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ABSTRACT

Generation of validated human induced pluripotent stem cells (iPSCs) for biobanking is essential for
exploring the full potential of iPSCs in disease modeling and drug discovery. Peripheral blood mono-
nuclear cells (PBMCs) are attractive targets for reprogramming, because blood is collected by aroutine
clinical procedure and is a commonly stored material in biobanks. Generation of iPSCs from blood
cells has previously been reported using integrative retroviruses, episomal Sendai viruses, and
DNA plasmids. However, most of the published protocols require expansion and/or activation of a spe-
cific cell population from PBMCs. We have recently collected a PBMC cohort from the Finnish popu-
lation containing more than 2,000 subjects. Here we report efficient generation of iPSCs directly
from PBMCs in feeder-free conditions in approximately 2 weeks. The produced iPSC clones are plu-
ripotent and transgene-free. Together, these properties make this novel method a powerful tool
for large-scale reprogramming of PBMCs and for iPSC biobanking. STEM CELLS TRANSLATIONAL

MEDICINE 2014,3:1402-1409

INTRODUCTION

Reprogramming technology enables generation
of induced pluripotent stem cells (iPSCs) that re-
capitulate human genetic diversity and pathology
[1, 2]. Somatic cells can be reprogrammed into
iPSCs using both integrative and nonintegrative
methods [2-7]. iPSCs have been generated from
a vast spectrum of somatic cells including fibro-
blasts [1], blood cells [8-11], and myoblasts [12].

One important foreseeable application of
iPSC technology is the generation of validated
iPSC biobanks, which will be instrumental for
the study of pathogenic disease processes, drug
discovery, and prediction of drug safety. Biobank-
ing requires readily available somatic cells and re-
liable and affordable methods for the production
of iPSC lines. Several research institutes have
started efforts in establishing specific iPSC bio-
banks that can produce, store, and distribute high
quality iPSCs for research purposes. It is currently
unclear which method would be the most suitable
for generation of iPSC biobanks. Although the ma-
jority of iPSC lines have been generated from skin
fibroblasts, taking of skin biopsies and growing of
fibroblasts is not compatible with a large-scale
cellular biobanking program. In contrast, collec-
tion of blood from patients is a fast, routine prac-
tice and also clearly less costly than derivation of
fibroblasts from skin biopsies. In addition, many
research sample collections already include fro-
zen peripheral blood mononuclear cells (PBMCs).

All current protocols for generation of iPSCs from
PBMCs require activation and/or expansion of cell
subpopulations, which increases the time and
cost of the process [8, 10, 11, 13-16].

We have recently collected PBMC samples
from a cohort of more than 2,000 Finnish subjects.
In this study, we used frozen PBMCs from this
cohort and examined time- and cost-effective
protocols suitable for large-scale PBMC reprog-
ramming for iPSC biobanking purposes. By using
the tetracistronic Sendai virus (SeVdp) containing
reprogramming factors [7, 17, 18], we generated
iPSClinesin feeder-free conditionsin 16 days. The
resulting iPSC lines were transgene-free and did
not contain T-cell-specific genomic rearrange-
ments. To our knowledge, this is the first system
describing direct reprograming of PBMCs without
the need for activation and/or expansion of cell
subpopulations within PBMCs. This novel strategy
is a valuable tool for a large-scale reprogramming
of PBMCs for iPSC biobanking.

MATERIALS AND METHODS

Ethical Approval

Blood samples were collected from voluntary
donors of FINRISK 2012 population cohort (http://
www.nationalbiobanks.fi/index.php/studies2/
7-finrisk) [19], with written consent permitted by
the ethical committee of the hospital district of Hel-
sinki and Uusimaa (permit 17/13/03/00/2011).
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Cell Culture

Human PBMCs were isolated by Ficoll-Paque extraction method
from 8 ml of whole blood and cryopreserved in two ampoules in
the gas phase of liquid nitrogen. Before starting the reprogram-
ming experiments, frozen PBMCs were quickly thawed and
allowed to recover overnightin RPMI 1640 medium (Gibco, Grand
Island, NY, http://www.invitrogen.com) supplemented with 10%
fetal bovine serum (FBS) (Gibco) and antibiotics. iPSC lines
were cultured on mitomycin C-treated mouse feeder cells in hu-
man embryonic stem cell (hES) medium: Dulbecco’s modified
Eagle’s medium/F12 with GlutaMAX, supplemented with 20%
KO-serum replacement, 0.1 mM S-mercaptoethanol, 1% nones-
sential amino acids (all from Life Technologies, Rockville,
MD, http://www.lifetech.com), and 6 ng/ml basic fibroblast
growth factor (bFGF; Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com). iPSCs cultured on feeders were passaged us-
ing collagenase IV (Gibco). For feeder-free conditions, the cells
were cultured on Matrigel (growth factor reduced; BD Bioscien-
ces, San Diego, CA, http://www.bdbiosciences.com) in Essential 8
medium (Life Technologies) and passaged using 0.5 mM EDTA.

For embryoid body (EB) formation, iPSCs were grown to con-
fluence on a six-well plate and detached by collagen IV. EBs were
cultured in suspension for 14 days in a low-attachment six-well
plate (Corning Enterprises, Corning, NY, http://www.corning.
com) in hES medium without bFGF and then plated on gelatin-
coated 24-well plates (Corning) for an additional 7 days. Differentiated
cells were fixed with 4% paraformaldehyde (PFA) for immunocy-
tochemical analysis.

Activation of T Cells

For T-cell activation, the 24-well plates (Nunc, Rochester, NY,
http://www.nuncbrand.com) were precoated with 200 ul of
anti-CD3 antibody (BD Pharmingen, San Diego, CA, http://
www.bdbiosciences.com; 10 ug/ml, diluted in phosphate-
buffered saline [PBS]) at 37°C/5% CO, for 4 hours. The wells were
then washed three times with PBS before plating the cells. A total of
0.5 X 10° PBMCs were then plated to each well in 400 w! of RPMI
1640 medium supplemented with 10% FBS, antibiotics, 30 pg/ml
human interleukin 2 (hIL-2), and anti-CD28 antibody (5 wg/ml;
BD Pharmingen) to enhance T-cell activation. The cells were then
incubated for 5 days in the cell incubator; during that time cell
aggregates were formed, indicating successful activation of T cells.

Generation of PBMC-Derived iPSCs Using the 4V Method

Activated cells (1-3 X 10° cells) were transferred on new 24-well
plates (Corning) coated with anti-CD3 antibody (5 ug/ml) in 400
wl of RPMI 1640 medium supplemented with 10% FCS, antibiot-
ics, and 30 pg/ml hiL-2. Nonactivated cells from the same donor
were plated on low-attachment tissue culture plates (Corning)
without coating, and both were infected in parallel with a Cyto-
tune iPS reprogramming kit (Life Technologies) (indicated as
the 4V method elsewhere) with a multiplicity of infection
(MOI) of 3, 5, or 6 for 24 hours. The cells were then plated on mi-
tomycin C-treated mouse embryonic fibroblasts (MEFs; 3.75 X
10° cells per well of a six-well plate) in hES medium. The medium
was changed every second day, and the floating cells were recov-
ered by centrifugation.

Reprogramming of PBMCs by SeVdp

SeVdp vector was produced in the National Institute of Advanced
Industrial Science and Technology (AIST) of Japan as previously
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described [7]. Reprogramming using SeVdp was performed by
infecting 0.1-1 X 10° activated or nonactivated cells with
SeVdp(KOSM)302L vector (10°—3 X 107 cell infectious units/ml)
at MOI 2 for 2 hours at room temperature. The cells were then
plated on mitomycin C-treated MEFs (3.75 X 10° cells per well
of a 6-well plate) and grown in hES medium. For feeder-free
reprogramming, infected PBMCs were directly seeded on 6- or
12-well Matrigel-coated plates at a density of 0.1-1 X 10° cells
per well in Essential 6 medium (Life Technologies). From day
10, the cells were cultured in Essential 8 medium. The medium
was changed every second day, and the floating cells were recov-
ered by centrifugation. For inductions using small molecule inhib-
itor, the reprogramming medium was supplemented with
0.25 mM sodium butyrate (NaB; Sigma-Aldrich) at day 3 after
transduction.

Characterization of iPSC Clones

All iPSCs were fixed using 4% PFA and permeabilized in 0.5% Tri-
ton X-100/PBS (Sigma-Aldrich). Ultra V bloc (Thermo Fisher Scien-
tific, Waltham, MA, http://www.thermofisher.com) was used to
block unspecificantigens. Primary antibodies against TRA-1-60 (1:
500; Millipore, Billerica, MA, http://www.millipore.com), NANOG
(1:500; Cell Signaling Technology, Beverly, MA, http://www.
cellsignal.com), SSEA4 (1:1,000; Millipore), and OCT4 (1:1,000;
Santa Cruz Biotechnology Inc., Santa Cruz, CA, http://www.
scbt.com) were used to detect stem cell-specific markers.
Alkaline-phosphatase was detected using nitro blue tetrazolium/
5-bromo-4-chloro-3-indolyl phosphate solution (Roche Applied
Science, Indianapolis, IN, https://www.roche-applied-science.com).
The nuclei were stained with 4’,6-diamidino-2-phenylindole
(Vectashield; Vector Laboratories, Burlingame, CA, http://www.
vectorlabs.com). Live immunostaining was performed using anti-
body against TRA-1-60 (1:40; Millipore) diluted in E8 medium for
60 minutes in a cell culture incubator at 37°C, followed by
fluorescence-conjugated secondary antibody incubation for 60
minutes. Differentiation of iPSC clones was detected by staining
the EB-derived cells with markers of the three germ layers: mouse
anti-B-1ll-tubulin (1:2,000; Covance, Princeton, NJ, http://www.
covance.com), rabbit anti-a-fetoprotein (AFP) (1:500; Dako,
Glostrup, Denmark, http://www.dako.com), and mouse anti-
vimentin (1:2,000; Dako). Alexa Fluor 488-conjugated secondary
antibodies A21203, A21206, and A21203 were from Invitrogen
(Carlsbad, CA, http://www.invitrogen.com).

For whole-genome microarray and PluriTest analysis, RNA
was extracted from PBMCs, iPSCs, and hES cells using an AllPrep
DNA/RNA/protein kit (Qiagen, Hilden, Germany, http://www.
giagen.com) according to the manufacturer’s instructions. Illu-
mina HT12v4 microarrays were hybridized in the Institute for Mo-
lecular Medicine Finland (FIMM) Technology Center, University of
Helsinki. The raw expression data were processed with PluriTest
for testing pluripotent features in iPSC lines (http://www.
pluritest.org). Genetic integrity was evaluated by G-banded kar-
yotype analysis.

Real-Time Polymerase Chain Reaction

Total RNA was purified from iPSCs using NucleoSpin RNA Il kit
(Macherey-Nagel, Bethlehem, PA, http://www.mn-net.com).
DNA was digested in a separate reaction using DNase | (Promega,
Madison, WI, http://www.promega.com). Two micrograms of
RNA were used for reverse transcription (RT) reaction that was
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performed using Moloney murine leukemia virus reverse tran-
scriptase, random hexamers, and oligoT (all from Promega)
according to the manufacturer’s instructions. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as a housekeep-
ing gene. Primer sequences (5' — 3') were as follows: NANOG
(AAACCATGGATTTATTCCTAA and AGGAAGGATTCAGCCAGT),
REX1 (TTCGTGTGTCCCTTTCAA and TTGTTCATTCTTGTTCGT),
TDGF1 (GAGATGACAGCATTTGGC and GGCAGCAGGTTCTGTTTA),
SeV (AGACCCTAAGAGGACGAAGACAGA and ACTCCCATGGCGTA
ACTCCATAG), and GAPDH (CATCCATGACAACTTTGG and GCTTCC
CGTTCAGCTC).

Analysis of T-Cell Receptor 3-Chain Rearrangements in
iPSC Clones

Genomic DNA of iPSC clones was isolated using a Puregene kit
(Qiagen) according to the manufacturer’s instructions. Before
the experiments, the quality of all DNA samples was tested in
the polymerase chain reaction (PCR) with a control size ladder
mix provided by the TCRB Gene Clonality assay kit (Invivoscribe,
San Diego, CA, http://www.invivoscribe.com). T-cell clonal DNA
(IVS0004) was used as a positive control for all specific multiplex
PCRs, performed according to the kit instructions (Invivoscribe).
Human ES cell line H9 was used as a negative control. T-cell recep-
tor (TCR)-B PCR products were detected in 2% agarose gel, and
fragment analysis was performed in the sequencing unit of the
FIMM Technology Centre by capillary electrophoresis using
ABI3730 DNA analyzer. Peak Scanner software (Applied Biosys-
tems, Foster City, CA, http://www.appliedbiosystems.com) was
used for fragment size analysis.

RESULTS

Production of PBMC-Derived iPSCs Using the 4V Method

Generation of iPSC from activated T-cells using Sendai virus (SeV)
each carrying individually one of the four Yamanaka factors
(OCT4, SOX2, KLF4, and c-MYC) has previously been reported
[9, 10]. We therefore reprogrammed both activated and nonac-
tivated PBMCs (n = 3 donors) using commercially available
Cytotune-iPS reprogramming kit, referred to here as the 4V
method. The first iPSC-like colonies appeared at day 15. By day
21, iPSC colonies with morphology similar to embryonic stem cells
(ESCs) were picked and expanded (Fig. 1). The mean reprogram-
ming efficiency was determined to be 0.005% (n = 3, SD = 0.001)
measured as the ratio of produced iPSC colonies to the starting
PBMC cell number (supplemental online Fig. 1). The optimal con-
ditions for PBMC reprogramming were determined to be 3 X 10°
cells infected with MOI 3.

All iPSC clones (n = 8) stained positive for stem cell markers
OCT4, SSEA4, and TRA-1-60 as detected by immunofluorescence
and expressed NANOG, TDGF1, and REX1 as detected by RT-PCR
(Fig. 1). Notably, iPSC colonies were only detected from the preac-
tivated PBMCs, and no colonies appeared from the nonactivated
PBMCs directly infected with the 4V method, indicating that acti-
vated T cells are the most probable target of SeV infection.

Reprogramming of PBMCs by Tetracistronic SeVdp

The use of polycistronic SeV enables balanced expression of all
transgenes, which increases reprogramming efficiency [7, 20].
Therefore, we next reprogrammed PBMCs using replication-
defective and persistent SeV (SeVdp), which accommodates all
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Figure 1. Reprogramming using the 4V method. (A): Schematic pre-
sentation of reprogramming using Cytotune iPS reprogramming kit
(referred to as the 4V method in the text) producing iPSCs only from
the activated PBMCs. (B): Morphology of reprogrammed PBMCs at
days 0, 15, and 21 from one representative donor (N1). (C): Expression
of stem cell markers from one representative iPSC line (HEL54.5):
OCT4 (green), SSE4 (green), and TRA-1-60 (green) and nuclear stain-
ing with DAPI (blue). (D): Reverse transcription-polymerase chain re-
action from generated iPSC lines, stem cell markers: NANOG, TDGF1,
REX1, and housekeeping gene GAPDH. Scale bars = 200 wm. Abbre-
viations: d, day; DAPI, 4’,6-diamidino-2-phenylindole; GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase; hES, human embryonic stem
cell; iPSC, induced pluripotent stem cell; PBMC, peripheral blood
mononuclear cell; SeV (4V), Sendai virus (Cytotune).

four Yamanaka factors in a single vector [7]. PBMCs from three
donors were infected with or without preceding cell activation
and seeded on feeder cells. The first iPSC-like colonies appeared
on plates originating from nonactivated PBMCs already at day 6,
and by day 16, the colonies were large enough for passaging
(supplemental online Fig. 1). Mean reprogramming efficiency was
found to be 0.014% =+ 0.006% (mean = SD of two separate experi-
ments with three different donors), which is higher compared with
the 4V method (supplemental online Fig. 1D). A total of nine iPSC
clones were further characterized. All iPSC lines expressed stem cell
markers as determined by immunofluorescence and RT-PCR and
were able to differentiate into cells derivative of all three germ
layers by spontaneous differentiation (data not shown).

Generation of iPSCs Directly From PBMCs in Feeder-
Free Conditions

Encouraged by the efficient reprogramming of PBMCs without
cell activation on feeders, we performed SeVdp-mediated induc-
tions from three different donors in feeder-free conditions (Fig.
2A). The first iPSC-like colonies were observed firmly attached
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Figure2. Reprogrammingof PBMCsin afeeder-free conditions by SeVdp. (A): Schematic representation of PBMC reprogramming using SeVdp,
which produces iPSCs from the intact PBMCs. (B): Morphology of reprogrammed PBMCs at days 0, 6, and 16. BF, TRA-1-60 (green), and AP
staining (blue) of bona fide iPSCs at day 16, shown from one representative induction (N4). (C, D): Reprogramming efficiency of PBMCs of three
donors (N4, N5, and N6) with and without NaB was determined using AP staining. Induction efficiency is shown as percentages (y-axis). Scale bars
=200 um. Abbreviations: AP, alkaline phosphatase; BF, bright field; d, day; iPSC, induced pluripotent stem cell; NaB, sodium butyrate; PBMC,

peripheral blood mononuclear cell; SeVdp, tetracistronic Sendai virus.

to the culture plates already at day 6 after induction (Fig. 2B). At
this time point, cells were rounded with clear cell-to-cell bound-
aries. By day 16, cells adhered to each other and formed large ESC-
like colonies with distinct borders containing tightly packed cells
with high nucleus/cytoplasm ratios and prominent nucleoli. The
colonies stained positively for alkaline phosphatase and were vi-
sualized by live immunostaining using an antibody against TRA-
1-60 (Fig. 2B). Mean reprogramming efficiency was determined
to be 0.011% = 0.006% (n = 6), being similar to SeVdp-
mediated induction on feeder cells.

It has been previously reported that addition of NaB to the
reprogramming cocktail improves the retrovirus-mediated
reprogramming efficiency of fibroblasts and myoblasts [12, 21].
Therefore, we tested whether the addition of NaB could further
enhance the formation of iPSCs in feeder-free conditions. How-
ever, the addition of NaB to the reprogramming cocktail did
not increase the mean reprogramming efficiency, which was
found to be 0.01% =+ 0.004% (n = 6) (Fig. 2C, 2D).

Six iPSC clones generated from three different donors
were picked at day 16 and further propagated in feeder-free con-
ditions for at least 10 passages. All iPSC lines expressed stem
cell markers TRA-1-60, SSEA4, and OCT4 as determined by
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immunocytochemistry (Fig. 3A). Stem cell markers NANOG,
TDGF1, and REX1 were also expressed in all iPSC lines as deter-
mined by RT-PCR (Fig. 3B). In addition, all iPSC lines were able
to form EBs and spontaneously differentiate into derivatives of
all three germline lineages analyzed by neuroectodermal
(TUJ1), endodermal (AFP), and mesodermal (VIMENTIN) marker
expression (Fig. 3C), indicating their pluripotent nature. The plu-
ripotent nature of the produced iPSC lines (n = 5) was further con-
firmed using PluriTest [22] (Fig. 3D).

Clearance of SeV Vectors and Origin of iPSC Lines

Ideally, the produced iPSC lines are transgene-free. Two of eight
iPSC clones (25%) generated using 4V were still found to be pos-
itive for SeV episome. On the contrary, all iPSC clones generated
by SeVdp (n=15) were completely clear of viral sequences by pas-
sage 10 (supplemental online Fig. 1E, 1F). In comparison, we also
analyzed the clearance of viral sequences from fibroblast-derived
iPSC clones (n = 59 iPSC lines generated from 23 donors) reprog-
rammed using the 4V method. Similarly to the PBMC-derived
iPSCs, SeV episomes were still found to be present in 16 of 59
(27%) of the fibroblast-derived iPSC lines by passage 14

©AlphaMed Press 2014
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Figure 3. Characterization of iPSC lines generated from PBMCs in feeder-free conditions. (A): Morphology of generated iPSC lines (phase),
nuclear staining DAPI (blue), stem cell markers: NANOG (red), OCT4 (red), TRA-1-60 (green), and SSEA4 (green). (B): Reverse transcription-poly-
merase chain reaction of PBMC-derived iPSC lines. The stem cell markers were NANOG, TDGF1, and REX1, and housekeeping gene GAPDH. (C):
Spontaneous differentiation of PBMC-derived iPSCs. Shown are immunostainings of neuronal TUJ1 (red), endodermal AFP (green), and meso-
dermal VIMENTIN (red) lineage markers, and nuclear staining DAPI (blue); data shown are from one representative iPSC line (HEL95.1). (D):
Pluripotent transcriptional profile measured in PluriTest. iPSC lines (n = 5) and hES cell lines (n = 2) qualified as a pluripotent as determined
by the pluripotency and novelty scores. Donor PBMCs (n = 3) are plotted in the previously referenced somatic cells (blue cloud). Scale bar =
200 um. Abbreviations: AFP, a-fetoprotein; DAPI, 4’,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
hES, human embryonic stem cell; iPSC, induced pluripotent stem cell; PBMC, peripheral blood mononuclear cell.

(supplemental online Fig. 1F). Further passaging of fibroblast-
derived iPSCs did not completely clear the SeV episome, because
7 of 16 of iPSC lines (44%) remained positive for SeV sequences
also at later passages (p14-21).

Origin of iPSC Lines

The fact that the two SeV systems infect activated and nonacti-
vated PBMCs with different efficiency suggests that the iPSCs
originate from different cell types present in PBMCs. Reprogram-
ming with the 4V method was completely dependent on preced-
ing T-cell activation, suggesting that the produced iPSC clones

©AlphaMed Press 2014

originate from T lymphocytes. T-cell origin can be analyzed by
detecting the specific TCR rearrangements naturally occurring
during T-cell development. We performed a multiplex PCR of
the genomic TCR-B region of the iPSC lines produced with 4V
(n = 8 clones) and with SeVdp (n = 15 clones) and analyzed the
results by the gel electrophoresis (supplemental online Fig. 2)
and by capillary electrophoresis using ABI3730 DNA analyzer
(Fig. 4). The majority of the iPSC clones (7 of 8) produced by
the 4V method were positive for TCR-8 rearrangements indicat-
ing their T-cell origin, whereas none of the SeVdp-induced clones
(n = 15) showed TCR-B rearrangements (Fig. 4).

STEM CELLS TRANSLATIONAL MEDICINE
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Hel54.1 iPS av 257 195, 296 —= yes
Hel54.5 iPS N 181, 304 266 yes
Hel55.2 iPS 4 --- --- --- no
Hel55.5 iPS 4V --- 308 267 yes
Hel55.6 iPS a 261 307 yes
Hel57.2 iPS A 248 297, 307 --- yes
Hel57.3 iPS a4 248 298 --- yes
Hel57.4 iPS Y 267 --- --- yes
Hel95.1 iPS SeVdp - --- - no
Hel95.2 iPS SeVdp --- --- --- no
Hel95.3 iPS SeVdp --- - --- no
Hel96.1 iPS SeVdp - - .- no
Hel96.2 iPS SeVdp --- - --- no
Hel97.3 iPS SeVdp --- --- --- no
Hel97.4 iPS SeVdp - - - no
Hel97.1 iPS SeVdp --- - --- no
Hel97.2 iPS SeVdp --- -- - no
Hel51.2 iPS SeVdp - --- - no
Hel51.3 iPS SeVdp — -—- --- no
Hel52.2 iPS SeVdp --- --- .- no
Hel52.3 iPS SeVdp - --- - no
Hel64.1 iPS SeVdp - -—- --- no
Hel64.3 iPS SeVdp - - — no
1VS0004 | T-cell clonal control --- 295 295 253 yes
H9 hES - --- --- --- no

Figure 4. Origin of iPSCs. Multiplex polymerase chain reaction fragment size analysis of T-cell receptor 3 region was performed by capillary
electrophoresis using ABI3730 DNA analyzer. Specific peak profiles are shown for positive clonal T-cell control (IVS0004) and for one represen-
tative iPSC line (HEL54.1) produced by the 4V method. Fragment sizes for all iPSC clones are indicated in the table. DNA from hES cells (H9) was
used as a negative control for the experiments. Abbreviations: 4V, Sendai virus (Cytotune); hES, human embryonic stem cell; iPSC, induced

pluripotent stem cell; SeVdp, tetracistronic Sendai virus.

DiscussioN

Retroviral vectors have mostly been used in the delivery of induc-
ing transgenes into somatic cells during reprogramming. How-
ever, retro- and lentivirus vectors are integrated into the
parental cell genome. Integration may result in undesirable
changes such as malignancy in the produced iPSC lines [23] or
reactivation of transgenes during iPSC differentiation [24]. In ad-
dition, there is a minimal risk of production of replication- com-
petent HIV by homologous recombination events if lentivirus

www.StemCellsTM.com

vectors are used for the induction of HIV-positive donor cells
[25] that may be present in the large sample cohorts. HIV testing
prior toinduction is ethically questionable and increases the costs
of reprogramming. For these reasons, nonintegrative methods
are more suitable for large-scale reprogramming.
Reprogramming of blood cells in a large scale has been prob-
lematic because of the inefficient delivery of transgenes into ter-
minally differentiated blood cells. This problem has been
bypassed by inducing more immature blood cell precursors or
by activating proliferation of different subpopulations present
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in PBMCs [8, 10, 11, 13, 14]. Besides raising the costs and time re-
quired for iPSC production, stimulation of cell proliferation may
result in generation of several iPSC lines from the same parental
cell population that may lead to distortion of data obtained from
parallel iPSC clones.

One of the clear advantages of using a polycistronic viral vec-
tor for transgene delivery is the synchronized expression of all in-
duction factors in the target cells. Reprogramming efficiency of
PBMCs using SeVdp was detected to be on average 0.01%, which
was considerably higher compared with the efficiency obtained
here by the 4V method (0.005%). The power of providing all trans-
genes in a single virus (SeVdp) compared with the 4V system
(Cyto-Tune) has previously been shown in fibroblast reprogram-
ming [7]. The efficiency of SeVdp-mediated reprogramming was
lower than what has been reported for the DNA plasmid-based
reprogramming of PBMCs (0.06%) [13]. However, the high effi-
ciency of DNA plasmid-mediated induction was achieved by add-
ing the EBNA1 and inhibition of TP53 by small hairpin RNA to the
reprogramming cocktail, in addition to stimulating cell growth by
cytokine activation [13]. Although downregulation of TP53is tem-
poral during reprogramming [26, 27], it is possible that transient
downregulation of TP53 is favorable for cells with genomic aber-
rations, which would otherwise be eliminated during induction,
increasing the probability of acquiring iPSC clones with poor ge-
nomic quality [28]. High reprogramming efficiency of PBMCs has
recently also been obtained with a modified set of DNA plasmids
containing a strong spleen focus-forming virus promoter and anti-
apoptotic factor BCL-XL, making this method also noteworthy for
induction of blood cells [15]. However, episomal DNA plasmids
have been shown to undergo occasional genomic integration,
resulting in laborious screening of the generated iPSC lines [29].

Importantly, iPSC clones generated by the SeVdp method
were all clear of exogenic sequences by passage 10, even without
active elimination of replicons. Clearance of SeVdp genome is
semiautomatic in response to induction of mir302 in generated
nascent iPSC colonies. If required, the removal of transgenes
can be enhanced by smallinterfering RNA treatment [7, 30]. Using
this method, we were able to produce iPSC clones from low
amounts of PBMCs with minimal amount of virus. We were also
able to shorten the generation time of iPSC clones to 16 days,
which is approximately 1 week less than with the 4V method.
The SeVdp induction did not require activation steps of PBMC
subpopulations with cytokines, thus reducing the time and the
cost of reprogramming. Importantly, PBMCs were also reprog-
rammed and maintained in feeder-free conditions, whichis a pre-
requisite for any iPSC biobanking strategy.

Mononuclear cells extracted from peripheral blood contain
cells from both lymphoid and nonlymphoid origin. Cytokine stim-
ulation can activate the cell fate or growth and direct induction to
the specific cell type. As expected, and also previously reported,
activation of T cells was a prerequisite for reprogramming with 4V
and resulted in iPSC clones carrying specific TCR rearrangements
[10]. However, the iPSC lines should represent the genomic DNA
of the donor, lacking T- and B-cell-related DNA rearrangements.
The SeVdp-mediated method used in this study did not require
cytokine treatment, and the iPSC clones were shown to originate
from cells other than T-lymphocytes. Target specificity of SeV vec-
tors is restricted primarily by the initial phase of infection, e.g.,
fusion between virus envelope and cell membrane [31]. As
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a result, SeV can infect monocytes and CD4(—)/CD8(—) T cells,
but not B cells and CD4(+) T cells [31, 32]. Therefore, it s likely that
SeVdp-mediated iPSC clones analyzed in this study originate from
cells other than T or B cells and therefore do not carry major ge-
netic rearrangements found in TCR and immunoglobulin regions.
The fact that SeVdp virus preferred nonlymphoid cells as its target
in the intact PBMC pool to the increased number of T cells in the
activated PBMC sample suggests that in addition to virus effi-
ciency, different cell sensitivity also contributes to the reprogram-
ming power.

Nonlymphoid cells of PBMCs have previously been targeted
by cytokine induction both by DNA plasmids and viral vectors
[8, 15]. It was recently shown that iPSCs generated from human
finger prick using the 4V system do not contain T-cell-specific ge-
nomic rearrangements [33]. However, extensive expansion of
PBMCs with cytokines is required prior to infection with SeV car-
rying the Yamanaka reprogramming factors.

CONCLUSION

Our study demonstrates that PBMCs can be efficiently reprog-
rammed without cytokine activation directly from PBMCs in
feeder-free conditions in just 16 days. The generated iPSC lines
are transgene-free and do not contain genomic rearrangement.
Thus, our reprogramming system has potential to advance
large-scale reprogramming of PBMCs into iPSCs for biobanking
purposes.
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