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HEMATOPOIESIS: A PARADIGMATIC CASE

SRC (greff%ea MRA
long termc—@" pré-C’FC, CFC

LTC-IC

SIN€E PROLIFERATING IN PARALLEL WITH e&"‘\\
INHlnB’iTION OF OXIDATIVE PHOSPHORILATION [ﬁE
#AUTHORS CONCLUDED THAT THE STEM CEH.S
‘fpre CFCs), UNLIKE THE COMMITTED PRO&ENITORS

@

5 (CFC), EXHIBIT SOME ANAEROBIC FEﬁTURES
INHIBITION OF A REVERSIBLE @ ®
CELL CYTOSTATIC

RESPIRATION EFFECT




Clpollegﬁhl et al. Blood 1993
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Hypothesis: HSC are re5|stant, fo hypoxia due to
their quiescence and Iow an energetic demands.
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L’EXPANSION DE§ CFU-GM, HPP-CFC et MRA
%&QZO% d’0, et 1% d’O,
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L'HYPOXIE MAINTIENT LA GﬁPACITE PROLIFERATIVE DE L'HPP-CFC
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Table W& Effects of hypoxia on the secondary clonogenic ability of
H Pge'ﬁ‘cz.
k)
<3
Number of day 7 secondary colonies per
HPP-CFC2 recovered from
Day 5 Day 8
liquid cultures at
Expt ne. 200 O, 1% 02 20% €, 1% O
1 0 30 0 3130
2 0-5 695 0 80
3 10} 250 05 113:0
©
<"

The values represent the number of secondary colonieg@per
primary calony generated from HPP-CFC2 recovered from Q@}' 5 ar
day 8, hypexic or contral. liquid cultures in three lg\@ependenr
cxperiments. Cells from  four primary  colonies ﬁre pooled,
counted and replated at identical numbers ag‘?)ss individual
experiments and experimental conditions. The &ﬁunl of secondary
codonies (at day 7 only. to determine the tul,g:l replating potential)
enahled the cstimation of the averase n r of progenitors per

Ivanovic et al, BrJ Haemcg}é@? 108:424-9, 2000
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British Journal of Haematology, 2000, 108, 424-429 ®<0®

Incubation of murin@‘%one marrow cells in hypoxia ensures the
@
maintenance of mﬁrrow -repopulating ability together with the

©
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expansion of g@inmltted progenitors &
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« Hypoxia might act directly on haematop0|etlc gtem cells by shifting the
balance between self-renewal and commltmeﬁ towards self-renewal. »
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Maintenance of stem celloséis paralleled by their proliferation,
showed orﬁmurme and human cells:
* Cipolleschi et q[f?_eukem/a 14:735-9, 2000
* Jvanovic et eﬁ’ Transfus:on 40:1482-8,2000
. Ivanowc;geét al, Exp Hematol 30: 67-73, 2002
Mamtg»‘ﬁance of stem cells is paralleled by their prollferatcrﬁn
@@f showed on murine and human cells: Q@Q<°°
3 Danet et al, J Clin Invest 2003;112: 126—1@5
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Adjusting ex vivo cytokine-stimulation and apf)roprlately low
O2 concentration it is possible to ampllfc)g)%ﬂmultaneously,
committed progenitors and sl?em cells:

/\*"’

* |vanovic et al, Stem Cells 22: @?16 24, 2004
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Extremely low 02 concentgqa"tlon (0,1%): re-entering in GO of
50% actively prollferafmg CD34+ cells while others are
cont‘inumg to proliferate

* Hermitte et a¥ Stem Cells 24: 65-73, 2006
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Extrem%Fy low 02 concentration (0,1%): re-entering in GO Q$
actlvefy proliferating more mature FDCP-Mix cells whlleoff'\\e
mmﬁrlty of primitive FDCP-Mix culture-initiating cells gﬁntlnue

< to proliferate slowly ©
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* e @uitart et al, Cell Death Differ 18: 174—8"2 2011

Q

A subpopulation of Mesenchymal SLer;l Cells proliferates
actively in anaerobic condﬂlons (0% 02)

 Our unpublished data, work"’ln progress
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180-210 pM
dissolved 02 s

Intracellular O, levels:
5-25uM (4-20 mmHg)
(anaerobic shift:
<2-6 uM 02)

Mitochondria O&
levels: 1,2- 3,\72511M
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Skin oxygenationgdermis vs epidermis
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STEM CELLS DOMﬁING DEVELOPMENT
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Q}A@
zygote embryo &é‘i"-ietal tissue Neonatal tissue Adult
<o Tissue
1.15-4% 0&&"’
Placental (« Cord ») &

Blood: (Kotaska et al 2010)

P>

5 Estimated in BM endoosteal

(‘b\%

s  niches to be 0to 1% (Chow et al,
& Biophys J 81: 685-96, 2001)



Low ROS Environment
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be<” mechanisms of ageing

)
Fran 6@& and development
ELSEVIE Mechanisms @geing and Development 124 (2003) 857-863
9 coread .
b\\r www.elsevier com/locate/mechagedev
O .. .
@é Mini-review
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D N . .
Primitive, an@d@protectlve, our cellular oxygenation status?
& .
{Q,e@ J.-C. Massabuau *
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This concept , named “OXYGEN STEM CELL PARADIGM” was explained in

details in a review article: &
bo(,;\\&

O
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&0&0
&
REVIEW ARTICLE &
N

Hypoxia er”&olon Situ Normoxia: The
Stem Cell Paradigm

N

ZORAN IVANOVIC*
Aquftafn&[{i‘(/&étrsm Branch of French Blood Institute, Bordeaux, France

S\ .
Althu@ O3 concentrations are considerably lowered in vivo, depending on the tissue and cell population in géﬂz@?tiun (some cells need
alrv\@t anoxic environment for their maintenance) the cell and tissue cultures are usually performed atatlj@%’pheric O3 concentration

21%). As an instructive example, the relationship between stem cells and micru—envirunmenmlfculgﬁ\'e oxygenation has been
recapitulated. The basic principle of stem cell biology, * the generation-age hypothesis,” and hy poxic meiélﬁblic properties of stem cells are
considered in the context of the oxygen-dependent evolution of life and its transposition to ontogengsis and development. A hypothesis
relating the self-renewal with the anaerobic and hypoxic metabolic properties of stem cells and ghe actual O availability is elaborated
("oxygen stem cell paradigm™). Many examples demonstrated that the cellular response is 5u§§tantjally different at atmospheric O,
concentration when compared to lower Oy concentrations which better approximate thg@hrsiulugic situation. These lower O,
concentrations, traditionally called “hypoxia” represent, in fact, an in situ normoxia, ang¥hould be used in experimentation to get an
insight of the real cell/cytokine physiclogy. The revision of our knowledge on cell/cytold#E physiology, which has been acquired ex vivoat
non physiological atmospheric (20-21%) O concentrations representing a hrpergﬁ’c state for most primate cells, has thus become
imperious. Q@%

J. Cell. Physiol. 219: 271-275, 2009. © 2009 Wiley-Liss, Inc. (<<Z§‘
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AS A MATT EK OF FACT, STEM CELLS
MIMIC AN EARLY EVOLUTIONNARY

STAGE; «CHARACTERIZED WITH VERY

{IMITED O, AVAILABILITIES @Qf

«*f"

(REI\/IINDING HOSE UNICELLUio_AR

< ORGANISI\/IS STILL NOT COMPLETELY
ADAPTED TO OXYGEN, EXHLIITING THE

"HYPOXIC” METABOLAC TYPE)
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Sezlﬁ“o renewal
nothing but simple pgl@bllferatlon without differentiation
Self-renewing divisions of @ /\0
stem ceIIs.Iook like basic @@e@
rmerobic/cutiotive & Differentiation
aerobic ancestral eukaryote Committment

Evolyti
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<<<z> Anaeroblc n
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Inhibition of oxidati@e phosphorylation and stimulation of
anaerobic glycolﬁls enhance the stemness regardless of how this
action is opegated

«o
- Takubo @Bt ‘al Cell Stem Cell 12: 49- 61, 2013
- Forn@«tal et al Blood 121: 759-69, 2013

Commitment and differentiation are paralleled by mtergslflcatlon
of oxidative phosphorylation, resulting in loss of the s%lf-renewal
capacity &

- Takubo et al Cell Stem Cell 12: 49-61, 2013 &



The most primitive stam cells — blastomeres from
mammalian pre- wpplantatlon embryo as well as
ernbryonlc stem cells:

«*f"

0600
. L|m|te;cerOX|dat|ve * Shift towards oxidative Q@Q‘
ca@cmes phosphorylation; &
o® &
o S
«@ Rely greatly on anaerobic * The number of mltocb%)ndrla and
'\
o glycolysis; mitochondrial copéé% per cell increase;
,\0
* Low number of small and O Mltochondr@?acquwe more mature
immature mitochondria morpholqg?/
located around the &
<&
nucleus. &

\
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Facucho- O/lve/rqgg St John. Stem Cell Rev 5: 140-158, 2009
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Induction of PIurlpotent Stem Sells from Mature
SOFYI@TIC Cells (iPSCs):

@

* Somatic mltochéndrla revert to an immature ESC-like state
with respec!;do organelle morphology, expression of nuclear é\&e‘b

factors mﬁblved in mitochondrial biogenesis and dlstrlbutlona\\"’
and c%ﬂ‘tent of mitochondrial DNA (Prigione et al, Int J Dv@

B/og@«§4 1729-41, 2010);
&
Q&QQ% /\0&0

«©e°°\ Is proceeded by transition from an oxidative toan anaerobic

P metabolic state (Fo/mes et al, Cell Stem Cell 1J '596- 606,
2012) o
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Conversely, upon d&ﬁerentlatlon in both iPSC
«and ESCs:

«0

&) .
NS N
<O 69\

Maturaotf’on of mitochondria and anaerobic to anaerobic
met@bollc transition (Facucho-Oliveira & St John. Stem Qé?/
Rgov 5:140-158, 2009; Prigione et al, Int J Dve Biol 54 @729 41,
?010)



HnaHy,wﬂubnuu$ofthernnochondnal
resplratory&tham of HSC and ESCs:

. Enhancementgﬁstemness(PTPIVIT1 a mitochondrial

phosphatasg depletlon Yu et al Cell Stem cell 12, 67-74, \Q\
2013; anwhycm A or myxothiazol blockade of complex lll:  «*

Q
Varumo,,@t al Stem Cell Res 3, 142-156, 2009). &
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Th@se data confirm the features revealed a qn’arter of

©a century ago by Dello Sbharba et al (Exp Hegﬁatol 15:137-
* 42, 1987) o
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(lack of citation of Dello Sbarba’s work L@é‘ifecent papers)

(‘0\6
«’boq
&



In addition to the rné’cabollsm of glucose, HIF
system (mcludlng I;lbeZ)controIs cell proliferation,
survival and ap@’btoss and more than 200 genes

including:
&0\)% eé\\f‘\
* WNT, Tﬂ\o &
3 Q)QQ,
* Notch" &
. ng&b Re-programmation |§b
. ‘Qﬁ@anog “Pluripotency enhanced by the low
e Dax factors 02 concentratlgﬂs
A
v GATA “Regulators of Yoshida et (]/ e68// Stem
[ ] ”
\ L (C ) Cell 5: 237@?41 2008.
Takahashi K, Yamanaka S é@@
Cell, 126: 663— 676, 2006. &

(+ KIf4 and c-Myc) 2

¢ Stat... l—’ d"o&
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FACTOR HIF AND EXPRESSION OF

« PLURIP(}TENCY REGULATORS »
Stem Cell. 2009 &

Sep 4:5(3):237-41. —
Epub 2009 Aug 27. O S N Var I
& Oct4 &
Hypoxia enhances ,\o@b @@\Q@
the generation of qs“@” HIF 1a Z Nanog 13 @&"’\\0
induced plurlpoteff’f \ o
t ls. & <&
stem cells 60&@ Sox 12 v
Yoshida ¥* / &
Takahaéhi K, Okita /
K, Ieflisaka T, HIF 2a Wﬁf/ﬁ 4
Y@manaka S. Jitatenln
&o
\ / "OQ’(@) \ /

1. Covello KL, Kehler J, Yu H, Gordan JD, Arsham AM, Hu CJ, Labosky PA, Simon MC 'T’(eith B (2006) HIF-2 regulates Oct-4: effects of hypoxia on stem cell
function, embryonic development, and tumor growth. Genes Dev 20: 557-570 b

2. Forristal CE, Wright KL, Hanley NA, Oreffo RO, Houghton FD (2010) Hypoxia |ndg'§rcf>le factors regulate pluripotency and proliferation in human embryonic stem
cells cultured at reduced oxygen tensions. Reproduction 139: 85-97.

3. Ji L, Liu YX, Yang C, Yue W, Shi SS, Bai CX, Xi JF, Nan X, Pei XT, Self renewal and pluripotency is maintained in human embryonic stem cells by co-
culture with human fetal liver stromal cells expressing hypoxia inducible fac&ﬁﬁalpha J Cell Physiol. 2009 Oct;221(1):54-66

4. Mazumdar J, O'Brien WT, Johnson RS, LaManna JC, Chavez JC, KIeln I%@ Simon MC. O2 regulates stem cells through Wnt/B-catenin signalling. Nat Cell Biol.
2010 Oct;12(10):1007-13.
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“‘Evolutionary Paradigm of@%tem Cell” considers that the “stemness”
looks like a cellular stateswhere functions are limited by activation of a
“minimal essential %enome” i.e. of genes corresponding to those
expressed in primitive® “anaerobic unicellular eukaryotes acquiring the first
extensions for adqtpTatlon to moderate (low) oxygen concentrations.

o\(\ N

.\0

Thus, a I|m|t@ﬁ energy supply would allow the realization of the prog@éms
strictly neg%ssary for survival and division of cells unlike actlvafon of
dlfferent,l%tlon programs (energy consuming). @Q«o

&’?’Q <9
TheQIow energy availability should also allow the expregsoTon of primary
«é‘%gnallmg pathways operating in survival and prollferatlogav “These pathways
are in general highly evolutionary conserved. &o\?

(>
\)\(\

The simple division into two identical cellgporepresents in fact, the

phenomenon called “self-renewal”. &
60
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. ToolKit FECA (Minimal Essential Euga?yote Genome)

. ToolKit LECA addition
ToolKit Colonial Prometazoaa"addltlon
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Anaerobiosis and Stemness e

An evolutionary paradigm Visid-Lafarge Anae ro b iOSiS
and Stemness

By Zoran Ivanovic & Marija Vlaski-Lafarge

Etablissement Francais du Sang Aquitaine-Limousin/UMR 5164
CNRS-University of Bordeaux, France

An evolutionary paradigm

A complete first-to-market review and analysis of the relevant literature
in the field of hypoxia, hypoxic regulation and st:n cell maintenance to
assist in the progression toward clinical appk=ation.

Anaerobiosis and Stemness: An evolutionary pcradigm provides a context for un-
derstanding the many complexities and evsiutionary features of stem cells and
the clinical implications of anaerobiosi< siem cells, Combining theoretical and
experimental knowledge, the authore provide a broad understanding of how
the absence or low concentration of oxygen can play an influential role in the
maintenance and self-renewal of stem cells and stem cell differentiation. This
understanding has clinical ;»aplications for the fields of regenerative medicine,
cancer biology and transplantation, as well as cell engineering and cell therapy.
Anaerobiosis and Stemiess is an important resource for stem cell and develop-
mental biologists a'e, as well as oncologists, cancer biologists, and researchers
using stem cells ‘or regeneration.

wbhippind Kibuonnjona uy

SSaUW]S puUe sisolqolaeuy

KEY FEATLI-ES

= Highlights the molecular and evolutionary features of stem cells
which make them so important to all biological research

= Explores methods of isolation, characterization, activation,
and maintenance of stem cells

* Includes models for clinical application in regenerative medicine,
cancer therapy and transplantation

978.0-12-800540-8
ACADEMIC PRESS

An imprint of Elsevier
ACADEMIY”
PRESY

store.elsevier.com 9




S &
Thus, mampuﬁhon of energetic metabolism of stem cells should allow @9\
mastering theﬁ?self-renewallcommltment/d|fferent|at|on ratio, which is tlgﬁ
majqpﬁmperatlve for engineering of appropriate cell products for & @
& regenerative medicine. o



Appllcatlon on ex vivo

exﬁansmn of Hematopmetlc@

~"stem and progenitor celLs
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O
@% Steady state cord blood

The first attempts : mlmlcid‘ng of the low O2 concentration by combining the anti-
oxidants- supplementebd\\?nedlum and the cytokines stabilizing HIF-1a (SCF, MGDF (Tpo))
which enabled presefvation of primitive stem cells in course of ex vivo expansion of

committed prog%ﬁ?’&ors &
\oo @QQQ
. HP@?L medium; c,;\\006\
. 6‘Cobary cocktail: SCF,G-CSF,Flt-3L, MGDF; &
@ @ Two-step culture in “bags”. /\O&J
& * Ivanovic et al, Cell fransplant
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In fact, the main advances in tbré clinical-scale ex-vivo expansion
procedures are related to ”hi/poxm response” (i.e. “primitive” or
“ancestral” modallty @GF cellular functioning) leading to the
maﬁntenance of stemness

They refer also@fo )
» Signaling~ia Notch [Delaney et al Nat Med 16:
232-6, 2010]; &

: S|gqafng via: HOXB4, Wnt and Hedgehog =
[Cﬁmpbell et al Curr Opm Hematol 15: 319; 25,

««2008] R
Q\@' pharmacologic stabilization of HIF-a LEf)rrlstaI et
al Blood 151, 759-769, 2013], &

e activation of anaerobic egconsmfattenuatlon of

oxidative phosphorylation in mitochondria
[Takubo et al Cell Stem CeII 1@ 49-61, 2013].
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Low oxygen cq&entmtlon as a general physiologic

regulator of erythr\gﬁonesns beyond the EPO-related downslream
tuning and a tool for «me optimization of red blood cell production ex vivo
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