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ABSTRACT

Embryo-derived (ESCs) and induced pluripotent stetts (iPSCs) are both useful biotechnology tools i
mice and promising therapeutic agents in humansodents, they made it possible to develop animal
models thanks to their ability to produce somatid germline chimaera. In Humans, they are already
involved in clinical trials for several degeneratigdiseases. Rabbit pluripotent stem cells (rbP 8y
from their rodent counterparts but are close tir fiémate counterparts. In the first part of thisicle, we
describe the state of art of these rabbit cellweltas their future use in biotechnologies for tneation

of organoids, bioreactors or animal models of hutiarases and for the conservation of biodiversity.
the second part, we present the cryopreservatiotognl we have developed in order to freeze rbPSCs
without any animal products for health safety reaso
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INTRODUCTION

Pluripotency defines the ability of a stem celbltfferentiate into three germ layers: ectoderm, adesm,
and endoderm. In mice, pluripotent stem cells (BS&sst in three forms: the embryonic stem cells
(ESCs) and the epiblast stem cells (EpiSCs), betiveld from embryos; and the induced pluripoteetrst
cells (iPSCs) produced by somatic cell reprograngmiBoth ESCs and iPSCs exploit LIF/STAT3
signaling to maintain robust self-renewal. In casty self-renewal of EpiSCs depends on FGF2 and
Activin signaling pathways, leading to genetic aislity and a high propensity to differentiation.
Moreover, only the ESCs and iPSCs can colonizebthastocyst following embryo microinjection and
contribute to the development of all tissue typeduding the germ cells. In contrast, EpiSCs fail t
colonize the blastocyst, consequently, are noablgtfor generation of transgenic mice. It is badikthat
these differences are largely due to differencebkeir developmental maturity: ESCs and iPSCs sz

a pristine state termed as the naive state ofgatency, which characterizes the early epiblashefpre-
implantation embryo. EpiSCs represent a lessee sthpluripotency, referred to as the primed state,
which characterizes the late epiblast of the gawkt-implantation embryo (Nichols and Smith, 2009).

All ESCs and iPSCs generated so far from other maliamspecies than rodent, including primates and
rabbit, resemble mouse EpiSCs, and display mosieofeatures of primed pluripotency (Savagerl,
2017). The generation of human and rabbit PSChémgive state of pluripotency would considerably
facilitate their application in medicine and bidiaology, respectively. In addition to their comm@8C
characteristics, rabbits and humans also share amale immunology mechanisms, identical lipid
physiology, the same early embryonic developmemt arsimilar placentation system. These reasons
explain why the laboratory rabbi©fyctolagus cuniculysis widely used as a model for human diseases,
and is a more relevant model than the mouse foida wange of human pathophysiologic disorders
(Duranthoret al, 2012). Additive transgenesis of normal or mutaurnan genes by DNA microinjection
into zygotes have been used to create rabbit méoleisore than thirty yeadHoudebine, 2007). Despite
its low efficacy, this method has allowed the dmatof rabbit bioreactors for producing human
therapeutic proteins in their milkHoudebine, 2009). Recently, the rapid expansiorirafisgenesis
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methods using endonucleases, such as zinc fingeleases (ZFNs)(Flisikowska et al., 2011),
transcription activator-like effector nucleases [ENSs) (Songet al., 2013) and especially clustered
regularly interspaced short palindromic repeatsgeriassociated Protein 9 (Crispr/Cag¥9ang et al.,
2019), have considerably increased the number ofkdout rabbit models. However, it is much more
difficult to apply these technics directly in embsyto precisely target the addition, replacement or
mutation of genes. For these purposes, naive rbeggable of producing germline chimaera would be
very useful. In addition, rabbit iPSCs (rbiPSCshldobe used in species preservation and biodiyersit
maintenance, by allowing the cryopreservation ofiatic tissues easily collected on the field withany
animal sacrifice. As shown previously with mous8@2, reprogrammed cells could be differentiateal int
functional male (Caet al.,2013) or femaldHayashi and Saitou, 2013) gametes, used as nudtews
cells for nuclear transfer cloninfrang et al., 2007), or microinjected into host embryos to praduc
germline chimaergBradley et al., 1984). Finally, naive rbPSCs would be also intargsfor the
production of organoids, as these new tools allomerous functional or toxicology studiesvitro, and
represent indispensable complement to animal m@8els and Ding, 2017).

Rabbit ESCs (rbESCs) were first derived from ebtfstocysts (E3.5-E4.0) and cultured on feedes cell
by Wanget al. (2007). They form flat colonies, self-renew undee dependency of the Activine and
FGF2 pathways, fail to colonize rabbit host embr{@steilet al, 2013), and are therefore in the primed
state of pluripotency. Attempts to derive naiveS$KIE using protocols originally developed in rodemtd
humans have been unsuccessful (Ostedll.,2016). The case of rbiPSCs seems more promisintiey
exhibit some differences with rbESCs pertainingheir pluripotency state (Ostedt al., 2013). They
were produced by reprogramming rabbit somatic aedlag the classical combination of the four human
genes OCT4, SOX2, KLF4, c-MYjCoverexpressed by retroviral vectors (Horetaal., 2010). They
display the same morphology as rbESCs and selfaremith FGF2 and Activin, but they are more
resistant to single-cell dissociation and perfottdr in a clonogenic self-renewal assay than &S@s.

In addition, rbiPSCs exhibit a global gene exp@sgirofile closer to that of rabbit epiblast cellsd are
able to produce chimeric blastocysts by aggregatiith morula cells. Attempts to reprogram rbiPSCs
toward the naive state exploiting direct or indiregserexpression of KLF2 and KLF4 factors gave
interesting results. Lines obtained with Forskatinreinforce expression of KLFs formed dome-shaped
colonies and showed a reactivation of the secorahnémosome in female rbiPSC lines (Jiaetgal.,
2014). Other lines overexpressing KLFs exhibiteda@nfiguration of both transcriptome and epigenome
and improved chimeric competence compared to cdiorel rbiPSCs (Tapponniet al, 2017).

In order to use rbPSCs as biotechnology tools atdbty for species preservation (Afanassieff et al.
2019), pluripotency characteristics of cells shoh&l maintained after cryopreservation in a medium
without any animal-derived products to avoid heatk, and with low concentration of cryoprotectémt
reduce toxic risk. To achieve this goal, we haverettiped a slow-freezing protocol based on a
commercial chemically-define media, the CRYO3 (R&$17, Stem Alpha, France), with low
concentration of dimethyl sulfoxide (DMSO) as crymectant. The CRYO3 was initially designed for
clinical applications to replace serum in the fiegzmedium of human somatic and adult stem cells
(Jurgaet al., 2012), and has already demonstrated its effeas®rnn cryopreserving rabbit embryos
(Bruyere et al., 2013).

MATERIALSAND METHODS

Célsand experimental design

RbESCs (Osteitt al, 2016) and rbiPSCs (Ostei al., 2013) were cultured as described previously.rAfte
dissociation and centrifugation, 2X1€ells were resuspended in 1mL of three differeatlim CRYO3,
foetal bovine serum (FBS) for rboESCs and FBS + krmg serum replacement (KOSR) for rbiPSCs,
containing 0, 2.5, 3, 4, 5 or 10% of DMSO, and sfarred into cryotubes. Cryotubes were placed énto
freezing container (Nalgene, USA), disposed in @&3freezer for 15h and then plunged into liquid
nitrogen for storage during at least 2 weeks. Td@ing rates, calculated using a thermocouple withe
cryotube in the presence of cells and freezing ejedere on average 0.8°C/min in the linear pathef
curves.

Célsanalysis after thawing
Cryovials were thawed at 37°C directly from theauldnitrogen to a water bath, and cells were diluig
addition of 6mL of 37°C culture media drop by dréfter centrifugation and resuspension, 1/5 of¢ek
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suspensions were used for mortality assessmentoly dytometry and 4/5 were cultured for growth
recovery during 3 weeks and analysis of pluripogegene expressiorOCT4, NANOG, REX1, ESRRB,
CDH1, CDH2J by RT-gPCR at passages 1 and 6.

Statistical Analysis

Statistical analyses were performed on R softwditee results correspond to 3 replicates for each
condition and are presented as means. Mortalitywilr recovery and gene expression were analyzed
using a linear model. The medium and the DMSO caammagon were included in the models as fixed
effects. In order to determine the best fit moddGc were performed. A Tukey adjustment was used to
compare each condition at a fixed 5 % error leDdferences with p < 0.05 were considered significa

RESULTSAND DISCUSSION

Effect of freezing media and DM SO concentrations on r bPSC mortality

Figure 1: Mortality of rbPSCs after thawil Before freezing, mortality rates of rbPSCs

placed in single-cell suspension were around

rbESCs 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.
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and rbiPSC growth recoveries was found
between CRYO3- or FBS/KOSR-based
media containing 4, 5 and 10 % DMSO.
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Effect of freezing media and DM SO concentrations on pluripotency gene expression of rbPSCs
Figure 3: Expression of pluripotency genes in rbPSCs 6 passafger thawing

Expression profiles of pluripotency genes werecéfe by freezing of rbPSCs, showing most often down
regulation during the first passage after thawitatg not shown). However, after recovery of théscat
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passage 6 (Figure 3), these expression patterrs cl@ser to those of the fresh samples used fa dat
normalization. In particular, we observed that atgage 6, gene expressions in frozen samples %ith 4
and 5% DMSO were mainly closer to those in fresimas, compared to frozen samples with 10%
DMSO.

CONCLUSIONS

In this study, we showed that CRYO3-based mediumreplace FBS/KOSR-based medium for freezing
rbPSCs, especially if the DMSO concentration isiced to 4-5%. Indeed, this synthetic medium induce
acceptable mortality rates, normal growth recogerad typical levels of pluripotency gene expa@sai

the presence of only 4% or 5% cryoprotectant. Thesellts are relevant for cryopreservation of
pluripotent stem cells, because the conventionalcentration of DMSO used is 10%, even in a
commercial ready-to-use freezing medium such a€R€OStor® commonly employed by the stem cell
research community.
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