of the
symptoms. The mTOR inhibitors rapamycin and everolimus (termed rapalogs) have revolutionized the treatment of many manifestations of
TSC, but the neurological symptoms have been more recalcitrant. Everolimus was shown to be effective as an adjunct for refractory epilepsy
in TSC, but there was an average 50% reduction in seizure frequency with most patients continuing to have several seizures per day. In
addition, two trials of everolimus for behavioral and neuropsychiatric disorders associated with TSC have shown no effect. Therefore, we
hypothesize that rapalog-insensitive effects contribute to the development and expression of the neurological symptoms associated with TSC.

15. SUBJECT TERMS
Tuberous sclerosis, autism, mTOR inhibitors, epilepsy

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES USAMRDC
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area
uu 8 code)
U U U

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z239.18




TABLE OF CONTENTS

1. Introduction

2. Keywords

3. Accomplishments

4. Impact

5. Changes/Problems

6. Products

7. Participants & Other Collaborating Organizations
8. Special Reporting Requirements

9. Appendices



1. INTRODUCTION

Tuberous sclerosis complex (TSC) is a neurocutaneous syndrome that is associated with neurological symptoms
such as epilepsy and several neuropsychiatric disorders, collectively termed TSC-associated neuropsychiatric disorders
(TAND). TSC is caused by mutations in either 7SCI or 7SC2, and the proteins encoded by these genes form a complex
(TSC1/2) that functions as a critical inhibitor of the kinase, mechanistic target of rapamycin (mTOR). mTOR is important
signaling hub that regulates cell growth and proliferation, and it becomes inappropriately active in TSC, leading to many
of the symptoms. mTOR inhibitors, known as rapamycin analogs (rapalogs) such as everolimus, have become the
mainstays of treatment of several manifestations of TSC. However, these compounds have been found to be incompletely
effective for TSC-associated epilepsy and no benefit has been demonstrated for TAND at this point. Therefore, there is
urgent need to better understand the pathogenesis of TSC-associated epilepsy and TAND and to develop better treatments
for both disorders. We have found that there are genes whose expression or ribosomal binding is dysregulated in TSC-
deficient neurons and that these changes are not completely reversed by treatment with rapamycin. Several of these genes
have roles in synaptic formation and function, suggesting that rapamycin-insensitive processes in TSC-deficient neurons
can contribute to alterations in neural circuits. The objective of this study is to identify if and when important molecular
and physiological changes in TSC-deficient neurons can be prevented with rapamycin and characterize rapamycin-
insensitive pathways in neurons and their contribution to abnormalities in TSC. In the future, these results may be used as
a rationale for trials of early mTOR inhibition in at-risk individuals. In addition, the data generated by this research will
add novel molecular pathways for study into the pathogenesis of neuronal abnormalities in TSC, which we hope will lead
to novel treatments to improve the lives of individuals affected with this disease.
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3. ACCOMPLISHMENTS

Aim 1: To characterize rapamycin-insensitive molecular pathways in human neurons with mutations in 7.SC2. We
will use induced pluripotent stem cells (iPSCs) generated from a patient with TSC due to a mutation in 7SC2, as well as
lines that have been derived from the patient line and either have the mutation in 7SC2 corrected or a mutation in the
second allele of 7SC2. We will differentiate these cells into neurons, and we will treat the cells with either rapamycin or
vehicle. We will then perform RNA sequencing and translating ribosome affinity profiling (TRAP) to understand the
transcriptional and translational changes that are resistant to rapamycin treatment and may represent novel drug targets for
neuronal dysfunction in TSC.

Aim 2: To determine the contribution of rapamycin-insensitive processes to neural circuit abnormalities in TSC.
We will use the same iPSCs described above, and we will transduce these cells with vectors enabling fully optical
stimulation and recording. We will differentiate these cells into neurons, and we will treat the cells with either rapamycin
or vehicle. At various points during neuronal maturation, we will interrogate the network activity and connectivity to
understand the contribution of rapamycin-insensitive processes to the development of abnormal neural networks.

Aim 3: To determine whether there are developmental windows during which rapamycin treatment can prevent
the emergence of rapamycin-insensitive processes that affect development of human neuronal networks. We will
use the same series of iPSCs described above, and we will generate forebrain organoids that recapitulate several important
stages in brain development. We will treat these organoids with rapamycin or vehicle during various windows of
differentiation and maturation. We will then assess the development of networks within organoids using calcium imaging,
and we will evaluate dysregulation of molecular processes using single cell sequencing.

Studies and results

In our prior progress report, we had described the development of a second isogenic series of iPSCs derived from
a patient with TSC (“24 line”). The patient had a heterozygous pathogenic missense variant in TSC2 (TSC2+/-), and the
null cell line was engineered to have the same variant but be homozygous (TSC2-/-). The control line had a correction of
the pathogenic variant and had two functional alleles of TSC2 (TSC2+/+). We transduced each cell line with a
bidirectional lentivirus vector that encodes the human transcription factor Neurogenin-2 (NGN2) in one direction under a
doxycycline promoter and the tetracycline responsive transactivator in the other under a constitutive promoter.
Importantly, both directions also contained antibiotic resistance genes, allowing for selection in the induced and baseline
states. We then differentiated these stem cells into neurons by inducing expression of NGN2. After 14 days of



differentiation, we fixed the neurons and performed immunocytochemistry for phosphorylated ribosomal protein S6 (pS6)

and MAP2. We demonstrated that the TSC2-/- neurons showed increased pS6, in agreement with mTOR activation

(Figure 1). In addition, we found that TSC2-/- neurons showed increased cell size, which consistent with previously
ublished work (Figure 1).
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Figure 1: Isogenic series made from iPSCs from a patient with TSC show expected changes in mTOR activation and
spontaneous activity. iPSCs from all genotypes from the 24 line were infected with the NGN2 expression vector and
differentiated into cortical neurons. a) TSC2+/+, b) TSC2+/-, and ¢) TSC2-/- neurons were fixed at day 51 and
immunostained for MAP2 and pS6. Manual quantification of d) size and e) pS6 expression from isolated neurons.
N=20 wells per genotype, p<0.05, one-way ANOVA with Dunnett’s multiple comparisons test.

We then investigated the electrophysiological phenotypes of these neurons using multielectrode arrays (MEA).
We dissociated developing neurons of all three genotypes six days after differentiation, and we plated these neurons with
wildtype astrocytes on the MEA. We then serially measured neuronal activity throughout differentiation, and we
confirmed that the TSC2-/- neurons were spontaneously hyperactive (Figure 2). These data demonstrate that this second
isogenic series of iPSCs recapitulates known TSC phenotypes.

a) b)
_ Firing rate Synchrony Index
N
L 57 0.8-
9 -o- TSC2+/+
[}]
& 47 % e TSC2+/-
£ £ -~ TSC2-/-
£ 3] =
e § 0.4-
c -g -
8 24 5
= £ 0.2-
E 1- -
L
(o]
S 0 : : : , 0.0 : , : ,
2 0 10 20 30 40 0 10 20 30 40

Days Days




Figure 2: Confirmation of electrophysiological phenotypes in iPSC-derived neurons. a) Multielectrode array recordings
for iPSC-derived neurons from the 24 line isogenic series. Representative recording of cortical neurons differentiated
using induced NGN2 expression from all genotypes from the 24 isogenic series. The y-axis shows the mean firing rate
corrected for the number of active electrodes, and the x-axis shows the day of differentiation. b) This plot shows the
Synchrony index on the y-axis and the day of differentiation on the x-axis.

The next key step in this project was determining whether there was a time period during which the abnormal
activity becomes rapamycin independent. We had previously demonstrated that starting rapamycin treatment at seven
days after differentiation and continuing treatment through development was sufficient to prevent spontaneous
hyperactivity in TSC2-/- iPSC-derived neurons (Winden et al., J Neurosci, 2019). Therefore, we performed MEA
recording from all three TSC2 genotypes of iPSC-derived neurons. At 35 days after differentiation when network activity
has typically plateaued, we treated neurons from all three genotypes with different doses of rapamycin. Strikingly, we did
not observe any significant difference in neuronal activity after 24 or 48 hours of treatment for any dose of rapamycin
(Figure 3). These data demonstrate that by day 35 of differentiation, neuronal activity in iPSC-derived neurons has
become independent of rapamycin.
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Figure 3: Acute treatment of iPSC-derived neurons with rapamycin. a) TSC2+/+, b) TSC2+/-, and c¢) TSC2-/- iPSC-
derived neurons 35 days after differentiation were treated with the indicated doses of rapamycin for 24 or 48 hours.
MEA recordings were performed at baseline prior to treatment and at 24 hours and 48 hours. The barplot shows the
weighted mean firing rate for that treatment normalized to its baseline activity. There was no significant change in
activity at either 24 or 48 hours of treatment, suggesting that spontaneous activity in iPSC-derived neurons at this
timepoint is insensitive to rapamycin.

For aim 1, we had previously shown data optimizing methods for immunoprecipitation of ribosomes from iPSC-
derived neurons and isolation of ribosomal bound mRNA. Based on the data above, we are setting up differentiations for
all three genotypes of neurons, and we will perform a chronic treatment of rapamycin beginning seven days after
differentiation and an acute treatment for 24 hours on day 34. We will plan to collect neurons for immunoprecipitation,
RNA isolation, and RNA sequencing on day 35.

For aim 2, we are in the process of repeating the acute rapamycin treatment on MEA above. In addition, we are
performing calcium imaging to analyze the effect of acute treatment on the activity of iPSC-derived neurons at a single
cell level. Finally, to directly measure connectivity of the network, we have developed a novel lentiviral vector that
contains both a channelrhodopsin (CheRiff) and calcium indicator (jJRCaMP1b), but the two genes are oriented in opposite
directions so that only one gene can be expressed at a given time. The control of which gene is expressed is mediated by
Cre recombination, whereby unrecombined cells express only jJRCaMP1b, and cells after recombination express only
CheRiff. We are currently troubleshooting use of this vector, but we expect this tool to be capable of significantly aiding
in these experiments.

For aim 3, we have not yet begun treating organoids with rapamycin, but we have other projects focused on
creating organoids from 7SC2 iPSCs. Therefore, we are confident that we can start differentiation and treatment of
cerebral organoids within the next year for this project.

What opportunities for training and professional development has the project provided?

There are two postdoctoral fellows and one research assistant working on this project and being mentored by Dr. Sahin.
The trainees have all presented their work at the Sahin lab meetings. As results start to accumulate, we plan to present the
results at national and international meetings.

How were the results disseminated to communities of interest?

Not disseminated yet.

What do you plan to do during the next reporting period to accomplish the goals?

As discussed above, we have optimized several techniques and identified optimal time windows for experiments.
Therefore, we feel that we are in good position to make significant progress on the original aims of the proposal over the
next year.
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Ryan Chen who worked on this project as a Northeastern University coop student has finished his coop program and
returned to his undergraduate classes.
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