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Electronic pacemakers are the state of the art as life-

saving devices for treating a number of cardiac 

arrhythmias

However:

They are not responsive to the autonomic nervous 

system – to the demands of exercise and emotion

They require monitoring and maintenance, including at 

times battery and/or electrode replacement

They are not optimal for pediatric patients

Problems with infection, interference from other devices

Often cannot optimize cardiac output…incidence of 

cardiac failure

They represent one of the most successful examples of 

20th century medical palliation – but they are not a cure.
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WHAT IS A BIOLOGICAL PACEMAKER?

Sinoatrial 

node

BIOLOGICAL 

PACEMAKERS 

RECREATE 

SINOTRIAL NODE 

PACEMAKER 

FUNCTION- BUT 

NOT THE 

SINOATRIAL 

NODE, ITSELF



Lakatta E, DiFrancesco D. Journal of Molecular and Cellular 

Cardiology.2009:47:157–170

A PACEMAKER CELL’S CRITICAL PROPERTY IS ITS REDUNDANCY



What we expect from biological pacing

Create a lifelong, stable physiologic rhythm 

Require no battery, no electrode, no replacement

Replace electronic pacemakers  

Confer no risk of inflammation/infection/neoplasia

Respond to the demands of exercise and emotion

Optimize efficiency of contraction                      

Have limited arrhythmic potential

Represent cure, not palliation.
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IPSC-DERIVED BIOLOGICAL PACEMAKERS

Create pluripotent stem cells (IPSCs) from human 

dermal fibroblasts or keratinocytes

Force IPSCs into cardiogenic lineage



A - B. Plucked hair follicles are incubated with trypsin to 

dissociate keratinocytes. HFKTs were then seeded on 

inactivated 3T3 feeder cells ( C) and appear as large colonies 

with no clear edges ( D).  IPSC are generated from HFKTs by 

expressing 4 transgenes (Oct4/Sox2/Klf4/c-Myc) followed by 

the differentiation of IPSCs into EBs. (E) Spontaneously 

contracting EBs are seeded over microelectrode arrays. 

A B DC E

Creating spontaneously beating embryoid bodies (EBs)

from human hair follicle keratinocytes (HFKTs). 

Slide courtesy of Ofer Binah



Novak et al: Enhanced reprogramming and cardiac differentiation of

human keratinocytes derived from plucked hair follicle, using single 

excisable lentivirus. Cell Reprogram. 2010;12:665-78. 
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Markers of pluripotency Gene
Detection

in IPSCs

Detection in 

EBs

Fold

change

Nanog homeobox NANOG + - -2196

POU 5 domain trancription

factor 1

POU5F1/O

CT-4
+ - -104

Cardiogenesis

phenotypic markers

Cardiac α-myosin heavy 

chain
MYH6 - + +294

Cardiac troponin T TNNT2 - + +194

WITH EVOLUTION FROM IPSC TO BEATING EMBRYOID 

BODIES, PLURIPOTENCY MARKERS DECREASE  WHILE 

CARDIAC PHENOTYPE MARKERS INCREASE



Immunostaining of embryoid bodies. 
Sox-2 (brown) and Troponin T (blue) immunostaining:   

arrows indicate cells with dual positive immunostaining.



IPSC-DERIVED BIOLOGICAL PACEMAKERS

Create pluripotent stem cells (IPSCs) from human 

keratinocytes

Force IPSCs into cardiogenic lineage

Inject 40-80 embryoid bodies containing 1-2 million 

IPSC-derived cardiomyocytes into left ventricular 

subepicardium of immunosuppressed dogs* in 

complete heart block, also implanted with backup VVI 

pacemakers

* Immunosuppression with cyclosporine A, mycophenolate mofetil and 

prednisolone, started 2 days before surgery and continued until euthanasia 
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Persistence of cells stained with the dialkylcarbocyanine

Dil in myocardium excised from EB-injected pacemaker area of 

a canine ventricle.*

*EBs preincubated with Dil before injection. Blue = DAPI staining of 

nuclei. 



25 um

NEXT GOAL: Ensure a population of highly 

purified pacemaker cells with no pluripotent or 

multipotent component



RNA beacons: stem-loop structures with 

fluorescent dye and quencher attached to the 5’ 

and 3’ ends of a base-paired stem.

MOLECULAR

BEACON

FLUOROPHORE              QUENCHER

RNA beacons allow for the selection of live 

cells independent of a reporter gene and 

without the requirement of a surface marker.



MOLECULAR

BEACON

FLUOROPHORE              QUENCHER

Molecular beacons are non-fluorescent, (the 

stem hybrid keeps the fluorophore close to the 

quencher).

Mod from Tyagi et al, Nature Biotech 1998; 16: 49-53



TARGET (mRNA for specific protein)

MOLECULAR

BEACON

FLUOROPHORE              QUENCHER

TARGET-BEACON HYBRID

FLUOROPHORE                                                        QUENCHER

Probe sequence in loop hybridizes to target, forming rigid double helix.  Resultant 

conformational reorganization separates fluorophore from quencher 

Mod from Tyagi et al, Nature Biotech 1998; 16: 49-53

The nucleotides in the loop are complementary to a 

target mRNA so that hybridization with mRNA 

opens the stem, resulting in a large increase in 

fluorescence.



TARGET (mRNA for specific protein)

MOLECULAR

BEACON

FLUOROPHORE              QUENCHER

TARGET-BEACON HYBRID

FLUOROPHORE                                                        QUENCHER

Probe sequence in loop hybridizes to target, forming rigid double helix.  Resultant 

conformational reorganization separates fluorophore from quencher 

Mod from Tyagi et al, Nature Biotech 1998; 16: 49-53



RNA beacons can be made in many colors and 

optimized for detection by flow cytometry and 

separation by FACS.



Left: phase contrast of control hMSC and hMSC transfected with Nanog beacon. 

Green fluorescence = hybridization of Nanog beacon to Nanog mRNA. Red 

fluorescence = tracking dye in beacon, showing beacon is in the cell.

Lu et al: Stem cells Transl Med:2015:4:476-482

Control hMSC +beacon and dye  Nanog beacon    tracking dye



COMPARISON OF FACS RESULTS OF CMSCS TRANSIENTLY TRANSFECTED

WITH UB TAG-NANOG GENE AND THEN PROBED WITH NANOG BEACON VS

UNIVERSAL BEACON

No beacon                        Nanog beacon                    Universal beacon

FACS demonstrates nearly identical selection by the beacon sequence to 

the coding region of Nanog (middle panel) and to the UB sequence in the 

non-coding region (right panel). 

Lu et al: Stem cells Transl Med:2015:4:476-482



Areas of emphasis going forward:

Standardize iPSC preparation and conversion to 

pacemaker cells

Understand variability in the cells administered,

the substrates to which the pacemaker is implanted (e.g. 

atrium, vs. conducting system vs. ventricle), and the 

models (theoretical, cell, animal) used.

Understand toxicity and proarrhythmia Head-to-head 

long term (1 year) large animal trials of biology versus 

electricity    



Final Comments

The lead product of the proposed company would be a Biological 

Pacemaker derived from Induced Pluripotent Stem Cells. This 

product would be autologous, eliminating any need for 

immunosuppression. However much of the intellectual 

developed for this purpose would be relevant to another larger 

unmet cardiac need. 

There are 5,000,000  suffering from Heart Failure whose only 

“cure” is cardiac  transplantation. There are only just over 2,000 

transplants each year with roughly 500,000 American deaths. IPS-

derived cardiac myocytes could substitute for cardiac 

transplantation if an appropriate group of IPS-derived cardiac 

myocytes could be selected. This approach could be allogenic as 

immunosuppression is already used for cardiac transplants.  This 

much bigger market will be more accessible  after success is 

achieved with the Biological Pacemaker.




