Exosome-mediated A3 Clearance in AD Mouse Brains
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FIGURE 6. Exosomal GSLs are involved in A8 assembly. A, thioflavin fluo-
rescence intensities were measured in mixtures of exosomes (untreated as
Ctrl or treated with EGCase) incubated with 15 um A3,_,,. Data are presented
as the mean = S.D.; *** p < 0.001 (n = 4). B, representative electron micro-
scopic images of exosomes incubated for 5 h with 15 um AB,_,, are shown.
Scale bar, 100 nm. C, the exosomes (untreated as Ctrl or treated with EGCase
or sialidase) were incubated for 5 h with 15 um AB,_,,. The untreated exo-
somes were reacted with A in the presence of cholera toxin B subunit (CTB)
or anti-GM2 antibody. Fluorescence intensities of thioflavin-T were then
measured. Values in each column are the mean = S.D. of five values. *, p <
0.05;**, p < 0.01;***,p < 0.001. D, biotinylated exosomes (untreated as Ctrl or
treated with EGCase) stereotaxically injected into the hippocampus of APP
mice (4 months) were isolated at 3 h after the injection, and the levels of
exosome-associated AB were quantified by ELISA. Values are the mean =
S.D., *** p < 0.001 (n = 4).

microdomains to drive domain-induced budding of biological
membranes (25), which results in highly loading Cer and its
vicinal lipid molecules into the generated vesicle. Indeed, Cer
and SM are concentrated in exosome membranes (Fig. 7) (23).
In addition, SM forms a distinct membrane domain, namely a
lipid raft, in the plasma membrane together with GSLs and
cholesterol (26). Various raft-resident proteins have also been
reported to be abundant in exosomes (27).
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FIGURE 5. Exosomal GSLs are responsible for A binding on the vesicles.
Exosomal and cellular glycomes of GSLs were surveyed by mass spectrome-
try. A, total amounts of GSL-glycans in exosomes and their originating cells
were determined by standardization with protein or phosphatidylcholine
(PC) content. B, GSLs other than GM2 detected in exosomes or cells were
classified according to the number of sialic acid moieties. C, particle size of
exosomes (untreated or treated with EGCase) was determined by dynamic
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light scattering analysis after incubating them at 37 °C for 0, 5, and 24 h. D,
representative images of AB binding on N2a cells and exosomes (untreated
as Ctrl or treated with EGCase, red) after 5 h incubation with fluorescent
AB;_42 (1 1M, green). The cells were stained with DAPL. Arrows indicate AB
fluorescence co-localized with exosomal signals. Scale bar, 25 um (N2a cells)
and 10 um (exosomes) E, surface plasmon resonance sensorgrams showing
the interactions of N2a-derived exosomes (1 ug of protein/ul) with immobi-
lized AB;_4; Or AB4,_. The responses were subtracted from a blank surface
prepared by ethanolamine deactivation. RU, resonance units. F, sensorgrams
showing the interactions of the exosomes (untreated (Ctrl) or pretreated with
EGCase, 1 ug of protein/ul) with immobilized AB;_ 4o, ABy_42, OF AB,_35. The
resultant responses were subtracted from a surface that was immobilized
with BSA.
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FIGURE 7. Exosomal and cellular lipid analysis. Levels of phosphatidylcho-
line (PC), cholesterol (Chol), sphingomyelin (SM), and ceramide (Cer) were
measured in N2a cells and the isolated exosomes. The data presented are the
mean = S.D. from three independent experiments; ¥, p < 0.05; **, p < 0.01;
¥ p < 0.001.

In the present study, providing GSLs-enriched exosomes to
the APP mouse brains resulted in recovering synaptic impair-
ment and decreasing A plaques. However, the effect of GSLs
on AD pathogenesis is a controversial issue. GSL storage disor-
ders, which are subtypes of lysosomal storage diseases caused
by genetic dysfunction in GSL catabolism, share pathological
features with AD, such as AB burden (28, 29). Accumulated
gangliosides are observed in human brains exhibiting AD, and
they are proposed to contribute to AD development through
promoting A fibril formation (16). These discrepant effects of
GSLs are likely to stem from their life span in brain tissues.
Pathologically accumulated GSLs are pooled within cells to
form complexes with AB and its polymer (19, 28), which might
be retained to exert neuronal damages. On the other hand, exo-
somal GSLs capture Af in extracellular fluid and are rapidly
taken up by phagocytes without persistent harm to the brain.

Our present study demonstrated that exosomes derived from
N2a cells can promote A fibril formation on their surface (Fig.
6, A and B). The exosome-bound A was then incorporated
into microglia for degradation (Figs. 1£ and 8, A and B) (8).
Therefore, continuous infusion of exosomes induced a reduc-
tion in amyloid depositions in aged APP mouse brains (Fig. 3C).
These results provide a notion that the exosomes in the brains
are rapidly cleared by microglia before the exosome-bound A s
form amyloid fibrils for depositions. Amyloid plaques were
reported to change their sizes over days in the brains of AD
model mice (30). The exogenously added exosomes might pre-
vent further AB depositions by blocking the supply of the solu-
ble AB. Alternatively, exosomes might support the clearance of
amyloid deposit, which already formed. The complex of
GM1-Ap has been reported to localize at the ends of extended
AR fibrils in the incubation mixture of GM1 and A (19). Alix,
a marker for exosomes was enriched around the small AB
plaques in brain sections from AD patients (6). Similarly, once
the exogenous exosome-associated ASs are attached to the A
fibrils in the amyloid plaques, they might provoke microglia
gathering toward the plaques and accelerate their clearance.

Here, we used seed-free AP to perform the A binding assay
(Fig. 5D) and the surface plasmon resonance analysis (Fig. 5E
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FIGURE 8.Cleavage of exosomal GSL-glycans does not affect their uptake
by microglia. A, fluorescence-labeled exosomes (untreated as Ctrl or treated
with EGCase) were exposed to microglial BV-2 cells for 3 h, and the fluores-
cence intensities of exosomes taken up into the cells were determined by
confocal microscopy. B, representative hippocampal sections of non-trans-
genic mice (4 months) injected with fluorescence-labeled exosomes
(untreated as Ctrl or treated with EGCase, red) and stained with anti-lba1
antibody. Arrows indicate significant exosomal fluorescence in Iba1-positive
microglia. Scale bars, 50 and 10 um (insets). C, hippocampal sections from
non-transgenic mice (4 months old) injected with fluorescence-labeled exo-
somes (untreated as Ctrl or treated with EGCase) stained with antibodies
against the neuronal marker Blll tubulin or the astroglial marker glial fibrillary
acidic protein (GFAP). Bar, 50 um.

and F) and demonstrated that ABs directly bind to the exo-
somes through the GSL glycans on their surface. Seed-free A
was reported to contain soluble species of A8 but not insoluble
amyloid forms (13). The GM1-A 3 complex, which acts as a seed
for AB amyloidogenesis, is known to consist of a clustered GM1
and a monomeric A3 molecule (17, 31). Accordingly, our pre-
vious report has demonstrated that the exosomes derived from
N2a cells almost prevented the oligomeric A formation from
seed-free A, but not those preformed A B oligomers, which are
recognized by All, a specific antibody against oligomer (8).
Thus, the above findings suggested that the exosomes released
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from N2a cells would be mostly associated with monomeric A
through their surface GSLs. However, a recent study demon-
strated that soluble AB oligomer strongly binds to GM1-con-
taining membranes in vitro and in vivo, and GM1-bound AB is
detected in human cerebrospinal fluid (32). An additional
investigation may be required in the future to clarify which
form of ABs can be associated with the exosomes.

It is worth noting that other aggregate-prone proteins,
including a-synuclein and prion protein, which cause Parkin-
son and Creutzfeldt-Jakob diseases, respectively, are also asso-
ciated with exosomes (33, 34). In addition, a-synuclein and
prion protein have been reported to associate with GSLs on the
surface of synthetic liposomes (35, 36). A challenging subject of
future studies will be determining whether exosomes are
involved in the clearance of these proteins.

The normal phagocytotic function of microglia is conceiv-
ably important for exosome-bound A clearance in this study.
Increasing evidence has indicated that a large portion of
secreted exosomes is convincingly taken up by microglia (8, 37).
In contrast, a small amount of exosomes can be incorporated
into neurons (38). If the clearance function of microglia is
decreased or absent, then the exosome-bearing aggregate-
prone proteins would trigger pathological events (i.e. formation
of senile plaque) or even perform minor interneuronal transfer
to propagate their toxic assemblies. Indeed, exosome-associ-
ated prion proteins, in which their folded species are infectious,
can spread between neuronal cells in a monoculture system
(33). The transmissibility of amyloids, a characteristic feature of
many neurodegenerative diseases including Alzheimer disease
and spongiform encephalitis, might emerge under a lack of glial
activity for removing exosomes.

Improvement of A clearance by exosome administration or
enhancement of exosome generation provides a novel thera-
peutic approach for AD therapy. It is noteworthy that the
ApB-degrading enzymes, insulin-degrading enzyme and nepri-
lysin, have been reported to be found in exosomes secreted
from microglia and adipose tissue-derived mesenchymal stem
cells, respectively (39, 40). Exosomes have been used as a deliv-
ery platform, encapsulating reagents or siRNAs (41, 42).
Peripheral injection of the exosomes holding siRNA (against an
APP-processing enzyme, BACE1) succeeded in brain targeting
and specific gene knockdown in mice (41). In the future, devel-
opment of engineered nanovesicles that regulate multiple pro-
cesses in AD pathogenesis might be a valuable tool for the
therapy.
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Abstract

Human Embryonic Stem cells (hESCs) and human induced Pluripotent Stem cells (hiPSCs) are commonly maintained on
inactivated mouse embryonic fibroblast as feeder cells in medium supplemented with FBS or proprietary replacements. Use
of culture medium containing undefined or unknown components has limited the development of applications for
pluripotent cells because of the relative lack of knowledge regarding cell responses to differentiating growth factors. In
addition, there is no consensus as to the optimal formulation, or the nature of the cytokine requirements of the cells to
promote their self-renewal and inhibit their differentiation. In this study, we successfully generated hiPSCs from human
dental pulp cells (DPCs) using Yamanaka’s factors (Oct3/4, Sox2, KIf4, and c-Myc) with retroviral vectors in serum- and feeder-
free defined culture conditions. These hiPSCs retained the property of self-renewal as evaluated by the expression of self-
renewal marker genes and proteins, morphology, cell growth rates, and pluripotency evaluated by differentiation into
derivatives of all three primary germ layers in vitro and in vivo. In this study, we found that TGF-B1 increased the expression
levels of pluripotency markers in a dose-dependent manner. However, increasing doses of TGF-B1 suppressed the growth
rate of hiPSCs cultured under the defined conditions. Furthermore, over short time periods the hiPSCs cultured in hESF9 or
hESF9T exhibited similar morphology, but hiPSCs maintained in hESF9 could not survive beyond 30 passages. This result
clearly confirmed that hiPSCs cultured in hESF9 medium absolutely required TGF-B1 to maintain pluripotency. This simple
serum-free adherent monoculture system will allow us to elucidate the cell responses to growth factors under defined
conditions and can eliminate the risk might be brought by undefined pathogens.
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Introduction may affect reprogramming steps. For these reasons defined culture
conditions without feeder cells are desirable. Although several
defined culture conditions without feeder cells for hiPSCs have
been reported, manipulation of undifferentiated hESCs and
hiPSCs still remains problematic. For example, as we show below,
hiPSCs cultured in serum-free and feeder-free conditions in the
absence of exogenous TGF-BI lose pluripotency with passaging

Human somatic cells can be reprogrammed into induced
pluripotent stem cells (iPSCs) by introduction of transcription
factors such as Oct3/4, Sox2, Klf¢ and ¢-Mpyc [1]. Embryonic stem
cells (ESCs) and human iPSCs (hiPSCs) can proliferate without
limit and yet maintain the potential to generate derivatives of all
three germ layers. These properties make them useful for

. e over time.
uPderstandmg th? basic biology of the .human quy’ for drug Previously, feeder-free methods using FGF-2 and activin A for
discovery and testing, and for transplantation therapies. However, iPS cell derivation from adult fibroblasts using hESF9 medium [3]

the original protocol for the .deri\fation of hiPSCs required f:eeder (Table S1) or using chemically defined conditions for hiP$ cell
cells and mouse embryonic fibroblasts (MEF) to provide @ gerjvation and culture [4] have been reported. In the present
microenvironment for the reprogramming and the maintenance study, we adapted a method that has been established for hES cell
of hiPSCs [1,2]. Although it is known that MEFS produce a2 cylure, which uses FGF-2 and heparin with a defined medium
number of secreted protein factors, they are traditionally used for formulation [5]. We have validated the same formula in the
ES cell culture. The inclusion of un.cbaractenzed animal prott?in reprogramming of fetal lung fibroblasts (TIG-3) and adult dental
supplements makes culture conditions more complex with pulp cells (DPCs) to iPSCs without feeder cells. At first, we
increased variability in nutrients and factors that contribute to examined whether hESF9 medium and each of three ECM (type I
cell growth ax}d the MAnenanGe c')f pl}lrlpotcncy. Furthermore collagen, gelatin, fibronectin) -coated surfaces could be used for
there is unavoidable variability in using live cells as feeders, which iPS cell derivation. Although each ECM could generate hiPSCs
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type I collagen and gelatin could not maintain the pluripotency of
hiPSCs. Secondly, we performed retrovirus production using
PLAT-A cells in serum-free conditions and analyzed transduction
efficiency. From these results, we performed hiP$ cell generation
from patient-derived DPCs using hESF9 medium with fibronectin
in completely serum-free culture conditions. The medium is
capable of maintaining reprogrammed cells that expressed ES cell
factors and retained the potential to differentiate into all three
embryonic germ layers.

TGF-PBs and their family members have been implicated in the
development and maintenance of various organs in which stem
cells play important roles. In hESCs, the predominant signaling
pathways involved in pluripotency and self-renewal are TGF-B,
which signals through Smad2, 3, 4, and FGFR, which activates the
MAPK and Akt pathways. Signaling through these pathways
results in the expression and activation of three key transcription
factors: Oct3/4, Sox2, and Nanog. These transcription factors
activate gene expression of ESC-specific genes, regulate their own
expression and also serve as hESCs markers. To improve the
stability of hiPSC pluripotency, we investigated the effect of TGF-
B1. The addition of TGF-B1 to the defined serum-free medium for
hiPSCs supported the robust proliferation and continued pluripo-
tency of hiPSCs. Here we show that hESF9 medium in completely
defined serum-free culture conditions supports the derivation and
maintenance of pluripotent stem cells. This culture system will
allow us to elucidate the cell responses to growth factors under
defined conditions. These advantages will be beneficial for
clarifying the molecular mechanisms of early development.

Materials and Methods

Ethics Statement

Written approval for human tissue collection and subsequent
iPS cell generation and genome/gene analyses performed in this
study was obtained from the Ethics Committee for Human
Genome/Gene Analysis Research at Hiroshima University
(approval number: hi-58), and written informed consent was
obtained from each individual patient. All animal experiments in
this study strictly followed a protocol approved by the Institutional
Animal Care and Use Committee of Hiroshima University
(approval number: A-11-140).

Cell culture of Dental pulp cell

Using a protocol approved by the Ethics Committee for Human
Genome/Gene Analysis Research at Hiroshima University, we
collected normal human third molars at Hiroshima University
Hospital after having obtained informed consent for the usage of
dental pulp cells (DPCs) to derive iPSCs. Primary human dental
pulp cell cultures were established from dental pulp tissue
discarded during surgery. The pulp tissue samples were minced
into small clumps and then transferred into type I collagen
(0.15 mg/ml) (Nitta gelatin, Osaka, Japan)- coated culture dishes
in RD6F serum-free medium [11,12]. The cells were cultured at
37°C in a humid atmosphere of 5% CO,. Fibroblastic cells that
grew out from these colonies were digested in 0.05% trypsin-
ethylenediaminetetraacetic acid (EDTA) in Ca®" and Mg**-free
phosphate-buffered saline (PBS), and the trypsin was inactivated
with 0.1% soybean trypsin inhibitor (Sigma Aldrich, St. Louis,
MO) in PBS. These cells were subcultured every 2-3 day.

Retrovirus production using PLAT-A packaging cell line
PLAT-A packaging cells [6] (Cell Bio Labs Inc., San Diego, CA)

were seeded at 2x10° cells on collagen-coated flasks and cultured

overnight in DMEM supplemented with 10% FBS. The next day,
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pMXs retroviral vectors (Add Gene, Cambridge, MA) containing
the open reading frames of Oct3/4, Sox2, Kiff,c-Myc and EGFP
were transfected into PLAT-A cells with Xtreme GENE HP
Transfection Reagent (Roche Diagnostics, Gambridge, MA), After
48 hr the medium was completely changed to serum-free hESF9.
Viral supernatants were collected 48 h to 72 h after transfection,
filtered through a 0.45 pm pore size PVDF filter (Millex-HV,
Millipore, Billerica, MA) and supplemented with 8 pg/ml
Polybrene (Sigma). The DPCs were transduced with Oct3/
£:Sox2:Klf4:c-Myc  (1:1:1:1) mixture of viral supernatant. To
determine the viral transduction efficiency of individual factors,
EGFP transduced retrovirus supernatant was transduced to DPCs.
Medium was changed every other day, and the cells cultured for 4
days. The cells were trypsinized and analyzed by flow cytometry
(FACS Ca]iburm) (BD Biosciences, San Jose, CA).

The generation of hiPS cell using TIG-3 under feeder- and
serum-free, defined culture conditions from the
reprogramming step :

To obtain iPSCs, TIG-3 (derived from fetal lung fibroblasts and
purchased from the Health Science Research Resources Bank,
Osaka, Japan) [7] cultured in DMEM supplemented with 10%
FBS were transduced with the pMXs-based retroviral vectors
encoding human Oct3/4, Sex2, Kif4 and ¢-Myc, as described above.
At the same time, TIG-3 were transduced the EGFP-expressing
retroviral vector or the control vector with a constant amount of
total DNA. After 4 days cells were photographed under a
fluorescence microscope and analyzed by flow cytometry (FACS
Calibur™. After 4 days cells transduced with the four factors
were trypsinized and plated on 0.1% gelatin- (Millipore), or type I
collagen- (0.3 mg/ml) (Nitta gelatin) or fibronectin- {2 pg/cm?)
(Sigma) coated dishes in hESF9 medium. For comparison, we used
KSR-based medium and mitomycin C-treated MEF (Embryo
Max® PMEF-H, Millipore) [8-10] as feeder cells (KSR-based
conditions)'?, After 20 days, we detected colonies that were
subsequently passaged and maintained in hESF9 medium with
individual ECMs. After 36 days of culture, ALP-positive colonies
were counted,

Retrovirus Production using PLAT-A cell in serum-free
conditions and transduction efficiency

Retroviral supernatants of pMXs-(empty) and pMXs-(EGFP)
were produced in PLAT-A packaging cells in hESF9 medium or
DMEM supplemented with 10% FBS. These collected virus
supernatants were used for infection. After 3 days, infected TIG-3
cells were photographed under a fluorescence microscope and
transduction efficiency analyzed by FACS Calibur™ of EGFP
expression.

Generation of hiPS Cells from DPCs in completely defined
culture conditions

DPCs were seeded at 3x10° cells per 60-mm dish in RD6F
serum-free medium [11,12] and cultured overnight. The next day
the cells were infected with viral supernatant for 24 h in hESF9
medium. Four days after transduction, these infected cells were
harvested by trypsinization and seeded on fibronectin (2 pg/ cm?)
(Sigma F-1141) -coated dishes at 1 x10” cells per 100 mm dish in
hESF9-medium. The medium was changed every other day.
Approximately 20 days after infection, iPS colonies were picked
based on human ES cell-like colony morphology. The picked
colonies were subsequently expanded and maintained on fibro-
nectin in hESFOT medium. Reprogramming. efficiency was
determined as the positive number of total ES-like ALP positive
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colonies per total number of infected cells. Thirty-three days after
transduction, we detected hiPSC-like colonies by ALP substrate
staining. As a control, transduced DPCs were seeded on
mitomyecin-C-treated MEF feeder cells with KSR-based conditions

[1,2].

Maintenance of human iPS cells in serum-free culture
conditions

For subculturing colonies were mechanically detached from the
culture dish and dissociated into small clamps by pipetting. The
cell suspension was transferred on fibronectin-coated dishes in
hESF9 medium or hESF9 with TGF-BI (2 ng/ml) (R&D systems,
Minneapolis, MN) (hESF9T). We defined this stage as passage 1.
The medium was changed daily with hESFOT medium.

Cell growth analysis of human iPS cells generated and
maintained in define culture conditions

Human iPSCs generated under hESF9 and cultured in hESFIT
(DP-F-iPS-CL8 passage 38, DP-F-iPS-CL4 passage 38, DP-F-iPS-
CL16 passage 33) were seeded in a 24-well plate coated with
fibronectin and counted every 24 hr. Growth curves were
calculated from each passage split ratio. The hiPSC colonies
(DP-F-iPSCs) cultured for | month in feeder-free hESFS or
hESFOT were detached using a cell scraper and 0.001% trypsin-
0.01% ethylenediaminetetraacetic acid (EDTA). The dissociated
cells were then fixed, incubated with Alexa Fluor 647®-conjugated
SSEA4 antibody or PerCP-Cy5.5-conjugated Oct3/4, and sub-
jected to flow cytometry (FACS Aria™),

Alkaline phosphate (ALP) staining and
Immunocytochemistry

Alkaline phosphatase staining was performed using a Fast Red
substrate kit (Nichirei Biosciences Inc., Tokyo, Japan). To detect
pluripotent stem cell marker antigens cells were fixed with PBS
containing 4% paraformaldehyde for 10 min at room tempera-
ture. After washing with PBS, the cells were treated with PBS
containing 5% normal goat serum (Nichirei) and 0.1% Triton X-
100 for 45 min at room temperature. Fixed cells were stained with
primary antibodies included SSEA-4 (1:100, Stemgent®, Cam-
bridge, MA), TRA-1-60 (1/200, Stemgent®), TRA-1-81 (1/200,
Stemgent®), Oct-3/4 (1/200 Millipore), Nanog (1/600, Repro-
CELL, Yokohama, Japan), Nestin (1/200, Millipore), fIII-tubulin
(17200, Millipore), a-smooth muscle actin (pre-diluted, DAKO
Cytomation, Glostrup, Denmark) and ¢-fetoprotein (1/100, R&D
Systerns). These primary antibodies were visualized with Alexa
Fluor® 488- conjugated goat anti-rabbit IgG, or Alexa Fluor® 594-
conjugated goat anti-rabbit IgG, or Alexa Fluor® 488-conjugated
goat anti-mouse IgG, or Alexa Fluor® 594-conjugated goat anti-
mouse IgG (1/200, Invitrogen, Carlsbad, CA). Nucleuses were
stained with DAPIL. Fluorescence images were acquired using a
Zeiss inverted LSM confocal microscope (Carl Zeiss, GmbH,
Germany).

RNA isolation and reverse transcription gene expression

A detailed reverse transcription-polymerase chain reaction (RT-
PCR) protocol was described previously [13]. Briefly, total RNA
was extracted from iPSCs using the Ilustra RNA spin Mini
Isolation kit (GE Healthcare UK Litd, Buckinghamshire, England),
according to manufacturer’s instructions. cDNA was synthesized
from 1 pg of total RNA using High capacity RNA-to ¢cDNA
master mix (Applied Biosystems, Carlsbad, CA). RT-PCR was
performed with AmpliTag Gold DNA polymerase with Gene
Amp (Applied Biosystems). The primers used in this study are
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described in Table S2. PCR products were size-fractionated using
1.5% agarose gel electrophoresis. DNA markers were used to
confirm the size of the fragments.

Droplet digital PCR analysis

Droplet digital PCR (ddPCR) analysis was performed using
QX100™ Droplet Digital™ PCR (Bio-RAD Laboratories,
Hercules, CA). Total RNA was extracted from hiPSCs, and RT-
PCR was performed. cDNA samples, primers and probes with the
ddPCR master mix (Bio-Rad) were combined in water-oil
emulsion droplets. These droplets were subjected to 40 PCR
cycles. Positive and negative fluorescent droplets in each sample
were detected with a QX100 Droplet reader (Bio-Rad). The
relative mRINA expression in each sample was normalized to its
GAPDH content. The mRNA levels in each cells were expressed
relative to those in hESF9 medium (TGF-B1; 0 ng/ml), which was
taken as 1. The results are presented as means=SD of three
independent experiments.

Embryoid body formation

In vitro differentiation was induced by the formation of embryoid
bodies as described previously [3]. Briefly, undifferentiated human
DP-iPSCs were cultured in DMEM with 10% FBS for 4 days in
low-attachment 96 well plates. After 4 days in suspension culture,
floating embryoid bodies were re-seeded onto gelatin-coated dishes
in the same culture medium for 10 days. The medium was
changed every other day.

Teratoma formation assay and histological analysis
Human DP-iPSCs were suspended at 2x10” cells/ml in PBS
and injected 50 ul of the cell suspension (1x105 cells) subcutane-
ously into dorsal flank of SCID (CB17/Icr-Prkds/ CrlCrlj) mice.
Ten weeks after the injection, tumors were surgically dissected
from the mice. Teratomas were weighed, fixed in PBS containing
4% formaldehyde, and embedded in paraffin. Sections were
stained with hematoxylin and eosin and Alcian Blue stain,

Short tandem repeat DNA analysis

Genomic DNA was used for PCR with Powerplex 16 system
(Promega Corporation, Madison, WI) and analyzed by ABI
PRISM 3100 Genetic analyzer and Gene Mapper v3.5 (Applied
Biosystems).

RNA expression array analysis

A heat map generated from the RNA expression array data
displayed the expression profile of the hESC-enriched genes and
the differentiated cell-enriched genes. The genes shown in blue
represented the down-regulation of gene expression, whereas the
genes shown in red represented the up-regulation of gene
expression. RNA expression array were performed using the
Agilent Sure Print G3 Human GE 8x60K v2 Microarray, and
data were analyzed using Genespringl2.0 (Agilent Technologies,
Santa Clara, CA).

Results

The generation of hiPS cells using TIG-3 under feeder-
and serum-free, defined culture conditions from the
reprogramming step

We examined whether hESF9 medium and each of three ECM
(type I collagen, gelatin, fibronectin)-coated surfaces could be used
for iPS cell derivation. We used Platinum-A retroviral packaging
cell, amphotropic (PLAT-A) [6] carrying the Oci3/4, Sox2, Kif¢
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Figure 1. Morphology of transduced TIG-3 on each ECMs in hESF9 medium. A) Transduced TIG-3 cells were cultured on each ECMs with
hESF9 medium or on MEF with KSR-based conditions. After 20 days, iPS colony were picked up and sub-cultured on each ECMs. B) Images of sub-
cultured iPS colonies seeded after 2days on each ECMs with hESF9 medium. C) ALP staining of iPSCs on gelatin, collagen, and fibronectin (infect after

36days). Bars indicate 200 pm.
doi:10.1371/journal.pone.0087151.g001

and ¢-Myc in DMEM supplemented with 10% FBS. We produced
retroviruses using PLAT-A cell line in serum-supplemented
conditions as described in the manufacture’s protocol. Then we
transduced four factors (Oct3/4, Sox2, Klif4 and ¢-Mpyc) into TIG-3
(normal fibroblast cell line derived from fetal lung) [7] in DMEM
supplemented with 10% FBS. At the same time, we transfected the
EGFP-expressing retroviral vector and the empty control vector
into TIG-3 with a constant amount of total DNA. After 4 days,
cells were photographed under a fluorescence microscope and
analyzed by flow cytometry. The transduction efficiency of the
four factors was 26.6% as measured by EGFP expression (Fig. S1).
After 4 days four factor-transduced cells were trypsinized and
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plated on 0.1% gelatin, or type I collagen (0.3 mg/ml) or
fibronectin (2 pug/cm? in hESF9 medium. For comparison, we
used KSR-based medium and mitomycin C-treated MEF [8-10]
feeder cells (KSR-based conditions) [1,2]. After 13 days of culture,
we observed human ES-like colonies, characterized by large nuclei
and little cytoplasm (Fig. 1-A). After 20 days colonies were
passaged and maintained in hESF9 medium on substrates coated
with individual ECMs (Fig. S2-A). After 36 days of culture,
alkaline phosphatase (ALP)-positive colonies were counted, and
relatively high iPS induction efficiency was observed. However,
although type I collagen supported hiPS cell generation more
effectively than the other two ECMs, collagen and gelatin did not
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Figure 2, Transduction efficiency of retroviruses in serum-free hESF9 medium and serum-supplemented medium in TIG-3. TIG-3 was
introduced with pMXs retroviruses containing the EGFP cDNA. After 3 days, cells were photographed under a fluorescence microscope and analyzed
by flow cytometry. The left panel shows the images of phase contrast, fluorescent microscope and the results of flow cytometry of the cells cultured
in serum-supplemented condition (DMEM+10%FBS). The right panel shows the cells in serum-free culture conditions (hESF9). Transfection efficiency

of EGFP was 62.6% in serum-supplemented condition and 46.4% in serum-free culture condition. Bars indicate 200 um.

doi:10.1371/journal.pone.0087151.g002

support pluripotency of hiPSCs after further culture of these
colonies (Fig.1-B). This inability to maintain pluripotency of
hiPSCs was confirmed by ALP activity (Fig.1-C) and RT-PCR
analysis ( Fig. S2-B).

Retrovirus production using PLAT-A cell in serum-free
conditions and analysis of transduction efficiency

We examined whether the serum-free culture condition could
produce relatively high titer viral supernatants. Retroviral
supernatants of pMXs-(empty) and pMXs-(EGFP) were produced
in PLAT-A packaging cells in serum-free hESF9 medium or serum
supplemented medium. The collected virus supernatants were
used for infection. After 3 days, transduction efficiency was
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measured by FACS analysis of EGFP expression. Transduction
efficiency in serum-free hESF9 medium was 46.4%), whereas it was
62.6% in serum-supplemented medium (Fig. 2, Fig. S3). While the
data showed a slightly lower titer in hESF9, the viral titer was
sufficient to reprogram dental pulp cells (see below).

hiPS cell generation from adult DPCs in serum- and
feeder-free culture condition

We obtained dental pulp cells (DPCs) from healthy patients
(Fig. 3, Fig. S4). These DPCs were reprogrammed to hiPSCs after
transduction with PLAT-A virus in completely serum-free culture
conditions (Fig. 3). The transduced DPCs were trypsinized and
plated on fibronectin-coated dish in hESF9 medium. Human iPS
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Figure 3. hiPSC generation from DPCs in serum- and feeder-free culture conditions. A) Time schedule of hiPSC generation. Day-7~0: DPCs
were cultured in RD6F serum-free medium on type | collagen-coated dish. Day 0~4: Retroviral transduction (Oct3/4, Sox2, KLF-4, c-Myc) with hESF9
medium. Day5: re-seeding on fibronectin-coated plate with hESF9 medium. Day6~30: replace medium every other day. B) Images of DPCs (DP-A:
passage 4) on type | collagen-coated plate with RD6F medium. C) Transduced DPCs were cultured on fibronectin with hESF9 medium or on MEF with
KSR-based conditions. After 20 days, iPS colony were picked up and sub-cultured on fibronectin. The reprogramming efficiency was 0.23-0.38% with
a high success rate. D) ALP staining of iPSCs on fibronectin, 43 days after infection. Bars indicate 200 pm.

doi:10.1371/journal.pone.0087151.g003

cell colonies intermingled with partially reprogrammed colonies
appeared at 15 days after transfection. After 20 days, individual
iPS cell colonies were selected and subsequently passaged and
maintained in hESF9 medium with TGF-B1 (2 ng/ml) (hESFIT)
in dishes coated with fibronectin (Fig. 3-C). After 33 days in
culture, ALP-positive colonies were counted; the efficiency of
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reprogramming was 0.23-0.39%. By contrast, iPS cell colonies did
not emerge at all when cells were not re-plated on fibronectin after
viral infection (data not shown). When TGF-Bl was present
throughout the reprogramming procedure using hESFOT medi-
um, the number of iPS colonies were 10-fold lower than that in
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