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Clinical improvement in stem cell gene therapy (SCGT) for pri-
mary immunodeficiencies depends on the engraftment levels of
genetically corrected cells, and tracing the transgene in each he-
matopoietic lineage is therefore extremely important in evalu-
ating the efficacy of SCGT. We established a single cell-based
droplet digital PCR (sc-ddPCR) method consisting of the
encapsulation of a single cell into each droplet, followed by
emulsion PCR with primers and probes specific for the trans-
gene. A fluorescent signal in a droplet indicates the presence
of a single cell carrying the target gene in its genome, and
this system can clearly determine the ratio of transgene-posi-
tive cells in the entire population at the genomic level. Using
sc-ddPCR, we analyzed the engraftment of vector-transduced
cells in two patients with severe combined immunodeficiency
(SCID) who were treated with SCGT. Sufficient engraftment
of the transduced cells was limited to the T cell lineage in pe-
ripheral blood (PB), and a small percentage of CD34+ cells ex-
hibited vector integration in bone marrow, indicating that the
transgene-positive cells in PB might have differentiated from a
small population of stem cells or lineage-restricted precursor
cells. sc-ddPCR is a simplified and powerful tool for the
detailed assessment of transgene-positive cell distribution in
patients treated with SCGT.
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INTRODUCTION
Stem cell-based gene therapy has been proposed as a highly desirable
treatment for primary immunodeficiencies (PIDs) when patients lack
human leukocyte antigen (HLA)-matched suitable donors for
hematopoietic stem cell transplantation (HSCT). The addition of
the therapeutic gene to autologous hematopoietic stem cells (HSCs)
is an attractive alternative because the gene-corrected HSCs are ex-
pected to reconstitute the functional immune system in the same
manner as allogeneic HSCs in treated patients.1–4 A series of HSC-
based gene therapy clinical trials confirmed this expectation, revealing
that treated patients displayed multi-lineage expression of the trans-
duced gene.5–12

To achieve clinical improvement, sufficient engraftment of the trans-
duced cells is required, although various factors, including the selec-
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tive advantage of the therapeutic gene, affect their engraftment in
bone marrow (BM).5,6,10–12 Therefore, the mapping of gene-trans-
duced cell distributions in treated patients is required to evaluate
the efficacy of gene therapy. Recently, advances in the genetic charac-
terization of a single cell provided insights into genomic and tran-
scriptomic heterogeneity,13 and such insights can be helpful in the
field of gene therapy.

In this study, we developed a single cell-based droplet digital PCR (sc-
ddPCR) system consisting of single-cell encapsulation, droplet PCR
using a fluorescent probe, and the detection of signal-positive
droplets. This novel strategy enables direct detection of the vector
sequence at the genomic level in each cell of the target population. Us-
ing the establishedmethod, we analyzed gene therapy-treated patients
with adenosine deaminase (ADA)-deficient severe combined immu-
nodeficiency (SCID), which is caused by mutation of the ADA gene.
ADA is important for the purine metabolic pathway, and genetic de-
fects in the ADA gene result in autosomal recessive type SCID.14 For
patients without suitable HSCT donors, enzyme replacement therapy
with polyethylene glycol-modified bovine ADA (PEG-ADA) is a
widely used treatment option worldwide.15 However, PEG-ADA
therapy often results in partial immune reconstitution,16 and gene
therapy using autologous HSCs has been studied as an alternative
curative treatment for those patients.6

In current gene therapy approaches for ADA deficiency, withdrawal
of PEG-ADA and preconditioning treatment with busulfan are indis-
pensable for achieving full engraftment of gene-transduced cells in all
hematopoietic lineages.6,9,17 In 2015, we reported two patients with
ADA-SCID who were treated with retrovirus-mediated gene ther-
apy.18 Although PEG-ADA replacement was withdrawn in our trial,
the patients never received preconditioning chemotherapy before the
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Figure 1. Schematic of the Single Cell-Based Digital

Droplet PCR System

Cells from the target population were encapsulated into

droplets at a concentration of one cell/droplet with the

PCR mixture including primers and probes. After single-cell

encapsulation, cell lysis and amplification of the target

sequence were performed within the droplets. The number

of droplets with a fluorescent signal indicates the number of

cells carrying the target or reference gene. sc-ddPCR,

single cell-based digital droplet PCR.

www.moleculartherapy.org
transplantation of gene-modified HSCs; therefore, partial and tempo-
ral reconstitution of the immune system was observed in both
patients.

Our sc-ddPCR method allowed us to assess the detailed distribution
of the vector-containing cells in peripheral blood (PB) and BM and
revealed the skewed engraftment of gene-transduced cells in the he-
matopoietic systems of these patients.

RESULTS
Single-Cell Encapsulation into a Droplet

The sc-ddPCR system commenced with the encapsulation of a single
cell into one droplet and then proceeded to the step of PCR using a
TaqMan hydrolysis probe, followed by detection of the fluorescent
signal in the droplets (Figure 1). K562 cells were transduced with a
retroviral vector expressing ADA and EGFP (Figure 2A). Cell clones
with single copy integration, which enabled us to trace vector integra-
tion via EGFP expression, were used for the following experiments
(K562-AE cells).

We added various numbers of K562-AE cells to the standard PCR re-
action directly and generated droplets using the QX200 system’s
droplet generator. The 2,000-cell samples were successfully encapsu-
lated into droplets, and single-cell encapsulation was observed in 98%
of the cell-containing droplets (Figures 2B and 2C). However, sam-
ples containing more than 8,000 cells displayed multi-cell encapsula-
tion, and several cells were located outside the droplets. We also
confirmed that single-cell encapsulation is not influenced by cell
type, based on the result of 2,000-cell encapsulation using PB mono-
nuclear cells (PBMCs) and cord blood mononuclear cells (Figure S1).

Direct PCR Inside Droplets

Direct PCR subsequent to cell encapsulation requires cell lysis
within each droplet to amplify the target sequence in the genome.
Molecular Therapy: Methods &
PCR using a standard composition of solution
mix and a standard program did not produce
any signals in the droplets, which indicated
the failure of cell lysis inside the droplet (Fig-
ure 2D, upper panels). Therefore, we added
additional SDS to the reaction, and as part of
the cell lysis step, we incorporated preheating
at 85�C into the PCR program. To amplify
the target gene in the presence of undesirable substances such as
inhibitors from lysed cells, we further added DNA polymerase to
the reaction (Tables S1 and S2). After these modifications, clear
fluorescent signals were observed in the droplets (Figure 2D, lower
panels), and this high fluorescent amplitude of vector c and RPP30
was sufficient to permit separation from that of negative samples.
The fluorescent signal in each droplet directly indicated the exis-
tence of a cell carrying the vector inside the droplet.

Assessment of the Detection Capability of sc-ddPCR

We first estimated the accuracy of the sc-ddPCR system’s detection
capability using K562-AE cells. Non-specific vector signals in
negative samples could lead to overestimation of the frequency
of vector-positive cells. An extremely low vector signal could
be observed in non-transduced K562 cells (vector c/RPP30 =
0.0006) as well as PBMCs and cord blood CD34+ cells (vector
c/RPP30 = 0.00036 and 0.00042, respectively) (Figure 3A). We
concluded that the level of false positivity due to non-specific vec-
tor signals was minimal. Multi-cell encapsulation may decrease
the number of signal-positive droplets because, for example, two
to three cells encapsulated in one droplet are calculated as “one
cell” in sc-ddPCR. To evaluate the influence of multi-cell encapsu-
lation, we analyzed 10,000- or 20,000-cell samples by encapsulating
the cells in one reaction or dividing the cells into reactions with
2,000 cells each. Encapsulation of the cells into one reaction re-
sulted in a lower number of signals due to multi-cell encapsulation
(Figure S2), which revealed the importance of single-cell encapsu-
lation for accurate evaluation.

We then examined whether sc-ddPCR could clarify the ratios of
target cells among the populations. Naive K562 cells were spiked
with one-copy K562-AE cells at serially diluted ratios. Using
genomic DNA extracted from each sample, we analyzed the levels
of the vector c sequence and internal reference gene RPP30 using
Clinical Development Vol. 6 September 2017 9
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Figure 2. Single-Cell Encapsulation and Direct PCR

(A) The structure of the retroviral vector used in this study. GCsapM-ADA was used in the clinical trials. EGFP cDNA was incorporated downstream of ADA cDNA with the

sequence of an internal ribosomal entry site (IRES) in the pGCsapM-ADA-IE construct. K562 cells were transduced with GCsapM-ADA-IE to create K562-AE cells. (B) Direct

encapsulation of K562-AE cells into droplets. The 2,000-cell samples exhibited single-cell encapsulation into droplets. Multi-cell encapsulation (triangles) and the failure of

encapsulation (arrows) were observed in samples containingmore than 8,000 cells. Fluorescent (EGFP) and bright-field (BF) images are shown. Scale bars represent 100 mm.

(C) Ratios of droplets with single- or multi-cell encapsulation. Droplets were counted in 34 and 82 different fields on microscopy in the 2,000- and > 8,000-cell samples,

respectively. (D) Direct PCR subsequent to single-cell encapsulation. Droplets containing a single cell displayed fluorescent signals after amplification of the vector c and

reference gene RPP30. Upper panels, standard procedure; lower panels, modified procedure. LTR, long terminal repeat; SA, splice acceptor; SD, splice donor.
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Figure 3. Estimation of the Accuracy of Single Cell-

Based Digital Droplet PCR

(A) Evaluation of the non-specific signals in negative sam-

ples. Target c and RPP30 were amplified in mononuclear

cell samples of peripheral blood (PBMCs) and cord blood

from healthy donors, as well as naive K562 cells. The ratio of

the target c, which denotes the background signal, is

shown below each sample. (B) Relationship between the

percentages of dilution and the vector index in extracted

genomic DNA from spiked cell samples. K562 cell samples

were spiked with serially diluted K562-AE cells carrying

the vector at a concentration of one copy per cell. Vector c

and RPP30 were measured using genomic DNA from

spiked samples by conventional ddPCR. The vector index

was calculated using the following formula: (2 � number

of vector-positive droplets)/(numbers of RPP30-positive

droplets). An index of 1 indicates that all cells contain one

copy of c and two copies of RPP30 in their genomes. The

measured value in each spiked sample was linearly related

to the theoretical values. (C) Single cell-based digital droplet

PCR (sc-ddPCR) using spiked samples. K562 cell samples

spiked with serially diluted K562-AE cells were analyzed by

sc-ddPCR. The number of c signal-positive droplets, which

contain vector-positive cells, declined in relationship with

the spiked ratios, whereas similar numbers of RPP30-

positive droplets were observed irrespective of the spiked

ratio, which indicated the sample size. (D) Correlation be-

tween the vector index and the ratio of vector-positive

droplets as determined by sc-ddPCR. sc-ddPCR was

performed using spiked K562 cells, and the measured

values were plotted against the vector index in genomic

DNA. The ratios determined by sc-ddPCR were linearly

related to the vector index.
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the ddPCR system and calculated the vector index as described in
the Materials and Methods. The determined index indicated the
actual ratios of the serial dilution at the genomic level in the spiked
cell samples (Figure 3B). These spiked samples were then enclosed
into droplets at 2,000 cells per reaction, and sc-ddPCR was per-
formed with the modified protocol for detecting vector c and
RPP30. The fluorescent signal in each droplet indicated the pres-
ence of a cell containing the target sequence in its genome (Fig-
Molecular Therapy: Methods & C
ure 3C). The ratio of vector-positive cells was
calculated as follows: vector-positive ratio =
(number of vector-positive droplets)/(number
of RPP30-positive droplets). The signal for
RPP30 denotes the sample size; therefore, the
droplet numbers were always constant among
the spiked samples. Meanwhile, the ratio of
droplets positive for vector c deteriorated
consistent with the pre-designed proportion
of K562-AE cells in each sample (Figure 3C).
In each spiked sample, the ratio of vector-pos-
itive cells according to sc-ddPCR significantly
corresponded to the vector index in extracted
genomic DNA at levels R 0.004 (Figure 3D;
Table 1). These data revealed that sc-ddPCR enabled direct detec-
tion of the provirus sequence in cells without DNA extraction.

sc-ddPCR Revealed Skewed Engraftment of Hematopoietic

Lineages in Gene Therapy-Treated Patients

Using this novel system, we then analyzed two patients with ADA-
SCID treated with stem cell gene therapy (SCGT) using the retroviral
vector GCsapM-ADA in 2003 and 2004, respectively. Patient
linical Development Vol. 6 September 2017 11
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Table 1. Comparison of the Vector Index of Genomic DNA and Ratios of

Vector-Positive Cells

Vector Index on gDNAa Ratio of sc-ddPCR

0.992 0.954

0.564 0.475

0.304 0.261

0.156 0.12

0.079 0.068

0.049 0.035

0.026 0.018

0.017 0.018

0.004 0.004

0 0.0006

gDNA, genomic DNA.
aThe vector index was calculated with the following formula using extracted genomic
DNA: (2 � number of vector-positive droplets)/(number of RPP30-positive droplets).
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characterization and a summary of the treatment were previously re-
ported. Briefly, administration of PEG-ADA for both patients was
discontinued 5 weeks prior to harvesting BM. The doses of CD34+

cells administered were 1.38 � 106 cells/kg for patient 1 (Pt1) and
0.92 � 106 cells/kg for patient 2 (Pt2), with transduction efficiencies
of approximately 40% and 50%, respectively. Neither patient previ-
ously received cytoreductive treatments such as busulfan before the
manipulated cells were infused; therefore, they experienced partial
improvements in immune system function, in addition to improve-
ments of their clinical courses. The current immunological and hema-
tological characterization of the patients is shown in Figure 4A.
Although the existence of three lymphocyte lineages (CD3+ T cells,
CD19+ B cells, and CD56+ natural killer [NK] cells) in PB was
observed in Pt1, the B lymphocyte lineage was markedly reduced in
Pt2. In BM, the proportions of CD34+ subset that contained hemato-
poietic repopulating cells were 6.8% (Pt1) and 1.7% (Pt2). Detailed in-
formation about the number of lymphocytes in PB and nucleated cells
in BM are described in the Supplemental Information.

sc-ddPCR analysis was then performed for both patients. PBMCs cor-
rected from patients were sorted into CD3+ T cell, CD56+ NK cell,
and CD19+ B cell subsets by fluorescence-activated cell sorting
(FACS) and then enclosed in the droplets. In sc-ddPCR analysis,
almost all of the existing CD3+ T cells exhibited vector integration
in the genome (97.1% in Pt1 and 80.8% in Pt2), whereas only some
CD56+ NK and CD19+ B cells displayed vector integration (Fig-
ure 4B). The possibility of false positivity in B and NK cells due to
the contamination of T cells was eliminated by checking the purity
of the sorted cells (Figure S3). These results indicated that ADA-pos-
itive T cells have a strong growth advantage over non-transduced
cells. In the BM of Pt1, the entire nucleated cell population and a
fraction of CD34+ cells exhibited extremely low levels of vector inte-
gration (Figure 4C). Pt1 displayed vector integration in 4.5% of all
nucleated cells and 1.73% of CD34+ cells. Although Pt2 had a higher
12 Molecular Therapy: Methods & Clinical Development Vol. 6 Septemb
ratio of vector integration in all nucleated cells (6.6%), the patient’s
CD34+ cells displayed no vector integration. Based on these results,
both patients displayed long-standing engraftment of gene-trans-
duced HSCs in BM at a remarkably low level.

Calculation of Vector Copy Numbers in the Population of Gene-

Transduced Cells

We also determined the vector copy number (VCN) restricted to the
fraction of transduced cells (tVCN) of the target population based on
the ratio of vector-positive cells by sc-ddPCR and the average copy
number in genomic DNA (aVCN) via conventional ddPCR, as
described in the Materials and Methods. For the preliminary experi-
ment using cell lines, we also prepared K562 cell clones with various
numbers of copies (one, two, four, and five) of the vector sequence.
K562 cell samples serially diluted with these cells were assayed
regarding the ratio of vector-positive cells and the aVCN by sc-
ddPCR and conventional ddPCR, respectively. In most spiked sam-
ples, the copy number was almost correctly calculated on the basis
of these measured values in accordance with the pre-determined
actual copy numbers (Table S4).

Using this method, we measured the tVCNs in the sorted fractions
from PBMCs and BM. Interestingly, in the PBMC samples, whereas
T cells displayed the integration of approximately one copy, more
integrated vectors were detected in the vector-positive fractions from
B and NK cells (Figure 5; Table 2). These results revealed that lower
numbers of integrated vectors could provide a selective advantage to
T cells, whereas B and NK cells, even with greater vector integration,
could not expand predominantly over the non-transduced cells.

DISCUSSION
In hematopoietic SCGT, nonmyeloablative conditioning with
busulfan has been performed to secure the BM niche for gene-trans-
duced cells since a report by Aiuti et al.6,17,19 By contrast, our patients
did not receive preconditioning therapy, and they exhibited partial
and temporal immune reconstitution.18 We also reported that one
of the patients later began to display gastrointestinal distress and fail-
ure to thrive, likely caused by incomplete immune recovery.20 Genetic
and cytological analysis of the engraftment of gene-transduced cells
was therefore imperative for evaluating the efficacy of treatment
and assessing the influence of the protocol on their engraftment,
but this was extremely difficult using conventional approaches.

Determining transduction efficiency at the genomic level has
commonly been performed by PCR using genomic DNA samples af-
ter whole-genome amplification from a single cell13 or colony-PCR
using DNA from colony-forming cells.21,22 Although qPCR is effec-
tive for analyzing patients’ genetic characteristics after gene therapy,
there are some technical difficulties associated with a single-cell assay.
A novel technology, ddPCR, was recently developed to enable the ab-
solute quantification of nucleic acid target sequences. PCR with a
TaqMan probe is performed within each droplet containing frag-
mented DNA, and the presence of the target gene is determined by
counting the number of fluorescent signal-positive droplets.23–25
er 2017



Figure 4. Droplet-Based Single-Cell PCR Analysis of

Peripheral Blood and Bone Marrow Samples from

Patients

Droplet-based single-cell PCR (dsPCR) was performed

using samples from two patients. (A) Immunological char-

acterization of peripheral blood and bone marrow samples

from patients via FACS analysis. Percentages of CD3+

T cells, CD56+ NK cells, and CD19+ B cells in lymphocytes

are shown in the bar chart. Bonemarrow samples were also

analyzed for CD34 expression. (B) Ratios of vector-positive

cells in the whole PBMC and sorted fractions. PBMC

samples from patients were sorted via FACS into CD3+

T cell, CD56+ NK cell, and CD19+ B cell fractions, and each

cell fraction and all PBMCs were encapsulated into drop-

lets. The ratio of vector-positive cells was determined

by single cell-based digital droplet PCR (sc-ddPCR). Data

were pooled from three independent experiments for each

patient. (C) Bone marrow samples after lysis of red blood

cells were also sorted and analyzed for the presence of the

vector c sequence (whole bone marrow cells, CD34+ cells).

For each sample, sc-ddPCR was conducted in triplicate.
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Based on this strategy, we established a new method for the absolute
quantification of cells expressing the target gene. This novel system
enables the direct detection of a target gene in a single cell without
the extraction and amplification of genomic DNA. In establishing
the strategy, we had some difficulties to overcome because the entire
process from cell lysis to PCR amplification should be conducted
within droplets. Inhibitors released from human blood cells such as
lactoferrin26 can inhibit direct PCR, and the target gene had to be
amplified in the presence of these undesirable substances from lysed
cells. Encapsulation of a single cell is another key factor for an accu-
rate evaluation, because multi-cell encapsulation may lead to under-
estimation of the values. Increasing the PCR polymerase concentra-
tion and applying a low number of cells (2,000 cells) can provide
precise amplification of the signal andmake detailed analysis possible,
even in small-scale cell samples.

The sc-ddPCR method enabled the detailed mapping of gene-trans-
duced cells and revealed their complicated distribution in the specific
Molecular Therapy: Methods & C
cell fractions of patients’ PB and BM samples. The
results in both patients demonstrated the selective
potential of ADA-positive cells over non-trans-
duced cells in the T cell population. Pt2 received
T cell-mediated gene therapy with the g-retro-
virus vector LASN prior to SCGT,27 which could
potentially explain the slightly lower levels of vec-
tor integration in T cells, as our primers and probe
could not detect the LASN sequence. Meanwhile,
lower ratios of vector-positive cells were detected
in other cell fractions from PB and BM.

Remarkably, a small number of gene-transduced
cells remained in the BM CD34+ cell population,
which suggests that the circulating vector-posi-
tive cells in our patients are derived from the small population of
“stem cells” in BM or from the differentiated precursors downstream
of the HSCs. This also indicated that even in gene therapy for SCID,
securing “space” in the BM niche was necessary for engineered HSCs
to engraft and differentiate into multiple lineages.

Calculating the tVCN is also important in assessing the risk of inser-
tional oncogenesis due to vector integration,28–30 because it has been
proposed that vector integration at a few copies per cell may reduce
the number of potential hits.31 Using the sc-ddPCR system, we calcu-
lated the tVCNs in the treated patients and revealed that the trans-
duced cells exhibited different levels of vector integration according
to the lymphocyte lineage. In the experiments using K562 cells with
various copy numbers (one to five copies) for evaluating this system,
although spiked samples with one-copy cells had a coefficient of vari-
ation (CV) of more than 0.1, the calculated values ranged from 0.7 to
1.4, which could be determined as “1,” and we concluded that the
calculated values reflected the actual copy number.
linical Development Vol. 6 September 2017 13

http://www.moleculartherapy.org


Figure 5. Difference in Vector Copy Numbers in Gene-Transduced Cells

between T Cell and Other Hematopoietic Lineages

Vector copy numbers (VCNs) in gene-transduced cells (tVCNs) were calculated for

CD3+ T cells, CD19+ B cells, and CD56+ NK cells. The transduced cells displayed

greater VCNs in B and NK cells compared to the value of approximately 1 in T cells

(two independent experiments for each patient).

Table 2. Vector Copy Numbers Limited to Transduced Cells in the

Peripheral Blood and Bone Marrow Samples from Gene Therapy-Treated

Patients

Peripheral Blood
(Third Sample) Bone Marrow

Patient 1 T Cell B Cell NK Cell Whole CD34+ CD19+

VCN in gDNA (aVCN) 1.34 0.84 0.16 0.06 NDb 0.04

Ratio by sc-ddPCR 1.00a 0.20 0.71 0.049 0.027 0.011

VCN/cell (tVCN) 1.34 4.2 2.3 1.2 ND 3.5

Patient 2

VCN in gDNA (aVCN) 0.97 NDb 0.21 0.03 ND 0.03

Ratio by sc-ddPCR 0.82 0.10 0.08 0.07 ND 0.01

VCN/cell (tVCN) 1.2 ND 2.61 0.4 ND 3.0

VCN, average VCN in the extracted genomic DNA; ND, not detected; tVCN, VCN in
the fraction of transduced cells.
aThe number of signals for vector c was slightly higher than that for RPP30. The actual
ratio of vector c to RPP30 was 1.006 (100.6%).
bThe aVCN measured in genomic DNA was lower than 0.005, and we could not calcu-
late the tVCN. Representative data are shown.
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Recently, ddPCR enabled the assessment of gene expression profiles
within a single cell by performing the RT reaction inside droplets.32

In combination with RT, sc-ddPCR has the potential to detect tran-
scription-active cells in the target population, and the difference in
ratios between the vector-positive and transcription-active cells theo-
retically denotes “transcriptional suppression” in gene-transduced
cells.

Overall, our novel system clarified vector integration in a single cell
without any complex procedures, such as genome extraction and
amplification, and single cell-based gene tracing allowed us to
comprehensively analyze the engraftment of vector-transduced cells
at the genetic level. Detailed information regarding the distribution
of transduced cells in gene therapy-treated patients can be strongly
advantageous for determining treatment strategies including condi-
tioning therapy in SCGT clinical trials.

MATERIALS AND METHODS
Generation of K562 Cells Carrying the GCsapM-ADA-Internal

Ribosome Entry Site EGFP Retroviral Vector

The original Molony murine leukemia virus (MoMLV)-based
g-retroviral vector GCsapM-ADA was described previously.33

A fragment of the internal ribosome entry site (IRES) and EGFP
cDNA was incorporated downstream of ADA cDNA (GCsapM-
ADA-IE). Virus supernatant was prepared by transfecting the 293
gpg packaging cell line34 with the resultant vector plasmid using
the calcium phosphate transfection method and was used to trans-
duce K562 cells. After cloning by limiting dilution, genomic DNA
was extracted from each clone, and VCNs were determined using
the QX200 ddPCR system (Bio-Rad Laboratories) with primers
and probes for vector packaging signals (c) and the internal refer-
ence gene RPP30.

Patients

The patients’ characteristics and detailed information about the
clinical trial were previously described.18 In brief, Pt1 and Pt2 devel-
14 Molecular Therapy: Methods & Clinical Development Vol. 6 Septemb
oped clinical symptoms at 15 days and 8 months after birth, respec-
tively, and they were treated with SCGT at the ages of 4.7 and
13.0 years, respectively. PEG-ADA treatment was withdrawn, and
no cytoreductive therapy was administered before SCGT in either
patient.

Separation of Cell Subsets from PB and BM

Mononuclear cells were separated from the PB samples of both
patients via density gradient centrifugation using Ficoll-Hypaque.
Nuclear cells were collected from BM samples via erythrocyte lysis.
Each immune phenotype subset was isolated by FACS using fluores-
cent-labeled antibodies (FACSAria II; BD Biosciences). The following
monoclonal antibodies were used for positive selection: anti-CD3
(T cells), anti-CD19 (B cells), and anti-CD56 (NK cells).

Design of Primers and Probes for Fluorescent PCR

The following primers and probes were used for detecting the retro-
virus packaging signal: retrovirus c forward, 50-gcaacctatctgtgtctgtcc
g-30; retrovirus c reverse, 50-ggtccgccagatacagag c-30; retrovirus c

probe, 50-/FAM/tgcgcctgc/ZEN/gtctgtactagttag/3IABkFQ/-30; RPP30
forward, 50-tccaggagggagaattga tg-30; RPP30 reverse, 50-atggtccgtctcag
gaaa tg-30; and RPP30 probe, 50-/HEX/tccctagg/ZEN/tggcctgagcag/
3IABkFQ/-30.

sc-ddPCR

The PCR reaction mixture consisted of a 20-mL solution containing
7.50 mL ddPCR supermix, the probe at a concentration of 0.5 or
1.0 mM, and 0.5 mM primers for the target c and RPP30. 4 mL
KAPA2G Hot Start DNA polymerase (KAPA Biosystems), 2.80 mL
KAPA2G Hot Start buffer and enhancer, and SDS (0.015% final)
were additionally applied to the mix, as described in Table S1. Sample
cells were directly added, and droplets were generated using the Bio-
Rad QX200 system following the manufacturer’s instructions. The
er 2017
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reactions were transferred to a 96-well plate for the PCR protocol
using a C1000 Thermal Cycler (Bio-Rad). The thermal cycling
program included the cell lysis step at 85�C for 60 min, initial dena-
turation at 95�C for 3 min, and 42 cycles of melting at 94�C for 30 s,
annealing at 60�C for 60 s, and elongation at 72�C for 60 s. After the
additional extension at 72�C for 10 min was completed, the 96-well
plate was transferred to a QX200 Droplet Reader (Bio-Rad) and
analyzed for the number of fluorescent-positive droplets. Detailed
information about the composition of the reaction and PCR program
is described in the Supplemental Information.

The ratio of vector-positive cells was calculated as follows:

Ratio of vector-positive cells= ðnumber of vector positive dropletsÞ=
ðnumber of RPP30-positive dropletsÞ:

Genomic DNA Extraction and Conventional ddPCR

Genomic DNA was extracted from sorted cell subsets using a DNeasy
Blood and Tissue Kit (QIAGEN) and then analyzed for vector c and
RPP30 copy numbers using multiplex ddPCR with standard proced-
ures. For K562 cell samples spiked with one-copy K562-AE cells, the
vector index was calculated as follows:

Vector index= ð2� number of vector-positive dropletsÞ=
ðnumber of RPP30-positive dropletsÞ:

An index of 1 indicated that all cells contained the provirus sequence,
meaning that each cell had two copies of RPP30 and one copy of vec-
tor c. The aVCN was calculated using genomic DNA extracted from
patients’ samples as follows:

aVCNðVCNs=cellÞ= ðnumber of vector-positive dropletsÞ=
ð0:5� number of RPP30-positive dropletsÞ:

Calculation of VCNs in Vector-Transduced Cells

tVCNs were determined on the basis of the ratios of gene-transduced
cells and aVCNs, calculated using sc-ddPCR and a conventional
ddPCR, respectively. The tVCN in each cell was calculated as follows:

tVCN= aVCN=ðratio of vector-positive dropletsÞ:
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