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Abstract

The pig is the large animal model of choice for study of nerve regeneration and wound repair. Availability of
porcine sensory neural cells would conceptually allow for analogous cell-based peripheral nerve regeneration in
porcine injuries of similar severity and size to those found in humans. After recently reporting that porcine (or
pig) induced pluripotent stem cells (piPSCs) differentiate into neural rosette (NR) structures similar to human
NRs, here we demonstrate that pig NR cells could differentiate into neural crest cells and other peripheral
nervous system-relevant cell types. Treatment with either bone morphogenetic protein 4 or fetal bovine serum
led to differentiation into BRN3A-positive sensory cells and increased expression of sensory neuron TRK
receptor gene family: TRKA, TRKB, and TRKC. Porcine sensory neural cells would allow determination of
parallels between human and porcine cells in response to noxious stimuli, analgesics, and reparative mecha-
nisms. In vitro differentiation of pig sensory neurons provides a novel model system for neural cell subtype
specification and would provide a novel platform for the study of regenerative therapeutics by elucidating the

requirements for innervation following injury and axonal survival.

Keywords: neural development, neural crest cells, sensory neural cells

Introduction

MOUNTING EVIDENCE INDICATES A DISPARITY in the
translation of neural injury and disease therapeutics
developed in rodent models to clinical relevance in human
patients (Mak et al., 2014). Due to these translational limi-
tations, interest and use of porcine models of neural injury
and disease continue to rise (Duberstein et al., 2014; Hughes
et al., 2003; Platt et al., 2014; Suzuki et al., 2011; Swindle
et al., 2012) as parallel modeling paradigms in porcine and
human systems emerge. Anatomical parities with humans,
including a gyrencephalic brain, similar white-to-gray matter
ratios, and size, have made the pig a particularly useful model
for both the central and peripheral nervous systems (PNSs)
(Costine et al., 2015; Platt et al., 2014; Sullivan et al., 2015;
Zurita et al., 2012).

Similarities with human injury, including spatial con-
siderations, increased critical distance, and nerve diameter,
make the pig a needed, more rigorous model organism for
treatment assessment for nerve regeneration and wound re-

pair (Middelkoop et al., 2004; Shen et al., 2015), especially
after therapeutics touted in rodent models have failed to pro-
duce desirable human clinical outcomes (Moore et al., 2009).

Substantial improvements in treating peripheral nerve in-
juries have been made with nerve grafts and nerve transfers,
but these therapies have considerable limitations, including
availability of compatible donor material and insufficient
functional and sensory recovery of denervated tissue (Korus
et al., 2016; Liu et al., 2015). Novel stem cell-based thera-
peutic strategies have provided varying degrees of improve-
ment in rodent models, but these studies have yet to lead to the
development of viable therapeutic treatments for people [re-
viewed in (Korus et al., 2016)]. This has left nerve autograft as
the current gold standard treatment in many instances despite
inadequate recovery (Korus et al., 2016).

Human induced pluripotent stem cell-derived sensory
neurons (iPSC-SNs) are a robust source of cells with the
potential to overcome many of the limitations associated
with cell therapies, as iPSC-SNs are highly scalable due
to their rapid proliferation, and can undergo autologous
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derivation limiting immunogenic potential (Marmigere and
Ernfors 2007; Nayagam and Minter 2012). However, these
cells must be tested for efficacy and safety, which would be
best done in a large animal model similar to humans such
as the pig. Having analogous porcine sensory neural cells
would serve as a means to determine how iPSC-SNs would
respond in a cytotoxic neural injury environment and the
ability of these cells to differentiate and integrate into
diseased or damaged tissues in an allogeneic pig model.

We recently reported that both pig and human iPSCs go
through similar processes as they differentiate into neural
cells and respond to the same regionalization cues (Galle-
gos-Cardenas et al., 2015). The goal of the current study was
to expand upon these parallels in early neural differentiation
and investigate the prospect of differentiating porcine in-
duced pluripotent stem cells (piPSCs) into PNS-relevant cell
types. Pig neural rosettes (NRs) were positive for neural
crest (NC) markers, therefore we hypothesized that this
mixed neural population may contain a subpopulation ca-
pable of PNS differentiation after treatment with bone
morphogenetic protein 4 (BMP4) or fetal bovine serum (FBS)
(Hornbruch et al., 2005; Nayagam and Minter 2012).

In this study, we report the development of piPSC-derived
TRKA-positive sensory neural-like cells (piPSC-SNs). Hu-
man iPSC-derived sensory neurons have been generated
(Marmigere and Ernfors 2007; Nayagam and Minter 2012),
but to test in an allogeneic model system, having analogous
porcine sensory neural-like cells would serve as a means to
determine how similar human and porcine cells are in re-
sponse to sensory stimuli and reparative mechanisms.

Materials and Methods
Cell culture

Pig iPSC line POUSFI™&"/SSEA4"™Y was generated as
previously described (West et al., 2010; Yang et al., 2013).
This line was less than 20 passages from derivation and
continuously maintained on Matrigel (diluted 1:100 in Dul-
becco’s modified Eagle’s medium—in DMEM/F12, BD
Bioscience)-coated dishes in mTeSR1 (Stemcell Techno-
logies) medium. Neural induction (NI) was performed by dis-
sociating iPSCs in dispase and plated on Matrigel in mTESRI1
at 12,500 cells/cm? and cultured at 37°C under 5% CO,. After
24 hours, pig iPSCs were placed in chemically defined NI
medium consisting of DMEM/F12, N2 (Gibco), 2mM
L-glutamine (Invitrogen), 50 U/mL penicillin, 50 ug/mL strep-
tomycin (Invitrogen), and 10 ng/mL fibroblast growth factor-2
(bFGF, R&D System) replaced every day without passage for
15 days.

Following NR formation, cells were transferred to NIF
medium (NI medium plus 10ng/mL leukemia inhibitory
factor (LIF, Millipore)). These cells reformed NRs after 7
days, which were disassociated manually and split at a ratio of
1:2. For immunostaining and flow cytometry assay, pig iPSC-
derived NR passage 1, passage 3, and passage 7 were used.
All experiments were replicated a minimum of three times.

Differentiation into peripheral sensory neural lineage

Pig iPSC-derived NR passage 7 cells were dissociated and
seeded at 20,000 cells/cm? on Matrigel-coated dishes and
4-well Permanox chamber slides (Lab-Tek). After 24 hours,

cells were transferred into neural differentiation medium
containing NI medium plus ANS (ArunA Biomedical) with/
without BMP4 (10ng/mL,) or FBS (5%, Hyclone). Cells in
BMP4 treatment were transferred to FBS medium after 5
days. Medium was changed every other day and all cells
were maintained under these conditions for 14 days.

Immunocytochemistry

Pig iPSCs and NRs were plated onto glass, four-well cham-
ber slides and fixed with 4% paraformaldehyde (PFA, Electron
Microscopy Sciences) for 15min. Cells were permeabilized
with 0.1% Triton X-100 and 1% polyvinylpyrrolidone (PVP,
Sigma-Aldrich) in blocking solution (4% normal donkey serum,
from Jackson Immuno Research). Primary antibodies were di-
luted in blocking solution and incubated at 4°C overnight. Pri-
mary antibodies used were p75 nerve grow factor receptor (p75,
Abcam, 1:100), human natural killer 1 (HNK1, SIGMA, 1:100),
PAX6 (Millipore, 1:1000), SOX1 (R&D System, 1:30), beta ITI-
tubulin (FIII-TUB, Abcam, 1:200), brain-specific homeobox/
POU domain protein 3A (BRN3A, Chemicon/Millipore, 1:100),
glial fibrillary acidic protein (Dako, 1:400), and alpha smooth
muscle actin («-SMA, Millipore, 1:1000).

Primary antibodies were detected using a fluorescently
conjugated secondary antibody, Alexa Fluor (Invitrogen,
1:1000), and incubated for 1 hour at room temperature.
Fluorescence images were taken under a laser scanning
confocal microscope (Zeiss LSM 710) and were recorded
using LSM 710 Software.

Flow cytometry

Cells were fixed in 4% PFA for 10 min at room temper-
ature. Following three washes in phosphate-buffered saline
(PBS), cells were blocked in PBS containing 4% normal
donkey serum for 45 min. Primary antibodies against p75
(1:50) and HNK1 (1:50) were incubated for 1 hour, followed
by three washes in blocking solution. Primary antibodies
were detected using fluorescently conjugated secondary
antibody Alexa Flour 488 (1:500; Invitrogen) and Alexa
Fluor 647 (1:500; Invitrogen). Cells were analyzed using
Dakocytomation Cyan (DakoCytomation) and FlowJo cyto-
metry analysis software (Tree Star).

RNA isolation, polymerase chain reaction,
and quantitative real-time polymerase
chain reaction

Total RNA was extracted from collected cells using the
RNeasy mini kit (Qiagen; Germantown, MD) according to
the manufacturer’s protocol. To disrupt cellular membranes,
cells were briefly sonicated immediately before RNA iso-
lation. Isolated RNA was assessed using the NanoDrop
8000, (Thermo Scientific; Waltham, MA) and 500ng of
RNA was then reverse transcribed using the iScript cDNA
(BioRad; Irvine, CA). For reverse transcriptase—polymerase
chain reaction (RT-PCR) analysis, PCR amplification was
performed using GoTaq Green master mix (Promega). Pri-
mers were designed using Primer-BLAST software or based
on literature (Supplementary Table S1; Supplementary Data
are available online at www.liebertpub.com/cell).

PCR reactions were performed by initially denatur-
ing cDNA at 95°C for 3 min, followed by 30-35 cycles
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(depending on the particular mRNA abundance) of dena-
turing at 95°C for 1 min, annealing temperatures at 53°C—
60°C for 30sec according to the primers, and polymeriza-
tion at 72°C for 45 sec, followed by a 10-min extension at
72°C. Products were separated on 2% agarose gel and im-
aged using the Alpha Innotech HD2. Omission of tran-
scriptase on cDNA sample during PCR served as negative
control.

Using 25ng of cDNA, quantitative RT-PCR (qRT-PCR)
was performed for the following genes: RPL4, TUJ1, BRN3A,
ISL1, PRPH, TRKA, TRKB, and TRKC. The primer se-
quences were developed using the PubMed database and
purchased from Integrated DNA Technologies (San Diego,
CA) (Supplementary Table S2). Sequencing was performed on
the Prism 7900HT Sequence Detection System using SYBR
Green master mix (Applied Biosystems; Carlsbad, CA). Bio-
logical and technical replicates were both run in triplicate, and
the comparative Ct method was used for the purpose of data
analysis (Livak and Schmittgen 2001). Data were normalized
to the endogenous control and basal (day 0) gene expression to
obtain ddCt values.

Statistics

Flow cytometry data were evaluated by one-way ANO-
VA (SAS® 9.3), followed by Tukey’s LSD post hoc test to
determine significant differences between groups. One-way
ANOVA was used to determine effect sizes in qRT-PCR
experiments. In cases of a significant treatment effect, be-
tween-group differences were measured using Fisher LSD
(STATISTICA version 7.0; Tulsa, OK). Statistical signifi-
cance was set at p <0.05.

WEBB ET AL.

Results and Discussion

Originating cell lines do not express NC cell
markers, but continual passage does increase
NC marker p75, but not HNK1

The original fibroblast population and piPSCs derived
from them did not express either the low-affinity nerve
growth factor receptor p75 or HNKI1 proteins at a detectable
level, (Fig. 1A, B), but did express p75 mRNA (Fig. 1C),
indicating that translation of these NC cell-associated
mRNAs is inhibited under these conditions. Both lines were
positive for NC markers PAX3, TWIST, and SOX9, but
negative for marker PAX7 (Fig. 1C).

NR formation was induced as described previously
(Gallegos-Cardenas et al., 2015) and cells were evaluated
for the presence of NC marker-positive cells. The origi-
nating fibroblast and piPSC lines were negative for the NC
markers upon initial evaluation and, after NR formation,
were moved into differentiation medium containing either
BMP4 (involved in NC induction) or FBS (Boisvert et al.,
2015). At the NR stage, the nerve growth factor receptor
p75 was detected at the protein level (Fig. 2A) in over 55%
of cells and increased until present in over 80% of cells by
P7 (Fig. 2 B, C). HNK1 expression, another marker for
migrating NC cells (Giovannone et al., 2015), was also
detectable (Fig. 2A-C), although at much lower levels
(<3%), irrespective of passage (Fig. 2B).

Gene expression of TWIST, which regulates signaling
downstream of BMP (Petryk et al., 2004), and SOX9, a
transcription factor that regulates NC development (Cheung
and Briscoe 2003), was retained through NR formation and
passage (Fig. 2D). Taken together, these data indicate that
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FIG. 1. Porcine fibroblasts nor derived piPSCs express neural crest cell markers. (A) Immunocytochemistry and flow

cytometry (B) analysis reveal no protein expression of either p75 or HNK1, while RT-PCR (C) indicates the presence of p75
mRNA in piPSCs. Both fibroblasts and piPSCs were positive for TWIST and SOX9, both indicated in cell lineage
determination and differentiation. HNK1, human natural killer 1; RT-PCR, reverse transcriptase—polymerase chain reaction.
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FIG. 2. Following NR formation, a subset of cells express neural crest markers. (A) While absent from the originating
fibroblast and piPSC lines, expression of neural crest marker p75 is detectable after NR formation, and HNKI1 is detectable,
although in a smaller percentage of cells. Quantification by flow cytometry (B) and RT PCR (C) supports this analysis, with
~55% of cells expressing p75 at Pl increasing to over 80% by P7; while HNKI1 is detectable in the population, its
expression remains under 3% with passage. (D) RT-PCR analysis indicates mRNA for PAX3 and PAX7 after NR formation
and retained expression of TWIST and SOX9. NR, neural rosette.
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this cell population is NC cell-like and potentially compe-
tent to differentiate into PNS-relevant cell types.

BMP4 or FBS treatment induces expression
of peripheral neuron marker BRN3A

NC cells are a population of multipotent cells that con-
tribute to a wide array of patterning processes in the devel-
oping embryo and may express marker proteins indicative of
different lineages that include peripheral neurons. Due to the
presence of a population of cells differentiating into p75-
expressing cells, we hypothesized that this population was
NC-like cells capable of differentiating into presumptive pe-
ripheral neurons. Cells were cultured under proneuronal con-
ditions in the presence of BMP4, FBS, or control media
without BMP4 or FBS, and cells were assessed for the pres-
ence of the neuronal protein TUJI.

To evaluate the possibility of differentiating the resultant
piPSCs into peripheral neuron-like cell types, we performed
immunocytochemistry for BRN3A, (Fig. 3) a POU homeo-
domain transcription factor expressed in all sensory neu-
rons. Cells treated with either BMP4 or FBS contained cell
populations expressing BRN3A, while proneuronal condi-
tions alone did not induce expression in piPSC NR cell
cultures.

A significant effect of the differentiation medium was
found (Fig. 4A-C) (p<0.01). All differentiation media re-
sulted in an increase in TUJI1 expression compared with
immature day O cells (Fig. 4A) (p<0.05). No difference was
found between FBS and BMP4 treatment; however, the
control differentiation protocol increased TUJ1 expression

Control
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to a higher extent than the FBS and BMP4 treatments (Fig.
4A) (p<0.05).

Gene expression of peripheral neuron and subtype-spe-
cific markers was then assessed (BRN3A, ISL1, PRPH).
BRN3A and ISL1 are homeodomain transcription factors
found in most sensory neurons, and PRPH is an intermediate
filament protein expressed largely by peripheral neurons
(Marmigere and Ernfors 2007; Sun et al., 2008). The ad-
dition of BMP4 and FBS during differentiation robustly
increased BRN3A expression compared with immature day
0 cells in addition to the control differentiation protocol
(p<0.01) (Fig. 4B). A similar significant treatment effect
was observed with ISL1 expression (p<0.001). FBS addi-
tion in particular greatly enhanced ISLI transcript con-
centrations compared with both day O cells and control
differentiation and BMP4-treated cells (p <0.001).

While BMP4 treatments failed to reach significance in
ISL1 transcript, a trend was observed between the treatment
and day O and control cells (p=0.08 and p=0.09, respec-
tively). An additional treatment effect was measured in the
peripheral neural marker PRPH [p<0.02; F (6.31, 3)]. The
pan-neuronal control differentiation conditions increased
the expression of PRPH compared with the immature day O
cells and FBS-treated cells (p <0.01). No other differences
were found (Fig. 4B).

Differentiation of piPSCs increases gene
expression of sensory neural markers

Peripheral sensory neurons comprise three distinct sub-
types, which are distinguished by their functional subclass

BMP4

TUJ1/BRN3A TUJ1/BRNIA/DAPI TUJ1/BRN3A

Day 14 Day 7

Day 21

TUJ1/BRN3IA/DAPI TUJI/BRN3IA TUJ1/BRNIA/DAPI

FIG. 3. BMP4 or FBS treatment induces expression of peripheral neuron marker BRN3A. Expression of BRN3A is not
detectable 7 days after transition into medium supplemented with either BMP4 or FBS, but is present after 14 days in
differentiation medium, and further increased after 21 days. BMP4 appears to generate a more robust induction of BRN3A
expression compared with FBS. Control piPSCs did not differentiate into cells expressing BRN3A in the absence of BMP4
or FBS. BMP4, bone morphogenetic protein 4; FBS, fetal bovine serum.
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FIG. 4. Gene expression for (A) TUJI, (B) peripheral
neural subtype markers (BRN3A, ISL1, and PRPH), and (C)
neurotrophic markers (TRKA, TRKB, and TRKC). Cells were
differentiated under the standard protocol (control), with
FBS, or with BMP4 before assay. Relative quantification
(RQ) values were determined from calculating dCT to RPL4
and ddCT from immature day O cells. Between-group dif-
ferences are designated by *p<0.05, **p<0.01, and
*##%p <0.001. Abbreviations: brain-specific homeobox/POU
domain protein 3A (BRN3A), ISL LIM homeobox 1 (ISL1),
peripherin 2 (PRPH), neuron-specific class III beta-tubulin
(TUJ1), tropomyosin receptor kinase (TRKA, TRKB, TRKC).

and characterized by their selective expression of one member
of the TRK receptor gene family: 7TRKA, TRKB, and TRKC.
Expression of these genes in sensory neuron subtypes dictates
which sensory modalities sensory neurons are specialized to
detect (Marmigere and Ernfors 2007). For instance, whether
neurons detect pain sensation or detect limb movement is
dictated by the presence of this peptide family. Differentia-
tion resulted in higher expression (p<0.05) of nociceptor
and proprioceptor subclass of neurons as indicated by in-

creased TRKA expression, regardless of the differentiation
protocol (Fig. 4C).

Compared with pan-proneural differentiation, FBS treat-
ment enhanced TRKA transcript levels (p <0.05). A signif-
icant treatment effect was also measured in TRKB transcript
(mechanoreceptor; p <0.001). Differentiation under control
conditions resulted in higher TRKB expression compared
with day O undifferentiated NC cells, in addition to the FBS
and BMP4 treatments (p <0.001). No other between-group
differences were found with TRKB. Furthermore, differ-
entiation did not induce any changes in the expression of
TRKC (Fig. 4C).

Taken together, these data indicate that like human iPSC
populations, piPSCs can be differentiated into NRs, NC-like
cells, and more specific lineages, including piPSC-SNs.
Both BMP4 and serum are sufficient to induce BRN3A
expression in both human and pig cells, although human
cells can be differentiated more rapidly with small mole-
cules (Chambers et al., 2012; Zhou et al., 2010). It is in-
teresting that continued culture in the presence of BMP4 or
FBS results in increased gene expression of TRKA, while
decreasing expression of TRKB and TRKC expression did
not change with treatment.

It is of note that we did not detect an SOX10-positive NC
stage, which may indicate that these cells are more remi-
niscent of the progenitor population that gives rise to the
trigeminal nociceptors that innervate the face (Ching and
Kingham 2015). The findings do not support earlier findings
that pig fibroblasts can directly differentiate into sensory
neurons; we found that prosensory neural culture conditions
induced BRN3A expression, suggesting that human and pig
NC cells are responsive to similar sensory neuron in vitro
differentiation cues, which others indicate as being a nec-
essary step in the sensory neuron specification of NC cells
(Blanchard et al., 2015). Taken together, these data indicate
that piPSCs can generate sensory neuron-specific subtypes
that recapitulate human iPSC in vitro differentiation into
PNS sensory neurons.
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