vers;j,
o %

. \0 f
5]
[==]
V
2 <

atinetAB

In vitro models for neuroimmunology

Gad D Vatine

The Department of Physiology and Cell Biology, Faculty of Health Sciences
The Regenerative Medicine and Stem Cell (RMSC) Research Center
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Heterozygous PHOX2B dominant pathogenic mutations underlie CCHS

PHOX2B is a 3 exons transcription factor ~90% of CCHS patients have PARMs in the
PHOX2B CCHS-underlying mutations are autosomal second polyalanine stretch (+ 4-13 ala)
dominant Disease severity correlates with PARMs length

CCHS incidents worldwide (2010)
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Where is PHOX2B expressed?

L] - ]
1 1 1

Expression levels (log)

> Hypothalamus & Spinal cord
> Colon and Esophagus tissues
> Endocrine glands

> Sex organs tissues
> Heart

PHOX2B expression in postmortem
samples (Amiel et al., 2003)
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PHOX2B is expressed in the human nervous system
and additional tissues




What genes are regulated by PHOX2B?

Cargnin et al. (2005)

Flora et al, (2001)
DI Lascio et al. (2016b)

Vi |

PHOX2B

a3 DBH, TH,
subunit TLX-2, RET SOX-10
nAChR ALK
Benfante et al. (2007) Adachi et al. (2000) Bachetti et al, Nagashimada et al.
Lo et al, (1999) (2005) (2012)

Borghini et al. (2006, 2007)
Bachetti et al, (2070)

Some of these genes are expressed in
the autonomic nervous system (ANS)

Expression In Adult Tissues
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How can we study PHOX2B?

rm homeobox protein 2B [Felis catus]
Sequence ID: XP_023108007.1 Length: 315 Number of Matches: 1

Range 1: 1 to 315 GenPept Graphics

An i m al Score Expect Method Identities Positives
620 bits(1598) 0.0  Compositional matrix adjust. 313/315(99%) 2314/315(99%)
i n d O m e Query 1 MYKMEYSYLNSSAYESCMAGMDTSSLASAYADF SSCSQASGFQYNPIRTTFGATSGCPSL 6@
g MYKMEYSYLNSSAYESCMAGMDTSSLASAYADF SSCSQASGFQYNPIRTTFGATSGCPSL

Sbjct 1 MYKMEYSYLNSSAYESCMAGMDTSSLASAYADFSSCSQASGFQYNPIRTTFGATSGCPSL 60

Query 61  TPGSCSLGTLRDHQSSPYAAVPYKLFTDHGGLNEKRKQRRIRTTFTSAQLKELERVFAET 120
TPGSCSLGTLRDHQSSPYAAVPYKLFTDHGGLNEKRKQRRIRTTF TSAQLKELERVFAET

Sbjct 61  TPGSCSLGTLRDHQSSPYAAVPYKLFTDHGGLNEKRKQRRIRTTFTSAQLKELERVFAET 120

KNGSSGKKSDSSR 180

Mouse

uery 121 HEOVTREELALKILTEAIGERAE OE OSSO DsSh
LALKIDL JFQN (OERA A . :
Sbjct 121 HYPDIYTREELALKIDLTEARVGVHFGNRRAKFRKQERAAAAAAAAAKNGSSGKKSDSSR 180 paired mesoderm homeobox protein 28 [Mus musculus]
f Sequence ID: NP_032914. 1 Length: 314 Number of Matches: 1
Query 181 DDESKEAKSTDPDSTGGPGPNPNPTPSCGANGGGGGGPSPAGAPGAAGPGGPGGEPGKGG 240
Vertebrates In-Vertebrates DDE SKEAKS TOPDSTGGPGPNPNPTPSCGA+GGGGGGPSPAGAPGAAGPGGPGGEPGKGG powe Il H s
Sbjct 181 DOESKEAKSTDPDSTGGPGPNPNPTPSCGASGGGGGGPSPAGAPGAAGPGGPGGEPGKGG 240
Range 1: 1 to 314 GenPept Graphics
. i Query 241 AGGLAAAGGPGQGIHAPGPGPITSIPDSLGGPFASVLSSLY 299 — —
- FFEh Anneuds L — 4AGGLAAAGGPGQGWAPGPGPITSIPDSLGGPFASVLSSLQ Score. Expect Method " ) ) Identities Positives
Sbjct 241 AAAGGLAAAGGPGQGWAPGPGPITSIPDSLGGPFASVLSSLY 300 625 bits(1613) 0.0  Compositional matrix adjust. 314/314(100%) 314/314(100%)
Fsmphil::'rans Mollusks «— Query 300 RPNGAKAALVKSSMF 314 Query 1  MYKMEYSYLNSSAYESCMAGMDTSSLASAYADFSSCSQASGFQYNPIRTTFGATSGCPSL 60
RPNGAKAALVKSSMF A MYKMEYSYLNSSAYESCMAGHMDTSSLASAYADF 55CSOASGFQYNPIRTTFGATSGCPSL
Arthmpods Sbjct 301 RPNGAKAALVKSSMF 315 Sbjct 1 MYKMEYSYLNSSAYESCMAGMDTSSLASAYADFSSCSQASGFQYNPIRTTFGATSGCPSL 60
h HEN"ES Query 61  TPGSCSLGTLRDHQSSPYAAVPYKLFTDHGGLNEKRKQRRIRTTFTSAQLKELERVFAET 120
- 3 TPGSCSLGTLRDHQSSPYAAVPYKLFTDHGGLNEKRKQRRIRTTFTSAQLKELERVFAET
Birde Arachnids «— Sbjct 61  TPGSCSLGTLRDHQSSPYAAVPYKLFTDHGGLNEKRKQRRIRTTFTSAQLKELERVFAET 120
. Query 121 vaolvmeEumnusmmr&unuxrnn ERAAAAAAAAAKNGSSGKKSDSSR 180
Echinoderms «— . HYPDIYTREELALKIDL TEARVQVHFQNRRAKFRKQERAL AAKNGSSGKKSDSSR
Mamals Sbjct 121 HYPDIYTREELALKIDLTEARVQVWFQNRRAKFRKQERAAAAAAAAAKHGSSGKKSDSSR 180
meza Query 181 DDESKEAKSTDPDSTGGPGPNPNPTPSCGANGGGGGGPSPAGAPGAAGPGGPGGEPGKGG 240
. e — DDESKEAKS TOPDSTGGPGPNPNPTPSCGANGGGGGGPSPAGAPGAAGPGGPGGEPGKGG
— Animals Sbjct 181 DDESKEAKSTDPDSTGGPGPNPNPTPSCGANGGGGGGPSPAGAPGAAGPGGPGGEPGKGG 240
Query 241 A AGGLAAAGGPGQGHAPGPGPITSIPDSLGGPFASVLSSLOR 300
: : GGLAAAGGPGQGHAPGPGPITSIPDSLGGPFASVLSSLOR
—* MEFSUDIE:”S Sojct 241 A AGGLAAAGGPGQGHAPGPGPITSIPDSLGGPFASVLSSLOR 300

Query 301 PNGAKAALVKSSMF 314

— Primates Shjct 301 PNCAKAALVKSSHE 312
Rodents

Cetaceans

|

Seals

PHOX2B is conserved across vertebrates



What can we learn from mouse models? ‘

Phox2b knock-out -/- Phox2b is required for embryonic development of Die in the uterus around
most neuronal types in the peripheral nervous embryonic day 14
Pattyn et al., 1999 systems
Phox2b -/+ Transient chemosensitivity disorders: At P10 differences from WT are
Sleep apneas (~6-fold increase than WT) no longer evident. The mutants
Ramanantsoa et al. 2006 Reduced sensitivity to hypercapnia survive and are fertile
Phox2b 27Ala/+ Reduced response to hypercapnia Die within the first few

Highly unstable breathing interrupted by apneas postnatal hours
No RTN neurons were present
Ramanantsoa et al. 2006 Loss of parafacial interneurons (pFRG)

PHOX2B is essential for embryonic development

A single copy of the gene is enough for normal postnatal development

and survival

The mutated allele seems to disturb the function of the normal copy
dominant toxic gain of function
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June 25, 2024 | Kim Krieger - UConn Communications

Neurobiologists Reveal a Secret of Ondine’s Curse

People with Ondine's curse, also known as congenital central hypoventilation syndrome, lack ncepha'()
the ability to regulate breathing unconsciously. path

ability to regulate breathing unconsciously. Such people must have a machine help them breathe carly mortajigy, J{
when they sleep, or risk death. Poor sleep and less oxygen lead to health and learning problems, and Uanscriptiop, }ajfotbcus O the controy o

people with the condition often die young. €Xpress Kcnd;f .
. n

The condition is also terribly stressful for the family of a person with Ondine’s curse. function yyy;

. . . . . . . breath; Ve state, hese. r Ch(“mort‘ﬂex, respect, ases baselipe
Dan Mulkey, a neurobiologist at UConn, describes how a colleague hitched a ride to a scientific D"ecz‘argz,g 3bnomygjigje, ; ,thjulrs UnCover mechanic TVely. in mice i
) ) ) ) ) ) . Vulnerabiliry e p, encephajc SMs underjyip,
conference with the family of a child who had the disorder. It was at night. They hit traffic. The baby KENQ2 pagh, Y OF Phox2b-expreccr . P2ty and higpy &

would periodically fall asleep. The scientist sat in the backseat and every few minutes, he had to rouse
the baby.



Why do pre-clinical models fail to predict clinical relevance?

From drug discovery through FDA approval, developing a new medicine takes at least 10 years on average and costs an average
of $2.6 billion.” Less than 12% of the candidate medicines that make it into Phase | clinical trials will be approved by the FDA.

DRUG PRE- POST-APPROVAL

: CLINICAL TRIALS RESEARCH &
EARCH DISCOVERY CLINICAL MONITORING

PHASE | PHASE Il PHASE Il PHASE IV

V' 1 roa-

| APPROVED

NUMBER OF VOLUNTEERS
HUNDREDS THOUSANDS

IND SUBMITTED
NDA/BLA SUBMITTED
FDA APPROVAL

Animal models Cell cultures Clinical trials
* Not a human * Do not represent the physiological environment




SCIENCE

n p r The FDA no longer requires all drugs to be
tested on animals before human trials

A new U.S. law has eliminated the requirement that drugs in development must

undergo testing in animals before being given to participants in human trials.

Animal rights advocates have long pushed for such a move, and some in the
pharmaceutical industry have argued that animal testing can be ineffective and

expensive.

PETA cheered the new law as a "radical shift" in how

new drugs and treatments will be created.

Signed by President Biden in December as part of a
larger spending package, the law doesn't ban the

testing of new drugs on animals outright.

There are a slew of other methods that drugmakers employ to assess new medications
and treatments, such as computer modeling and "organs on a chip," thumb-sized

microchips that can mimic how organs' function are affected by pharmaceuticals.

But Aliasger Salem, a professor at the University of Iowa's College of Pharmacy, told
NPR that companies opting to use these alternative testing methods as a replacement

for animal testing must be aware of the methods' limits to ensure their drugs are safe.



How can we perform research on humans?

Post mortem tissue

» Limited in scale and availability
» Limited possibility to perform
experiments

Human fibroblasts and cell lines

» Scalable cell source
» Non-physiologically relevant

Primary human cells
» Limited in scale and availability
» Naturally abnormal

Human stem cells
» Scalable cell source
» Can potentially differentiate into
any cell type




What is a Stem Cell? Ask Google

U.S5. Department of Health and Human Services

Possibility To Grow Healthy Hair Back Lies Within You

Adto Z Index Follow FDA En Espariol
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For Consumers
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FDA Warns About Stem Cell Therapies

Animal & Veterinary

Children's Health

Cosmetics

Dietary Supplements
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Food
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B Subscribe: FDA Consumer Health Information

Stem cells have been called everything from cure-alls to
miracle treatments. But don't believe the hype. Some
unscrupulous providers offer stem cell products that are
both unapproved and unproven. So beware of potentially
dangerous procedures—and confirm what's really being
offered before you consider any treatment

The facts: Stem cell therapies may offer the potential to
treat diseases or conditions for which few treatments exist
Sometimes called the body's “master cells,” stem cells are
the cells that develop into blood, brain, bones, and all of the
body’s organs. They have the potential to repair, restore,
replace, and regenerate cells, and could possibly be used
to treat many medical conditions and diseases.

But the U.S. Food and Drug Administration is concerned
that some patients seeking cures and remedies are
vulnerable to stem cell treatments that are illegal and

Animal & Veterinary | Cosmetics | Tobacco Products

Researchers hope stem cells will cne day be
effective in the treatment of many medical conditions
and diseases. But unproven stem cell treatments can
be unsafe—so get all of the facts if you're
considering any treatment.

potentially harmful. And the FDA is increasing its oversight and enforcement to protect people from dishonest and
unscrupulous stem cell clinics, while continuing to encourage innovation so that the medical industry can properly

harness the potential of stem cell products.

To do your part to stay safe, make sure that any stem cell treatment you are considering is either.

« FDA-approved, or;

« Being studied under an Investigational New Drug Application (IND), which is a clinical investigation plan

submitted and allowed to proceed by the FDA.
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ChatGPT

What is a Stem Cell? Ask ChatGPT

ChatGPT

What is a stem cell?

©® Astemecellisa type of cell with the unique ability to develop into many different cell types in the
body during early life and growth. Additionally, in many tissues, they serve as a sort of internal repair
system, dividing essentially without limit to replenish other cells as long as the person or animal is

still alive. Here are some key characteristics and types of stem cells:

Key Characteristics of Stem Cells:
1. Self-Renewal: Stem cells can divide and replicate for long periods.

2. Potency: They have the potential to differentiate into various specialized cell types. The degree

of this potential is categorized as:

¢ Totipotent: Can form all cell types in a body, plus the extra-embryonic, or placental, cells.
¢ Pluripotent: Can give rise to all cell types that make up the body.

¢ Multipotent: Can develop into more than one cell type, but are more limited than

pluripotent cells. v

@ Message ChatGPT



What is a Stem Cell?

Self renewal
replicate itself, or...

A single cell that can

J

differenfiate ino many

cell types. @
5o
‘\\_./\.\ | 7

Differentiation potential

Image prepared by Catherine Twomey for the National Academies,
Understanding Stem Cells: An Overview of the Science and Issues

from the National Academies, http: //www.nationalacademies.org/stemcells.
Academic noncommerciol use is permitted.



Embryonic development starts from a single cell that
proliferates and differentiates into all cell types of our body




Cellular decision-making during development

Conrad Waddington
(1905-1975)
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Adult stem cells

Many cells in our body are D
constantly replaced. Adult brain

stem cells provide an s
indispensable renewable
source of cells

~

skeletal
muscle

€CON

bone
marrow

Adult stem cells are unable
to differentiate to all cell
types (they are multipotent
but not pluripotent)

eripheral
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Embryonic Stem Cells

\ Blastocyst
= [ = G Inner Cell Mass

Fertilization i'

Activation  Parthenote EMBRYONIC STEM CELLS
Ectoderm Mesoderm Endoderm Germlme
Brain, Skin Muscle, Blood, Lung, Gut, Liver Sperm, Egg

Bone, Cartilage
Macular Degeneration Heart Failure COPD Infertility
Parkinson’s Disease Anemia, Leukemia Diabetes

ALS Arthritis, Bone Fracture Cirrhosis



The Nobel Prize in Physiology or Medicine 2007 More » E G'E

The Nobel Prize in Physiclogy or

fishietite Advanced information

Nobelférsamlingen
he Nobel Assembly at Karolinska Institutet

72 Karolinska
Institutet

Mario R. Capecchi
Sir Martin J. Evans
Oliver Smithies

Advanced information [pdf]
Share this

0 v Gene Modification in Mice

Introduction |

The 2007 Nobel Prize in physiology or medicine is awarded to Drs Mario R. Capecchi, Martin J.
Evans and Oliver Smithies for their discoveries of principles for introducing specific gene
modifications in mice by the use of embryonic stem cells. Their work has made it possible to
modify specific genes in the germline of mammals and to raise offspring that carry and express
the modified gene. The toolbox of experimental genetic methods developed by Capecchi, Evans
and Smithies, commonly called the knockout technology, has permitted scientists to determine
the role of specific genes in development, physiology, and pathology. It has revolutionized life
science and plays a key role in the development of medical therapy.

A. Gene targeting of embryonic stem cells
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Embryonic Stem Cell Lines
Derived from Human
Blastocysts

James A. Thomson,* Joseph Itskovitz-Eldor, Sander S. Shapiro,
Michelle A. Waknitz, Jennifer ). Swiergiel, Vivienne S. Marshall,
Jeffrey M. Jones

Human blastocyst-derived, pluripotent cell lines are described that have normal
karyotypes, express high levels of telomerase activity, and express cell surface
markers that characterize primate embryonic stem cells but do not characterize
other early lineages. After undifferentiated proliferation in vitro for 4 to 5
months, these cells still maintained the developmental potential to form tro-
phoblast and derivatives of all three embryonic germ layers, including gut
epithelium (endoderm); cartilage, bone, smooth muscle, and striated muscle
(mesoderm); and neural epithelium, embryonic ganglia, and stratified squamous
epithelium (ectoderm). These cell lines should be useful in human develop-
mental biology, drug discovery, and transplantation medicine.

The generation of hESCs involves
destruction of the embryo and is
therefore controversial
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Embryonic stem-cell research
requires the destruction of life to
create a stem cell. That's why | think
we've got to be very careful in
balancing the ethics and the science.

— GW w Bwsh -




The Nobel Prize in Physiology or Medicine 2012

Disease in a dish
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Shinya Yamanaka: Rejuvenating a cell

Starting $om a coloecton of 24 aifierant QONes eNCOCing rarecription tacion (symboiised Dy the tost tubal, Yamanaka
and his co-workers demorsymied that a set of ondy four of 1hwose genes My, Octd'd, Son2 and KiE) was sefMciont
10 Comeart Culiured MOLSe eenbeyonic o adult fhrobiasts 10 Decome plurnpotont ocells capabie of pradacing al thypes
' ol matare Colls i mice. Tha pluspotent colls Wwane called INJUCHd PAIDONNE Stom Colls IPS colts). Shinya Yamanaks
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Induction of Pluripotent Stem Cells
from Mouse Embryonic and Adult
Fibroblast Cultures by Defined Factors

1,2,%

Kazutoshi Takahashi' and Shinya Yamanaka
"Department of Stem Cell Biology, Institute for Frontier Medical Sciences, Kyoto University, Kyoto 606-8507, Japan
2CFXEST Japan Science and Technology Agency, Kawaguchi 332-0012, Japan
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Reprogramming — a game changer in human research
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Induced pluripotent
stem cells (iPSCs)
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Disease-specific drugs Patient

Healthy cells

Personalized Mo
. . €cule
embryonic-like stem  Screey
cells without ethical
controversy ol

N

%\(W\ Fibroblasts
A disease-in-a-dish
model to study human M O

In vitro
differentiation

cMYC, OCT4
disorders in a Affected cell type KLF4, SOX2
personalized manner x —
Vi, Y. e
Ny C : =
7N Patient specific

iPS cells



Sympathetic neurons malfunction in
autonomic nervous system (ANS)
disorders, including CCHS

Dr Avi Ashkenazi Fatima Amer-Sarsour Dr Yevgeny Berdichevsky

000

TEL AVIV UNIVERSITY

SnapShot

Autonomic nervous system disorders

Yehonatan Sharabi,'? Gad D. Vatine,* and Avraham Ashkenazi'#
‘The Department of Cell and Developmental Biology, Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv, Israel
2Hypertension Unit, Chaim Sheba Medical Center, Tel-HaShomer, Israel

*The Department of Physiclogy and Cell Biology, Faculty of Health Sciences and RMSC, Ben-Gurion University of the Negev, Beer Shava, Israel
4Sagol School of Neuroscience, Tel Aviv University, Tel Aviv, Israel
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Diseases with autonomic Clinical symptoms of autonomic dysfunction
dysfunction Symptoms
I Pupillary unrest
Prototype Age at onset Ooulomator = . Pupil and tear  Compromised tear function
nucleus =+ Xerophthalmia
= Familial dysautonomia (FO) i Cranial nerve Il
E Dopamine beta-hydroxylase sgjl_lvpsﬂﬂl’
daficiancy (DBHD) Ivatory G I Vil
Aromatic L-amino acid nucleus ranial nene
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Generating a human-relevant disease-in-a-dish model for CCHS
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iPSCs from two 25+ CCHS patients were generated and characterized
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IPSCs from a 27+ CCHS patient and healthy controls were generated
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A CRISPR/Cas9-mediated isogenic iPSC line
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A comprehensive set of iPSCs to study CCHS
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General Introduction

The Stem Cell Research Laboratory in Shaare Zedek, headed by Dr. R. Eiges, was
found in 2008 as part of the Medical Genetics Institute. The laboratory is mainly
engaged with basic research studies related to genetic disorders, using mutant
human embryonic stem cells as a model system. Specifically. we are focusing on
the research of genetic conditions that are associated with unstable repeat
expansions (microsatellites) in the DNA like fragile X syndrome, myotonic dystrophy
type 1, a heritable form of ALS, as well as Dyskeratosis Congenital. In addifion. it is
charged with establishing and providing diseased human embryonic stem cell
(HESC]) lines as a universally available resource.

Principal Investigator
Prof. Rachel Eiges, PhD

Tel: 972-2-6666721
Fax: 972-2-6666935
Email: rachela@szmc org.il

Location
Main Building, 5th Floor

Prof Rachel Eiges



Establishment of a protocol to differentiate iPSCs into disease-
relevant neurons
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iPSCs are differentiated into PHOX2B-positive neural crest progenitors
(Day 10) and then to sympathetic neurons (Day 31)



103iCTR 20/20

104iCCHS 20/27 102iCCHS 20/25 105iCTR 20/20

CCHS and CTR lines differentiated into sympathetic neurons

Differentiated neurons express:

The pan-neuronal marker BllI-tubulin (TUBB3)
The chemosensitive marker

The sympathetic marker

The peripheral neuronal marker

Amer-Sarsour, Falik et al., 2024



Continuous extracellular MEA recordings of differentiating neurons
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Differentiated iPSC-derived sympathetic mature to spontaneously active neurons
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Organoid models of breathing disorders reveal patterning defect of hindbrain
neurons caused by PHOX2B-PARMs

Kathy Nga-Chu Lui,! Zhixin Li,! Frank Pui-Ling Lai,' Sin-Ting Lau,' and Elly Sau-Wai Ngan'*
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Preliminary electrophysiological characterization of CCHS-iPSC-neurons
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Cellular PHOX2B mislocalization in CCHS neurons
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Amer-Sarsour, Falik et al., 2024

PARMs impair PHOX2B nuclear translocation, leading to undesired cytoplasmic
interactions with ubiquitin enzyme (UBA6)



The Ubiquitin system is involved in regulating protein degradation
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Ubiquitin failure may lead to “traffic Exploiting the Ubiquitin system may
jams” in neurons, leading to cell death rescue cellular toxicity



Harnessing antisense oligonucleotides (ASOs) for
modulating UBA6 expression

ASOs are short synthetic single-stranded ¥/ \Y
nucleotides sequence Dr Avital
Adato

Modulate gene expression

Increasingly used for ‘next-generation
therapeutics’
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Single-cell RNA-sequencing analysis to identify _
affected pathways that can be modulated |

cDNA prep library prep sequencing =
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Impaired differentiation of CCHS neurons

|dentifying affected molecular pathways




Summary

iIPSCs were generated and characterized from CCHS patients and their
healthy family relatives

iPSCs were differentiated into spontaneously active sympathetic
neuron-like cells

CCHS autonomic neurons are hypo-excitable under low pH
PHOX2B nuclei translocation is impaired by PARMs

Molecular analyses identified impaired PHOX2B-dependent
transcriptional pathways and alterations in CCHS autonomic neurons



A microfluidic Organ-on-Chip system can mimic organ-level functionality

Recreates intracellular interactions
Mimics the dynamic environment
Permits laminar perfusion — not currently possible in organoids
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A microfluidic Organ-on-Chip system can mimic system-|level
functionality in the context of CCHS
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