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HEMATOPOIESIS: A PARADIGMATIC CASE

SRC (greffe à 
long terme)

MRA,          

pré-CFC,  

LTC-IC

CFC
Several months

Detection
of donor’s
cells

9Gy

8-13days
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Saturation of 
respiratory chain by 
excess of pyruvate

1             2            3            4            5           6  
(days)

Saturation of 
respiratory chain by 
excess of pyruvate

Dello Sbarba et al. 
Exp Hematol 15:137-42,1987

1             2            3            4            5           6  
(days)
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HEMATOPOIESIS: A PARADIGMATIC CASE

SRC (greffe à 
long terme)

MRA,          

pré-CFC,  

LTC-IC

CFC

SATURATION OF 
RESPIRATORY 
CHAIN

INHIBITION OF 
CELL 
RESPIRATION

DOES NOT 
AFFECT 
PROLIFERATION

A REVERSIBLE 
CYTOSTATIC 
EFFECT

SINCE PROLIFERATING IN PARALLEL WITH 
INHIBITION OF OXIDATIVE PHOSPHORILATION THE 

AUTHORS CONCLUDED THAT THE STEM CELLS 
(pre-CFCs), UNLIKE THE COMMITTED PROGENITORS 

(CFC), EXHIBIT SOME ANAEROBIC FEATURES20
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Cipolleschi et al. Blood 1993
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Hypothesis: HSC are resistant to hypoxia due to 
their quiescence and low en energetic demands. 
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L’EXPANSION DES CFU-GM, HPP-CFC et MRA 
à 20% d’O2 et 1% d’O2

Ivanovic et al, Br J Haematol 108: 424-9, 2000
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L’HYPOXIE MAINTIENT LA CAPACITE PROLIFERATIVE DE L’HPP-CFC  

Ivanovic et al, Br J Haematol 108:424-9, 2000
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« Hypoxia might act directly on haematopoietic stem cells by shifting the 
balance between self-renewal and commitment towards self-renewal. »
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Maintenance of stem cells is paralleled by their proliferation, 
showed on murine and human cells:

• Cipolleschi et al, Leukemia 14:735-9, 2000

• Ivanovic et al, Transfusion 40:1482-8,2000

• Ivanovic et al, Exp Hematol 30: 67-73, 2002

Adjusting ex vivo cytokine-stimulation and appropriately low 
O2 concentration it is possible to amplify, simultaneously, 

committed progenitors and stem cells:

• Ivanovic et al, Stem Cells 22: 716-24, 2004

Maintenance of stem cells is paralleled by their proliferation, 
showed on murine and human cells:

• Danet et al, J Clin Invest 2003;112:126–135.
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Extremely low O2 concentration (0,1%): re-entering in G0 of 
50% actively proliferating CD34+ cells while others are 

continuing to proliferate

• Hermitte et al, Stem Cells 24: 65-73, 2006

Extremely low O2 concentration (0,1%): re-entering in G0 of 
actively proliferating more mature FDCP-Mix cells while the 

minority of primitive FDCP-Mix culture-initiating cells continue 
to proliferate slowly

• Guitart et al, Cell Death Differ 18: 174-82, 2011

A subpopulation of Mesenchymal Stem Cells proliferates 
actively in anaerobic conditions (0% O2)

• Our unpublished data, work in progress
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ATMOSPHERE
20% O2

Cells exposed to 
atmosphere O2 

concentration 

PHYSIOXIA

HYPEROXIA

Cellular O2 level
(in general) 

< 1 - 2,5%

ALVEOLI
13,1% O2

ARTERIAL
BLOOD
13% O2

VEIN BLOOD
5,3% O2

TISSUES
1 - 11% O2

(mostly 1 – 5%)

NORMOXEMIA

STEM CELL NICHE
< 1,3% 

(pimonidazole positive)
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Intracellular O2 levels: 
5-25µM (4-20 mmHg) 

(anaerobic shift: 
<2-6 µM O2)

Post capillary 
network 12,5-25 µM 
(10-20 mmHg) O2

Mitochondria O2

levels: 1,2-3,7 µM 
(1-3 mmHg)

180-210 µM 
dissolved O2
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Skin oxygenation: dermis vs epidermis

Derm
> 7% O2

Epiderm
0.2-8% O2

Hair follicle
0.1-0.8% O2

Sebaceous gland
0.1-1.3% O2

Epiderm

Derm

Blood Vessels

Connective tissue papilla

Inner root sheath

Errector Pili muscle

Sebacous gland

Dermal papilla

Hair Shaft

Atmospheric O2

Circulating O2
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STEM CELLS DURING DEVELOPMENT

zygote embryo Fetal tissue Neonatal tissue Adult 
Tissue

1.5% O2
2.3% O2 (8-10 gest. Wk)

1.15-4%
Placental (« Cord ») 
Blood: (Kotaska et al 2010)

Estimated in BM endoosteal
niches to be 0 to 1% (Chow et al, 
Biophys J 81: 685-96, 2001) 
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INTRINSIC 
ANAEROBIC/MICROFILIC 

SET-UP

STEM CELL

Low O2

Concentration
Cell interactions
Cytokines
Growth Factors
Receptors

Low ROS Environment
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Paleozoic

Proterozoic
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Prokaryotes FECA LECA

Eukaryote
Divergence Metazoa

PHOTOSYNTHESE  COLONIAL ORGANISM  METAZOA

N
IC

H
ES

Anoxic

Nanooxic
(nM O2)

Microoxic
(< 10 µM O2) 

Oxic
(> 10µM O2)

       

       

   

 

4 3,5 3 2,5 2 1,5 1 0,5 0

0.001

0.01

1

3.8 2.0 1.9

Proto-eukaryote
Photosynthesis

O
2

(PA
L)

3.0
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This concept , named “OXYGEN STEM CELL PARADIGM” was explained in 
details in a review article:
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AS A MATTER OF FACT, STEM CELLS 
MIMIC  AN EARLY EVOLUTIONNARY 

STAGE  CHARACTERIZED WITH VERY 
LIMITED O2 AVAILABILITIES

(REMINDING THOSE UNICELLULAR 
ORGANISMS STILL NOT COMPLETELY 

ADAPTED TO OXYGEN, EXHIBITING THE 
“HYPOXIC” METABOLIC TYPE)
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Self-renewal
nothing but simple proliferation without differentiation

Self-renewing divisions of 
stem cells look like basic 
reproduction of an 
anaerobic/facultative 
aerobic ancestral eukaryote

O2

Committment
Differentiation

Anaerobic
eukaryotes

Facultative aerobic 
eukaryotes

Aerobic eukaryotes
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Inhibition of oxidative phosphorylation and stimulation of 
anaerobic glycolysis enhance the stemness regardless of how this 
action is operated

- Takubo et al Cell Stem Cell 12: 49-61, 2013
- Forristal et al  Blood 121: 759-69, 2013

Commitment and differentiation are paralleled by intensification 
of oxidative phosphorylation, resulting in loss of the self-renewal 
capacity

- Takubo et al Cell Stem Cell 12: 49-61, 2013
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The most primitive stem cells – blastomeres from 
mammalian pre-implantation embryo as well as 

embryonic stem cells:

• Limited oxidative 
capacities;

• Rely greatly on anaerobic 
glycolysis;

• Low number of small and 
immature mitochondria 
located around the 
nucleus.

Loss of pluripotency – Committment - Differentiation

• Shift towards oxidative 
phosphorylation;

• The number of mitochondria and 
mitochondrial copies per cell increase;

• Mitochondria acquire more mature 
morphology.

Facucho-Oliveira & St John. Stem Cell Rev 5: 140-158, 2009
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Induction of Pluripotent Stem Sells from Mature 
Somatic Cells (iPSCs):

• Somatic mitochondria revert to an immature ESC-like state 
with respect to organelle morphology, expression of nuclear 
factors involved in mitochondrial biogenesis and distribution 
and content of mitochondrial DNA (Prigione et al, Int J Dve
Biol 54: 1729-41, 2010);

• Is proceeded by transition from an oxidative to an anaerobic 
metabolic state (Folmes et al, Cell Stem Cell 11: 596-606, 
2012)
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Conversely, upon differentiation in both iPSC
and ESCs:

• Maturation of mitochondria and anaerobic to anaerobic 
metabolic transition (Facucho-Oliveira & St John. Stem Cell 
Rev 5: 140-158, 2009; Prigione et al, Int J Dve Biol 54: 1729-41, 
2010)
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Finally, inhibition of the mitochondrial 
respiratory chain of HSC and ESCs: 

• Enhancement of stemness (PTPMT1 - a mitochondrial 
phosphatase - depletion: Yu et al Cell Stem cell 12, 67-74, 
2013; antimycin A or myxothiazol blockade of complex III: 
Varum et al Stem Cell Res 3, 142-156, 2009).

These data confirm the features revealed a quarter of 
a century ago by Dello Sbarba et al (Exp Hematol 15:137-
42, 1987)

(lack of citation of Dello Sbarba’s work in recent papers)
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In addition to the metabolism of glucose, HIF 
system (including HIF2)controls cell proliferation, 
survival and apoptosis and more than 200 genes 

including:

• WNT,
• Notch
• Foxo
• Nanog
• Pax
• GATA
• Oct
• Sox
• Stat…

“Pluripotency
factors”

“Regulators of 
stemnees”

Takahashi K, Yamanaka S 
Cell, 126: 663– 676, 2006.
(+ Klf4 and c-Myc) 

Re-programmation is 
enhanced by the low 
O2 concentrations:
Yoshida et al, Cell Stem 
Cell 5: 237-241, 2009.
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HIF 1α

HIF 2α

Oct4 1-3

Nanog 1-3

Sox 1,2

Wnt/β 4

katenin

FACTOR HIF AND EXPRESSION OF 
« PLURIPOTENCY REGULATORS »
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function, embryonic development, and tumor growth. Genes Dev 20: 557–570

2. Forristal CE, Wright KL, Hanley NA, Oreffo RO, Houghton FD (2010) Hypoxia inducible factors regulate pluripotency and proliferation in human embryonic stem
cells cultured at reduced oxygen tensions. Reproduction 139: 85–97.
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Hypoxia enhances 
the generation of 
induced pluripotent 
stem cells.

Yoshida Y, 
Takahashi K, Okita 
K, Ichisaka T, 
Yamanaka S.20
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“Evolutionary Paradigm of Stem Cell” considers that the “stemness”
looks like a cellular state where functions are limited by activation of a
“minimal essential genome” i.e. of genes corresponding to those
expressed in primitive anaerobic unicellular eukaryotes acquiring the first
extensions for adaptation to moderate (low) oxygen concentrations.

Thus, a limited energy supply would allow the realization of the programs
strictly necessary for survival and division of cells unlike activation of
differentiation programs (energy consuming).

The low energy availability should also allow the expression of primary
signalling pathways operating in survival and proliferation. These pathways
are, in general highly evolutionary conserved.

The simple division into two identical cells represents, in fact, the
phenomenon called “self-renewal”.
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Metazoa

(stem cells)

Anaerobiosis

Simple Division

Migration

Differentiation

Colony forming
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Multicellular
Regulation

Colonial 
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Mammals (stem cells)

Normal Cancer
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ToolKit FECA (Minimal Essential Eukaryote Genome)

ToolKit LECA addition

ToolKit Colonial Prometazoa addition

ToolKit Metazoa addition

FECAProcaryotes
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Application on ex vivo 
expansion of Hematopoietic 

stem and progenitor cells
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The first attempts : mimicking of the low O2 concentration by combining the anti-
oxidants-supplemented medium and the cytokines stabilizing HIF-1a (SCF, MGDF (Tpo)) 
which enabled preservation of primitive stem cells in course of ex vivo expansion of 
committed progenitors

• HP01 medium;
• “Cobary” cocktail: SCF,G-CSF,Flt-3L, MGDF;
• Two-step culture in “bags”.

• Ivanovic et al, Cell Transplant
20:1453-63, 2011

• Duchez et al, Cell Transplant 
21: 2517–21, 2012.
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In fact, the main advances in the clinical-scale ex-vivo expansion 
procedures are related to “hypoxic response” (i.e. “primitive” or 

“ancestral” modality of cellular functioning) leading to the 
maintenance of stemness

They refer also to:
• Signaling via Notch [Delaney et al Nat Med 16: 

232-6, 2010];
• Signaling via: HOXB4, Wnt and Hedgehog 

[Campbell et al Curr Opin Hematol 15: 319-25, 
2008 ], 

• pharmacologic stabilization of HIF-a [Forristal et 
al Blood 151, 759-769, 2013], 

• activation of anaerobic glycolysis/attenuation of 
oxidative phosphorylation in mitochondria 
[Takubo et al Cell Stem Cell 12: 49-61, 2013].
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Application on improvement of 
ex-vivo Red Blood Cell 

Production
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MSC for transplantation in 
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New principle: Cell Hibernation and its 
Application on Cell Conservation in 

hypothermia
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