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Introduction

Heart = Muscle = Myocytes (M) that are
structurally and functionally coupled.

M are responsible for generating the
contractile force enabling the heart to
beat.

M are not the only cell type in the heart.

Cardiac cell numbers:

30% Myocytes

70% Non-myocytes Al
64% Fibroblasts (F)
6% Endothelial & VSMC

F are the largest cell population in the heart and form a dense
network surrounding M clusters (each M ‘in touch’ with 1-6 F).

F number varies with stage of development, in different regions,
with age, and in physiological vs pathological conditions.

Camelliti P. et al. Cardiovasc Res 2005/65:40-51.
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What is a Fibroblast?

A type of cell that produces the extracellular matrix, the structural
framework for animal tissues - present in all vertebrate organisms
and most organs (skin, liver, kidney, lung, heart...)

Cell classification based on morphological characteristics and/or

proliferative potential. T oo
Morphology: microtubule
o flat, spindle-shaped cells e

Intermediate /
transfer
vesicles

e multiple processes originating from cell body

e lack a basement membrane

e one elliptical nucleus (with 1 or 2 nucleoli)

e extensive rough endoplasmic reticulum wﬁ:
e prominent Golgi apparatus

e abundant cytoplasmic granular material

ribosomes

mitochondrion

cytoplasm

cell
processes

collagen
fibrils

polyribosomes

Heterogeneous population: F from different regions have distinct
phenotypes and gene expression patterns.
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Origin of Cardiac Fibroblasts

Embryonic development

Mesenchymal cells

Embryonic heart

Epicardially-derived cells

EMT

(epithelial-mesenchymal
transition)

—

/«‘-44 \
Fibroblasts

Proepicardial
organ

Norris, R.A. et al. Ann N Y Acad Sci 2008/1123:30-40.
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Origin of Cardiac Fibroblasts

Neonatal and adult heart

Epicardium-derived
(Epithelial) Cells

80
P <0.001 P <0.001
EMT EndMT ol — . ‘
(epithelial-mesenchymal (endothelial-mesenchymal - Neonatal
transition) 60 - Adult

transition)
-

40
Cardiac Fibroblast

Endothelial cells

30
20
10

0% x
T Fibroblasts Myocytes

©c

Monocytes &
Bone Marrow Progenitors

Cell percentages

e

Benerjee |. et al. Am J Physiol 2007/293:1883-91.
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Origin of Cardiac Fibroblasts

Adult heart: Pathology

Bone marrow-derived

Fibroblast SMC Epithelial cell Endothelial cell Fibrocyte
- LR O 7/7 _ -
O [O )/ =)

u

Qs
Mechanical Mechanical EMT EndMT
tension tension

Myofibroblasts / Active F

e produce ECM

e express contractile proteins — a-smooth muscle actin

¢ proliferate, migrate and secrete bioactive molecules

e migrate, proliferate and deposit new ECM at the injury site

¢ replace the damaged and lost cardiomyocytes and form a scar (infarct healing)

EMT= epithelial-mesenchymal transition
EndMT= endothelial-mesenchymal transition

Van den Borne, S.W.M. et al. Nat Rev Cardiol 2009/293:1883-91.



oheen < Organisation of Cardiac Fibroblasts:
Physiology

Regional differences mE,  ae pme B eliglcle s
: longitudinal view

in the organisation
and content of F

’
Pulmor}:!ry
Veins ,

Sino-atrial ’Ngde

. o M &F arranged in highly
, . \ oriented layers

/ ,,” Right entricle
e F surround M clusters (2-4 M)

4 i \

Ventricle:
cress-section

’

e Higher F content than ventricle
e F & M less regularly organised
e F interspersed with M

e F only islands

F form abundant contacts with M, which may be site of
structural and function coupling between the 2 cell types.



oheen < Organisation of Cardiac Fibroblasts:
Pathology

F content is increased in pathological conditions:
diffuse (fibrosis), local (scarring), or combined (e.g. post-infarct).

Sheep myocardial infarct model
| Infarct PRl Remote region

Border zone

F number vs infarct time
Infarct, 6day Infarct, 12day Infarct, 30day

201

151 -

101

% Fibroblasts

6day 12day 30day

Camelliti P. et al. Cardiovasc Res 2004/62:415-25.
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Cardiac Fibroblast Functions

Extracellular Matrix
Production

\XI
o2 P
V4

/\

Extracellular Matrix
Degradation

®/ Cytokines & Growth factors

Cardiac Fibroblast

S\

Electrophysiology Cardiac Angiogenesis
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Extracellular Matrix (ECM)

cardiac myocytes
signaling

G
-

Integrins

<

fibronectin

<

laminin

collagen \ ...
fibroblast

e Provides support for the cardiac cells
e Distributes mechanical forces throughout the cardiac tissue
e Conveys mechanical signals to individual cells via cell surface ECM receptors
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ECM: Collagen Formation

HZN AN

a chain

Procollagen
molecule

S |

Collagen \\
j”l\/f molecule
Amino- Carboxy-
terminal terminal
propeptides propeptides
+
Individual Collagen
collagen fiber
fibrils

Intracellular

Extracellular

1. a chains synthesised within the

endoplasmic reticulum with amino-
(green) and carboxy-terminal (red)
propeptides in situ

2. Self assembly of three a chains
into procollagen triple helix

3. Secretion of the procollagen
molecule into the extracellular
space where propeptides are
cleaved by procollagen N- and C-
proteinases to enable collagen
molecule formation

4. Self-assembly of collagen
molecules into collagen fibrils
which are strengthened by cross-
links within and between
molecules. Fibrils then aggregate
to form collagen fibers.
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ECM: Other Components

e —< oM

COOH —— Collagen binding
p Cell Surface domains
| receptor binding

F_ibrin domains
binding Heparin RGD
/%jﬁdomains binding
domains Fibrin binding
b~ domains Heparin and
GOOH — Fiborin binding
----- e -3“—-‘{ domains
0—
NH2
N h L .
AR == e QLY
P 2 f A0 Collagen
Fibronectin
(1N
Integrin dimer
Cell membrane LR R R B B

Actin w886 Adaptor proteins

Fibronectin

* Protein dimer: 2 nearly identical monomers
linked by a pair of disulfide bonds.

« Each monomer contains binding domains
to cell surface integrins, collagen and other
fibronectin.

* Function: cell adhesion and migration by
simultaneous binding to cells and other
ECM components.

Integrins

Cell surface receptors (expressed by
both M & F).

* Heterodimers: oo and [3 subunit.

*Bind to the ECM and anchor the
intracellular cytoskeletal proteins to the
surrounding ECM.
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ECM: Other Components

a chain

Collagen IV
binding

domain d

Heparin
binding
domain

¥ chain

£ chain

Cell-surface receptor
binding domain

Entactin binding

omain

Collagen IV
binding
domain

| Three-stranded
coiled coil

Heparin or
heparan sulfate
binding domain

Laminin
* Trimeric protein: 3 simi

Cell-surface
receptor

binding domain
Binds to Integrins

lar chains (o, B & ).

* Binds to cell membranes through integrins

and to other ECM protei

ns including collagen

type IV and other laminin.

* Function: cell adhesio

n and differentiation,

cell shape and migration.

(a) Stretching (b) Relaxation

Single elastin molecule Crosslinks

Elastin

* Made by crosslinking of elastin molecules to
form a coil structure.

* During stretch elastin molecules acquire an
elongated and linear conformation.

* During relaxation they return to the more stable
random-coil structure - like a rubber band.
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Regulation of ECM Turnover

ECM is a dynamic structure: components are maintained by a
finely controlled balance between synthesis and degradation.

Fibroblasts regulate ECM turnover by synthesis and deposition of:

e matrix metallo-proteinases (MMPs): enzymes that degrade all ECM protein components;

>20 enzymes; 2 types: secreted as latent proenzymes
and membrane-bound.

¢ tissue inhibitors of MMPs (TIMPs): inhibit the activity of MMPs.

proMMP

ytokines@ active MMP

Mechanical stress

@
(D)~

proMmp  -Ectivation,  ,tive MMP

Fibroblast
proMMP

active MMP

ECM
breakdown

In healthy heart:
- low MMPs levels

- MMPs/TIMPs balance tightly regulated

Creemers et al., Circ Res 2001/89:201-10.
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Regulation of ECM Turnover

o Capillary
/ Collagen

) Fibroblast

@ Macrophage
@ Myofibroblast

o

Myofibroblasts and
collagen synthesis
in the infarct area

Granulation tissue

Q@ A
9 c%%%

Mi

o

Low number of
myofibroblasts in
the infarct area

Adequately healed MI
results in preserved
heart geometry

Inadequately healed MI
results in infarct expansion
and severe dilatation of the heart

In diseased heart:

- MMPs expression and activity 0

- TIMPs decreased

- ECM degradation

- Inflammatory cells and F migration

- F proliferation and new ECM deposition
- Wound healing and scar formation

- If MMPs 1 activity persist:
excessive ECM degradation, impairment of
infarct healing and potentially cardiac rupture

Creemers et al., Circ Res 2001/89:201-10.



Imperial College

Cardiac Fibroblast Functions

Extracellular Matrix
Production

> S
Extracellular Matrix \
Degradation @

Cardiac Fibroblast

Cardiac
Electrophysiology

>, T

Cytokines & Growth factors

Cardiac Angiogenesis



Imperial College

Biochemical Function

Inflammatory cells, M & F following myocardial injury release

Angll

TNF-a ET-1
IL-18/6 ANP/BNP

TGF-B VEGF

{ J
humoral factors (cytokines, vasoactive peptides)

",

mechanical
deformation  Piocrine ~» ‘ )
v -4— |schaemia & reperfusion

T\mrdia:: m].rm::vj}
L=l

\—r proliferation

MMP——-ECM degradation
autocrine collagens, fibronectin,
G factors p?;l;f;ift;ﬁ and other ECM proteins

v 1 nu.tu

\» migration
\Pproliferation

Modified from MacKenna et al., Cardiovasc Res 2000/46:257-63.
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Biochemical Function

Cytokines:

eTumor necrosis factor alpha (TNFa) - pro-inflammatory cytokine
eInterleukin-1p (IL-18) - pro-inflammatory cytokine
eInterleukin-6 (IL-6) - pro-inflammatory cytokine

eTransforming growth factor-beta (TGF-B) - pro-fibrotic cytokine

Vasoactive peptides:

eAngiotensin II (Ang II) - regulate blood pressure and volume
eEndothelin-1 (ET-1) - pro-fibrotic

eNatriuretic peptides (ANP & BNP) - regulate blood pressure

eVascular endothelial growth factor (VEGF) - acts primarily on
vascular endothelial cells and stimulates angiogenesis

Porter & Turner, Pharmacology & Therapeutics 2009/123:25-78.
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Cardiac Fibroblast Functions

Extracellular Matrix
Production

> S
Extracellular Matrix \
Degradation @

Cardiac Fibroblast

>, T

/ Cytokines & Growth factors

Cardiac
Electrophysiology

Cardiac Angiogenesis
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Angiogenesis

Angiogenesis= formation of capillaries from pre-existing blood vessels.

Cardiac fibroblasts interact with vascular endothelial cells during angiogenesis.

Fibroblasts can induce or inhibit formation of new blood vessels.

Cardiac Fibroblast

> MMPs
Growth factors: TIMPs - -
FGFs 4 Angiogenesis
VEGF

G th factors:
rowCT C?IS ors @T@

Angiogenesis PDGF proliferation

Vascular endothelial cells
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Cardiac Fibroblast Functions

Extracellular Matrix
Production

> S
Extracellular Matrix \
Degradation @

Cardiac Fibroblast

>, T

/ Cytokines & Growth factors

Cardiac

Electrophysiology Cardiac Angiogenesis
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Electrophysiological Function

Electrophysiological role?

Direct gap-junctional coupling
-~ with M and other F
F can affect cardiac

electrophysiology by \

Paracrine signalling
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Gap Junctions

Dogma:
Gl only in M

GJ couple M
Coupled M form a network isolated from F

Connexin

ik
cell 2 ™ connexin

_ _ outside
Gap junctional channel - -

_ _ sarcolemma
Gap junction = cluster of channels }

inside

Gap junctions in Heart:
Cx43, Cx40, Cx45

H2N HOOC

van der Velden & Jongsma, Cardiovasc Res 2002/54:270-9.
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Fibroblast Electrophysiology

e Electrically non-excitable cells
e Mechano-electric transducers (stretch activated ion channels)

e Express ion channels

- I, inward rectifier K+ current

- IKpr delayed rectifier K+ current

- I, transient outward K* current

- voltage-activated proton current

- BK, Ca?*-activated K+ current

- Ivol VOlume-sensitive chloride current

- voltage-gated Na™* current

- cation nonselective mechano-sensitive current

e Resting MP: 0...-50 mV
e Membrane resistance: 10°..1010 O = good conductors

e Could actively affect cardiac electrophysiology IF coupled to M via
gap junctions



London F-M and F-F Coupling /in situ:
Cx40 and Cx45 in Sino-Atrial Node

n=14
o~
' 800 [
£
£
X
o~ 600 -
§ n=11
@ 400 |
8 [
®
200 4
n=11 n=14
0

Cx40MF Cx40F Cxd5MF Cx45F

Cx40 is predominantly
located in F areas,
Cx45 in MF.

Camelliti P. et al., Circ Res 2004/94:828-835.
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F-M and F-F Coupling in situ:
Functional coupling in Sino-Atrial Node

~1090 of total SAN Cx45

at M-F contacts

o

Preferential Lucifer Yellow Groups of Lucifer Yellow Cx45 at point of M-F

dye spread through F loaded M interconnected contact.
via loaded F

There is F-F and M-F functional coupling in rabbit SAN.

Camelliti P. et al., Circ Res 2004/94:828-835.



Imperial College

F-M and F-F Coupling /n situ:
Rabbit Ventricle

/Atrium/AVN - Cx43 & Cx40

-«

tr e

~39%0 of total Cx43 in ventricle and atrium g

~3.5%0 of total Cx40 in atrium
~900 of total Cx40 in AVN

at M-F contacts

Gap junction localisation is not restricted to M, F express GJ which are
regularly found at points of contact with other F and with M.
If these GJ promote functional F-F and F-M coupling in the ventricles,
atria and AVN is currently unknown.

- _lexao AVN

Kohl P & Camelliti P. Heart Rhythm 2012/9:461-4.



i " F-M and F-F Coupling in situ:
Rabbit post-MI model - Collective F & M Recordings

Epicardial activation during epicardial pacing in non-infarcted zone (NZ)

(1) (i1) (1)

10

S

6 mm

Isochronal map of activation: Ll ] 1°°_ms
Optically

optical mapping of electrical
P ?c):tiv?ty recorded AP

Epicardial area studied
NZ: normal area
PZ: border zone

|Z: infarct

Rabbit transmural MI (8 weeks).

Electrical conduction in transmural M.
Walker et al., JCE 2007/18:862-8.



e % F-M and F-F Coupling in situ:
Rabbit post-MI model - Conduction Pathways

Electrical propagation across the infarct: conduction between M islands via F
...would require electrical coupling at M-F and F-F contact via GJ.

Walker et al. JCE 2007/18:862-8; Kohl et al. J Electrocardiol 2005/38:45-50.
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F-M and F-F Coupling /n situ:
Sheep post-MI model - Cx43 & Cx45

BZ 6d, Cx43 BZ 12d, Cx438

’
F v .
£
- 3

Sheep infarct F
express Cx45
and Cx43.

MM |
MF? 7
FF =

Camelliti P. et al. CVR
2004/62:415-425.
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Fibroblasts and Cardiac Electrophysiology

If there is no coupling: 1) F not coupled to M
F = Obstacle (scars)

If there IS coupling: 2) F coupled to a single group of M
F = Current Sink (fibrosis)

'13) F interconnecting separated M
F = Conductor

A) short-range
(electrical propagation between groups
of SAN cells/myocardial layers)

B) long-range
(electrical conduction across scar,
electrical coupling in 10% transplants)

Kohl P. & Camelliti P. Heart Rhythm 2007/4: 233-235.
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Electrophysiological Function

F can affect cardiac
electrophysiology via \
Paracrine signalling
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Paracrine F-M crosstalk

humoral factors

2.

mechanical
— deformation
deformation  Pirictine > o megpengen, 4~
ors = ®
Y "%\ “#—— Ischaemia & reperfusion
- g Fibroblast

\r proliferation

T\cardia:: mymyﬂ
b=l

MMP——--ECM degradation
collagens, fibronectin,
G p?::f:';“ and other ECM proteins

hypertrophy

Modified from MacKenna et al., Cardiovasc Res 2000/46:257-63.
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Paracrine Signalling /n culture

F-conditioned medium

Medium
Cardiac Fibroblasts LEEI‘.E.‘!I

F-conditioned media induce:
e neonatal M hyperthophy
e reduce M spontaneous activity

e affect CV and APD

Cardiomyocytes

Conditioned media from
infarcted F affect neonatal M &
CV & APD to a greater degree
than conditioned media from
normal F. B

CM CM
Vasquez et al, Circ Res 2010/107:1011-20.

o
»N

APD,, (ms)
o 8 8 8 8
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Paracrine Signalling in culture:

Effect on Adult M Structure & Excitation Contraction Coupling

Cell Volume { pm?)

12mm Transwell, with 0.4uM pore size (Transwell, Corning Inc, USA)

CM+C i %
Glass-bottomed Petri CM4CF CM+CM

dish for live l J
microscopy ; CardiacFibroblasts [ [N Cardiomyocytes

Cardiomyocytes

Cardiomyocytes

di-8-ANEPPS di-8-ANEPPS

Myocyte Volume T-tubule Density T-tubule Regularity

300001

= 45- 2.0%107

*
o 404
|

< 35-
2 30-
c

‘s 25-
0 20
o 154
w 104

1.5%1074

1.0%1074

S

5.0x1084

P

Average Power of Dominant
Peak

Di-8AN
o

CM+CM CM+CF

Cartledge et al, under review.
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Paracrine Signalling in culture:
Effect on Adult M Structure & Excitation Contraction Coupling

Contractility Calcium Handling

* Depressed Ca?* transients.
* Reduced SR Ca?* content.

0.084
0.074
0.06+
0.054

ning o

i

(pm)

«

mere Short
ud

=

=5 o

& B

Amplit
]

(=]
m
=
=
5]

0.014
0.00-

Sarc
o
2

Fluo-4 Time to Peak (ms) O

.00-
CM+CM CM+CM

o

=

=

o
]

Smaller and slower
sarcomere shortening.

Shortening o
=
2

Time to bl 50% {ms)
Induced

=
o
o
1
Caffeine
sient Amplitude
(Arbitrary Value)
o
ha

Indo-1 Tran:

Sarcomere

CM+CM CM+CF

Cartledge et al, under review.
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Paracrine Signalling in culture:
Effect on Adult M Structure & Excitation Contraction Coupling

Soluble Factors in culture media

a TIMP-1 b CINC-1 ¢ VEGF

T ik 0 **
5 1504

2 11 *

ry .
ry V.
o
]
S

£ 500

TIMP-1
(Arbitral

B 250

D
D

e
» 003 ** 45+
T o
5000 2 404
a > 3.54
0025
< = 21
T > 0020 T oyl
A i
925 oots; 8§
2 oo g 18
8 8 104
2 0005 £
E. 0 (.54
0 g °
CNHCM CM+CF ’ CM+CM CM+CF

Adult F can affect adult M structure and ECC via paracrine signalling.

Cartledge et al, under review.
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Therapies directed at Cardiac Fibroblasts

 Pharmacological agents

* Cell therapy
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Therapies directed at Cardiac Fibroblasts

CYTOKINES &
GROWTH FACTORS

Pharmacological agents:

MATRIX

PROLIFERATION SYNTHESIS

Beta("

 anti-hypertensive agents

ACE inhibitors (ACE-I)
Angiotensin receptor blockers (ARBS) CARDIAG
Beta-blockers FIBROBLAST

* lipid-lowering drugs
MIGRATION
MATRIX

DEGRADATION

Statins

MYOFIBROBLAST
DIFFERENTIATION

Porter & Turner, Pharmacology & Therapeutics 2009/123:25-78.
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Therapies directed at Cardiac Fibroblasts

Cell therapy:
Direct reprogramming of cardiac F into functional cardiomyocytes

In vitro & I M-like sarcomeric structure...
in vivo... o ’

Gata4/Mef2c/Tbx5 ‘ Cardiac
Transplantation In Vivo progenitors

...and spontaneous contraction

/
/

Action potentials

g Cardiac fibroblast-derived iCMs

-------------------- 0omv
Induced cardlomyoyctes (iCMs) L

>
£
. . . . 50 ms B
Global gene expression profile similar to M Adut mouss venticular cardiomyonytes
1.0 Actc1 1.0 - Myh6 1.01 Ryr2
0.8 0.8 0.8 . CdcF
0omv
0.6 0.6 0.6- M icms (1w)
I 4 H icms 2w)
0.4 0.4+ 0.4 ! >
0.2 iy 0.24 * : 0.2 =ICC|\;AS(4W} | 2
ND ND ND 50 ms
0- 0- 0- :
leda et al., Cell 2010/1142:375-86.

Qian et al., Nature 2012/485:593-8.
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Conclusions

Fibroblasts are the largest cell population in the healthy heart.
Their number is further increased in pathological conditions.
Fibroblasts are active players in cardiac structure and function.

Fibroblasts are a promising target for novel therapeutic strategies.
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Questions?
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BZ 6d, Cx43




'BZ 12d, Cx43




