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Mammalian stem cells

• Terminology and definition

• The quest for adult pluripotent stem cells

• Non rodent pluripotent stem cells: 

production and applications

• Interspecies chimera: why, why not, how  



Terminology and definition



The concept of celular potential is quite novel:
a biologically fixed cell fate ?

Human Fœtus into a spermatozoide: The homunculus (Nicolas Hartsoeker, 
1694)



Driesch experiments in 1891 on sea

urchin blastomeres at the 2-cell and 

4—cell stages: totipotency

Speeman’s experiments in 1902 on  

triton’s blastomeres blastomeres: 

totipotency and pluripotency

The concept of pluripotency is quite novel
Experimental studies in aquatic species



Pluripotency in mammals: the mouse model

Oocyte
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Fertilization

zygote

2-cells 
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Implantation



Pluripotency in mammals: the mouse model
Aggregation chimeras (Tarkowski 1962) and injection

chimera (Gardner 1968)



time (days post-coitum)

0.5 1.5 2.5 3.5 5.5 7.0

Pluripotency in mammals: the mouse model

Pluripotent: able to form all the body 

cell lineages, including germ cells. 

Totipotent: sufficient to form entire

organism.

Totipotency Pluripotency

Naive Formative PrimedExpanded
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Pluripotency in mammals: the mouse model
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The ultimate demonstration of pluripotency in mammals: 
tetraploid complementation

Pluripotency in mammals: the mouse model



Totipotency

Full differentiation potential
(ExtraEmb + Emb)
+ Self organisation

Expanded
pluripotency

Full differentiation potential
(ExtraEmb + Emb)
no Self organisation

Pluripotency

Full embryonic differentiation
potential
no Self organisation



Totipotency

Full differentiation potential
+ Self organisation

Multipotency

Multiple but restricted
differentiation potential
Self organisation: somehow
possible (ie organoïds)

Neural Crest Cells (NCCs)
Hematopoïetic stem cells (HSCs)
Mesenchymal Stem Cells (MSCs)

Bipotency / Unipotency

Restricted differentiation potential



The quest for adult pluripotent 

stem cells



Adult pluripotent stem cells: do they exist ?
The discovery of mesenchymal stem cells (MSCs)

The first description of adult multipotent stem cells: HSCs

In the 1960s, working on graft of bone marrow cells, Alexander  

Friedenstein discovered that some cells possess an osteogenic

potential.

Alexander Friedenstein (1924-1998)

URSS



BM
5 days

Bone

Colony Forming

Cells (CFU-F)

Adult pluripotent stem cells: do they exist ?
The discovery of mesenchymal stem cells (MSCs)



Bone

Cartilage
Tendon Muscle

Ligament

Adipocytes

Stroma

Bone Marrow (Fibroblasts)

Friedenstein et al. 1987, Ashton et al. 1980, Bab et al. 1984 and others

Adult pluripotent stem cells: do they exist ?
The discovery of mesenchymal stem cells (MSCs)



Bone

Cartilage

Tendon Muscle

Ligament

Adipocytes

Stroma

Bone Marrow (Fibroblasts)

Many different stem cells with restricted potency ?

Adult pluripotent stem cells: do they exist ?
The discovery of mesenchymal stem cells (MSCs)



Bone Marrow (Fibroblasts)

One unique multipotent stem cells with enlarged potency ?

Bone

Cartilage

Tendon Muscle
Ligament

Adipocytes

Stroma

Adult pluripotent stem cells: do they exist ?
The discovery of mesenchymal stem cells (MSCs)



Nature 1999

Adult pluripotent stem cells: do they exist ?
The discovery of mesenchymal stem cells (MSCs)

One unique multipotent stem cells with enlarged potency 



CD73

CD105

Adult pluripotent stem cells: do they exist ?
The discovery of mesenchymal stem cells (MSCs)

One unique multipotent stem cells with enlarged potency 



Colonies from single cell

Adult pluripotent stem cells: do they exist ?
The discovery of mesenchymal stem cells (MSCs)

One unique multipotent stem cells with enlarged potency 



• Adherent cells in 2D culture (Fibroblasts)

• Cells positives for the surface determinants

CD73, CD90 and CD105

• Cells negative for hematopoïetic markers 

:CD34-, CD45-, CD14-, CD79a-, HLA-DR-

• Multipotency in vitro and in vivo at least for 

osteoblastic, chondroblastic and adipocytic

lineages (mesodermal)

Adult pluripotent stem cells: do they exist ?
The discovery of mesenchymal stem cells (MSCs)

One unique multipotent stem cells with enlarged potency 



• Originally discovered in the Bone Marrow

• Can be isolated from cord blood, placenta, 

circulating blood, bone marrow, dental pulp, 

cartilage, adipose tissue, skeletal muscle, blood

vessel (pericytes) etc

• MSCs seem to be elsewhere in the organism

but in extremely low proportion (0,01% -

0,001% in BM MNCs) 

Adult pluripotent stem cells: do they exist ?
The discovery of mesenchymal stem cells (MSCs)

One unique multipotent stem cells with enlarged potency 



• Inspired by the discovery of adult

multipotent stem cells in the bone marrow, 

laboratories worldwide demonstrated the 

existence of adult pluripotent stem cells in 

the 2000s

Adult pluripotent stem cells: do they exist ?

The discovery of adult pluripotent stem cells



Nature 2002

Science 2000

Adult pluripotent stem cells: do they exist ?

The discovery of adult pluripotent stem cells



Blau et al. 2001 Cell

Adult pluripotent stem cells: do they exist ?

The discovery of adult pluripotent stem cells



In all these studies, only very scarce cells show a pluripotent potential:

Blau et al. 2000
Jiang et al. 2002

Adult pluripotent stem cells: do they exist ?

The discovery of adult pluripotent stem cells

Liver

intestine

lung

neurons



Adult pluripotent stem cells result from rare events of 
cell fusion 

Nature 2002

Nature 2003

Adult pluripotent stem cells: a scientific mistake



LacZ flox/flox CMV:CRE

Adult pluripotent stem cells result from rare events of 
cell fusion 

Adult pluripotent stem cells: a scientific mistake



Hepatocytes

Purkinje cells

Skeletal muscle



Fusion of MSCs with differentiated somatic cells is not a rare

events

Adult pluripotent stem cells result from rare events of 
cell fusion from MSCs with differentiated cells 

Adult pluripotent stem cells: a scientific mistake



• MSCs are multipotent cells from adult tissues 

• MSCs mostly act through paracrine actions 

on adjacent cells and tissues

• MSCs may contribute to tissue regeneration

• The existence of pluripotent adult stem cells

has never been demonstrated to date 

Adult pluripotent stem cells: a scientific mistake



Non rodent pluripotent stem cells: 

Production and applications



Non rodent mammalian pluripotent stem cells
the three main properties of  true ESCs

• Infinite self-renewal in culture with stable diploid caryotype and 
symetrical division

• in vitro pluripotency: ability to differentiate toward cell types from
the three embryonic germ-layers and the germ line.

• in vivo pluripotency: production of chimerae, germ line transmission 
and tetraploid complementation



The work made to characterize distinct pluripotent states in 

mouse embryos helped to derive PSCs in other species

But it took decades to success!!!

Totipotency Pluripotency

EPSCs ESCs

Naive

EpiSC2Cs ESCs

Mixte

EpiLC

FSCs

Non rodent mammalian pluripotent stem cells

LIF

MEKi

GS3Ki

LIF

serum
Activin

FGF2

Activin low

Wnt/hippo inh.



1998

Science

2008

Science

Non rodent mammalian pluripotent stem cells

Monkey

Human

Rat



• Non-human primate (1994) and human (1998) pluripotent 

stem cells have been derived from blastocysts

• Normal caryotype but unstable X inactivation

• Permanent cultures (no “crisis”) but slow growth rate

• High telomerase activity

• Express specific “embryonic” antigens but relies on Activin

and FGF signalling

• Formation of teratomas (injection into SCID mice) : tissues 

derived of all three embryonic germ layers

• In vitro differentiation

• No evidence for chimera

Human embryonic stem cells are equivalent to 
mouse EpiSCs (epiblast stem cells)



2i(+LIF) culture condition 

allow ES cells derivation 

from mice and rat

Buehr et al, Cell 2008

Li et al, Cell 2008

Rat embryonic stem cells are similar to mouse and 
can be used for intra and interspecies chimerae



embryon stage X (EG)

ECTODERM

MESODERM

ENDODERM

Chicken embryonic stem cells contribute poorly
to the germline

IL6sr+ IL6 (=LIF)

SCF

IGF1

Pain et al. 1996



Embryo injection with ES cells from different feather colors

21 days of incubation

Cross the chimeara

Black chicks
derived from

ES-
differentiated

germ cells

Pain et al. 1996



But it remains difficult to produce TRUE PSCs
from many other mammalian species: a 

developmental issue ?



Challenges to produce TRUE mammalian PSCs: 
a developmental issue ?



• A better knowledge of in vivo pluripotency : 

• molecular characterization of the different pluripotent states

• Active signalling pathways in PSCs in vivo

• Startpoint of PSCs proliferation: when + how

• Composition of uterine fluids during preimplantatory

development

• The production of faithfull reporter systems to efficiently track

endogenous pluripotency

• Cell culture optimisation by 

• Media optimization from transcriptomics and proteomics studies

• HTS screening of small molecules based using reporter 

systems

How to tackle these developmental barriers ?



Producing TRUE PSCs from many other
mammalian species

Using these tools some research groups succeed in 

producing true PSCs in different species

2017: empiric approach

Producing rabbit ESCs



These rabbit ESCs poorly contribute to chimera

Only with LIF 

culture rbESCs

Osteil et al. 2017

A: Accutase

C: Collagenase

F: bFGF

L: LIF

S: SVF

K: KOSR



2021: with reporters, 

scRNAseq from embryos

Signalling pathway screening



Essential 8 medium (ITS + FGF2 + TGFb) WNT inhibition (IWP2 non 
canonical) + XAV939 (canonical) 

But no chimeras were produced



Recent progress for the production of ungulate PSCs

PNAS 2018

Canonical Wnt inhibition (IWR1) + bFGF2



Bovine primed ESCs



Nat Cell Biol 2019

Recent progress for the production of ungulate PSCs

PNAS 2021



ESCs with Expanded potential (EPSCs) 

Yang et al. 2017 Cell

LCDM:

• LIF

• GSK3b inh.

• DiM: Gprot-receptor

• MiH: PARP1 inh.



pOMSK+ pN–hLIN + hRL

Producing pig ESCs (2019)



Chimera

Cortex

SOX2

dTomato

Liver

AFP

dTomato

Pluripotency markers

Producing pig ESCs (2019)



bOMSK+ pN–hLIN + hRL

Producing bovine ESCs (2021)



Placenta

Smooth

muscle

Producing bovine ESCs: chimera



Some applications of 
mammalian ESCs



1. Gene targeting (before CRISPR/Cas9) 

(30 years of functional genomics in mice

Capecchi et al., 2005 Nat Rev Gen



2. Modelling disease from pluripotent stem 

cells

PSC HSC
RUNX1, HOXA5, HOXA9, HOXA10, ERG, LCOR, SPI1

HoxB4, Low Notch

Modelling chronic myeloid leukemia in a dish from PSCs

Inducible expression

of BCR-ABL

ontogeny of the cancer leukemic stem cells

disease progression

resistance to chemotherapy

Identity and stem cell potential

marker expression : FACS, qRT-PCR, immunofluorescence…

self-renewal / differentiation (in vitro/in vivo)

Impact on the differentiation



3. Amplyfying virus for vaccine and screening 

antiviral drugs

Valneva



3. Amplyfying virus for vaccine and screening 

antiviral drugs

Valneva



4. High-througput phenotyping for genetic

studies

Reference

(x1000-

x10,000

x1M …) 

individuals

Use of cell populations instead of animals/patients

Bio-bank of PSCs

Reference

(x1000-

x10,000

x1M …)

Cell lines



4. High-througput phenotyping for genetic

studies

1 cell line

Genome editing

Phenotyping:

Biomecanics

Gene expression

Proteome

Metabolome

Absorption

Endocytosis

Exocytosis

Phagocytosis

Toxicity

Infections

….

HTS

GWAS

Big data

In vitro 

differentiation

X1000 

lines



in vitro differentiation: Male primordial germ cells

Hayashi et al.

Cell 2011

5. Using pluripotent stem cells for reproduction

Producing functional gametes



in vitro differentiation: female primordial germ cells

Hayashi et al. 

Science 2012

5. Using pluripotent stem cells for reproduction



in vitro differentiation: fully derived oocytes from PSCs

Yoshino et al. Science 2021

5. Using pluripotent stem cells for reproduction



Producing functional gametes in host gonads

Nanos mutant and testis complementation

Also Dazl mutant in chicken



Nanos KO
Nanos KO + 

ePGCLs

injection

Genetically modified PGCLs

injection in Nanos-/- testis

Genetically

modified sperm

cells

Producing functional gametes in host gonads

5. Using pluripotent stem cells for reproduction



Rexroad et al. 2019

In vitro breeding to speed-up genomic selection in livestock

5. Using pluripotent stem cells for reproduction



6. To produce organs

Chimera and interspecies chimera



Chimera: a powerful tool to model disease and 

organs in mammalian species (except human)

PSCs
Edited

PSCs

Genetic

modifications

Chimaeras

In vivo produced

Edited adult stem cells

Organoids, primary cells

Disease modeling, drug

screening

Animal Models, 

organ complementation

In vivo drugs’ validation

Phase I Clinical trials



PSCs
ePSCs

Genetic

modifications

Chimaeras

In vivo produced

Edited adult stem cells

Organoids, primary cells

Disease modeling, drug

screening

Animal Models

In vivo drugs’ validation

Phase I Clinical trials

Except rodents

Chimera: a powerful tool to model disease and 

organs in mammalian species (except human)



That’s why studies on chimera and interspecies

chimera are mostly done on rodents



Producing organs using chimera:

Organ complementation by interspecies chimeras

Solter et al. 2010



Organ complementation by interspecies chimeras

Wu et al. Cell 2017



Organ complementation by interspecies chimeras

Wu et al. Cell 2017



Kobayashi et al. 2010

Organ complementation by interspecies chimeras

Pancreas



Organ complementation by interspecies chimeras

Heart and eyes

Wu et al. Cell 2017

Heart Retina



Producing human organs in non human species:

Xenografts and organ complementation

The interest for the pig species



Grafting pig organs in human :

Xenografts and organ complementation

The interest for the pig species

NEJM, June 2022



Wu et al. 2016

Producing human organs in non human species:

Organ complementation by interspecies chimearas



Producing human organs in non human species:

Optimisation of interspecies chimearas

Human EPSCs in mouse embryo

Yang et al. 2017 Cell



Embryonic tissue

Yang et al. 2017 Cell

Producing human organs in non human species:

Optimisation of interspecies chimearas

Human EPSCs in mouse embryo



Extra- Embryonic tissue

Yang et al. 2017 Cell

Producing human organs in non human species:

Optimisation of interspecies chimearas

Human EPSCs in mouse embryo



2019 Protein Cell

Monkey cells in pig embryos

Producing human organs in non human species:

Optimisation of interspecies chimeras



Monkey cells in pig embryos > chimera



Producing human organs in non human species:

First step: human cells in pig embryos > chimera

Wu et al. 2017 Cell



Organ complementation by interspecies human/pig chimeras:

Production of human endothelial cells in pigs

2020



Organ complementation by interspecies pig/human chimearas



Characterization of ETV2-/- pig fetuses



Complementation of ETV2-/- pig fetuses by pig embryonic cells

Intra-species chimera



Complementation of ETV2-/- pig fetuses with human iPSCs

Inter-species chimera

n=400

The best pictures you can get from 400 injected embryos

n=300

Blastocyst colonization



Complementation of ETV2-/- pig fetuses with human iPSCs

Inter-species chimera

Fetus colonization

Top 10 over 1700 embryos



Complementation of ETV2-/- pig fetuses with human iPSCs

Inter-species chimera

Low chimera efficiency due to high apoptosis levels



Complementation of ETV2-/- pig fetuses with human iPSCs

Inter-species chimera

OE of BCL2 in human iPSCs to decrease apoptosis levels

and increase colonization



Complementation of ETV2-/- pig fetuses with human iPSCs

Inter-species chimera

OE of BCL2 in human iPSCs favors complementation of 

ETV2-/- pig embryos



Complementation of MYF5/MYOD/MYF6 -/- pig fetuses with

human iPSCs (TP53-/-)

Inter-species chimera

2021



Balancing cell competition to improve niche receptivity in inter-

species chimera

Nishimura et al. Cell Stem Cell 2020



Balancing cell competition to improve niche receptivity:

Mouse in mouse chimera



Balancing cell competition to improve niche receptivity:

Rat in mouse chimera



2023: Amazing progress toward human organs in pigs



2023: Amazing progress toward human organs in pigs

Wang et al. 2023

Test chimera contribution of hPSCs with different naive human

PSC media + OE MYCN/BCL2



2023: Amazing progress toward human organs in pigs

Pigs mutated for SIX1 and SALL1: no kidney

Wang et al. 2023



2023: Amazing progress toward human organs in pigs

Complementation of Pig kidney with human PSCs



2023: Amazing progress toward human organs in pigs

Complementation of Pig kidney with human PSCs



2023: Amazing progress toward human organs in pigs

But still with really low efficiency….



Non rodent mammalian pluripotent stem cells

• All non rodent PSCs are close to a primed state of 

pluripotency

• Until recently, few true PSCs from non primate species

• Intraspecies chimera production remains complicated

with this cells:

• Interspecies chimera in non-rodent species are at their

beginning > close to Science Fiction but … 


