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Abstract

BACKGROUND

The generation of induced pluripotent stem cells (iPSC) has been a game-changer
in translational and regenerative medicine; however, their large-scale applicability
is still hampered by the scarcity of accessible, safe, and reproducible protocols.
The porcine model is a large biomedical model that enables translational applic-
ations, including gene editing, long term in vivo and offspring analysis; therefore,
suitable for both medicine and animal production.

AIM

To reprogramme in vitro into pluripotency, and herein urine-derived cells (UDCs)
were isolated from porcine urine.
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METHODS

The UDCs were reprogrammed in vitro using human or murine octamer-binding transcription
factor 4 (OCT4), SRY-box2 (SOX2), Kruppel-like factor 4 (KLF4), and C-MYC, and cultured with
basic fibroblast growth factor (bFGF) supplementation. To characterize the putative porcine iPSCs
three clonal lineages were submitted to immunocytochemistry for alkaline phosphatase (AP),
OCT4, SOX2, NANOG, TRA1 81 and SSEA 1 detection. Endogenous transcripts related to the plu-
ripotency (OCT4, SOX2 and NANOG) were analyzed via reverse transcription quantitative real-
time polymerase chain reaction in different time points during the culture, and all three lineages
formed embryoid bodies (EBs) when cultured in suspension without bFGF supplementation.

RESULTS

The UDCs were isolated from swine urine samples and when at passage 2 submitted to in vitro
reprogramming. Colonies of putative iPSCs were obtained only from UDCs transduced with the
murine factors (mOSKM), but not from human factors (hOSKM). Three clonal lineages were
isolated and further cultured for at least 28 passages, all the lineages were positive for AP
detection, the OCT4, SOX2, NANOG markers, albeit the immunocytochemical analysis also
revealed heterogeneous phenotypic profiles among lineages and passages for NANOG and
SSEA1, similar results were observed in the abundance of the endogenous transcripts related to
pluripotent state. All the clonal lineages when cultured in suspension without bFGF were able to
form EBs expressing ectoderm and mesoderm layers transcripts.

CONCLUSION

For the first time UDCs were isolated in the swine model and reprogrammed into a pluripotent-
like state, enabling new numerous applications in both human or veterinary regenerative
medicine.

Key Words: Induced pluripotent stem cells; Noninvasive; Pluripotency; Reprogramming; Urine; Porcine
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Core Tip: The porcine induced pluripotent stem cells (piPSCs) derived from urine derived cells (UDCs)
may facilitate their routine and large-scale use by avoiding injury or stress during collection for autologous
purposes. However, the precise reprogramming process and characterization is not fully elucidated in
other species than murine or human. The generation of piPSCs from UDCs can contribute as a biomedical
model for regenerative and translational medicine, as well as for animal production and to elucidate the
reprogramming process in porcine, a large animal model.
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INTRODUCTION

The generation of pluripotent cells in vitro has been reported in numerous studies; however, pluripotent
cell generation protocols and their characterization are not as robust in animal models as they are in
humans and mice. The generation of induced pluripotent stem cells (iPSCs), unlike embryonic stem
cells, creates the possibility of autologous therapies and circumvents ethical barriers. iPSCs applications
range from basic to applied research, for example, from regenerative medicine to the enhancement of
animal production to generate functional gametes or even iPSCs-derived embryos[1-3]. For wild and
domestic animal models, the establishment of pluripotent cells and their maintenance in vitro may
enable diverse translational, clinical and reproductive applications. A robust approach, along with a
well-known understanding of the pluripotency pathways for each species, is still to be reported, as
previously discussed and reviewed[4-6].

The reprogramming of porcine cells into a pluripotent state can significantly contribute not only to
applications in veterinary medicine and animal production, but also, the porcine as a large biomedical
model is greatly acknowledged for their physiological and immunological similarities to humans, being
suitable to preclinical and translational studies, in special when compared to the murine model[3,5,7-
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11]. Cells used for the in vitro reprogramming into iPSCs are mostly from invasive collection procedures,
such as from embryos and interrupted gestations (embryonic and foetal cells), or biopsies (adult
fibroblasts and mesenchymal cells)[1,12,13]. The derivation of cultured cells from embryos or foetuses
impedes their development, and consequently is considered an unethical practice in humans. The
isolation of adult fibroblasts and other tissue-derived cells through biopsies is usual, especially when
autologous therapies or in vitro modelling of specific genomes is needed. Biopsies, however, usually
demand minimally invasive procedures performed by health professionals. Post procedure care may
lead to complications such as scars, inflammation, and infection. In particular, the ability of iPSCs to
model in vitro syndromes or diseases from patients with affected cognitive, neurological, and muscular-
skeletal functions may be impaired by such procedures, often requiring special attention and ethics
approval. Therefore, using cells from a noninvasive source for the generation of iPSCs would facilitate
their use in regenerative and translational human or veterinary medicine, aiming for its large scale use
without resulting in injuries or stress[14,15].

Urine-derived cells (UDCs) have been recently reported in humans, and the in vitro modelling of
diseases using these cells or iPSCs derived from them is increasingly being explored[16,17]. Studies on
the in vitro differentiation of human UDCs into cardiomyocytes[16] and hepatocyte-like cells[18], the
generation of patient-specific iPSC lineages for multiple sclerosis[19], X-linked retinoschisis[20], heart
failure[21], phenylketonuria[22], glaucoma[23], and retinitis pigmentosa[24], and recently, the
derivation of iPSCs from UDCs in nonhuman primates[25] reinforce the importance of this recent in
vitro modelling tool.

Noninvasive cell isolation in domestic animals has also been recently reported from milk[26], an
exclusive female possibility, and from urine in the rabbit and canine models[27,28]; however, no
pluripotent cells have been derived from these models aiming at its use in regenerative medicine so far.
In this context, porcine are nonprimate large animals widely known to present physiological and
immunological similarities with humans, as well as they are considered an important species for animal
production, with standardized management with pathogen-free conditions[29,30], and consequently,
their use as a biomedical model is advantageous compared to nonhuman primates. The fully
reprogramming, consistent and robust characterization of porcine iPSCs (piPSCs) are not frequently
reported; however, in vitro differentiation of these cells into other cell types, and importantly, the
generation of chimeras has been presented and discussed, endorsing their use for in vitro disease
modeling or even for cell therapy[14,18,19,31,32].

Herein, we describe urine collection, cellular isolation, and in vitro reprogramming of a noninvasive
cell source used for iPSC generation in a large domestic animal, the porcine model. Three clonal lineages
were evaluated throughout the passages. Porcine iPSCs derived from UDCs are important not only for
agricultural traits, for example, for enabling the in vitro generation of gametes and embryos and
contributing to future genetic improvement, but also as an excellent platform for the in vitro and in vivo
modelling of several diseases.

MATERIALS AND METHODS

All procedures were performed following the National Council for Control of Animal Experimentation
(CONCEA) rules and were approved by the Ethics Committee on Animal Experimentation of the
Faculty of Animal Science and Food Engineering and Faculty of Veterinary Medicine and Animal
Sciences, University of Sdo Paulo (protocols 6372070119 and 7051150717).

Urine collection, UDC isolation, and culture

Swine urine samples (approximately 250 mL) were collected from three females at reproductive age (2
year) after spontaneous urination. The samples were identified as UDC1, UDC2, and UDC3, and
processed following the protocol previously described for human samples[33]. Briefly, the urine was
aliquoted into conical tubes and centrifuged at 400 x g and 25 °C for 10 min; the supernatant was
removed, leaving approximately 1 mL in each tube, washed with 45 mL of D-polybutylene succinate
(PBS) (Life Technologies) containing 1% penicillin/streptomycin (Life Technologies), and centrifuged at
200 x g and 25 °C for 10 min. The supernatant was discarded, and the pellet was resuspended in 12 mL
of previously prepared medium containing 22.5 mL DMEM high glucose (Life Technologies), 2.5 mL
FBS (HyClone), 0.25 mL penicillin/streptomycin (Life Technologies), 0.25 mL 100 x GlutaMAX
supplement (Life Technologies), 0.25 mL 100 x nonessential amino acid solution (Life Technologies), 25
mL REBM medium (Renal Epithelial Basal Medium, Lonza) and REGM supplements: 5 pL/mL FBS,
hEGEF, insulin, hydrocortisone, GA-1000, transferrin, triiodothyronine, epinephrine (all 0.5 pL/mL,
Lonza), and basic fibroblast growth factor (bFGF) (2.5 ng/mL, PeproTech).

Cells were plated onto 0.1% gelatine (Sigma-Aldrich)-coated 24-well plates. The medium was
replaced at D3 (3" day after plating) and then partially refreshed every day. The UDC1 cell lineage was
further used in the cellular reprogramming protocol, and clonal iPSC lineages were used for statistical
analyses.
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In vitro induced reprogramming of porcine UDCs

In vitro reprogramming was performed by transducing UDCs with polycistronic lentiviral vectors
harboring either murine or human transcription factors OCT4, SOX2, KLF-4 and C-MYC (mOSKM or
hOSKM, STEMCCA, Millipore), as previously reported[34,35]. Briefly, for the production of lentiviral
particles, the lipofection protocol (Lipofectamine 3000, Life Technologies) was performed using OSKM
and auxiliary vectors TAT, REV, Hgpm?2, VSVG, in 293 FT cells (Life Technologies) as previously
described. UDCs, at a concentration of 2 x 10* per well, were transduced with viral particles and
incubated overnight at 38.5 °C, 5% CO,, and maximum humidity for 12-16 h, when media were
refreshed.

After 5-6 d, the transduced cells were replaced onto a 6-well plate coated with a monolayer of
mitomycin C (M4287 Sigma-Aldrich)-inactivated MEFs and cultured in iPSC medium composed of
DMEM/F12 knockout medium supplemented with 20% KSR, 1% glutamine, 3.85 pM B-mercapto-
ethanol, 1% nonessential amino acids, 1% penicillin/streptomycin (all from Life Technologies), and 10
ng/mL bFGF (PeproTech) and incubated at 38.5 °C, 5% CO, and maximum humidity. After approx-
imately 1 wk, colonies were manually picked at the first passage, and further on, clonal lineages
(putative iPSCs, or iPSC-like cells) were dissociated for passaging (TrypLe Express, Life Technologies).
Three clonal lineages (C1, C2, and C3) were further analysed throughout passaging. Cryopreservation
(10% DMSO), and therefore a freeze-and-thaw cycle, was performed at approximately passage 18 and
again at approximately passage 30.

Reprogramming efficiency and alkaline phosphatase detection

The reprogramming efficiency was assessed by analysing the ratio of morphologically typical and
alkaline phosphatase (AP)-positive iPSCs colonies per the number of transduced cells initially plated (2
x 10* cells per well of a 6-well plate). The AP detection protocol was performed using the Alkaline
Phosphatase Detection Kit (86R, Sigma-Aldrich) according to the manufacturer’s instructions.

Immunocytochemistry

Immunocytochemistry was used to detect OCT4, SOX2, NANOG, SSEA1, and TRA1 81 in two different
passage windows for the three lineages: p16, p15, and p9 for C1, C2, and C3, respectively, and again
after p20 (p23, p22, and p22, respectively). The cultured putative piPSCs were fixed in paraformal-
dehyde for 10 min and washed in PBS. The pluripotency-related markers test was performed as
previously described[36]. Briefly, the antibodies were used to detect OCT4 (1:100, cat# SC8628, Santa
Cruz), SOX2 (1:500, cat# ab97959; Abcam), NANOG (1:100, cat# ab77095, Abcam), SSEA1 (1:50, cat#
MAB4301, Millipore) and TRA1 81 (1:50, cat# MAB4381, Millipore), and the respective secondary
antibodies were used (donkey anti-goat 594, cat# A11058, donkey anti-rabbit 488, A21206, 1:500, donkey
anti-goat 488, cat# A11055, Invitrogen, 1:500 goat anti-mouse 594, cat# A21044, Invitrogen). When
necessary, the cells underwent permeabilization and blocking following previously described methods
[37]. At the end of each protocol, the cell nuclei were labelled with Hoechst 33342 (1:1000) and analysed
using the EVOS™ photodocumentation system.

Analysis of endogenous OCT4, SOX2, and NANOG transcripts

RNA extraction and reverse transcription: The specific expression of endogenous factors OCT4, SOX2,
NANOG, and exogenous reprogramming factors (mOSKM) was evaluated in UDCs and reprogrammed
cells. Additionally, porcine embryos were collected on day 5 after insemination and cultured in vitro for
24 h to obtain blastocysts[38]. A pool of 20 porcine blastocysts was used as a positive technical control
for pluripotency-related gene expression.

UDCs and iPSCs were recovered from culture plates and centrifuged in microtubes. The pellets were
resuspended in linear acrylamide (0.05 mg/mL, Ambion) and UltraPure™ DNase/RNase-Free Distilled
Water (Invitrogen), and RNA was extracted using TRIzol Reagent (Invitrogen) following the
manufacturer’s instructions. The RNA samples were analyzed regarding quantity and quality using a
spectrophotometer (Nanodrop 2000). Reverse transcription of the extracted RNA was performed using
the commercial High-Capacity cDNA Reverse Transcription Kit (QIAGEN) according to the
manufacturer’s instructions.

Gene expression quantification: The three reprogrammed clonal lineages (C1, C2, and C3) were
analysed for the expression of the endogenous factors OCT4, SOX2, and NANOG as well as exogenous
reprogramming factors (mOSKM) at different time points of in vitro culture: Early passages (EP: 15 to
18), intermediate passages (IP: 20 to 24), and late passages (LP: 29 to 32). To quantitatively evaluate
expression, primers were designed using Primer-BLAST software (NCBI) with GenBank sequences
(Supplementary Table 1). Polymerase chain reaction (PCR) products were sequenced for specificity
analysis. The reference genes were glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and beta-
actin 3 (B-ACTIN-3) and normalization was performed based on their geometric means. The primers for
endogenous pluripotency gene expression were designed to detect porcine and not murine transcripts,
whereas exogenous expression was detected using the mOSKM primers.
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Relative expression of candidate genes was quantified by SYBR Green PCR Master Mix (Life Techno-
logies) using the QuantStudio 5 PCR System (Thermo Fisher). Cycling conditions for amplification were
95 °C for 15 min; 40 cycles of 95 °C for 15 s, 60 °C for 5 s, and 72 °C for 30 s; and 72 °C for 2 min; the
melting curve was analysed up to 90 cycles starting at 50 °C with a 0.5 °C increase. The three clonal
lineages were considered biological triplicates when compared to UDCs, whereas different passages
from the same lineage were considered biological triplicates when these were compared, and all

reactions were performed in technical duplicates. The relative gene abundance was performed by 24T
[39].

Embryoid body assay

The piPSCs from the three lineages at passages 15-16 and also at passages 24-25 were replated into a 6-
well plate previously treated with 0.6% agarose and cultured in bFGF-free iPSC medium for 48 to 60 h.
The embryoid bodies (EBs) were collected and centrifuged at 900 x g for 5 min, and RNA extraction was
performed as described before. Reverse transcription was performed using the commercial High-
Capacity cDNA Reverse Transcription Kit (Qiagen) according to the manufacturer’s instructions to
evaluate the expression of endodermal (AFP), mesodermal (VIMENTIN and BMP4), and ectodermal (B-

TUBULIN III) genes by reverse transcription quantitative real-time PCR (RT-qPCR), as described before
(Supplementary Table 1).

Statistical analysis

Data obtained from the experimental procedures were analyzed using the statistical program Statistical
Analysis System (SAS University Edition), with previous verification of the normality of the residues by
the Shapiro-Wilk test (PROC UNIVARIATE). The variables that did not meet the statistical assumptions
were submitted to a logarithmic transformation [Log (X + 1)]. The original or transformed data, when
necessary, were submitted to analysis of variance. When significant with the variance analysis, the data
related to the different cell lineages were submitted to the Bonferroni test. A significance level of 5% was
considered for all statistical analyses.

RESULTS

UDC isolation and culture
Cells isolated from urine first appeared resembling epithelial-like colonies at 3 to 5 d post isolation and
then acquired fibroblastic morphology after passaging (Figure 1).

In vitro induced reprogramming of porcine UDCs

Cellular reprogramming was performed using murine (mOSKM) or human (hOSKM) polycistronic
lentiviral vectors. The transduced cells were evaluated for morphological alterations, and twelve days
after transduction, typical colonies were observed and tested for AP presence.

Reprogramming efficiency was assessed by analysing the ratio of typical AP-positive iPSC colonies
per number of cells initially plated for transduction (Figure 2 and Supplementary Table 2). Repro-
gramming with the hOSKM vector presented an initial efficiency of 2.46%; however, the cells did not
maintain typical colonies after passage 5 under our culture conditions (cells underwent spontaneous
differentiation). Hence, experimentation with hOSKM-derived iPSCs was discontinued. mOSKM
presented 3.37% initial reprogramming efficiency, and colonies isolated and further characterized herein
maintained a typical morphology and AP expression pattern (Figure 2).

Eight colonies were chosen, manually picked, and replated onto new MEFs to obtain clonal lineages.
Three clonal lineages designated as C1, C2, and C3 were remained in the culture at least 28 passages and
were positive for AP, however, C2 colonies spontaneously differentiated after 28 passages, and the
colonies C1 and C3 were further remained in culture for at least 30 passages.

Immunocytochemistry
The clonal lineages were tested in two distinct passaging windows: Between p9 and p16 (p16, p15, and
p9, respectively, for C1, C2 and C3) and after p20 (p23, p22, and p22, respectively), enabling analysis
among colonies and between culture periods. Cell lineages at p9-16 were positive for OCT4, SOX2, and
NANOG and generally negative for SSEA1 and TRA1 81. The C3 (p9) clonal lineage presented some
cells positive for SSEA1 and TRA1 81 (Figure 3 and Supplementary Table 3).

In passages > p20, detection of OCT4 and SOX2 was observed, and some cells were also positive for
SSEAL. C1 and C2 were negative for NANOG and TRA1 81; however, C3 cells presented mild positivity
for both NANOG and TRA1 81 (Figure 3). The results are summarized in Supplementary Table 3.

RT-qPCR analysis

As expected, mOSKM was not amplified in UDCs or blastocysts; and endogenous genes were expressed
in blastocysts (Figure 4). Then, reprogrammed lineages were compared to each other and the analysis of
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Figure 1 Porcine urine-derived cells at passage 4. After single-cell dissociation, the cells present a fibroblastic morphology but compact cell culture. Scale

bar =400 uM.

hOSKM

mOSKM

iPSCs UDC C1 iPSCs UDC C2 iPSCs UDC C3

*

 400um %

4 ) 400«pr1f‘ :

Figure 2 Urine-derived cells reprogrammed with hOSKM and mOSKM. A and B: Urine-derived cells (UDCs) reprogrammed with hOSKM, scale bar: 400
uM; C, D, and E: UDCs reprogrammed with mOSKM: C1, scale bar: 400 pM; F: UDCs reprogrammed with mOSKM: C2, scale bar: 400 uM; G: UDCs reprogrammed
with mOSKM: C2, scale bar: 200 pM; H: UDCs reprogrammed with mOSKM: C2, scale bar: 400 pM; |, J and K: UDCs reprogrammed with mOSKM: C3, scale bar:
400 M. Colonies are flat, with well-defined edges and tightly packed cells in the centre. UDC: Urine-derived cell; iPSCs: Induced pluripotent stem cells.
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the expression of endogenous OCT4, SOX2, NANOG, and mOSKM in the different lineages (C1, C2, and
C3) revealed that exogenous reprogramming factors were still detected in later passages of iPSCLCs. C3
showed higher expression of the exogenous vector (P < 0.0001) and lower expression of SOX2 than
lineage C1 (P = 0.0099). OCT4 and NANOG expression did not differ among lineages (Figure 5 and
Supplementary Table 4).

The analysis of the effect of time in culture (passaging) of the endogenous gene expression in UDCs
and the iPSCLCs different groups (EP: 15 to 18; IP: 20 to 24; and LP: 29 to 32) revealed that IP and LP
presented higher expression of SOX2, augmenting during culture period; and OCT4 levels were
detected in all periods, differing from UDCs. The expression of the exogenous vector did not differ
among passages. NANOG expression, however, decreased in intermediate passages, possibly due to a
freeze-thaw cycle between EP and IP in vitro. At LP, NANOG was again slightly increased. The LP
group of the C2 Lineage was not shown once these cells underwent spontaneous differentiation at
passage 28 (Supplementary Table 5 and Figure 6).
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Figure 3 Immunofluorescence for SOX2, octamer-binding transcription factor 4 (OCT4), NANOG, SSEA1, and TRA1 81 detection in C1,
C2, and C3 at different passages. Cell lines at p9-16 were positive for OCT4, SOX2, and NANOG and negative for SSEA1 and TRA1 81. C3 presented some
cells positive for SSEA1 and TRA1 81. At later passages, OCT4 and SOX2 were observed, and some cells also presented SSEA1. C1 and C2 were negative for
NANOG and TRA1 81, while C3 presented a mildly positive detection for both. UDC: Urine-derived cell; iPSCs: Induced pluripotent stem cells.
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Figure 4 Analysis of the expression of endogenous factors octamer-binding transcription factor 4 (0CT4), SOX2, NANOG, and
exogenous OSKM between urine-derived cell and induced pluripotent stem cells. 2P < 0.05 between urine-derived cells (UDCs) and induced
pluripotent stem cells (iPSCs). **Represents gene expression analysis of a pool of D6 porcine blastocysts, which did not integrate statistical analyses. Both
endogenous and exogenous reprogramming factors were detected on iPSCs but not on UDCs, and porcine blastocysts presented endogenous pluripotency-related
gene expression only. UDC: Urine-derived cell; iPSCs: Induced pluripotent stem cells.
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Figure 5 Analysis of the expression of endogenous factors octamer-binding transcription factor 4 (0CT4), SOX2, NANOG, and

exogenous OSKM in the different lineages (C1, C2, and C3) of induced pluripotent stem cells. Exogenous reprogramming factors were still
detected in later passages. Superscript letters represent differences (P < 0.05) between groups. Represents higher relative mRNA abundance, represents lower
relative mRNA abundance when compared to a, and °represents lower relative mRNA abundance when compared to b. UDC: Urine-derived cell.
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Figure 6 Analysis of endogenous gene expression in urine-derived cell s and the different groups (early passages, intermediate
passages, and late passages) of induced pluripotent stem cells. Exogenous reprogramming factors were still detected in later passages. Superscript
letters represent differences (P < 0.05) between groups. 2Represents higher relative mRNA abundance, "represents lower relative mRNA abundance when compared
to a, and ‘represents lower relative mRNA abundance when compared to b. EP: Early passages; IP: Intermediate passages; LP: Late passages; UDC: Urine-derived

cell.
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Embryoid body assay

All clonal lineages were replated as single cells onto a nonadherent plate without bFGF supple-
mentation, and these cells formed EBs with typical morphology at different passages (Figure 7). The
expression of VIMENTIN, BMP4 and B-TUBULIN-III was detected in the EBs (Figure 8), and AFP was
not detected in our conditions (data not shown).

DISCUSSION

Herein, cells derived from urine sample (UDCs) were in vitro reprogrammed in a large domestic animal
model, the swine. Previous studies on porcine have mostly derived iPSCs from foetal or adult
fibroblasts, and fewer with multipotent adult cells[1]. UDC-derived piPSCs are highly advantageous for
veterinary and regenerative medicine due to the simple collection procedure, avoiding stress or injuries,
and in addition, is an inexpensive procedure unlike surgeries aiming biopsies, also important for the
feasibility of large-scale sample collection[14,15,17,27,40].

Raab et al[40] reported a higher reprogramming efficiency of human UDCs when compared with
other somatic cell types. Indeed, several studies have reported cell heterogeneity from urine-derive cells
in human, including renal tubular cells[41], urine-stem cells (renal progenitor cells)[42], and urine-
derived epithelial cells[16]. It is already known the cells” origin can influence the reprogramming
process, and a more complete characterization and sorting for each cell type prior to reprogramming
may be essential to understand the contribution of each cell population to the generation of iPSCs[35,
43].

In recent years, it has been showed by several reports the establishment of pluripotency, or at least a
state similar to embryonic pluripotency, in several species other than human and mice, and although the
main molecular mechanisms involved in pluripotency acquisition in vitro are considered rather
conserved between species, there are notable differences between species turning the generation of
bonafide iPSCs challenging, however still extremely promising.

Indeed, the same human/mouse protocols for iPSCs generation are not extendable to other species[1,
3]. Herein we used a previous strategy already reported for large animals reprogramming[34-36,43-45],
and widely used to reprogram porcine somatic cells[1]. In the conditions described, the results showed
that UDCs transduced with human factors failed to be maintained in culture for more than 5 passages
due to early differentiation of the cells cultured in vitro, and similar results was described by Pieri et al
[36] when reprogramming of porcine foetal fibroblasts. Conversely, cells transduced with murine
factors were maintained in culture for at least 28 passages, showing typical morphology, positive AP
detection and endogenous pluripotency-related gene expression through the different passages. Next
steps to improve in vitro reprogramming must consider possible epigenetic modulation or even the
identification of species-specific pluripotency pathways to improve the nonintegrative reprogramming,.

Lineages at p9-16 were positive for SSEA1 and weakly positive for NANOG. These results correlate
with a decrease in NANOG expression at IPs, and it might be an effect associated with the freeze-and-
thaw process, which was performed in the lineages between EP and IP in this study. Interestingly, the
abundance of NANOG transcription increased between the IP and LP. Li et al[12] reported that the
staining for NANOG, SOX2 and OCT4, increased at passage 20 when compared to p10, indicating a
stabilization of the pluripotency phenotype of intermediate type piPSCs. In addition, an elegant
discussion was provided by Yamanaka[46] on the heterogeneous profile of each iPSCs lineage, leading
to different phenotypes. Furthermore, in our conditions, we infer that a longer time in culture without
the freeze-and-thaw process may lead to better reprogramming, as observed by the late acquisition of
the SSEA1+ phenotype, a reported marker for human naive stem cells[47].
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Figure 7 All three clonal induced pluripotent stem cell lineages formed embryoid bodies with typical 3D morphology. A: Embryoid bodies
(EBs) from induced pluripotent stem cells (iPSCs) at passages 15-16 (scale bar = 400 pM); B: EBs from iPSCs at passages 24-15 (scale bar = 400 uM-200 uM). EBs:
Embryoid bodies; UDC: Urine-derived cell; iPSCs: Induced pluripotent stem cells.
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Figure 8 Relative mRNA abundance of urine-derived cells and embryoid bodies derived from the three porcine induced pluripotent stem
cells lines showing VIMENTIN, BMP4 and B-TUBULIN-III detection. Embryoid bodies were analysed when porcine induced pluripotent stem cells were at
p15-16 and again at p24-25. UDC: Urine-derived cell.
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All lineages formed EBs that expressed VIMENTIN, BMP4 and b-TUBULIN-III, known markers of
mesodermal and ectodermal lineages, respectively. However, none of the EBs presented AFP
transcripts, a marker of the endodermal lineage. Rodriguez et al[41] has shown that EBs differentiated
from piPSCs cultured in different conditions have shown mesoderm, endoderm and ectoderm markers
after 15 d of undirected differentiation, and moreover, some markers not or mildly found at D15, were
shown after D30 of differentiation[41]. Hence, further markers and other periods during spontaneous
differentiation should be tested for complete characterization and discussion.

Overall, the results presented describe novel ways to derive in vitro reprogrammed cells in an
important biomedical model, the porcine model. The isolation of UDCs is also relevant for other
reproductive technologies, for example, for the conservation of many mammal species through nuclear
reprogramming, or even to produce in vitro viable gametes, which could decrease the interval between
generations for the acquisition of a genetically superior herd. Although the scenario of complete and
robust in vitro cellular reprogramming is still under discussion in the porcine model; the advances
described herein, in our conditions, are valuable for both translational studies and animal production,
hence these putative piPSCs can be used to enable future autologous therapies, to the creation of gene-
edited or not in vitro and in vivo biomedical models, to the study of the mechanism of cell differen-
tiation, and also to future generation of gamete- or embryos-derived from iPSCs, contributing to the
conservation and propagation of genetic material.
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CONCLUSION

The results presented herein report, for the first time, the isolation and reprogramming of cells derived
through the noninvasive collection of urine in a porcine model. Under our conditions, three putative
iPSC lineages generated with murine OSKM presented typical morphology, AP and endogenous
pluripotency-related gene expression, which was analyzed in three different passaging periods of the in
vitro culture, and two lineages were maintained in vitro for more than 28 passages. Further studies on
pluripotency induction in domestic animals are still needed to thoroughly understand and achieve full
reprogramming, including more complete molecular profiles during in vitro and in vivo reprogramming
processes, representing a novel tool for biomedical models of regenerative and translational medicine
and animal production improvement.

ARTICLE HIGHLIGHTS

Research background

Induced pluripotent stem cells (iPSCs) derived from large animal models can greatly contribute to
translational medicine and also to animal production, although robust and safe protocols are still
uncommon. Cellular reprogramming of urine derived cells presents great advantages for iPSCs use in
regenerative medicine due to the easy collection, injury and stress free, and is herein described for the
first time in large animals.

Research motivation

The porcine iPSCs generation is promising for both translational medicine and animal production; and
iPSCs derived from a noninvasive cell source would greatly contribute to its large-scale use, especially
for in vivo autologous purposes using large animal models.

Research objectives
Isolate cells from porcine urine and generate iPSCs through their transduction with Yamanaka’s human
or murine factors.

Research methods

We isolated urine-derived cells (UDCs), which were reprogrammed in vitro into pluripotent cells. The
porcine induced pluripotent cells generated were investigated regarding morphology, markers and
endogenous transcripts related to the pluripotency.

Research results

From the porcine urine samples we isolated the UDCs, and colonies were formed when murine factors
were used in the reprogramming. Endogenous pluripotent markers were detected in all three isolated
lineages, in different time points during in vitro culture, and were able to differentiate into embryoid
bodies (EBs) with mesoderm and ectoderm transcripts.

Research conclusions

In an unprecedented way, UDCs were isolated from noninvasive collection and reprogrammed into a
pluripotent state using murine factors, the cells formed colonies presenting the expected characteristics,
such as colonies with limited borders, transcripts and markers related to the pluripotency, and ability to
differentiate into EBs.

Research perspectives

As we reported here, iPSCs can be derived from an easy collection and noninvasive source in the
porcine model, and with our methodology represents a novel tool for iPSCs production in large animals
and biomedical models of regenerative or translational medicine.
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