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ABSTRACT
Embryo-derived (ESCs) and induced pluripotent stem cells (iPSCs) are both useful biotechnology tools in
mice and promising therapeutic agents in humans. In rodents, they made it possible to develop animal
models thanks to their ability to produce somatic and germline chimaera. In Humans, they are already
involved in clinical trials for several degenerative diseases. Rabbit pluripotent stem cells (rbPSCs) differ
from their rodent counterparts but are close to their primate counterparts. In the first part of this article, we
describe the state of art of these rabbit cells as well as their future use in biotechnologies for the creation
of organoids, bioreactors or animal models of human diseases and for the conservation of biodiversity. In
the second part, we present the cryopreservation protocol we have developed in order to freeze rbPSCs
without any animal products for health safety reasons.
Key words: Rabbit, Pluripotency, ESC, iPSC, Animal models, Organoids, Biodiversity, Cryopreservation.
INTRODUCTION
Pluripotency defines the ability of a stem cell to differentiate into three germ layers: ectoderm, mesoderm,
and endoderm. In mice, pluripotent stem cells (PSCs) exist in three forms: the embryonic stem cells
(ESCs) and the epiblast stem cells (EpiSCs), both derived from embryos; and the induced pluripotent stem
cells (iPSCs) produced by somatic cell reprogramming. Both ESCs and iPSCs exploit LIF/STAT3
signaling to maintain robust self-renewal. In contrast, self-renewal of EpiSCs depends on FGF2 and
Activin signaling pathways, leading to genetic instability and a high propensity to differentiation.
Moreover, only the ESCs and iPSCs can colonize the blastocyst following embryo microinjection and
contribute to the development of all tissue types including the germ cells. In contrast, EpiSCs fail to
colonize the blastocyst, consequently, are not suitable for generation of transgenic mice. It is believed that
these differences are largely due to differences in their developmental maturity: ESCs and iPSCs represent
a pristine state termed as the naïve state of pluripotency, which characterizes the early epiblast of the preimplantation embryo. EpiSCs represent a lesser state of pluripotency, referred to as the primed state,
which characterizes the late epiblast of the early post-implantation embryo (Nichols and Smith, 2009).
All ESCs and iPSCs generated so far from other mammalian species than rodent, including primates and
rabbit, resemble mouse EpiSCs, and display most of the features of primed pluripotency (Savatier et al.,
2017). The generation of human and rabbit PSCs in the naïve state of pluripotency would considerably
facilitate their application in medicine and biotechnology, respectively. In addition to their common PSC
characteristics, rabbits and humans also share comparable immunology mechanisms, identical lipid
physiology, the same early embryonic development and a similar placentation system. These reasons
explain why the laboratory rabbit (Oryctolagus cuniculus) is widely used as a model for human diseases,
and is a more relevant model than the mouse for a wide range of human pathophysiologic disorders
(Duranthon et al., 2012). Additive transgenesis of normal or mutant human genes by DNA microinjection
into zygotes have been used to create rabbit models for more than thirty years (Houdebine, 2007). Despite
its low efficacy, this method has allowed the creation of rabbit bioreactors for producing human
therapeutic proteins in their milk (Houdebine, 2009). Recently, the rapid expansion of transgenesis
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methods using endonucleases, such as zinc finger nucleases (ZFNs) (Flisikowska et al., 2011),
transcription activator-like effector nucleases (TALENs) (Song et al., 2013) and especially clustered
regularly interspaced short palindromic repeats/crispr associated Protein 9 (Crispr/Cas9) (Yang et al.,
2019), have considerably increased the number of knock-out rabbit models. However, it is much more
difficult to apply these technics directly in embryos to precisely target the addition, replacement or
mutation of genes. For these purposes, naïve rbPSCs capable of producing germline chimaera would be
very useful. In addition, rabbit iPSCs (rbiPSCs) could be used in species preservation and biodiversity
maintenance, by allowing the cryopreservation of somatic tissues easily collected on the field without any
animal sacrifice. As shown previously with mouse iPSCs, reprogrammed cells could be differentiated into
functional male (Cai et al., 2013) or female (Hayashi and Saitou, 2013) gametes, used as nucleus donor
cells for nuclear transfer cloning (Yang et al., 2007), or microinjected into host embryos to produce
germline chimaera (Bradley et al., 1984). Finally, naïve rbPSCs would be also interesting for the
production of organoids, as these new tools allow numerous functional or toxicology studies in vitro, and
represent indispensable complement to animal models (Sun and Ding, 2017).
Rabbit ESCs (rbESCs) were first derived from early blastocysts (E3.5-E4.0) and cultured on feeder cells
by Wang et al. (2007). They form flat colonies, self-renew under the dependency of the Activine and
FGF2 pathways, fail to colonize rabbit host embryos (Osteil et al., 2013), and are therefore in the primed
state of pluripotency. Attempts to derive naïve rbESCs using protocols originally developed in rodents and
humans have been unsuccessful (Osteil et al., 2016). The case of rbiPSCs seems more promising, as they
exhibit some differences with rbESCs pertaining to their pluripotency state (Osteil et al., 2013). They
were produced by reprogramming rabbit somatic cells using the classical combination of the four human
genes (OCT4, SOX2, KLF4, c-MYC) overexpressed by retroviral vectors (Honda et al., 2010). They
display the same morphology as rbESCs and self-renew with FGF2 and Activin, but they are more
resistant to single-cell dissociation and perform better in a clonogenic self-renewal assay than do rbESCs.
In addition, rbiPSCs exhibit a global gene expression profile closer to that of rabbit epiblast cells and are
able to produce chimeric blastocysts by aggregation with morula cells. Attempts to reprogram rbiPSCs
toward the naïve state exploiting direct or indirect overexpression of KLF2 and KLF4 factors gave
interesting results. Lines obtained with Forskolin to reinforce expression of KLFs formed dome-shaped
colonies and showed a reactivation of the second X-chromosome in female rbiPSC lines (Jiang et al.,
2014). Other lines overexpressing KLFs exhibited a reconfiguration of both transcriptome and epigenome
and improved chimeric competence compared to conventional rbiPSCs (Tapponnier et al., 2017).
In order to use rbPSCs as biotechnology tools and notably for species preservation (Afanassieff et al.,
2019), pluripotency characteristics of cells should be maintained after cryopreservation in a medium
without any animal-derived products to avoid health risk, and with low concentration of cryoprotectant to
reduce toxic risk. To achieve this goal, we have developed a slow-freezing protocol based on a
commercial chemically-define media, the CRYO3 (Ref 5617, Stem Alpha, France), with low
concentration of dimethyl sulfoxide (DMSO) as cryoprotectant. The CRYO3 was initially designed for
clinical applications to replace serum in the freezing medium of human somatic and adult stem cells
(Jurga et al., 2012), and has already demonstrated its effectiveness in cryopreserving rabbit embryos
(Bruyere et al., 2013).
MATERIALS AND METHODS
Cells and experimental design
RbESCs (Osteil et al., 2016) and rbiPSCs (Osteil et al., 2013) were cultured as described previously. After
dissociation and centrifugation, 2x106 cells were resuspended in 1mL of three different media, CRYO3,
foetal bovine serum (FBS) for rbESCs and FBS + knock-out serum replacement (KOSR) for rbiPSCs,
containing 0, 2.5, 3, 4, 5 or 10% of DMSO, and transferred into cryotubes. Cryotubes were placed into a
freezing container (Nalgene, USA), disposed in a -80°C freezer for 15h and then plunged into liquid
nitrogen for storage during at least 2 weeks. The cooling rates, calculated using a thermocouple within the
cryotube in the presence of cells and freezing media, were on average 0.8°C/min in the linear part of the
curves.
Cells analysis after thawing
Cryovials were thawed at 37°C directly from the liquid nitrogen to a water bath, and cells were diluted by
addition of 6mL of 37°C culture media drop by drop. After centrifugation and resuspension, 1/5 of the cell
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suspensions were used for mortality assessment by flow cytometry and 4/5 were cultured for growth
recovery during 3 weeks and analysis of pluripotency gene expression (OCT4, NANOG, REX1, ESRRB,
CDH1, CDH2) by RT-qPCR at passages 1 and 6.
Statistical Analysis
Statistical analyses were performed on R software. The results correspond to 3 replicates for each
condition and are presented as means. Mortality, growth recovery and gene expression were analyzed
using a linear model. The medium and the DMSO concentration were included in the models as fixed
effects. In order to determine the best fit model, AICc were performed. A Tukey adjustment was used to
compare each condition at a fixed 5 % error level. Differences with p < 0.05 were considered significant.
RESULTS AND DISCUSSION
Effect of freezing media and DMSO concentrations on rbPSC mortality
Before freezing, mortality rates of rbPSCs
Figure 1: Mortality of rbPSCs after thawing
placed in single-cell suspension were around
10%. After freezing in CRYO3- or FBS/
KOSR-based media, the mortality of rbPSCs
increased along with the reduction in DMSO
concentration. Significant effects of media
and DMSO percentages on cell mortality
were observed, particularly for the rbESCs,
which had lower mortality in CRYO3 with at
least 3% DMSO. Thus, it appears that
freezing in CRYO3 is already effective with
3% DMSO.

L o g o f t o t a l c e ll n u m b e r

Effect of freezing media and DMSO concentrations on rbPSC growth
All the fixed parameters (freezing medium
Figure 2 : Growth of rbPSCs after freezing in CRYO3
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Effect of freezing media and DMSO concentrations on pluripotency gene expression of rbPSCs
Figure 3 : Expression of pluripotency genes in rbPSCs 6 passages after thawing
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Expression profiles of pluripotency genes were affected by freezing of rbPSCs, showing most often downregulation during the first passage after thawing (data not shown). However, after recovery of the cells at
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passage 6 (Figure 3), these expression patterns were closer to those of the fresh samples used for data
normalization. In particular, we observed that at passage 6, gene expressions in frozen samples with 4%
and 5% DMSO were mainly closer to those in fresh samples, compared to frozen samples with 10%
DMSO.
CONCLUSIONS
In this study, we showed that CRYO3-based medium can replace FBS/KOSR-based medium for freezing
rbPSCs, especially if the DMSO concentration is reduced to 4-5%. Indeed, this synthetic medium induces
acceptable mortality rates, normal growth recoveries, and typical levels of pluripotency gene expression in
the presence of only 4% or 5% cryoprotectant. These results are relevant for cryopreservation of
pluripotent stem cells, because the conventional concentration of DMSO used is 10%, even in a
commercial ready-to-use freezing medium such as the CRYOStor® commonly employed by the stem cell
research community.
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