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Human Finger-Prick Induced Pluripotent Stem Cells
Facilitate the Development of Stem Cell Banking
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ABSTRACT

Induced pluripotent stem cells (iPSCs) derived from somatic cells of patients can be a good model
for studying human diseases and for future therapeutic regenerative medicine. Current initiatives
to establish human iPSC (hiPSC) banking face challenges in recruiting large numbers of donors with
diverse diseased, genetic, and phenotypic representations. In this study, we describe the efficient
derivation of transgene-free hiPSCs from human finger-prick blood. Finger-prick sample collection
can be performed on a “do-it-yourself” basis by donors and sent to the hiPSC facility for reprogram-
ming. We show that single-drop volumes of finger-prick samples are sufficient for performing cel-
lular reprogramming, DNA sequencing, and blood serotyping in parallel. Our novel strategy has the
potential to facilitate the development of large-scale hiPSC banking worldwide. STEM CELLS

TRANSLATIONAL MEDICINE 2014;3:1-13

INTRODUCTION

Human induced pluripotent stem cells (hiPSCs)
were first generated by the overexpression of
several transcription factors in dermal fibro-
blasts [1-3]. Like human embryonic stem cells
(hESCs), hiPSCs are capable of differentiation in-
to functional cell lineages and therefore hold
great potential for disease modeling, drug screen-
ing, and future therapeutic medicine [4, 5].
Blood is considered an ideal source of cells
for reprogramming because of its abundance
and accessibility. We and others have previously
shown that progenitor blood cells from mobi-
lized, bone marrow, and cord blood are highly
amenable to reprogramming [6-9]. However,
cytokine-induced mobilization may resultin side
effects [10], bone marrow harvesting is invasive,
and cord blood is limited to individuals who have
deposited their samples at birth. In comparison,
peripheral blood T cells can be easily obtained
from donors and reprogrammed with high effi-
ciency [11-13]. However, T-cell-derived hiPSCs
carry pre-existing V(D)) rearrangement at the
T-cell receptor (TCR) loci, and it is unclear
whether these hiPSCs can differentiate normally
or if they demonstrate tendencies for develop-
mentinto T-cell lymphomas [14]. Recent studies
report the reprogramming of non-T-cell popula-
tions in peripheral blood. The reprogramming
efficiencies in these studies are generally low,
necessitating the addition of more factors (5-7

factors in some cases, including SV40LT, TP53
short hairpin RNA) in the reprogramming pro-
tocols [15-17]. Moreover, almost all studies
require a considerable amount of starting mate-
rial (approximately 10 ml), which was obtained
via venipuncture performed by experienced
phlebotomists. Such requirements could limit
the recruitment of large numbers of potential
donors. Two studies described the generation
of hiPSCs from a relatively small volume of pe-
ripheral blood. Nonetheless, 2—6 ml of periph-
eral blood was still needed to purify enough
CD34" cells for reprogramming [18, 19].

In this study, we report the successful reprog-
ramming from less than a drop of human finger-
pricked blood. The hiPSC lines are transgene-free
and do not contain genomic rearrangement.
Finger-prick-derived hiPSCs were generated from
different donors at very high efficiency (100-600
colonies per milliliter of blood). To the best of our
knowledge, this is the most efficient approach for
generating hiPSCs from human peripheral blood.
Our findings will help to accelerate research in
hiPSCs and the development of international
hiPSC banking from large cohorts of donors.

MATERIALS AND METHODS

Finger-Pricked and Venous Blood
Samples

A total of 10 ul of finger-tip capillary blood was
collected in a sterile laboratory setting. The

©AlphaMed Press 2014


mailto:yhloh@imcb.a-star.edu.sg
http://dx.doi.org/10.5966/sctm.2013-0195
http://dx.doi.org/10.5966/sctm.2013-0195

Efficient Reprogramming of Finger-Prick Blood

samples were lysed in 2 ml of 1X red blood cell (RBC) lysis buffer
(00-4300-54; eBioscience, San Diego, CA, http://www.ebioscience.
com) for 10 minutes before spinning at 250g for 5 minutes. The lysis
buffer was aspirated immediately after the centrifugation. Purified
cells were resuspended with 500 ul of cell expansion medium and
seeded into one well of a 24-well tissue culture plate (3536; Corning
Enterprises, Corning, NY, http://www.corning.com). For the do-it-
yourself (DIY) experiment, the donors were asked to perform a fin-
ger prick themselves and to collect the blood into a Microtainer
tube containing anticoagulant ([422]365974; BD Biosciences, San
Diego, CA, http://www.bdbiosciences.com). The tube can be pre-
sterilized over flame or under UV illumination. The DIY blood sam-
ples were stored on ice, and RBC lysis was performed 12, 24, or 48
hours later. The finger-prick (FP) blood-cell expansion medium [15,
20] contained StemSpan Serum-Free Expansion Medium (09650;
StemCell Technologies, Vancouver, BC, Canada, http://www.
stemcell.com) supplemented with 1X penicillin/streptomycin
(pen/strep) (Gibco, Grand lIsland, NY, http://www.invitrogen.
com), 1X r-glutamine (Gibco), 1X nonessential amino acids
(Gibco), 50 ug/ml r-ascorbic acid (Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com), 50 ng/ml stem cell factor (Pepro-
tech, Rocky Hill, NJ, http://www.peprotech.com), 10 ng/ml
interleukin-3 (Peprotech), 40 ng/ml insulin-like growth factor-1
(Peprotech), 2 U/ml erythropoietin (R&D Systems, Minneapolis,
MN, http://www.rndsystems.com), and 1 uM dexamethasone
(Sigma-Aldrich), with or without 10 ng/ml interleukin-6 (Peprotech).
Medium was changed every day by carefully pipetting out half of
the medium and replacing with fresh medium. Twelve to 16 days
later, when the cell population reached 20,000-30,000 cells, they
were transduced with Sendai virus. For venipuncture-derived
iPSCs (VPiPSCs) derivation, 250 ul or 500 ul of peripheral blood
was collected through venipuncture. Peripheral blood mononu-
clear cells (PBMCs) were purified using Ficoll-Pagque PLUS
(p =1.077 = .001 g/ml) (17-1440-03; GE Healthcare, Little Chal-
font, U.K., http://www.gehealthcare.com), according to the man-
ufacturer’s protocol. The cells were then cultured as described for
finger-prick samples. The use of finger-prick blood samples was
approved by the ethics committee of the National University of
Singapore. Written informed consent was obtained from all
donors.

Cellular Reprogramming

A total of 20,000-30,000 cells were transduced by OCT4, SOX2,
KLF4, and c-MYC Sendai virus (CytoTune-iPS Reprogramming
Kit; Life Technologies, Rockville, MD, http://www.lifetech.com)
with each factor at a multiplicity of infection of 10 (approximately
5 ul of each factor) [21]. The transduction was terminated after 24
hours by replacing with fresh cell expansion medium. At day 3,
cells were transferred to four or five wells of irradiated CF1-mouse
embryonic fibroblasts (MEFs) (seeded at density of 200,000 per
well) in six-well tissue culture plates (3516; Corning) and cultured
with a 1:1 ratio of expansion and hESC medium (Dulbecco’s mod-
ified Eagle’s medium [DMEM]/F12 [Gibco] supplemented with
20% Knockout Serum Replacement [Gibco], 100 wM Minimum Es-
sential Medium with nonessential amino acid solution [Gibco],
100 uM B-mercaptoethanol [Gibco], 1X pen/strep [Gibco], 1X
-glutamine [Gibco], and 10 ng/ml basic fibroblast factor [Gibco]).
Two days later, the medium was changed to hESC medium with
daily medium changes. From day 14, reprogramming continued
with MEF-conditioned hESC medium and mTeSR1 (StemCell
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Technologies) in a 1:1 ratio. The volume of medium used for
six-well culture was 2 ml per well. Once hiPSC colonies resembling
hESCs in morphology emerged, the colonies were mechanically
picked and replated onto MEFs for expansion.

Gene Expression Analysis

Direct application of PureZOL (Bio-Rad, Hercules, CA, http://
www.bio-rad.com) onto adherent cells or cell pellets was per-
formed for RNA isolation. RNA cleanup was performed using
a Qiagen (Hilden, Germany, http://www.qgiagen.com) RNeasy
kit. First-strand cDNA synthesis was performed using iScript cONA
synthesis kit (Bio-Rad). Quantitative polymerase chain reaction
(PCR) analyses were performed using the CXF384 real-time sys-
tem (Bio-Rad) and KAPA SYBR FAST gPCR Master Mix (2X)
(KK4602).

Immunohistochemistry Staining

Cells were fixed in 4% paraformaldehyde for 15 minutes. For non-
surface marker staining, the cells were permeabilized with 0.1%
Triton X-100 for 30 minutes and blocked in phosphate-buffered
saline (PBS) containing 8% fetal bovine serum for 30 minutes.
Cells were incubated with primary antibodies overnight at 4°C,
washed, and incubated with Alexa Fluor (Invitrogen, Carlsbad,
CA, http://www.invitrogen.com) secondary antibodies for 2
hours or incubated with fluorophore-conjugated antibodies for
1 hour. The cells were stained by Hoechst 33342 for 30 minutes
before imaging. SSEA-4 Alexa Fluor 647 (560219) and TRA-1-60
Alexa Fluor 647 (560173) antibodies were obtained from BD Bio-
sciences. OCT3/4 antibodies were obtained from Abcam (Cam-
bridge, U.K., http://www.abcam.com) (ab19857). Antibodies
against glial fibrillary acidic protein (GFAP) were obtained from
Sigma-Aldrich (G9269); anti-B3-tubulin from Covance (Princeton,
NJ, http://www.covance.com) (MMS-435P); anti-GATA4 from
Santa Cruz Biotechnology (Santa Cruz, CA, http://www.scbt.
com) (Sc-25310); anti-smooth muscle « actin (SMA) from Pierce
(Rockford, IL, http://www.piercenet.com) (MA1-06110); and
anti-Desmin from Cell Signaling Technology (Beverly, MA,
http://www.cellsignal.com) (5332S). For live staining, StainAlive
TRA-1-60 Antibody (DyLight 488) (09-0068; Stemgent, Cam-
bridge, MA, https://www.stemgent.com) was used, according
to the manufacturer’s protocol.

Bisulfite Genomic Sequencing

Bisulfite treatment of genomic DNA (gDNA) was carried out using
a CpGenome DNA Modification Kit (Chemicon, Temecula, CA,
http://www.chemicon.com), according to the manufacturer’s
protocol. Briefly, converted gDNA was amplified by PCR OCT4
primer set 3, as reported previously [22]. PCR products were
gel-purified and cloned into pCR2.1-TOPO using the TOPO TA
cloning kit (Invitrogen). Bisulfite conversion efficiency of non-
CpG cytosines ranged from 80% to 99% for all individual clones
for each sample. Every clone of each sample was verified by se-
qguencing with the M13 primers.

Flow Cytometry

The blood cells were stained with a panel of antibodies at the
manufacturer’s suggested dilution in PBS at 4°C for 20 minutes.
This panel included allophycocyanin (APC)-CD3, phycoerythrin
(PE)-CD34, and APC-CD19 from BD Biosciences and APC-CD71
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/A

from Miltenyi Biotec (Bergisch Gladbach, Germany, http://www.
miltenyibiotec.com). Propidium iodide (Sigma-Aldrich) was used
for live/dead discrimination, except for samples stained with PE-
CD34. Flow cytometry was performed on a FACSCanto Il machine
(BD Biosciences), and data were analyzed using FACS Diva
software.

DNA Fingerprinting and Karyotyping

Analysis of the DNA fingerprinting was performed on parental
blood cells and their derivative hiPSC lines. DNA was extracted us-
ing the DNeasy Blood and Tissue Kit (Qiagen), according to the
manufacturer’s protocol, and sent to Health Sciences Authority
(Singapore) for short tandem repeat analysis. Alternatively, PCRs
using primers specific to genomic intervals containing highly vari-
able numbers of tandem repeats were used for fingerprinting
analysis, as described previously [23]. In brief, the PCR was per-
formed using KAPA SYBR FAST qPCR Master Mix (2X) (KK4602)
with 1 ng of genomic DNA and 0.4 uM primers in a 10-ul reaction.
The PCR conditions were set at 95°C for 3 minutes, followed by 40
cycles of 95°C for 3 seconds and 58°C for 30 seconds, with a final
extension at 72°Cfor 10 minutes. The PCR products were analyzed
ona2.5%agarose gelin 1X Tris-acetate-EDTA buffer with applied
voltage 3 V/cm for 60 minutes. The gel with ethidium bromide
stain was visualized under a UV transilluminator. For karyotyping,
live hiPSC lines were sent to the Genome Institute of Singapore
for analysis.

Embryoid Body Formation

To form embryoid bodies, confluent undifferentiated hiPSCs were
mechanically scraped into strips and transferred to six-well low-
attachment plates in a differentiation medium consisting of
DMEM supplemented with 10% fetal bovine serum (PAN Biotech,
Aidenbach, Germany, http://www.pan-biotech.com), 1X nones-
sential amino acids (Gibco), 1X 1-glutamine (Gibco), and 1X pen/
strep (Gibco).

Assay for Teratoma Formation

For teratoma formation, hiPSCs grown on MEFs were collected by
collagenase treatment, resuspended in Matrigel (BD Biosciences,
San Diego, CA, http://www.bdbiosciences.com), and injected into
the hind limb muscle of 6-week-old severe combined immunode-
ficiency (SCID) mice. One well of hiPSCs in a six-well plate of 70%
confluence was used for each mouse. Three mice were injected
foreach hiPSC clone. After 6-10 weeks, teratomas were dissected
and fixed in formalin, embedded in paraffin, and subjected to he-
matoxylin and eosin staining for all histological determinations.

T/B-Cell Rearrangement Assay

DNA was isolated from hiPSCs and control cell lines using DNeasy
Blood and Tissue Kit (Qiagen), per the manufacturer’s instruc-
tions. For the PCR assay on TCR 3, v, and IgH rearrangement,
the primers used were described previously [24]. PCR (35 cycles
of 94°C for 30 seconds, 60°C for 30 seconds, and 72°C for 30 sec-
onds) was performed using 1-2 U of Tag DNA polymerase
(Qiagen) in a 25-ul reaction with 50 ng of genomic DNA, 10 pmol
of each primer, and 200 uM dNTP in 1X PCR buffer. All PCR
started with initial denaturation (3 minutes at 95°C) and ended
with final extension (10 minutes at 72°C) before holding at 4°C.
Alternatively, the PCR was performed using KAPASYBR FAST qPCR
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Master Mix (2X) (KK4602) with 1 ng of genomic DNA and 0.2 uM
primers in a 10-ul reaction. The PCR and gel-running conditions
were same as described in DNA fingerprinting and karyotyping,
except that annealing temperature for PCR was set to 65°C.

ABO/Rh Group Typing

A quantity amounting to 1 ul of finger-prick blood was mixed with
1 ul of antibody solution (anti-A, anti-B, anti-A,B, or anti-D, from
DIAGAST, Loos, France, http://www.diagast.com) on a glass slide.
The reactions were incubated for 30 seconds, and the solutions
were then spread and allowed to dry. The glass slides were
scanned, and the results were documented. The ABO and Rhesus
factor genotyping was carried out as described by Muro et al. [25]
and Simsek et al. [26] respectively. The PCR and gel-running con-
ditions were the same as described in DNA fingerprinting and kar-
yotyping, except that annealing temperature for PCR was set to
63.5°C and the cycle number was reduced to 35 cycles.

ADH and ALDH Genotyping

The primers and condition used in PCR of ADH2, ADH3, and ALDH2
are similar to those described by Chen et al. [27], except that 5-10
ng of gDNA was used for each reaction and KAPA HiFi HotStart
(KK2601) or KAPA SYBR FAST gPCR Master Mix (2X) (KK4602)
was used for the amplifications. The PCR products were sub-
sequently cloned into pcDNA3.3 by using a TOPO TA cloning kit
(Invitrogen). At least 10 colonies were picked and sequenced.

Cardiac Differentiation

Human iPSCs were dissociated into single cells by incubating with
Accutase (Sigma-Aldrich) at 37°C for 5 minutes and then were
seeded onto a Matrigel-coated cell culture dish at 100,000 cells
per cm? in mTeSR1 medium supplemented with 5 M ROCK in-
hibitor (Y-27632; Stemgent) and 10 wM CHIR99021 (Stemgent)
for 24 hours. Cells were then cultured in RPMI 1640 medium sup-
plemented with B27 without insulin for 2 days. The medium was
then changed to RPMI/B27-insulin supplemented with 5 uM IWP-
2 (Stemgent) for 2 more days and then changed to RPMI/B27-
insulin for another 2 days, after which the cells were maintained
in RPMI 1640 medium with B27, with media changed every 3 days
[28]. Staining for cardiomyocyte markers were performed with
mouse monoclonal antibodies against a-actinin (A7811; Sigma-
Aldrich), B-myosin heavy chain (Alexis Biochemical, Lausen,
Switzerland, http://www.axxora.com; F36), and titin (Millipore,
Billerica, MA, http://www.millipore.com; MAB1553).

Patch-Clamp Analysis

Whole-cell patch-clamp recordings were performed using Axon
200B patch-clamp amplifier (Axon Instruments/Molecular De-
vices, Union City, CA, http://www.moleculardevices.com) and
low-pass filtered at 2—-5 kHz. Data acquisition was achieved using
the Digidata 1440A (Molecular Devices Corporation, Sunnyvale,
CA, http://www.moleculardevices.com). Borosilicate glass elec-
trodes (1.5 mm optical density) were pulled by a horizontal puller
(model P-97; Sutter Instrument, Novato, CA, http://www.sutter.
com) and fired-polished to a final resistance of 2-3 M{2 when
filled with internal solution. The spontaneous action potentials
were recorded from hiPSC-derived cardiomyocytes in normal
Tyrode’s solution containing the following (in mM): NaCl 140,
KCI5.4,CaCl, 1.8, MgCl, 1, glucose 10, HEPES 10, with the pH value
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adjusted to 7.40 with NaOH. The solution contained the following
(in mM): KCI 130, NaCl 5, MgCl, 1, MgATP 3, EGTA 10, and HEPES
10, with the pH value adjusted to 7.20 with KOH. Cells were main-
tained by a TC-324B single-channel heater controller (Warner
Instruments, Hamden, CT, http://www.warneronline.com) at
35°C-37°C during the recording.

Ethanol Patch Test

Approximately 1 drop of 70% ethanol was added onto a 10 X 10-
mm lint pad fixed on an adhesive tape. The patch was attached to
the inner surface of the upper arm for 7 minutes before removal.
A patch area that showed erythema 10-15 minutes after removal
was judged as positive. Controls included lint pad (without any
fluid), lint pad with H,0, and lint pad with caffeine [29].

DNA Microarray

Total RNA from PBMCs, hESCs, or hiPSCs from PBMCs was labeled
with Cy3. Samples were hybridized to a HumanHT-12 v4 BeadChip
(Ilumina, San Diego, CA, http://www.illumina.com), according to
the manufacturer’s protocol. Arrays were scanned with a Bead-
Chip Reader (Illumina). Data normalization was calculated with
the Quantile normalization algorithm implemented in the Bio-
Conductor lumi package (http://bioconductor.org/packages/
2.12/bioc/html/lumi.html). The cluster analysis was performed
and scatter plots were generated in R packages (http://www.r-
project.org). Raw data have been deposited at Gene Expression
Omnibus under accession number GSE53485.

RESULTS

Generation of hiPSCs From Submilliliter of Human
Peripheral Blood

Using 2 ml of human peripheral blood mononuclear cells
(PBMCs), we successfully reprogrammed T cells and non-T cells
from two individuals (data not shown). This is in good agreement
with previous studies that started with similar volumes of blood
samples for reprogramming [18, 19]. Next, we asked whether the
same Ficoll purification protocol would yield enough cells from
blood samples less than 1 ml in volume. We gradually reduced
the starting volume of blood and confirmed that reprogramming
could be achieved with as little as 250-500 wl of venous blood
(supplemental online Fig. 1A). Using immunofluorescence,
VPiPSCs stained positive for OCT4, TRA-1-60, and SSEA-4
(supplemental online Fig. 1B). Quantitative reverse transcription-
PCR (gRT-PCR) results showed the reactivation of pluripotency
markers (supplemental online Fig. 1C). Notably, the Sendai virus
transgenes were not detected in the VPiPSCs after four passages
in culture (supplemental online Fig. 1D). Consistent with their
hESC-like morphology, VPiPSCs show demethylation of CpG dinu-
cleotides at the OCT4 and NANOG promoters (supplemental
online Fig. 2A) and are able to differentiate into different lineages
invitro (supplemental online Fig. 2B, 2C). DNA fingerprinting anal-
ysis verified that these cells were indeed derived from the paren-
tal blood cells (supplemental online Table 1). However, when we
used this approach of venipuncture followed by Ficoll-Paque cen-
trifugation, we failed to obtain sufficient PBMCs for reprogram-
ming when the starting blood volume was below 250 wl. This
could be because of technical difficulties associated with isolating
the thin layer of buffy coat, which results in loss of mononuclear
cells.

©AlphaMed Press 2014

Derivation of hiPSCs From Finger-Prick Blood Samples

To investigate whether we could generate hiPSCs from minute
amounts of blood samples, we modified the purification process
to exclude the use of conventional Ficoll purification. We collected
finger-prick samples from different individuals (supplemental
online Fig. 3A) and subjected the cells to hypotonic lysis solution
for depletion of the red blood cells (supplemental online Fig. 3B).
Strikingly, we found that the RBC-lysed finger-prick cells from 10
ul of blood could be expanded in medium culture to yield enough
dividing cells for reprogramming (supplemental online Fig. 3C).
Consistent with previous reports [15, 21], the cells after 15 days
of culture expansion were largely CD71" myeloid progenitors
(supplemental online Fig. 3D). Using this approach, we observed
the appearance of hESC-like colonies 20 days after transduction
with Sendai virus (Fig. 1A). All finger-prick-derived iPSC (FPiPSC)
clones have been propagated for at least 20 passages as of this sub-
mission and remain stable in culture.

We examined the expression of pluripotency markers in the
FPiPSC lines using immunostaining. In line with their hESC-like
morphology, we observed expression of OCT4, TRA-1-60, and
SSEA-4 (Fig. 1B). Consistent with the activation of pluripotency-
associated genes, reprogramming of the finger-prick blood cells
was accompanied by the demethylation of CpG dinucleotides
at the OCT4 and NANOG promoters (Fig. 1C). We next performed
global gene expression analysis of the FPiPSCs comparing them
with hESCs and somatic parental cells. Clustering dendrogram
revealed a high degree of similarity among the reprogrammed
hiPSCs that clustered together with the H1, H7, and H9 ESCs
and were distant from the parental somatic cells (Fig. 1D, top).
Heat-map analysis indicates the reactivation of pluripotency
genes and the suppression of hematopoietic genes in the hiPSC
lines (Fig. 1D). Analysis of scatter plots similarly shows a tighter
correlation between reprogrammed FPiPSCs and human ESCs
(H7 ESCs) rather than with the parental blood cells (Fig. 1E). Quan-
titative PCR analysis confirmed the expression of endogenous plu-
ripotency markers, including OCT4, SOX2, KLF4, c-MYC, REX1,
NANOG, LIN28, and DNMT3B (Fig. 1F). Notably, these genes were
restored in the FPiPSCs to levels similar to those observed in H7
hESCs (Fig. 1F).

FPiPSCs Differentiate Into Derivatives of Three Germ
Layers

Next, we evaluated the developmental potential of the FPiPSC
lines by in vitro embryoid body (EB) differentiation. The hiPSCs
readily formed EBs upon induction and were capable of differen-
tiating into mesodermal (Desmin and SMA), neural (83-tubulin,
GFAP), and endodermal (GATA4) lineages (Fig. 2A). Following spe-
cific in vitro differentiation, FiPSCs gave rise to rhythmically beat-
ing cardiomyocytes (supplemental online Movie 1). Positive
staining for a-actinin, B-MHC, and titin confirmed their cardio-
myocyte identities (Fig. 2B). Using patch-clamp analysis, we char-
acterized individual cardiomyocytes and showed that they
developed distinct ventricular, atrial, and nodal action potentials
(Fig. 2C). The most rigorous test for the pluripotency of human
iPSCs is the formation of teratomas in immune-deficient mouse
hosts [30]. Upon injection into the hind limb muscle of SCID mice,
the FPiPSC lines generated well-differentiated cystic teratomas
comprising structures and tissues derived from the three embry-
onic germ layers. These included gut-like epithelium, cartilage,
and neural tissues (Fig. 2D).
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Figure 1. Derivation of human induced pluripotent stem cells (hiPSCs) from finger-prick blood samples. (A): Schematic drawing of the strategy
used in this study for reprogramming human finger-pricked blood. Images show the collection of finger-pricked blood and expansion of cells in
culture and adherent colonies. The first hESC-like colony normally appeared between days 18 and 20 and was picked after day 21. The FPiPSCs
derived can be passaged stably for long-term culture. (B): Immunofluorescent staining of FPiPSC colonies expressing pluripotency markers for
TRA-1-60, SSEA4, and OCT4. Hoechst staining indicates the total cell content per field. Allimages were acquired with original magnification X4
objectives. (C): Bisulfite DNA methylation analysis on the promoter of 0CT4 and NANOG in FPiPSCs and in their parental cells. The white and black
circles represent unmethylated and methylated CpG islands in the promoter region, respectively. (D): Dendrogram showing unsupervised hi-
erarchical clustering of the global expression profiles of hESCs, hiPSCs, and parental blood cells (top). Heat-map analysis of the hESCs, hiPSCs, and
parental blood cells for expression of pluripotency and hematopoietic-specific marker genes (bottom). Red represents upregulation; black rep-
resents downregulation. (E): Scatter plots comparing FPiPSC global gene expression profiles with parental cells (left) and H7 human ESCs (right).
The black lines indicate the linear equivalent and twofold changes in gene expression levels between the paired cell types. Positions of pluri-
potency genes OCT4, SOX2, NANOG, and LIN28 in scatter plots are indicated. (F): Quantitative reverse transcription-polymerase chain reaction
analyses for the expression of ESC marker genes OCT4, SOX2, NANOG, LIN28, DNMT3B, REX1, KLF4, and c-MYCin FPiPSCs, H7 ESCs, and parental
cells. Individual polymerase chain reactions were normalized to H7 ESCs and 3-ACTIN as internal control. All the FPiPSC lines examined showed
similar expression of ESC marker genes to that of H7 ESCs. Abbreviations: ESC, embryonic stem cell; FP, finger prick; FPiPSC, finger-prick-derived
induced pluripotent stem cell; hESC, human embryonic stem cell; OSKM, OCT4, SOX2, KLF4, and c-MYC; P2, passage 2; PBMC, peripheral blood
mononuclear cell; VPiPSC, venipuncture-derived induced pluripotent stem cell.
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Figure 2. Finger-prick-derived induced pluripotent stem cells (FPiPSCs) differentiate into derivatives of three germ layers. (A): Immunofluo-
rescent staining of differentiation markers after in vitro differentiation of FPiPSCs. Ectoderm was stained by GFAP and 33-tubulin antibodies,
whereas endoderm was stained by antibody against GATAA4. All images in the upper panel were acquired with original magnification X 10 objec-
tives, except for GATA4 staining image, which was acquired with X4 objectives. Lower panel images are shown in higher magnification. Hoechst
staining indicates the nucleus. (B): Immunofluorescent staining of a-actinin, 8-myosin heavy chain, and titin in human induced pluripotent stem
cell (hiPSC)-derived cardiomyocytes. Hoechst staining indicates the nucleus. (C): Patch-clamp analyses of hiPSC-derived cardiomyocytes. (D):
Hematoxylin and eosin staining of teratomas derived from immune-deficient mice injected with FPiPSCs shows tissues representing all three
embryonic germ layers, including gut-like epithelium (endoderm), cartilage (mesoderm), and neural tissue (ectoderm). Scale bar = 50 um.
Abbreviations: 83-Tub, B3-tubulin; GFAP, glial fibrillary acidic protein; SMA, smooth muscle « actin.
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FPiPSCs Are Free From Transgenes and V(D))
Rearrangement

Efficient transgene silencing is essential for the derivation of plu-
ripotent hiPSC lines [3]. qRT-PCR using primers specific for the
Sendai vector backbone and the exogenous Sendai OCT4 repro-
gramming factor confirmed that the FPiPSCs do not carry any Sen-
dai transgenes (Fig. 3A). We observed normal karyotypes for the
FPiPSC lines that we examined (Fig. 3B). The DNA fingerprinting
analysis verified that these cells were indeed derived from the pa-
rental blood cells and were not a result of contamination from
existing hESC or hiPSC lines (supplemental online Table 1). Be-
cause Band T cells are abundant in circulating blood and the latter
can easily be reprogrammed [11-13], we tested the FPiPSC clones
for TCR and IgH rearrangement using PCR-based detection.
Whereas the clonal controls (Jurkat and LTR-228) and CD3"
T cells showed bands indicative of rearrangement, all the FPiPSC
and VPiPSC clones examined did not have any rearrangement at
the TCR B, 7, and IgH loci (Fig. 3C-3F; supplemental online Fig. 4).
Thus, our results confirm that the FPiPSCs did not originate from
lymphoid T and B cells.

Reprogramming From DIY Finger-Prick Samples

Unlike venipuncture, which can only be performed by trained
phlebotomists, finger-prick blood can be collected by the donors
themselves with proper instruction. To test this idea, we asked
the donors to prick their own fingers in a normal room environ-
ment and collect a single drop of blood into an EDTA tube. The
tube was placed on ice and delivered to the laboratory for repro-
gramming. Twelve, 24, or 48 hours later, the cells were treated
with RBC lysis buffer and observed under the microscope for vi-
ability and signs of contamination (Fig. 4A). Interestingly, after 12
days of expansion in medium, the cells appeared healthy and
were actively dividing (Fig. 4A). To commence reprogramming,
cells isolated from the finger-prick samples were transduced with
Sendai virus. We observed hESC-like colonies approximately 20
days postinfection. In total, we obtained eight TRA-1-60" colonies
from two donors in four independent experiments (Fig. 4B). V(D)J
rearrangement PCR confirmed that the FP(DIY)iPSCs were not
originated from lymphoid T and B cells (supplemental online
Fig. 5). Quantitative PCR analysis indicated the expression of en-
dogenous pluripotency marker genes to the level comparable
with H1 ESCs (Fig. 4D). Notably, the FP(DIY)iPSCs were derived
from respective donor FP cells and not the result of contamination
from existing hESCs or hiPSCs (Fig. 4E). The efficiency of 100-300
colonies per milliliter is similar to the reprogramming results from
fresh samples taken under a controlled and clean laboratory set-
ting. Interestingly, we did not observe noticeable reduction
in reprogramming efficiency between freshly collected and
DIY finger-prick samples (Fig. 4F). In summary, we derived
transgene-free and V(D)) rearrangement-free hiPSCs from sub-
milliliter volumes of venipuncture and single-drop volumes of
finger-prick samples (Fig. 4F; supplemental online Table 2). We
report a high reprogramming yield of 100-600 colonies per mil-
liliter of blood (Fig. 4F).

Toward an Integrative Strategy for hiPSC Banking

Because a single drop of blood is approximately 20 wl and only 10
el is required for reprogramming, we asked whether the remain-
ing amount of the donors’ blood could be used for other analyses.
Pluripotent stem cells can potentially be an unlimited resource for
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cell therapy, but immune rejection may pose problems during
transplantation. Apart from the human leukocyte antigen [31],
a recent study discovered that in vitro hESCs differentiated hep-
atocytes and cardiomyocytes express ABO antigens [32]. Using
4 ul of finger-prick blood, we performed a serological analysis of
A, B, and Rh antigen groups for three donors (Fig. 5A). We then
asked whether we could harvest gDNA from finger-prick sam-
ples. We found that 2 ul of blood would yield approximately
150 ng of PCR-grade gDNA for molecular studies. ABO/Rh typing
could also be determined using PCR-based technology. More-
over, PCR analysis could decipher the exact genotype of the
ABO groups. We showed that although both donor 1 and 2
had a phenotype of B*, donor 1 had a genotype of BB*, whereas
donor 2 was BO* (Fig. 5B, 5C). In contrast, donor 5 was recessive
for both the ABO and Rh antigens, as shown by the O~ pheno-
type (Fig. 5A). Genotypic analysis of donor 5 finger-prick blood
corroborated with the serological results (supplemental online
Fig. 6A, 6B). Interestingly, DIY finger-prick blood samples
showed no sign of deterioration (24 hours and 48 hours after
sample collection) as they faithfully recapitulated the donors’
serological ABO/Rh blood type (supplemental online Fig. 6C).
As expected, both the FPiPSCs and FP(DIY)iPSCs derived from
the respective donors exhibited the same ABO and Rh genotype
as the parental blood cells (Fig. 5B-5E; supplemental online
Fig. 6D).

To further evaluate whether the gDNA isolated from the small
amount of finger-prick blood samples can be used to detect
single-nucleotide mutations, we performed sequencing analysis
on the aldehyde dehydrogenase (ALDH) and alcohol dehydroge-
nase (ADH) genes involved in the alcohol metabolism. Interest-
ingly, our sequencing results on ALDH2 indicated that donor 1
carried a mutant ALDH2*2 allele (1510 G > A mutation) (Fig.
4F). The mutation was observed in both the blood sample and
the derivative hiPSCs (supplemental online Fig. 7A, 7B). Various
reports have suggested that the single-nucleotide polymorphism
(SNP) on ALDH2 could lead to protein malfunction, resultingin the
accumulation of toxic acetaldehyde in the body, and manifests as
a red flush on the skin [33, 34]. We further explored the DIY con-
cept and asked whether the donors could perform a simple test
when the finger-prick samples were collected. Consistent with
the ALDH2 genotype, an ethanol patch test performed by donor
1 resulted in redness of the skin, whereas donors 2 and 5, who
carried the homozygous normal ALDH2*1 alleles, did not display
any flush syndrome (Fig. 5G; supplemental online Fig. 7C). In sum-
mary, using a combination of DNA sequencing and a DIY ethanol
test, we profiled the level of alcohol tolerance for donors 1, 2, and
5 (Fig. 5H; supplemental online Fig. 7D). Importantly, the hiPSCs
generated faithfully recapitulated the mutant genotypes and will
be a good resource for future study of alcohol metabolism
(supplemental online Fig. 7D).

DiscussioN

Numerous hiPSC banking initiatives are currently being estab-
lished around the world [35, 36]. The potential of such stem cell
repositories can only be realized if they have access to a wide
range of donors/patients of diverse ethnicity, genotype, and dis-
ease. The ability to reprogram from a small volume of finger-prick
samples provides a strategy for hiPSC banks to access a large co-
hort of donors. In this model (Fig. 6), the hiPSC facility provides
a package consisting of the DIY finger-prick collection kit, shipping

©AlphaMed Press 2014
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Figure 3. Characterizations of the FPiPSCs. (A): Transgene expression analysis of the FPiPSC lines derived. The SeV backbone and SeV OCT4
expression values were measured by quantitative reverse transcription-polymerase chain reaction and normalized to SeV-infected parental cell
with B-ACTIN as internal control. No SeV transgene was detected in the total RNA harvested from these human induced pluripotent stem cell
lines. (B): Cytogenetic analysis on FPiPSCs. The FPiPSCs showed normal human karyotype with 46 chromosomes. (C): IgH rearrangement analysis
on the FPiPSC clones. LTR-228 (B-cell line) was used as a positive control. No IgH recombination was observed in our FPiPSCs. (D): TCRB rear-
rangement analysis on the FPiPSC clones. Jurkat (T-cell line) or CD3* T cells were used as positive controls for this analysis. (E): TCRG rearrange-
ment analysis on the FPiPSC clones. Jurkat cells (T-cell line) or CD3* T cells were used as positive controls for this analysis. Negative results fromall
the V(D)J rearrangement polymerase chain reaction (PCR) imply that the FPiPSCs derived did not originate from B or T lymphocytes. In (C), (D),
and (E), the expected PCR product range was stated on the left and the target regions were indicated below the gel images. The finger-prick blood
used in this assay had been cultured in cell expansion medium for at least 15 days before being harvested. A water sample was always included in
the PCR analysis as a negative control. (F): The genomic DNA amplification control experiment was performed on all the samples used in these
V(D)J rearrangement analyses. Abbreviations: FPiPSC, finger-prick-derived induced pluripotent stem cell; SeV, Sendai virus; TCR, T-cell receptor.
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Figure 4. DIY concept for finger-prick-derived induced pluripotent stem cell (FPiPSC) generation. (A): FP blood samples collected 12 hours, 24
hours, and 48 hours before cell culture. The cells were red blood cell-lysed at day O (left) and expanded for 12 days in medium. All images were
acquired with original magnification X20 objectives. (B): Human induced pluripotent stem cell (hiPSC) colonies derived from donor 1 DIY FP
blood (12 hours and 24 hours) stained positive for a pluripotency marker, TRA-1-60. The upper image was acquired with original magnification
X 20 objectives, whereas the lower image was acquired with original magnification X4 objectives. (C): hiPSC colonies derived from donor 5 DIY
FP blood (24 hours and 48 hours) stained positive for a pluripotency marker, TRA-1-60. All images were acquired with original magnification X 10
objectives. (D): Quantitative reverse transcription-polymerase chain reaction analyses for the expression of embryonic stem cell (ESC) marker
genes OCT4,S0X2, NANOG, LIN28, DNMT3B, REX1,and c-MYCin FP(DIY)iPSCs, H1 ESCs, and parental cells. Individual polymerase chain reactions
(PCRs) were normalized to H1 ESC and B-ACTIN as internal control. All the FP(DIY)iPSC lines examined showed similar expression of ESC marker
genes to that of H1 ESCs. (E): DNA fingerprinting analysis confirms that FPiPSC lines are derived from their parental lines. PCR primer sets
D10S1214, D17S1290, D75796, and D215S2055 were used to detect for variable tandem repeats. (F): Summary of hiPSCs derived from donors.
The VP and FP indicated were the venipuncture blood and finger-pricked blood, respectively. The reprogramming yield was calculated based on
the TRA-1-60 colonies observed and normalized to 1 ml of blood. Abbreviations: DIY, do-it-yourself; FP, finger prick; hESC, human embryonic
stem cell; iPSC, induced pluripotent stem cell; VP, venipuncture.
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Figure 5. Blood typing and DNA genotyping the finger-prick samples. (A): Blood grouping of the donors from finger-prick samples. The upper
panel shows the antibodies used. If the erythrocytes of the donor carry the corresponding antigen, agglutination will take place and the donors’
blood groups can be determined. The phenotypic blood group for donors 1 and 2 were type B*, whereas donor 5 was O . (B): Genotyping of the
donors’ blood group from finger-prick blood and derived human induced pluripotent stem cells (hiPSCs). Specific primers were used for ABO
allele detection. The upper panel shows the specific allele that the primers amplified. The primers 60, 6AB, 7A0, and 7B were designed to target
the Oallele exon 6, A or Ballele exon 6, A or O allele exon 7, and B allele exon 7, respectively. A clear DNA band (~100 bp) indicates a positive PCR
result and shows that the donor carries these alleles. Donor 1 FP blood and FPiPSC show the BB genotype (upper panel), whereas donor 2 FP
blood and FPiPSC show the BO genotype (lower panel). The primers targeting the reference gene 3684 were included as a positive control for
genomic DNA amplification. (C): Rhesus D antigen genotyping of the finger-prick samples and derived hiPSCs. The primers were designed to
target both Rh CcEe and Rh D regions. The 1,200-bp band is amplified from the Rh CcEe alleles, and 600 bp is from Rh D allele. For Rh D-positive
samples, a clear 600-bp band and a 1,200-bp band can be observed; otherwise, only 1,200-bp band can be detected. Donors 1 and 2 and their
hiPSCs showed a Rh D-positive genotype. (D): Genotyping of the donors’ blood group from DIY finger-prick blood-derived hiPSCs. Donor 5 FP
(DIY)iPSCs showed a OO genotype. (E): Rhesus D antigen genotyping of the DIY finger-prick samples derived hiPSCs. Donor 1 FP(DIY)iPSCs
showed Rh D-positive genotype, whereas donor 5 FP(DIY)iPSCs is Rh D-negative. (F): Single-nucleotide polymorphism on the ALDH2 loci. ALDH2
is responsible for conversion of acetaldehyde to acetic acid. ALDH2*2 allele consists of the glutamate to lysine mutation (1510 G—A) and
encodes a defective ALDH2. (G): Ethanol patch test on the donors. Donor 1 showed a flush reaction to ethanol, whereas donors 2 and 5 showed
no effect to ethanol when it was applied onto the donor’s skin. (H): The upper panel shows the metabolic pathway for degradation of ethanol in
the body. The ethanol is first oxidized into toxic acetaldehyde by alcohol dehydrogenase and subsequently oxidized to acetic acid by ALDH. In our
study, donor 1 possesses an ALDH2*2 allele and thus manifested an intolerance to ethanol. Abbreviations: ALDH, aldehyde dehydrogenase; DIY,
do-it-yourself; FP, finger prick; FPiPSC, finger-prick-derived induced pluripotent stem cell; iPSC, induced pluripotent stem cell.

thermo box, informed consent form, health questionnaire, and
DIY test kit to the donors. In particular, donors with difficulties
in traveling because of logistics, financial conditions, or physical
conditions (for example, the bedridden, the elderly, the disabled,
and infants) will benefit from this strategy. It will also be possible
to recruit donors with rare disease phenotypes from remote loca-
tions. As shown in our study, the donor can perform a finger prick
to collect blood samples in a tube containing anticoagulant and
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store it at 4°C (Fig. 5A). The health questionnaires will help to
detail the clinical conditions and medical history of the donors.
Finally, the donors can perform specific DIY tests, as demon-
strated by our study (Fig. 5G). These tests can be tailored accord-
ing to specific questions that the study or facility aims to address.
The completed documents, consent form, and finger-prick sam-
ples can simply be returned to the hiPSC bank via global courier
services.

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 6. Integrative strategy for human induced pluripotent stem cells (hiPSC) banking. Illustration of the integrative strategy for hiPSC bank-
ing. Using finger-prick (FP) blood reprogramming, hiPSC facilities can recruit a diverse cohort of donors worldwide. hiPSC facility provides a kit
containing sterile finger-prick and blood container to the donor. The donors will complete the informed consent form and the health question-
naire and return them back to the facility together with their FP blood. The facility is able to do a series of DNA sequencing, serological assays, as
well as hiPSC derivation from a single drop of FP blood sample. Abbreviations: Ag/Ab, antigen/antibody; DIY, do-it-yourself; HLA, human leu-
kocyte antigen; iPSC, induced pluripotent stem cell; GLP, good laboratory practice; GMP, good manufacturing practice; PCR, polymerase chain

reaction; seq, sequencing; SNP, single-nucleotide polymorphism.

At the facility, the samples can be tested for disease genotype
orundergo deep genome sequencing to uncover an extensive cat-
alog of genetic variations, SNPs, and haplotypes (Fig. 5F). Analysis
of blood provides a general assessment of the donor’s health and
phenotype, as the facility can perform serotyping and measure
blood count and levels of various metabolites. Finally, the repro-
grammed hiPSCs can be used for stem cell banking, disease mod-
eling, drug screening, toxicology tests, and cell fate engineering.
Taken together, our model presents an unprecedented opportu-
nity for banking hiPSCs with full annotations of associated geno-
type (DNA sequencing), phenotype (serological and DIY test), and
clinical information (blood biochemistry and health question-
naires) (Fig. 6).

Several previous studies described the reprogramming of
nonlymphoid human peripheral blood cells. One of the first stud-
ies, by Chou et al. [15], targeted CD71" mononuclear cells and
established iPSCs at the frequency of 0.00018%—0.0008%. Other
groups, including Mack et al. [16], purified CD34" progenitor cells
from peripheral blood and observed an efficiency of 0.077%. Al-
though our reprogramming efficiency of 0.008%—0.024% is com-
parable to these studies, the use of episomal vectors carrying
additional factors (5—8 factors) can potentially improve the
reprogramming process [15, 16]. Also, a newer version of
temperature-sensitive Sendai virus, which allows for rapid re-
moval of residual virus genomic RNA, could further increase
the robustness of the current finger-prick reprogramming proto-
col [37]. As compared with the work by Merling et al. [18], which
described the isolation of 20 hiPSC colonies starting with 1 ml of
human peripheral blood, the reprogramming yield of 100-600
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colonies per milliliter from our finger-prick samples is a significant
improvement.

In total, we recruited five donors (19-36 years old), and sam-
ples from four of them resulted in successful reprogramming. We
did not observe noticeable reduction in reprogramming efficiency
as a function of donors’ age. Nevertheless, there remains an in-
formation gap on whether finger-prick samples from elderly
donors can be effectively reprogrammed. The one donor (aged
29 years old) from whom we collected the finger-prick samples
in a laboratory setting did not give rise to enough cells in culture.
Because of that, we did not commence viral infection for repro-
gramming. This suggests that finger-prick samples collected from
different individuals may have varied ability for adapting to
growth in culture conditions. Furthermore, when we tried to ex-
pand the DIY finger-prick samples collected 72 hours before cell
culture, we observed high degree of cell death. Future studies us-
ing more advanced medium conditions that promote better cell
growth and reprogramming [38] will help to further optimize the
process for higher reprogramming efficiency.

A recent study used human urine samples for derivation of
epithelial-like cells that can be reprogrammed to pluripotency
[39]. This method provides an unlimited source of cells that can
be collected conveniently and noninvasively. Nevertheless, the
current protocol requires the collection of large volume of urine
samples resulting in logistic difficulties for downstream storage
and transportation [40]. The technique that we describe in this
work provides the possibility of collecting small volume of DIY
finger-prick samples from a remote location. However, this does
not eliminate the benefits of collecting the samples in the
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hospital. Furthermore, the key advantage of hospital-originated
samples is the availability of complete patient medical and diag-
nostic information.

CONCLUSION

We have successfully developed a highly efficient reprogramming
technique requiring only 10 ul of finger-prick blood samples.
Finger-prick samples can be easily and conveniently collected
without the need for trained phlebotomists. We show for the first
time that donors can collect their own blood samples (DIY) for
sending to the hiPSC facility. Expanding on its utility, we demon-
strated that a single drop of finger-prick blood sample can be used
for parallel experiments in cellular reprogramming, DNA sequenc-
ing, and blood typing/biochemistry. Our ability to reprogram
finger-prick samples will aid the recruitment of donors from geo-
graphically, genetically, and ethnically diverse populations. Our
strategy when applied together with recent advances in gene
editing [41], as well as automation and miniaturization of hiPSC
derivation technologies [42], will increase the functionality,
throughput, and feasibility of operating a large-scale interna-
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