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How are mutations of BMPR2 related
to the development of IPAH?
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Bone Morphogenetic Protein
Receptor type Il is a member of
the transforming growth factor B
receptor family.

BMPR Il is a receptor for a group
of secreted growth factors called
BMPs.

Inigeneral, the BMPR-IIpathway.
plays a role in inhibiting cell
growth (SMCs)

BIVIPSi can have pro- or anti-
apoptoetic actions depending. on,
cell-type and conditio
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BMPS induce apoptesis In human
pulmoenary artery SMCs
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A4CV"  BMPRII mutations lead to dysregulated
SMC growth

LLoss ofi inhibitery BMP signaling
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BMPR2 Is mainly localized to
pulmonary vascular ECs

Atkinson et al. Circulation| 105:1672,2002 ]iyjm‘;
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Effect off BMP-2 on TNFe-Induced
HPAEC apoptosis (TUNEL)
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BMPRII gene silencing by SIRNA
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BMPRII mutations: “Double Jeopardy”
for PAH?

SMCs ECs

- UpregU|ated SMC » EC apoptosis
grolwth l
Intimal and medial Regression and less) of
Ay penplasia el antenoles precapiliary’ pulmoenary.
arterioles
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Pulmonary Micrevasculature in the Rat
Monocrotaline model off PAH: 21 Days post MCT

Normal MCT (3 wks)
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The Pre-Capillary Arteriole: the Achilles
Heel of Pulmonary Micrevasculature?
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Central Role of EC Apoptosis in PAH?

Normal lung

Genetic susceptibility
- BMPR2 mutation
- Tie2
- other
Environmental trigger

-Toxin
- Anorexogins /
- HIV

- Shear stress

Vascular repair

Y

EC injury

Endothelial
dysfunction

Vasoconstriction I

SMC hyperplasia

EC apoptosis EC proliferation

I

Emergence of apoptosis-
resistant hyperproliferative

Microvascular

dropout EC clones

Plexiform arteriopathy I

Increased
PVR
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8" |solation and characterization of EPCs

Dil acLDL

Lectin (UEA-1)

vWF

Flk1

Bone marrow was harvested
from tibia and femur of
syngeneic Fisher 344 rats

Mononuclear cells were
iIsolated by Ficoll gradient
centrifugation

Differentiall culture in EBIVI-2
medium supplemented with
endothelial growth facters for 7-
10 adays
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Heterogenous response to BMP-2 in EPCs
from patients with IPAH
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Engraftment of EPCs into lung microcirculation
and re-endothelialization of distal arterioles

Pre-capillary

arteriole’
Pulmonary
arteriole
N

15 minutes
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Right Ventricular Systolic Pressure
(RVSP)

p <0.001 vs. Control

p <0.05vs. MCT/
60 MCT+FB
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RVSP (mmHg)
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& Effect of EPC transplant on lung
microvascular structure: 21 Days post MCT:

Control MCT-EFB MCT-EPC
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Right Ventricular Systolic Pressure

p<0.01 vs. d21 MCT
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Survival analysis of eNOS EPC
treatment In reversal PAH model
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a2, Pulmonary Hypertension And
Cell Therapy (PHACeT) Trial

4 Safety study (18 patients)

I EP: tolerability of cell transplantation in; patients with
PAH refractory to all standard therapies

“- Cell delivery.
eNOS transfected autologous EPCs

Delivery via SG catheter
Pacing port (i.e. RV delivery)
allows continuous, monitering| of' PA pressure
exclude intra-cardiac shunting (echobubble study)
Cell dose: extrapolation from rat.and porcine models
Dose ranging upito 150/ x 10° eNOS transfected cells giveniover 3

daysiinidivided doses h“yjz%@
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Hypothesis

Do mutations inithe TGF-[5 receptor super-
family effect progenitor cell number and
function?

Do the specific mutations associated with
PAH and HHT produce distinct disease-
speciiic apnormalities in EPC phenotype?




Circulating “EPCs”
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Effect on Apoptesis
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Effect on Gene Expression




Endothelial Cells/EPCs

BMPR-II

BMP

C apoptosis - vascular
pruning

/

TE

PAH

N\ Endoglin
ALK-1/5

Smad-1/5/8
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Abnormal vascular remodeling
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BMPR-II

BMP

KTE

C apoptosis - vascular
pruning

/

PAH

\

N\ Endog”n
ALK-1/5

Smad-1/5/8
C 3+ — —
Smad4 — > Smad-4

Abnormal vascular remodeling /
- AV malformations
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Arteriolar “discontinuity” in MCT -
Induced PAH

Terrence Donnelly Heart Centre
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BMPR-II

EC apoptosis > vascula
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.
&) BMPS Inhibits Apoptosis in human

“¥"  PAEC post serum withdrawal

Serum
withdrawal
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2R PAH In transgenic mice

= overexpressing dominant negative
BMRPR2

...but lack of marked
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Effect of “Genotype” of EPC Migration
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EPC Differentiation

Lectin
*P<0.01 v. Control

*P<0.01 v. Control
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Effect of “genotype” on EPC apoptosis

% of Cells Undergoing Apoptosis

(7]
(2]
o
o
o
o
o
<
o
=
o
o
£
(<]
©
f ==
>
2
©
(&
X

TUNEL Il - TNFa/Serum Free Stimulated Apoptosis
*P<0.05 vs. Basal
*# )5 v. Control

* P<0.05 vs. Control L

TUNEL lll - BMP2/Serum Free Stimulated Apoptosis

Basal Serum Free BMP2 Basal Serum Free BMP2



e o o 9

e o 9
= N

S
(<]
K4
=
©
=
S
o
Y
(]
>
=
(23
o
o
(2}
(&)
=
=
Y
o
=S

Circulating “EPCs”

FACS Analysis - IPAH

_—L*P<0.05 v. Control

FACS Analysis - FPAH and CTEPH

%*P<0.001 v. Control

% of MNCs Positive for Marker

Controls (n=3) FPAH (n=3) CTEPH (n=3)
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MRI perfusion imagining of the
pulmonary vasculature

Normal PAH
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The problem — PAH through the
looking glass

Terrence Donnelly Heart Centre

Archer and Rich: Clrculatlon 102 2781 2000 m!} SN




[c] University Erlangen,
Departrnent of Dermatology
Phone: (+43) 9131- 85 - 2727
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Heterogenous response to BMP-2 in EPCs
from patients with IPAH
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CELL-BASED DELIVERY

Thamp-auﬂcg

The therapeutic  TANIGENS
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5 - (804 1 irito a
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Imbalance in growth regulation?

| Vascular growth | Growthinhibitory
factors pathways
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The plexiform lesion: role of
angiogenesis?

Tuder et al J Pathol 195:367, 2001

Abnormal growthi of' vascular endothelial cells
Upregulation of VEGF ]lyjﬂ?\;
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@y Experimental studies: inhibition of
~ growth factor signaling

Effect of VEGF receptor
antagonist (SU5416)

Hypoxia Hypox & SU5416

® CIrL m SU5416
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Effect of VEGE gene transter in MCT
model of PAH

RVSP (mm Hg)
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~<4 VEGE inhibits MCT-induced
microvascular EC apoptosis

MCT and
MC alone pVEGF

AV
Camppell et al., Cireculation: 2004 7-104_-2242_224;%&,&;.3%1 it

14 AR
& & o wep sy
* PR IO
Bt OF Cpdt sl



Effect of Z-Asp on RVSP at day 21

Z-Asp (2.5 mg/kg I.p.) administered 3-times/week

MCT alone 00 P <0.0003 P < 00005
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Stopping Criteria for Dose Escalation

1 pt with SAE “definitely related™ to cell
delivery

2 pts with SAE “probably related™ to cell
delivery.

3\ pts withi SAEs “possibly related™ to cell
deliverny.

Go back to lewer doese and complete enrol and
additionall 3 pts: te: complete the tral

= Definition anrived at in consultation with the
Safety Committee (D. Langleben; Mtl; S. Mehta,

LLondon) hy—él%@%
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ah Safety study In acute porcine PAH
o/

model —PVR (Wood’s units)

U46819 infusion

Buselire 12mrin Hirin 1 20 0 @aneler Almis JBmn g
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Cell number =200 million (cumulative




Fluorescent 3-dimensional
microangiography.
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Microangiograpy with
fluorescent microspheres
(0.2 um) suspended in
agarose solution

Confocal optical sectioning
of thick (100 - 200um)
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De novo angiogenesis firom the
pulmonary microvasculature
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The final product!




CMTMR-labeled SMCs

Transmigration through arteriolar endothelium

B VICT alone
MCT/peNOS ** =<0.005

60+ —!’

505 *%*

RVSP (mm Hg)
> S o ¢
A ICTANERN
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Camphbell et al. Circulation: 2001, 104:2242-2246
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RVSP (mm HQg)
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Reversal ofi PH by eNOS gene

transfer

- Control (n=6)

—& PeNOS (n=6)

p<0.05 —

|

Cell-based GT
1.5 x 108 cells

MG (70 mg/ka)




Reversal of PAH: evidence for
pulmonary vascular regeneration?

MCT (5 wks)/
Normal MCT (3 wks) eNOS (3 wks)
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Comparison of eNOS vs VEGE gene
therapy: for reversal ofi MCT PH

* *

SILY |i |/ Day 21

50.0 - Day 35

Normal pcDNA VEGE 1)\ [0)5)
(=10 (n=32) (1=740) (n=36)

* = P<0.05 h&'fjlg
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De novo angiogenesis firom the
pulmonary microvasculature
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Existing blood vessel

Vessel dilates;
matrix degrades;
cells detach &
may recruit EPCs

Cells locally
proliferate

Proliferation terminates;
cells rearrange &
recruit pericytes, SMC

New branching,
functional vessel

NO and Neovascularization

Angiogenic factors (VEGF, bFGF,
TGFEp) upregulate eNOS and
stimulate NO release

\VVEGFE-stimulated capillary.
formation is prevented by inhibitors
of NOS /n vitre and! /n vivo: (Hood
1998 and Ziche 1997)

eNOS knockout mice have
Impaired neovascularization
(Murehara 1996)

eNOS has been shown to
upregulate VEGE (Dulak 2000

Jozkowicz 2001)
N7 AV AN




Abnormal vascular development in
E20 eNOS-/- fetal lungs
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.
¢ Experimental Plan: persistence of
peneficial effects in the prevention model

~1x 108 EPCs (n=12)

. | ———— >
Persistence =i .
.\ FBs or Saline (n=13) >
1.5 x10% EPCs + eN.OS

Reversal \Saline
MCT/ & | |
saline—

0 3 21 30 Days
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| Changes of kidney from
MCT treated rats
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N
7=  Comparison of eNOS vs VEGF gene
therapy for reversal of MCT PH

. Day 21
0.4 Day 35
x 0.3
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Reversal Protocol

1 x 108 EPCs

Prevention | FBs or Saline
1.5 x10° EPCs + eNOS
Reversal |
MCT/ | |
saline 0 3 21 35 Days
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Flurerescent microangiography.
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FMA - perfusion index (Pl):

0.7 - * = p<0.05 vs. control; T = p<0.05 vs. MCT-alone

0.6
< 05
o
o
£ 04 - B Prevention
c
.g 0.3 - Reversal
=
5 02
o

0.1

O e
Control EPCs EPCs/

| eNOS .
Zhao)et al. Circ. Res, 2005 (in press) 4&“,&“&&%




Summary and Conclusions

Cell-based gene therapy with eNOS can prevent
and reverse experimental PAH at least in part by
regeneration ofi pulmonary microvasculature

EPC alone given within 3 days off MCT prevent the
development of PAH, but did not reverse
established disease when delivered at 3 weeks

ERPCs transiected with eNOS dramatically improved
survival in established PAH suggesting that the
combination of regenerative cellland gene therapy.
will lbe the most effective in the treatment ofi this

disease h‘ygl:%@
& Rckif
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Effect of EPC transplant on lung
microvascular structure: 21 Days post MCT:

Control MCT-FB MCT-EPC
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Existing blood vessel

Vessel dilates;
matrix degrades;
cells detach &
may recruit EPCs

Cells locally
proliferate

oy I?@l?‘-g& s ‘5 Proliferation terminates:

ey cells rearrange &
< —4_\{ sﬁs recruit pericytes, SMC
- -

New branching,
functional vessel

NO and Neovascularization

Angiogenic factors (VEGF, bFGF,
TGFEp) upregulate eNOS and
stimulate NO release

\VVEGFE-stimulated capillary.
formation is prevented by inhibitors

off NOS in vitro and /n vivo. Hood
1996 and Ziche 1997

eNOS knockout mice have

Impaired neovascularization
Murehara 1996

eNOS has been shown to
upregulate VEGE Dulak: 2000,

Jozkoewicz 2001
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CMTMR-labelled SMCs

Transmigration through arteriolar endothelium

Percent Transmigration

10 100 1000 1000C
Time (log minutes)

AABA

Tarvrancra Nannallhy ILlaawrid Centre

Camphbell et al. Circulation: 2001, 104:2242-2246




Effect of cell-based eNOS gene
therapy: rat MCT model of PH.

X
Fisher 344 rats injected
with 70 mg/kg MCT s.c. /
and 500,000 transfected
smooth muscle cells via
the internal jugular vein S
RV/SP measured at 28 - pPcDNAS.1
days - pPeNOS

animals sacrificed and
RV/LV ratio measured,
pulmoenany histelogy
examined, RNA extracted
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The future — reversing “irreversible”
PAH?

@ RISK FACTORS AND - @\"ASCUL&H INJURY = . DISEASE PROGRESSION
ASSOCIATED CONDITIONS

Endathelial Dysfunction Loss of Respanss to Shart-Acting
Collagen Vascular Dizseaszs

¥Nitric Oxide Synthass Vascdilator Trial
¥ Prostacyclin Production

4 Thromboxane Production

% Endathelin 1 Preduction

Ciongenital Heart Dissase

Portal Hypartension

HIV Infaction SUSCEPTIBILITY

Drugs and Toxine Abnormmal BMPRZ Gene )

Pragnancy Other Genetic Factors Vazcular Smooth Muzcle Dysfunction N _ o

. Adveriitial and Intimsl §
| mpaired Voltage-Gated Profiferation -
Potassium Chanrel Ky, ) y

Early Irtimel
Praliferation

Vasoconstriction

JAMA 284:3164,2000

MORMAL REVERSIBLE DISEASE




Cell-based gene therapy.

THERAPEUTIC GEMNE

ALTERED CELLS

DELIVERY OF GEMNES to human

subjects is sometimes accomplished

directly (orange arrow), by putting vec-

tors (agents carrying potentially therapeu-

tic genes) straight into some target tissue in

the body (in vive). More often the ex vivo ap-

proach (blue arrows) is used: physicians re-

move cells from a patient, add a desired gene in

the laboratory and return the genetically corrected
cells to the patient. An in vivo approach still in devel-
opment would rely on “smart™ vectors that could be
injected into the bloodstream or elsewhere and would
home to specific cell types anywhere in the body.




Targeted transgene delivery to the
lung

functional plane of
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The Pulmoenary Vasculature
_ Humap Rat MCT model

PAH
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Pulmonary: Arterial Hypertension
(PAH)

Arteriolar
narrowing

The pulmonary vasculature bed Is a
high flow, low Impedance system
that accommodates entire cardiac
output with' low arteriall pressures

In PAH, there Is a persistent
elevation in PA pressure due to
narrewing o arterioles; and /oSS, 61
PUICREATICIOVESSE]S

« Microvascilar: L EANAS
¢ . 2 | wos . T IOSS A‘i .$3§ .‘.
N [ el At i R




Regulation ofi vascular grewth and
regression

VESSEL MATURATION . ANG2/ANG1?

ANG1  ANGZ  VEGF

Angiogenesis/
alteriognesis
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Angl gene transfer inhibits apoptosis In
rat model of MCT-induced PH

Activated caspase-3 RV systolic pressure
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IS Angiopoletin-1 a mediator of PAH?

Ang-1 '
Western Sy -
Blotting
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Expression of Angiepoletin in Multiple
Organ Blots: “Of Mice and Men”

Murine Human
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Ang-1 in PPH lungs
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Angiopoietin expression In PAH
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Partial rescue of Tie2-/- mice by dox-
conditional targeted Tie2 expression
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Tie2 +/- mice develop spontaneous

RVSP (mmHg)

P <0.05
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Conditional Endothelial Angiopoietin-1
Overexpression

semee——=l TTE=1 promo(te> tTA >— .........

Driver
~ 0
,——>B -gal
>

[]

tTA-/Ang1-

S P i el




-
w Conditional Endothelial Angiopoietin-1
Overexpression: protein

B-Gal staining Ang-1 ELISA
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Endothelial Angiopoietin-1
overexpression reduces hypoxic PAH
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Angiopoletin-1 In pulmonary.
hypertension: Cause or curé?

Editorial comment: Rudge, Thurston and Yancopolous, Circ Res 92:947, 2003

Promotes EC survival; Does
not Induce mitosis ANG-e/!

Reduces vascular permeability —

Stabilizes microvessels by
pericyte recruitment and ,
physiological muscularization '_’

Thought to be a key factor in -
the maintenance’ off pestnatal @’

vascular homeostasis e




