7. REGENERATIVE MEDICINE' AND CELL
REPLACEMENT THERAPY”

Therapy that enables the body to repair, replace, restore and regenerate
damaged or diseased cells, tissues and organs.

The prevention, treatment, cure or mitigation of disease or injuries in humans
by the administration of autologous, allogeneic or xenogeneic cells that have
been manipulated or altered ex vivo.



Why do we need 1t?




Aging population

Population, 1901 Census Population, 2001(Base) Projected Population, 2101 {Series 4)
Median Age = 23 Years Median Age = 35 Years Median Age = 45 Years
(Median Age = 2] years) (Median Age = 35 years) {Median Age = 45 years)
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Obesity

PYsse

The Prevalence of Obesity (BMI 230)
Among U.S. Adults, 2007 OBES|TY: ™ Percentage of te popuation oider than

15 with a body-mass index greater than 30,
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The Medical
hazards of
obesity

Figure 1.1b Deaths by cause, women, latest available year,

Europe
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The source#1: EMBRYONIC STEM CELLS

REFPORTS

MM karvotype after & months of culture and

Em brynnic Stem Cell Lines hasz now been passaged contimuously for
more than 8 months (32 passages). A period
- of replicative crisis was not observed for

Derived from Human e OF the eall Times.
The human ES cell lines expressed high
BlaStOC}fStS levels of telomerase activity (Fig. 2) Telo-
merase 12 a ribonucleoprotein that adds telo-
James A. Thomson,* Joseph Itskovitz-Eldor, Sander S. Shapiro, mere repeats to chromosome ends and is
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The source#2: ADULT STEM CELLS

Turning Brain into Blood: A
Hematopoietic Fate Adopted by
Adult Neural Stem Cells in Vivo

Christopher R. R. Bjornson,*{] Rodney L. Rietze,*§
Brent A. Reynolds, M. Cristina Magli, Angelo L. Vescovil

Neural stem cell validation

Stemn cells are found in various organs where they participate in tissue ho-
meostasis by replacing differentiated cells lost to physiclogical turnover or
injury. An investigation was performed to determine whether stem cells are
restricted to produce specific cell types, namely, those from the tissue in which
they reside. After transplantation into irradiated hosts, genetically labeled
neural stem cells were found to produce a variety of blood cell types including
my eloid and lymphoid cells as well as early hematopoietic cells. Thus, neural
stemn cells appear to have a wider differentiation potential than previously

thought.
22 JAMUARY 1999 VOL 283 SCIENCE  www.sciencemag.org

Hematopoietic stem cell validation in irradiated mice trasnplanted
with B-gal-labeled NSC (in vitro BM clonogenic assay)
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The source#3: INDUCIBLE PLURIPOTENT CELLS (iPS)

Nuclear reprogramming

From Skin Cells to Stem Cells

Researchers have developed a technique for creating stem calls without the controversial use of eggs or embryos.
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2006- INDUCIBLE PLURIPOTENT CELLS (iPS)

Induction of Pluripotent Stem Cells
from Mouse Embryonic and Adult
Fibroblast Cultures by Defined Factors

Kazutoshi Takahashi' and Shinya Yamanaka'*"*

! Dapartmert of Stermn Call Biology, Institute for Frontier Medical Sclences, Kyoto University, Kyoto 606-8507, Japan
? CREST, Japan Science and Technology Agency, Kawaguchi 332-0012, Japan

"Contact: vamanaka@frontier kyoto-u.ac.jp

DO 10.10164.call. 2006.07.024

SUMMARY or by fusion with ES cells {Cowan et al., 2005, Tada

et al., 2001), indicating that unfertilized eggs and ES cells
Lifferentiated cells can be reprogrammed to an contain factors that can confer totipotency or pluripotency
embryonic-like state by transfer of nuclear con- to somatic cells. We hypothesized that the factors that
tents into oocytes or by fusion with embryonic play important roles in the maintenance of ES cell identity

stem (ES) cells. Little is known about factors also play pivotal roles in the induction of pluripotency in
[T MR U NPT LI I | [ [ J—— snmatic ol
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Table 1

Summary of reprogramming studies

Species Cell fype Factors Selecion straleqy  Reference study
Mouse ~ MEFs and il tio fioblasts ~ Qctd, S, KIfd, and c-Myc Fout5-ngo (6]
Nanog-puro [12]
Nanog-puro [11]
Nanog- or Octd-neo [19]
MEFs Qotd-GFP [16]
MEFs and tail fip ibroblasts ~ Octd, Sox2, and Kfd Nanog-puro (451
MEFs Nanog- or Octd-ngo [467]
Human ~ HOF Qctd, Sox2, Kid, and c-Myc Morpholagy [17]
HALS
Bl
Adut fibroblasts Qctd, S0x2, Nanog, and LINGS Morpholagy [16%]
Foreskin fibroblass
H1F cells Qctd, Sox2, K4, and c-Myc Qctd-neo [19*]
Fetal fibrablasts Marphology
H1F cells Qctd, Sox, Kifd, c-Myc, hlert, and SV40large T Octé-ngo
M3Cs Morpholagy
Adut fibroblasts
HiF call Qctd, Sox2, and K4 Octé-neo
H1F cells Qctd, o2, and c-Myc

HOF, human dermal fibrablasts; HFLS, human floroblastke synoviocytes; B, cell line derived from neonate fibroblasts; HIF, ES cell-derved

fibeoblast; MSCs, mesenchymal slem cells.

Vol 455|2 October 2008 doi:10.7038 /nature07314
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ARTICLES

In vivo reprogramming of adult pancreatic
exocrine cells to f-cells

Qiao Zhou', Juliana Brown®, Andrew Kanarek', Jayaraj Rajagopal' & Douglas A. Melton’
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gau | HOW TO REPAIR BROKEN HEART?
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Normal heart

[~

Left ventricle

Infarcted heart

Dilated ventricle

Myocardial Infarction 4 hours after p

- infarcted area

necrotic muscle (red)

extensive fibrosis (pink)

v - blood vessel

lar septum;LA, Left atrium; LR Left ventricle:
RL, Right veniricle

Myocardial Infarction 1 week after procedure

IVS, Interventricular septum;LA, Left atrium; LR Left ventricle; RA, Right atrium;
RL, Right ventricle

ion 24 hours after p

y
Ao, Aortic artery; IVS, Interventricular septum;LA, Left atrium;
LR Left ventricle; RA, Right atrium; RL, Right ventricle

Myocardial Infarction 8 weeks after procedure

Ao, Aortic artery; IVS, Interventricular septum;LA, Left atrium;
LR Left ventricle; RA, Right atrium; RL, Right ventricle



Fish heart regenerates from undifferentiated (de-differentiated?) progenitor cells
epicardial invasion via EMT
A uninjured 1dpa 14 dpa C
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Adult rat heart contains resident cardiac stem cells that can be isolated and expanded in vitro......

red — cardiac myosin

green -PI

yellow (D) — connexin 43

yellow (E)- N-cadherin

(F) - non-treated tissue (blue — collagen)

cell injections

Lin (none) — blood lineage

c-kit+ (green) - stem cells

Nkx2.5 (white) — early cardiac
sarcomeric actin (red)- cardiac
MEF2C (yellow dots)- early cardiac
GATA4 (magenta) — early cardiac
cardiac myosin (orange)




Hematopoietic stem cells can regenerate endothelium and cardiac muscle in ischemic heart
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Mammalian heart can regenerate! (at least during its physiological renewal)

Cardiomyocyte Bone-marrow

But does it happen in disease? + 'Pr-ﬂi; stem-cell

maobilization

differantiatian mabilizatian

Inefficient homing

Inadequate
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capaciy
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and differentiatian .
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Resident cardiac stem cells

Cardiac
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Many cell types can differentiate into cardiomyocyte

Direct contribution
to contractility

Remadelling of
slectrical properties

Remadelling of infarcts
Angiogenesis

Remodelling of the
extrace llular matrix

Contribution to
mechanical properties
of the scar

Activation of
endogenous stem cells




SKELETAL MYOBLASTS

THUMBS DOWN — - remain committed to skeletal muscle fate
|

- do not form gap junctions to couple with host myocardium, do not beat in synchrony
with the rest of the heart

ADULT HEMATOPOIETIC STEM CELLS

+ differentiate well into endothelial and smooth muscle compartments of the heart veins
- differentiate poor into the myocardium

-fuse with myocardial cells

ENDOTHELIAL PROGENITORS

+ excellent in infarct revascularisation
-poor contribution to myocardium

MESENCHYMAL STEM CELLS (BM-derived)

- do not fully transdifferentiate to myocardium
-do not form connections or contract

RESIDENT MYOCARDIAL PROGENITORS
+ differentiate into cardiomyocytes (partially), smooth muscle cells and endothelia
-fuse with cardiomyocytes




MOVIE - hESC-derived cardiomyocytes in gelatin cell culture (Histone 2BeGFP)

HUMAN EMBRYONIC STEM CELLS

+ excellent cardiac potential, full functional
differentiation into cardiomyocytes

+ specific differentiation into ventricular, atrial and
nodal/pacemaker cells possible

- inefficient cardiogenesis

- stem cells often carried-over in transplant

Teratoma




Choices

Challenges

Isolation

*flond

* Banemarraw

* Muscle biopsy
*Cardiacbiopsy

# Embryanic stem cells

&

* Purity of isalated cells
s hufficient number of cells
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hefare transplantation

Delivery

# [ntravenous

* Intracoranary
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1%ﬂy
# (&l retention
# Spatial distribution

Survival and proliferation Electromechanical Stability and safety
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# |nflammation mature cardiomyacytes * Arrythmagenicity
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Table 1| Overview of clinical trial s of stem-cell or progenitor-cell delivery to the heart

Celltype Study design  Number of Mean follow-up Mumber of cells Route of injection Ejection fraction Sourced
patients* duration (months) injected versus control (36)
BMMMNC R-5B &0 12 108 Intracoronary +7.0(P=0.03) Meluzin et al.*” (2007)
R-5B 51 3 2x10° Intracoronary +4.1(P=0.001) Assmuset al. (2006)
R-5B 66 3 10® Intracoronary +3(P=0.04) Meluzin et al.*® (2008)
R-SB 204 12 2.4x108 Intracoronary Decreased mortality Schachinger etal®® (20086)
R-5B 20 6 410’ Intracoronary +6.7 (NS) Geetal. ™ (2006)
R-5B 20 4 610" TEIM +2.5 (NS) Hendrikx et al.™ (20086}
R-DE &7 4 1.7 x10° Intracoronary +1.2 (NS) Janssens et al.? (2006)
R-SB 100 & 8.7 <10 Intracoronary -3.0 (P=0.05) Lunde et al.™ (2006}
R-SB 60 18 25x10° Intracoronary +2 B (NS) Meyer et al  (2006)
Cohort§ 36 3 3x10® TEIM +4.0 {NS) Mocini et al.*? (2006)
R-5B 204 4 2.4x10° Intracoronary +2.5 (P=0.01) Schachinger et al.® (2006)
Cohorts 36 3 9 %107 Intracoronary +7.0(P=0.02) Strauer et al. * (2005)
Cohorts 20 12 2.6x10° TEIM +81 (NS) Perin etal® (2004)
Cohorts 20 3 2.8x107 Intracoronary +1.0 (MNS) Strauver et ol * (2002)
CPC Cohorts 54 & Sx=10% Intracoronary +6,0(P=0.04) Tatsumi et al.”® (2007)
Cohorts 73 & 2x10° Intracoronary +2.B(NS) Choi et al.” (2007)
R-5B 47 3 2x10° Intracoronary +0.8 (NS) Assmus et al.*? (2006)
R g2 & 1.4 %107 Intracoronary -0.2 (N5) Kang et al.* (2006)
Cohorts 70 & 7.3x107 Intracoronary +5.5 (P= 0.04) Li et al.™ (2006)
SB 26 3 7 x107 Intracoronary +7.2 (NS) Erbs et al ¥ (2005)
cD3st Cohorts 27 6 NA Intramyocardial || MNA Ahmadi et al. 2 (2007)
Cohorts 55 6 &6 x10% Intrarmyocardial || +63(P=0.02) Stamm et al. (2007)
Cohorts 35 4 13107 Intracoronary +2.8(NS) Bartunek et al.™ (2005)
CcD34* R-DB 24 & 3.5x107 TEIM NA Losordo et al.™ (2007)
SMB R-DB 97 & NA Intrarmyocardial || +3(P<0.04) MAGIC? (2007)
Cohorts 26 12 2.5x10% Intramyocardial || +14 .5 (P<0.01) Gavira et al.™ (2006
Cohort§ 12 2 21x10° TEIM +1N.6(P<0.05) Ince etal.™ (2004)
MSC R 48 12 5x10% Intracoronary -3 (NS) Chen et al.” (2006)
R-SB 69 6 6x10™ Intracoronary +12.0 (P=0.01) Chen et al.” (2004)
MSC+EPC Cohorts 22 4 Ix10® Intracoronary +0.3 (N5) Katritsis et al.™ (2005)
BMC R-DB 20 6 NA Intracoronary +9.2 (P<0.05) Ruan et al.” (2005)

BMC, bone-marrow-derived cells (unspecified); BMMMNC, bone-marmow mononudear cell; CPC, circulating progenitor cell; DB, double blinded; EFC, endothelial progenitor cell; MSC, mesenchymal stem
cell; MA, not available; NS, not significant; R, randomized; 5B, single blinded; SMEB, skeletal myoblast; TEIM, transe ndocardial intramyocandial injection. *The number of patients is the sum of individuals in the
control and treatment groups; almost all studies have ¢ gual numbers in each group. TEjection fraction is the proportion of blood in the left ventride that is ejected into the aorta during each heartbeat; this
s ameasure of cardiac function. § The author names refer to the original report, and the reference num ber cited indicates either the original report or a meta-analysis (or review) inwhich the original report &
discussed. $Cohort denotes a non-randomized and non-blinded study. || Intramyocardial indicates injection through the epicardial side of the heart.
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Regeneration of body parts

REGENERATION IN PLANARIANS: Being the _
. . . . /' Posterior :
simplest animals with bilateral symmetry, e T

planarians are in a constant cell turnover. Their A

bodies contain up to 20% of so called neoblasts, Anterior blastema

characterized by the expression of ATP-dependent -

RNA helicase similar to Drosophila vasa protein. Anterior
\

Neoblasts divide and contain the population of S
totipotent cells that can form all 15 cell types of the
planarian tissues.

Following transection, there is a muscular
contraction limiting the area of the cut followed by
the formation of the wound epithelia that makes up
regeneration blastema. The blastema enlarges and
redifferentiates to form missing structures. The
mechanism of a polarity decision, whether to be a
head or tail, is poorly understood and does not
likely involve the Hox genes. Bipolar form




Amputation

Healing

Dedifferentiation

Cone stage

Palette stage

Notch stage

Digit stage

- Epidermis
— Dermis

~ Muscle
- Cartilage

Wound epithelium

Blastemna cells

— Apical epidermal cap

- Proliferating cells

—==- Redifferentiation

VERTEBRATE LIMB REGENERATION:

Among the vertebrates only certain amphibians can regenerate limbs
after surgical removal. These include anuran tadpoles that can
regenerate limbs before they reach the metamorphosis as well as
many urodele species that regenerate limbs during both larval and
adult life.

After limb amputation, a wound epithelia forms via migration of
epidermal cells over the cut surface followed by dedifferentiation of
an underlying tissue. The blastema consists of loose-packed
mesenchymal cells surrounded by thick epidermal jacket. The
blastema proliferates and then the limb structures redifferentiate in
the proximal-distal sequence.



Can mammals regenerate body parts?

1. Anat. (2005) 207, pp603-618

REVIEW

Deer antlers: a zoological curiosity or the key to

understanding organ regeneration in mammals?
J. S. Price, 5. Allen, C. Faucheux,* T. Althnaian and J. G. Mount
Department of Basic Sciences, The Royal Veterinary College, London, UK

Abstract

Many organisms are able to regenerate lost or damaged body parts that are structural and functional replicates
of the original. Eventually these become fully integrated into pre-existing tissues. However, with the exception of
deer, mammals have lost this ability. Each spring deer shed antlers that were used for fighting and display during
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Antler periosteum

Pedicle periosteum

(C) Stages of pedicle development
1 - intramembranous ossification

2 - transitional ossification

3 - endochondral ossification

4 - endochondral ossification

and skin formation

Antler growth from transplanted
perichondrium into the metacarpal bone

‘Antler’




v — velvet skin

p —perichondrium

m- mesenchyme

cp — chondroprogenitor region
c- cartilage

bo — bone

p — periosteum

(B) Velvet skin
e - epidermis

d - dermis

h - hair follicle
s — gland

(C) Fibrous perichondrium
arrow — blood vessel

(D) Mesenchymal growth zone

(E) Chondroprogenitor region

(F) non-mineralized cartilage
v - blood vessel

(G) mineralized cartilage

(H) spongy bone
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