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Induced pluripotent stem cells (iPSCs) can be created by forcing expression of certain genes in fibroblasts
or other somatic cell types, reversing them to a pluripotent state similar to that of embryonic stem cells
(ESC). Here, we used human immature dental pulp stem cells (hIDPSCs) as an alternative source for creating
iPSC. hIDPSCs can be easily isolated from accessible tissue of young and adult patients. hIDPSCs possess
a fibroblast-like morphology, retaining characteristics of adult multipotent stem cells. Reprogramming of
hIDPSCs was fast, producing primary hIDPSC-iPSC colonies even under feeder-free conditions. hIDPSCs
acquired ESC-like morphology, expressed pluripotent markers, possessed stable, normal karyotypes, and
demonstrated the ability to differentiated in vitro and in vivo. Our data demonstrate that hIDPSCs-iPSCs
offer an advantageous cell system for future cell therapy and basic studies, particularly as a model for

pediatric developmental disorders.
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INTRODUCTION

Induced pluripotent stem cells (iPSCs) can be derived
from several adult tissues (1,10,19,30,31,33,35,37). Re-
search involving production of iPSCs is being developed
around the world and will likely stimulate the develop-
ment of several areas of biology and medicine. After
reprogramming, somatic cells acquire properties of em-
bryonic stem cells (ESCs) in respect to morphology,
proliferation, gene expression, epigenetic profile, and
differentiation potential (32). This approach allows for
the creation of patient-specific pluripotent stem cells,
advantageous for future cell therapy due to immune
compatibility. Human iPSCs have been derived from
skin fibroblasts, keratinocytes, blood progenitors, and
from several types of adult stem cells, such as adipose,

cord blood, neural, and dental pulp (1,10,19,22,30-32,
36,37). Production of iPSCs opens new opportunities for
increased understanding of human genetic diseases and
embryogenesis, and will likely have a great impact on
future drug screening and toxicological tests (21).
However, the reprogramming methodology for deri-
vation of iPSCs is relatively new and needs refining in
terms of technique, efficiency, and cell type choice. For
example, reprogramming efficiency reported for human
fibroblasts is relatively low, while the reprogramming
process for keratinocytes generates iPSC colonies 100-
fold more efficiently and twofold faster compared to hu-
man fibroblasts. Such difference in efficiency is proba-
bly because keratinocytes have expression levels of stem
cell-related genes more similar to ESCs than fibroblasts
(1,12). The timing of reprogramming and the factors re-
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quired also seem to vary depending on cellular context
(1,2,7,10,15,16,22). Furthermore, adult differentiated
cells, such as fibroblasts, can potentially accumulate
DNA damage caused by sunlight, increasing the chances
of tumor formation (25). Another obstacle is the use of
mouse embryonic fibroblasts (MEFs), as feeder cells for
hiPSCs. Traditionally, undifferentiated hiPSCs, as well
as hESCs, are maintained on MEFs, which may hamper
the clinical applications of hESCs (27). In addition, the
risk of spreading zoonoses and potential for variability
of MEF quality are important issues to consider given
the long time scale for reprogramming of human cells.

Human adult stem cells, such as mesenchymal stem
cells (MSCs), can be isolated from different tissues of
adult organisms and are expected to be less exposed to
exogenous environmental factors than differentiated
cells. Several attempts have been made to reprogram
stem cells from human exfoliated deciduous (SHED)
(36) and dental pulp stem cells (DPSCs), as well as from
adipose tissues (30). However, it seems that all of these
cell types did not present significant difference in effi-
ciency or timing of reprogramming compared to human
fibroblasts (36).

We previously isolated and characterized a unique
population of cells from dental pulp of “baby teeth” (hu-
man exfoliated deciduous teeth) and termed them ‘“hu-
man immature dental pulp stem cells” (hIDPSCs), due
to several differences observed between these cells and
previously described DPSCs and SHED (9,14,24). Inter-
estingly, we found that hIDPSCs shared similar charac-
teristics with both MSC and human ESC (14). Similar
to MSCs, hIDPSCs present fibroblast-like morphology
and are composed of a homogeneous population in re-
spect to expression of typical MSC markers: 96-98%
express SH2 (CD105), SH3 and SH4 (CD73) markers
(14). hIDPSCs proliferate rapidly, can easily be ex-
panded in vitro, and are highly clonogenic, exhibiting
self-renewing properties for long periods in culture.
hIDPSCs also express ESC markers such as Pou tran-
scription factor octamer-4 (Oct4) and stage-specific em-
bryonic antigen 3 and 4 (SSEA-3 and -4). Similar to
hESCs, hIDPSCs have capacity for spontaneous differ-
entiation through sphere-like structure formation (resem-
bling ESC embryoid bodies). More recently, we showed
that hIDPSCs were able to assimilate and function when
introduced into different tissues of human/mouse chime-
ras (29). However, in contrast to hESCs, teratoma for-
mation has never been observed for hIDPSCs (14). Due
to the aforementioned properties, we concluded that
hIDPSCs are more mature than hESCs, but less mature
than MSCs, making them an intermediate type between
both of these cells.

Based on recent evidence that nuclear reprogramming
efficiency can depend on cell type (1,2,7,10,15,16,22),
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we aimed to reprogram hIDPSCs from two unrelated
individuals using four Yamanaka’s factors. Here, we re-
port that hIDPSCs can be easily reprogrammed into iPSCs
in the absence of MEFs. Reprogrammed hIDPSCs-
iPSCs continued to have hallmarks of pluripotent cells
and attained efficient neuronal differentiation in vitro.

MATERIALS AND METHODS
Ethics Statement

All animal work was conducted according to relevant
national and international guidelines. Protocols were
previously approved by the University of California San
Diego Institutional Animal Care and Use Committee,
the Institutional Review Board and the Embryonic Stem
Cell Research Oversight Committee, and Institute of
Biomedical Science Ethical Committee from University
of Sédo Paulo.

Cell Culture

Human IDPSCs (2n = 46, XY) were isolated and pre-
viously characterized and cultured as described by Ker-
kis et al. (14). Dental pulp was extracted from normal
exfoliated human deciduous teeth of 7-year-old children
(two patients) after informed consent. Tissue was then
washed twice with sterile phosphate-buffered saline
(PBS; 0.01 M, pH 7.4) supplemented with antibiotics
(100 U/ml penicillin and 100 pg/ml streptomycin), and
transferred (with minimal dissection) to 35-mm petri
dishes (Corning, New York, NY, USA) with Dulbecco’s
modified Eagle’s medium (DMEM)/Ham’s F12 (1:1,
Invitrogen, Carlsbad, CA, USA) supplemented with
15% fetal bovine serum (FBS, HyClone, Logan, UT,
USA), 100 U/ml penicillin, 100 pg/ml streptomycin, 2
mM L-glutamine, and 2 mM nonessential amino acids.
Tissue explant of dental pulp was used to isolate hIDPSCs.
hIDPSC culture was maintained under these conditions
for 2 weeks, after which cells were washed twice in
PBS, dissociated in a 0.25% trypsin solution (Invitrogen),
and seeded at 10* cells per 25-cm? flask. Subsequent cul-
tures were maintained semiconfluent to prevent differen-
tiation. Cells were passed every 4—5 days with the me-
dium refreshed daily. All cultures were incubated at
37°C in 5% CO; in a high-humidity environment. When
freezing, cells were ressuspended in medium containing
20% FBS, 70% DMEM, and 10% dimethyl sulfoxide
(Sigma, St. Louis, MO, USA) at 5 x 103 cells/ml, and
the temperature was slowly and gradually decreased at
a rate of 1°C per minute until a final temperature of
—70°C was reached. Cells were then transferred to liquid
nitrogen.

Flow Cytometry

Flow cytometry was performed using hIDPSCs at
passage three. The cells were detached by using a 10-
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min treatment at 37°C with PBS 0.02% EDTA (Invi-
trogen), pelleted (10 min at 1,000 rpm) and washed in
0.1% bovine serum albumin (BSA, Sigma) in 0.1 M
PBS (Invitrogen) at 4°C. Next the cells at a concentra-
tion of 1.0 x 106 cells/ml were permeabilized with 0.1%
Triton X-100 (Sigma) 15 min at room temperature. After
that the cells were stained with 1 g of human antibod-
ies against anti-vimentin phycoerythrin (PE)-conjugated
and anti-nestin fluorescein isothiocyanate (FITC)-conju-
gated (both from Santa Cruz Biotechnology, Santa Cruz,
CA, USA). After 45-min incubation in the dark at room
temperature, cells were washed three times with PBS
and resuspended in 0.25 ml PBS. Isotype-matched con-
trols were done. Cells were then analyzed using a FACS
Caliber (Becton-Dickson, Mountain View, CA), Cell
Quest software (Becton-Dickson) using 10,000 events.

Retroviruses Preparation

Retroviral vectors containing human cDNA from
Yamanaka’s group [pMx vectors of Klif4 (Kriippel-like
factor), Oct4, c-Myc, and Sox2 (sex determining region
Y-box 2)] were obtained from Addgene (www.addgen-
e.org). Retroviruses were produced by triple transfection
(one plasmid with cDNA and two auxiliary plasmids for
packaging viral particles) of HEK293T cells followed
by ultracentrifugation as previously described (34).
hIDPSCs were transducted at a titer of approximately
0.5 x 10 gene transfer U/ml overnight. Based on an en-
hanced green fluorescent protein (EGFP) reporter virus
used in parallel and postinfection immunostainning with
antibodies against the reprogramming factors, we esti-
mated that our infection efficiency was 80-95%. After
a 2-day recovery period, infected hIDPSCs were plated
either on mitotically inactive MEFs as feeder cells, or
onto Matrigel-coated (BD, Franklin Lakes, NJ, USA)
dishes without feeder cells, in the presence of ESC me-
dium (DMEM/F12 glutamax, 20% KSR, 2 mM nones-
sential amino acids, 10 M B-mercaptoetanol) contain-
ing 30 ng/ml basic fibroblast growth factor (bFGF-2;
Invitrogen). The medium was refreshed every day. For
feeder-free hIDPSCs, human ESC medium was condi-
tioned for 24 h in MEFs. The reprogramming was veri-
fied by the amount of colonies with hESC morphology
at 10 days after reprogramming. Each colony was manu-
ally subcloned into wells of 12-well plates seeded with
MEFs or coated with Matrigel. Each colony was ex-
panded for further experimental analyses.

Karyotyping

Selected iPSC clones were analyzed at passage 10
and 15. Colcemid (Sigma, 0.02 pg/ml) was added to
hIDPSC-iPSC colonies for 1.5 h. Cells were then tryp-
sinized, centrifuged at 1,000 rpm for 5 min, resuspended
in 5 ml of 0.075 M KClI, and incubated for 30 min at
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37°C. Cells were fixed in ice-cold acetic acid and meth-
anol (1:3 solution). Approximately 30 metaphases from
cells were analyzed by G-banding. Karyotypes were
analyzed according to the “International System for
Human Cytogenetic Nomenclature” using a Zeiss II mi-
croscope (Zeiss, Jena, Germany).

Immunocytochemistry

Cells were washed twice in rinse buffer (20 mM Tris-
HCI, pH 7.4, 0.15 M NaCl, 0.05% Tween-20), fixed
with 4% paraformaldehyde, and permeabilized with
0.1% Triton X-100. After blocking with 5% BSA, the
cells were incubated with diluted primary antibodies for
1 h at room temperature. Primary antibodies from the
ES Cell Marker Sample Kit were diluted 1:40 and 1:
100. After washing three times in rinse buffer, appro-
priate FITC- or Cy3-labeled secondary antibodies were
added for 40 min at 1:100 dilution at room temperature.
Microscope slides were mounted in Vectashield mount-
ing medium (Invitrogen) with or without 4’,6-diamidino-
2-phenylindole (DAPI; Vector Laboratories, Burlingame,
CA, USA). Visualization was achieved using digital
images that were acquired with a cooled CCD camera
(PCO, VC44) and processed with ISIS software (Meta-
System, Belmont, MA, USA). Antibodies against Nanog,
Sox2, KlIf-4, and c-Myc were obtained from Case West-
ern Reserve University (Cleveland, Ohio, USA) and
stage-specific embryonic antigens (SSEA-3 and SSEA-
4), and tumor recognition antigens (TRA-1-60 and
TRA-1-81), and Oct3/4 were purchased from Chemicon
(Temecula, CA., USA). Mouse monoclonal nestin and
glial fibrillary acidic protein (GFAP) antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA), B-Tubulin III from Sigma, enolase from
DAKO Denmark (Glostrup, Denmark), and the oligode-
ndrocyte marker O4 from Chemicon. Immunostained
cells were visualized using a laser scan microscope
(LSM 510—Zeiss, Jena, Germany) equipped with an
argon ion laser (488 nm for FITC or 536 nm for rhoda-
mine) and long pass filter (505 nm for FITC or 617 nm
for rhodamine).

RNA Extraction and RT-PCR

Total RNA was extracted from ~5 x 10° hIDPSCs-
iPSCs and control cultures (ESCs) with TRIzol reagent
(Invitrogen). cDNAs were synthesized from 1 pg of to-
tal RNA reverse transcribed with RevertAid M-MuLV
Reverse Transcriptase and oligo(dT) (Fermentas Life
Science, Amherst, NY, USA) according to the manufac-
turer’s instructions. RT-PCR for transgene expression
was used as described previously in Takahashi et al.
(31). The following primers for mesenchymal stem cell
marker CD73 gene expression were used for amplifica-
tion by RT-PCR: hCD73 forward, 5-"ACA CGG CAT
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TAG CTG TTA TT-3’ and hCD73 reverse, 5-AAG
TAT TTG TTC TTT GGG CA-3" and hGAPDH (glycer-
aldehyde 3-phosphate dehydrogenase) forward, 5’-ACC
ACA GTC CAT GCC ATC AC-3" and hGAPDH re-
verse, 5-TCC ACC ACC CTG TTG CTG TA-3". PCR
reactions were prepared with 50 ng cDNA, 0.2 uM
primer, 1 unit Tag DNA Polymerase, 0.2 uM dNTPs,
1.5 mM magnesium chloride, and Taqg DNA polymerase
buffer (Fermentas Life Science). PCR conditions were:
initial denaturation at 94°C for 4 min followed by 30
cycles at 94°C for 1 min, annealing for 1 min at 56°C
and 72°C for 1 min, with a final extension at 72°C for
10 min. The hESC line HUES6 was used as control.
PCR products were separated by 1.5% agarose gel elec-
trophoresis, stained with ethidium bromide, and visual-
ized by UV transilluminator. DNA markers were used
to confirm the size of the resultant fragments.

Quantitative PCR Assay

Quantitative PCR primers and conditions were used
as described previously in Takahashi et al. (31).

Teratoma Formation in Nude Mice

Approximately 1 x 10¢ hIDPSCs-iPSCs or hIDPSCs
were suspended in PBS and injected into either the right
testicle or intramuscularly into the limb of nude mice
anesthetized with isoflurane. The sites of injection were
chosen based on reports of ESC teratomas formation
assays (5,17). Mice were euthanized using rising CO,
levels, and tumors were carefully excised and fixed in
neutral buffered 10% formalin and processed for routine
histological study. Sections (4—5 wm) were cut, using a
Leica microtome, and slides were stained with hematox-
ilin-eosin for histopathological evaluation. Immuno-
staining was performed using the DAB detection system
(Universal LSAB™ Kits and Liquid DAB+, Dako North
America Inc., CA, USA). Primary antibodies used were
anti-cytokeratin (Clones AE1/AE3, Code M3515, from
Dako, 1:50); anti-vimentin (code M0725, from Dako, 1:
100); anti-desmin (clone D33, from Dako, 1:50); anti-
GFAP (clone Code Z 0334, from Dako, 1:500); anti-syn-
aptophysin (code A0010, from Dako, 1:200); anti-NSE
(neuron-specific enolase) (code M0873, from Dako, 1:50).
Sections from immunohistochemistry assay were counter-
stained with Harrys hematoxylin. Periodic Acid of Schiff
(PAS) staining was also performed to visualize glycogen
cell deposits.

RESULTS
Generation and Characterization of hIDPSCs-iPSCs

Cells isolated from dental pulp of two unrelated
patients, after informed consent, produced hIDPSCs-
iPSCs. Two cell cultures, denominated hIDPSC7 and
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hIDPSCS8 (both 46 XY), were isolated and properly
characterized. They displayed all properties of hIDPSCs
previously described (14). Cells had a fibroblast-like
morphology (Fig. 1A) with large nucleus and cyto-
plasm-poor organelles (Fig. 1B). Expression of Oct3/4
and Nanog proteins was found in both studied hIDPSCs
in several single cells or in clusters composed of 3 or 4
cells (Fig. 1C—F). Variation in intensity of fluorescent
signal was observed in both hIDPSC cultures (Fig. 1C-
F), suggesting different levels of pluripotent protein ex-
pression (Fige 1D, D1). Additionally, hIDPSC cultures
were tested uniformly immunopositive for expression of
vimentin and nestin proteins (Fig. 1G, H) and by FACS
analysis (Fig. 1I), indicating their ectomesenchymal
origin.

Reprogramming experiments were conducted using re-
troviruses carrying the four human Yamanaka’s factors
(Oct4, Sox2, Kfl4, and c-Myc), as previously described
(31,32). Cells from hIDPSC7 culture were reprogrammed
immediately after isolation at passage 1 (P1), and before
cryopreservation, while hIDPSC8 were reprogrammed at
P7. Two days after infection, both hIDPSCs were plated
onto either a layer of irradiated MEFs or directly onto
Matrigel. Colonies derived from each reprogrammed
hIDPSCs were designated hIDPSC-iPSC7 and hIDPSC-
iPSC8. Cells were mechanically expanded for at least
20 passages. RT-PCR analyses for transgene expression
were monitored and both hIDPSC-iPSC7 and hIDPSC-
iPSC8 seem to almost completely silence their trans-
genes (Fig. 2A). A RT-PCR for a MSC marker was per-
formed to confirm genetic reprogramming of hIDPSCs.
Both hIDPSC7 and hIDPSC8 were positive for CD73
(SH3), a typical MSC gene, previously demonstrated to
be expressed in hIDPSCs (14). After reprogramming,
CD73 was downregulated in both iPS clones, at similar
levels to hESCs (Fig. 2B). Moreover, quantitative PCR
in reprogrammed hIDPSCs revealed a tendency for in-
creasing expression of pluripotent factors Oct4, Sox2,
and Nanog, when compared to nonreprogrammed cells
(Fig. 2C). Similar to our results, variable levels of pluri-
potent genes were found in iPSC clones when compared
to hESCs, but all clones had levels higher than the origi-
nal fibroblast cells (4). Taken together, our data strongly
suggest that ectopic expression of the four Yamanaka’s
factors reprogrammed hIDPSCs at the molecular level.
Karyotype of cells remained unchanged, suggesting that
during reprogramming, numerical and gross structural
chromosomal abnormalities did not occur as shown by
both routine Giemsa and G-banding techniques (Fig. 2D,
E).

Multiple primary colonies of hIDPSC-iPSC7 and
hIDPSC-iPSC8 growing in the presence of MEF were
observed 5 (Fig. 3A, B) and 11 days after transduction
(Fig. 3C, D), both forming large colonies resembling
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Figure 1. Morphological characteristics and expression profile of pluripotent and adult stem cell key proteins during human imma-
ture dental pulp stem cell (hIDPSC) in vitro culturing. (A) Morphology of hIDPSCs (light microscopy). (B) Transmission electron
microscopy: hIDPSCs showing large nucleus-to-cytoplasm ratio and prominent nucleoli. Expression of embyronic stem (ES) cell
hallmarks in both hIDPSC-DL7 (C, D1) and hIDPSC-DL8 (E, F1) assessed by immunofluorescence (all green): (C, C1) Oct3/4
and (D, D1) Nanog; (E, E1) Oct3/4 and (F, F1) Nanog. Variations or lack of fluorescence signal of both proteins within the cell
nuclei. (G, H) Expression of vimentin and nestin proteins in hIDPSC-DL7. Vimentin presents specific cytoskeleton localization
and nestin shows stronger fluorescent signal in undifferentiated cells. Nuclei stained with DAPI (blue). (I) Fluorescence activated
cell sorting (FACS) analysis of nestin and vimentin expression in hIDPSC-DL7. (C-H) Epifluorescence. Scale bars: 10 wm; (A,

C-El, G, H); 5 um (B, F1).

hESC colonies. Colonies of hIDPSC-iPSC7 were also
observed growing in the absence of MEFs as feeder
layer, with 5 and 11 days and 2 months after transduc-
tion (Fig. 3E-G). Reprogrammed cells were morpholog-
ically indistinguishable from the control hESCs cultured
on Matrigel, forming juxtaposed colonies of cells with a
large nucleus to cytoplasm ratio and prominent nucleoli
(Fig. 3H). The same results without MEFs were ob-
served with the hIDPSC-iPSC8 (Fig. 3I-L). We manu-
ally selected only ESC-like undifferentiated colonies,
which were propagated under feeder-free conditions on
Matrigel-coated dishes until morphologically homoge-
neous populations of both hIDPSC-iPSC7 and hIDPSC-
iPSC8 were achieved.

Before reprogramming, expression of ESC markers
was observed only in some hIDPSCs. After 5 days of
viral transduction, primary hIDPSC-iPSC colonies or
cluster of cells could be seem expressing pluripotent
stem cell markers (Fig. 4A—F), as well as observed in

large colonies of both hIDPSC-iPSC7 and hIDPSC-
iPSC8 lineages after 11 days or 2 months of cell cultur-
ing (Fig. 4G-P).

Embryoid Body (EB) Formation and Neuronal
In Vitro Differentiation

EBs were created using the hanging drop method,
cultured for 3 days, and then allowed to adhere in basal
culture medium. After an additional 3 days, EBs showed
spontaneous differentiation into skeletal-like muscle and
neuronal-like cells (Fig. SA—C). Previously we demon-
strated that hIDPSCs were able to differentiate spontane-
ously into neurons in the absence of any type of inducers
(14). Thus, we decided to test if reprogrammed IDPSCs
would behave similarly. Nestin expression was detected
in most cells from both hiPSC-IDPSC7 and hiPSC-
IDPSCS8 colonies (Fig. 5D). EBs were created from
these colonies and were transferred to neurobasal culture
medium supplemented with B27. After 3 days, EBs
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Figure 2. Characterization of hIDPSCs-iPSCs (human immature dental pulp stem cells—induced
pluripotent stem cells). Gene expression profile of adult and pluripotent stem cells and karyotype.
(A) RT-PCR analyses of hIDPSC-iPSC7 and hIDPSC-iPSC8 transgene expression of Kriippel-like
factor 4 (KIf4), c-Myc, sex determining region Y-box 2 (Sox2), and octamer-binding transcription
factor 4 (Oct4). Human ES cells and retroviral plasmid were used as controls. (B) RT-PCR analy-
ses of hIDPSCs before and after reprogramming for mesenchymal CD73 (SH3) gene expression.
(C) Quantitative PCR of hIDPSC7s before and after reprogramming for endogenous expression of
Oct4, Nanog and Sox2 genes. (D) Karyotypes of hIDPSCs-iPSC7s: chromosomes in pairs, ordered
by size and position (D) did not reveal any numerical changes in chromosome number; G-banding
analysis (E) did not show any chromosomal structural changes. (D, E) Light microscopy (LM).

(E) Magnification: 63x; scale bar: 50 um.

were plated and tested nestin positive when immunola-
beled (Fig. S5E). Rosettes formed from these adherent
EBs (Fig. 5F, G), and after 1 week a net of terminally
differentiated B-tubulin III-positive neuronal-like cells

could also be observed (Fig. SH-J). hIDPSC-iPSC-
derived neurons expressed neuron-specific enolase
(NSE), which confirmed correct vesicular immunostain-
ing in cytoplasm (Fig. 5K). Glial-like cells were also
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observed, which stained positive for glial fibrillary
acidic protein (GFAP) (Fig. SL-0).

Teratoma Formation

We previously reported that hIDPSCs do not have the
ability to form teratomas (14). Therefore, both hIDPSC-
iPSC7 and hIDPSC-iPSCS, and respectively hIDPSCs
(used as controls) were injected into immune-deficient
mice to test in vivo pluripotency through teratoma for-
mation. Teratomas were observed between 5 and 7
weeks in mice injected with reprogrammed hIDPSCs-
iPSCs, while those inoculated with hIDPSCs, as expected,
did not form teratomas. Teratomas contained derivatives
from three embryonic germ layers, confirming that both
hIDPSC-iPSC7 and hIDPSC-iPSC8 were pluripotent
and able to differentiate to complex tissues in vivo. His-
tological characterization of tumor masses showed dif-
fuse growth and composition of a mosaic of different
cell patterns (Figs. 6 and 7). HIDPSC-iPSC teratoma
derivates included ectodermal (primitive neural tissues,
including neural tube and neural rosettes and retinal epi-

1713

thelium, Fig. 6B, C), mesodermal (muscle-like cells and
glomerulus-like structures, Fig. 6D, E), and endodermal
tissues (respiratory or gastrointestinal-like epithelium
and glandular-like tissue formation, Fig. 6F, G). Terato-
mas derived from hIDPSC-iPSC7 displayed strong neu-
ronal commitment: development of rosette-, neurosph-
ere-, and neural tube-like structures were observed.
Expression of neuron-specific enolase (NSE), which is
found in neurons and peripheral neuroendocrine tissue,
and synaptophysin (a synaptic vesicle glycoprotein), was
detected in neuroendocrine cells and in virtually all neu-
rons in the brain and spinal cord that participate in syn-
aptic transmission (3) (Fig. 7).

DISCUSSION

Somatic cells provide barriers to efficient reprogram-
ming to iPSCs at different stages (1,2,7,10,15,16,22).
Mouse hematopoietic cells, depending on stage of dif-
ferentiation, can be reprogrammed 300 times more effi-
ciently than terminally differentiated B and T cells (7).
Our data confirmed previous studies that it seems to be

Figure 3. Morphology of hIDPSCs-iPSCs growing on feeder (A-D) and feeder-free colonies (E-L). A, B) Primary colonies
of hIDPSC-iPSC7 and hIDPSC-hiPSC8 on mouse embryonic fibroblasts (MEFs) 5 days after transduction, respectively. (C, D)
HIDPSC-hiPSC7 and hIDPSC-hiPSCS colonies growing on MEFs 11 days after transduction, respectively. (E, G) hIDPSC-iPSC7
feeder-free colonies, 5 days, 11 days, and 2 months after transduction, respectively. (H) Morphology of hIDPSC-iPSC7 at higher
magnification of (G). (I, J) hIDPSC-iPSC8 feeder-free colonies, 5 days, 11 days, and (K, L) 2 months after transduction. (A-L)
Phase Contrast. Scale bars: 50 um (A-D, F, H-J); 100 um (E, K, L); 200 um (G).
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Figure 4. Derivation of iPSCs from hIDPSCs. (A-F) HIDPSC-iPSC7 primary colonies 5 days after transduction expressing pluripo-
tent or transduced genes. Cells immunostained with antibodies against (A) Oct3/4; (B) Sox2; (C) Nanog; (D) Klf4; (E) c-Myc; (F)
tumor recognition antigens (TRA)-1-81. (G—I2) Expression of ES cell hallmarks in hIDPSC-iPSC7 colonies 2 months after cultur-
ing: (G—-G2) expression of Oct3/4 and stage-specific embryonic antigen-4 (SSEA-4) proteins; (H-H2) expression of Nanog and
SSEA-3 proteins; (I-12) expression of TRA-1-81 and TRA-1-60 proteins. Nuclei stained with DAPI (blue). (J—O) Expression of
pluripotent hallmarks in hIDPSC-iPSC8 colonies 2 months after culturing: (J) Oct3/4; (K) Nanog; (L) TRA 1-81; (M) SSEA-3;
(N) SSEA-4; (O) TRA-1-60 (all green). Nuclei stained with propidium iodide (PI; red). (P) Merged image evidence of coexpression
of Sox2 (nuclear localization) and SSEA-4 (cytoplasm localization) within hIDPSC-iPSCS8 colony Sox2 (green). (A, D-F, O)
Merged image: PC + epifluorescence (Epi); (B—N, P) Epi. Scale bars: 50 um (A-12); 100 um (J-P).

more efficient to reprogram immature rather than termi-
nally differentiated cells (1,22,28). Furthermore, adult
human neural stem cells, which express high endoge-
nous levels of Sox2 and c-Myc, can be easily and effi-
ciently reverted to pluripotent state using a single repro-
gramming factor (22).

We previously reported that stem cells isolated from
dental pulp expressed some pluripotent stem cell mark-
ers, such as Oct3/4 (14). Other groups have also isolated
similar stem cell populations from human dental pulp
(11,26). Our data suggest that the genetic profile of
hIDPSCs is closer to pluripotent stem cells than to
MSCs and terminally differentiated fibroblasts (11,14).
Indeed, hIDPSCs were able to functionally contribute to
several tissues in human/mouse chimeras when trans-
planted into mouse blastocysts (29). These findings
strongly suggest that hIDPSCs provide a stable founda-

tion for genetic reprogramming similar to that of adult
neural stem cells (22).

We have generated hIDPSCs-iPSCs in a short time
frame when compared to data reported for other human
cells. hIDPSC reprogramming was significantly faster
compared to data reported for human fibroblasts, SHED,
and DPSCs (36). Furthermore, hIDPSCs-iPSCs are
readily obtained and easily expanded in feeder-free con-
ditions, reducing potential for contamination from non-
human factors (23,27). All isolated hIDPSC-iPSC colo-
nies proliferated rapidly and were passed every 3—4
days. Normal karyotype was observed in all in vitro cul-
tured hIDPSC-iPSC clones, even after several passages.

Other critical parameter in iPSC generation is the pa-
tient’s age. Maherali and Hochedlinger (20) and Li and
coworkers (18), who compared skin fibroblasts from 2-
month-old mice to the same cells from mice aged 2 years
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or more, found that older cells produce half as many iPS
cells as younger fibroblasts. The fact that hIDPSCs were
isolated from dental pulp of young patients may also con-
tribute on the velocity of reprogramming.

The pluripotency of hIDPSCs-iPSCs was verified
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through teratoma generation in immunodeficient mice.
We observed a strong tendency for hIDPSCs-iPSCs to
differentiate into the neural lineages, probably reflecting
memory retention from its ectomesenchymal nature.
This neuronal tendency could be an advantage, espe-

Figure 5. In vitro differentiation of hIDPSCs-iPSCs. (A) Floating embryoid body (EB) formation. (B) EBs adherent on a petri dish
showing differentiation to muscle-like cells or differentiation into neuronal-like cells (C). D) Undifferentiated colonies of hIDPSCs-
iPSCs, which already present positive immunostaining with anti-nestin antibody. (E) Neuronal differentiation: EBs 3 days after
culturing in NB + B27. (F, G) hIDPSC-iPSC neuronal differentiation in progress: formation of rosettes, which express nestin
protein. (H) Morphological presentation of advanced stage of neuronal hIDPSC-iPSC differentiation. (I, J) Positive immunostaining
with anti-B-tubulin IIT antibody. (K) Neuron-specific enolase (NSE) expression (green) in hIDPSCs-iPSCs. (L, M) Morphological
presentation of glial-like cells derived from hIDPSCs-iPSCs. Expression of anti-GFAP (glial fibrillary acidic protein) (N) and anti-
04 (oligodendrocyte marker 4) (O) antibodies in glial-like cells. Nuclei stained with DAPI (blue). (A-C, F, H, L, M) PC; (D, E,
G, I-K, N, O) Epi. Scale bars: 200 um (A-C); 100 um (D, H, K); 50 um (E-G, L, M); 10 um (I, J); 20 um (N, O).
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Figure 6. Hematoxylin and eosin stained (H&E) tissue samples of paraformol-fixed teratomas
from hIDPSC-iPSC8 7 weeks after intramuscular transplantation into nude mice. (A—G) Morphol-
ogy of teratoma showing multiples types of differentiated tissues from three embryonic germ lay-
ers. (B) Primitive neural tissues, including neural tube and neural rosettes. (C) Retinal epithelium.
(D) Bundles of striated skeletal muscle-like tissue. (E) Gromerular-like structures. (F) Respiratory
or gastrointestinal-like epithelium. (G) Glandular-like tissue. (F, G) Glycogen-depositing cells
stained with Periodic Acid of Schiff. Nontransduced hIDPSCs did not form teratomas (data not
shown). Magnifications: 4x (A); 20x (B—G). Scale bars: 400 um (A); 50 pm (B-G).
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Figure 7. Histological and histochemical analyses of teratoma tissues from hIDPSC-iPSC7 5 weeks after intratesticle transplantation
into nude mice. (A) Neural tissue derived from H&E-stained teratoma (inset higher magnification shows neural rosette). (B)
Multiple sites of primitive neural tissues, including neural tube with positive staining for synaptophysin. (C) Enolase-positive
neurosphere-like structures. (D) Synaptophysin-positive developing neural tube. Magnifications: 10x (A, B); 60x (C); 20x (D); 40x
(inset in A). Scale bars: 250 pm (A, B); 20 um (C); 80 pm (D); 10 um (inset in A).

cially in the context of neurological disorders, when
neural lineages from hIPSCs are needed for research in-
volving effective treatment of these diseases (34).

While this manuscript was in preparation, an inde-
pendent report (36) described the generation of iPSCs
using heterogeneous populations of both DPSCs and
SHED, which confirmed our findings that reprogram-
ming efficiency depends on differentiation state of the
cells. DPSCs and SHED are typical MSCs (9,24), but
despite claims that they can be quickly reprogrammed
to a pluripotent state, it required several attempts and
two rounds of transfection to reprogram cells to improve
efficiency (36). Moreover, DPSCs or SHED required a
longer time period for initial colony formation (2-3
weeks more than other somatic cells) and teratoma for-
mation when compared to hIDPSCs-iPSCs. Together
with Yan et al. (36), our data confirm our previous ob-
servation that hIDPSCs are likely multipotent precursors
of both DPSCs and SHED (14).

hIDPSC can be easily derived from dental pulp ex-

tracted from adult or “baby teeth” obtained during rou-
tine dental visits (14). Moreover, hIDPSC are immuno-
logically privileged (an advantage for future HLA donor
selection) and can be used in the absence of any immune
suppression protocol (6,8,13). hIDPSC have potentially
valuable cell therapy applications, including reconstruc-
tion of large cranial defects, production of chimeric my-
ofibers in golden retriever muscular dystrophy dogs, and
reconstruction of corneal epithelium in rabbits without
presenting any graft rejection (6,8,13). The fact that
hIDPSC:s replicate fast indicates that they may carry less
somatic mutations than terminally differentiated cells,
such as fibroblasts. The fact that hIDPSCs can be easily
isolated from tissue from the tooth of young patients
offers another advantage compared to more invasive
procedures, such as skin punch biopsies. Finally, to our
knowledge, this is the first report of hiPSC complete
derivation and characterization in Latin America, attest-
ing to the feasibility of iPSC technology across labora-
tories around the world.
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