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Comparative integrome analysis has revealed that the
most neutral integration pattern among retroviruses
is attributed to alpharetroviruses. We chose X-linked
chronic granulomatous disease (X-CGD) as model
to evaluate the potential of self-inactivating (SIN)
alpharetroviral vectors for gene therapy of monogenic
diseases. Therefore, we combined the alpharetroviral
vector backbone with the elongation factor-1a short
promoter, both considered to possess a low genotoxic
profile, to drive transgene (gp91°">) expression. Fol-
lowing efficient transduction transgene expression was
sustained and provided functional correction of the
CGD phenotype in a cell line model at low vector copy
number. Further analysis in a murine X-CGD transplan-
tation model revealed gene-marking of bone marrow
cells and oxidase positive granulocytes in peripheral
blood. Transduction of human X-CGD CD34% cells
provided functional correction up to wild-type levels
and long-term expression upon transplantation into a
humanized mouse model. In contrast to lentiviral vec-
tors, no aberrantly spliced transcripts containing cellu-
lar exons fused to alpharetroviral sequences were found
in transduced cells, implying that the safety profile of
alpharetroviral vectors may extend beyond their neutral
integration profile. Taken together, this highlights the
potential of this SIN alpharetroviral system as a plat-
form for new candidate vectors for future gene therapy
of hematopoietic disorders.

Received 21 August 2012; accepted 31 October 2012, advance online
publication 4 December 2012. doi:10.1038/mt.2012.249

INTRODUCTION

Chronic granulomatous disease (CGD) is a rare congenital immu-
nodeficiency disorder characterized by the inability of phagocytes
to eliminate ingested pathogens. The underlying cause of the dis-
ease is any of several mutations in the NADPH oxidase enzyme
complex resulting in deficient antimicrobial activity of phagocytes.
This multiprotein complex plays a pivotal role in microbial killing

by reducing molecular oxygen to superoxide, which subsequently
reacts to form reactive oxygen species (ROS). The genetic defect
renders the patient susceptible to severe, recurrent, and life threat-
ening bacterial and fungal infections, eventually leading to therapy-
refractory granuloma and abscess formation even under prophylaxis
treatment with antibiotics and antimycotics.! Allogeneic hematopoi-
etic stem cell transplantation is to date the only curative option for
patients with an human leukocyte antigen-matched donor, when
conventional care and therapy fail? In most cases (~65%) the
X-chromosomal CYBB gene encoding for gp91°", a subunit of the
NADPH oxidase, is affected (X-CGD).? Therefore, reconstitution of
oxidase activity by gene delivery of an intact gp91°"* to autologous
hematopoietic stem cells (HSCs) is a reasonable approach for the
treatment of gp91°™*-deficient patients lacking a suitable matched
stem cell donor. In 2004, our group initiated a phase I/II clinical
trial using a gammaretroviral, long-terminal repeat (LTR) driven
vector encoding for gp91°"**. Autologous CD34% cells were trans-
duced ex vivo and the genetically modified cells were re-infused
into two patients.* At first, a clear clinical benefit was observed as
revealed by the resolution of therapy-resistant lesions in lung and
liver. However, long-term observations revealed the occurrence of
clonal dominance and a steady decline in transgene expression due
to vector silencing. Furthermore, insertional activation of EVII led
to genomic instability and to myelodysplasia with monosomy 7 in
both patients.” Taken together with the outcomes of other clini-
cal trials for primary immunodeficiencies using LTR-driven gam-
maretroviral vectors (as reviewed elsewhere),® these serious adverse
events emphasize the need for new approaches for therapeutic gene
transfer with enhanced safety profile.

We report here on the evaluation of a recently developed
replication-deficient alpharetroviral self-inactivating (SIN) vector
with a split packaging system”* in the context of X-CGD as a para-
digmatic approach in hematopoietic gene therapy. Integration
site analysis had revealed that infection with avian sarcoma and
leukosis virus (ASLV), an alpharetroviral subfamily, results in a
relatively neutral integration pattern as compared with lenti-
and gammaretroviral vectors which show a high preference to
either integrate into the proximity of transcription start sites or
into active genes, respectively.”' Combined with the SIN design,
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the alpharetroviral vectors are expected to have a reduced risk of
insertional mutagenesis. In addition, alpharetroviruses are per
se replication-deficient in mammalian cells,” high titers can be
obtained and even transduction of nondividing cells has been
reported.”

Previous evaluation of SIN alpharetroviral vectors already met
most expectations: first, enhancer activity was abolished by the
SIN LTR configuration in a luciferase reporter assay.” Even more
importantly, in an in vitro immortalization assay Suerth et al.®
observed a reduced incidence of immortalized cells upon trans-
duction of lineage negative (Lin") murine bone marrow cells with
a SIN alpharetroviral vector expressing enhanced green fluores-
cent protein (eGFP). In addition, most of the immortalized cells
showed a reduced fitness in comparison with immortalized cells
arising from transduction with gamma- and lentiviral vectors.
In vivo evaluation of a SIN alpharetroviral vector driving eGFP
under the transcriptional control of the spleen focus forming virus
promoter (AS.SFFV.eGFP.PRE*) demonstrated not only the long-
term repopulation capacity of SIN alpharetroviral vector trans-
duced cells in a mouse transplantation model but also revealed
a favorable integration pattern as compared with lenti- and gam-
maretroviral vectors, with long-term maintenance of multilineage
transgene expression.® Besides the pivotal role of the integration
profile in determining the genotoxicity potential of integrating
vectors, aberrant splicing of cellular transcripts into the integrated
vector backbone has recently emerged as an additional cause of
adverse effects. In a B-thalassemia clinical gene therapy trial as
well as in a murine model aberrantly spliced products of endog-
enous transcripts fused to vector sequences led to either proto-on-
cogene upregulation or haploinsufficiency of a tumor suppressor
gene, respectively.'*'* Noteworthy, in most cases engagement of
splice sites within the leader sequence contributed to abnormally
spliced transcripts.'*'® The lack of canonical splice sites in the SIN
alpharetroviral vectors’ leader sequence may further contribute to
the safety profile of this type of vectors.”

Here, we demonstrate that SIN alpharetroviral vectors generate
high titers and stable gp91P"* expression, sufficient to functionally
rescue NADPH oxidase activity in the human X-CGD PLB-985
cell line as well as in primary murine and human X-CGD HSCs,
even at low vector copy numbers (VCN). In addition, no induc-
tion of aberrantly spliced transcripts upon intronic integration
was observed in PLB-XCGD cells. Transplantation of transduced
Lin~ bone marrow HSCs in a murine model of X-CGD resulted in
reconstitution of ROS-producing neutrophils in peripheral blood.
Myeloid differentiation of transduced primary human X-CGD
CD347 cells either in vitro or after transplantation into a human-
ized mouse model led to the reconstitution of gp91°h** expression
and NADPH oxidase activity in the range of wild-type cells. Taken
together, this report supports the application of SIN alpharetro-
viral vectors to rescue a monogenetic disease phenotype upon
transplantation of ex vivo modified HSC.

RESULTS

Vector design and efficient gp91°r"* expression in a
human X-CGD model cell line

To obtain an optimal SIN alpharetroviral construct providing sta-
ble and high expression of gp91°™*, we combined three previously
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described elements known to enhance transgene expression in
vitro and in vivo: first, we chose a codon-optimized transgene
(gp91s), which was shown to improve viral titers and expression
levels,'” thus reducing the number of vector copies required for
an effective functional rescue of CGD. For the same reasons, an
optimized posttranslational regulatory element (oPRE) devoid
of any open reading frames and X protein promoter activity was
placed downstream of the gp91™™™* coding region.' Finally, we
chose the human elongation factor-1o. promoter in its intronless,
240bp short version (EFS)" to drive transgene expression. This
regulatory element drives physiological expression levels without
perturbing the expression of genes proximal to the vector integra-
tion site.*"** Furthermore, the EFS promoter was shown to be less
prone to downregulation than other promoters within the context
of lentiviral vectors.”> We evaluated the performance of this SIN
alpharetroviral vector (AS.EFS.gp91s, Figure 1a) in comparison
with its corresponding SIN lentiviral vector analogue LV.EFS.
gp91s. Transduction efliciencies as well as vector titers were com-
parable between both constructs reaching 2.56 = 0.88 x 10® T.U./
ml (n =5) for AS.EFS.gp91s (LV.EFS.gp91s: 2.53 +0.49 x 108 T.U./
ml) as estimated after transduction of the human myeloid PLB-
XCGD cell line** (Supplementary Figure Slc online). The levels
of gp91Ph* expression, as estimated from the mean fluorescence
intensity (MFI), were similar for both vectors at comparable mean
vector copy numbers (0.39 £0.23 vs. 0.42 + 0.05 for AS.EFS.gp91s
and LV.EFS.gp91s, respectively) (Figure 1b) with an estimate
of more than 90% of the integrated copies expressing the gp91s
transgene (AS.EFS.gp91s 90.2 + 2.0% vs. LV.EFS.gp91s 91.1 +
5.9%; P = 0.88, Figure 1c and Supplementary Figure S1d online).
As expected, the percentage of gp91P'** expressing PLB-XCGD
cells and vector copy numbers increased with increasing multi-
plicity of infection (Figure 1d and Supplementary Figure Sla,b
online). Noteworthy, the mean fluorescence intensities (MFI) of
the gp91Ph* positive populations and hence the expression levels
were in the range of the parental wild-type cell line PLB-985, even
at low VCNs (Figure 1d). Analysis of transduced clonal popu-
lations obtained by limiting dilution revealed expression levels
independent of VCN and cell differentiation state (Figure le),
suggesting that maximal gp91P"** expression can be achieved with
a single AS.EFS.gp91s integrant.

Long-term expression of gp91°h° and functional
rescue of the CGD phenotype

Since a previous report implicated that retroviral delivery of
gp91Ph* was prone to silencing in PLB-XCGD cells,”® we moni-
tored alpharetroviral gp91Ph** expression in this cell line over 150
days. In order to minimize the risk of masking silencing due to
expression from several vector copies per cell, PLB-XCGD cells
were transduced at a low multiplicity of infection of 0.1 followed by
immunomagnetic sorting of gp91Ph**-expressing cells resulting in
a cell population with an average vector copy number of 1.3. Long-
term analysis of this population revealed stable expression levels
(MFI) and percentages of gp91Ph* positive cells (Figure 2a,b),
recapitulating similar observations made with an alpharetrovi-
ral vector expressing eGFP under the transcriptional control of
the EFS promoter.® Upon differentiation and phorbol myristate
acetate stimulation of the transduced and sorted PLB-XCGD cells

649



SIN Alpharetroviral Vector for X-CGD

© The American Society of Gene & Cell Therapy

a 5 ALTR PPT 3ALTR
g DRE
SIN-a. AU3 | R Jus EFS gp91s “ OPRE === AU3 | R |U5
Ll
5 ALTR cPPT PPT 3 ALTR
I,
b4 RRE
s | aus | R |us pt———EEETEFS 97 Horre ] aus | & fus
SD Agag SA r>| i
b c d PLB-XCGD ntd PLB-985 wt
n.s. 2503 0.1%] 250 3 89.9%
3 E| |
O undiff B Diff (P=0.879) 200 3 200 3 / MFI 4295
10,000 4 1009 o o, 1503 N 150
P=0.184 Te® 100 E g 100 1
I ! Ep 24 E
8,000 » 80 - 503 503 - E
L E Ry i -7 '
® 3 b
Q e Wﬁmﬁ*‘rﬂmﬂ'
+ 6,000 3 8 60 10° 10°  10*  10° 10° 10°  10*  10°
3 < o MOI 0.05
8 g 2 250 1.5%
= g 3
L 4,000 1 2 9 40 200 3 MFI
g 3 6049
150 : VCN
2,000 ¢ 20 -1 0.06
0 T o-—TT
Alpha Lv Apha LV 102 105 10° 10°
(17%) (21%) MOI 0.1 MOI 0.5
250 - | 11.8%| 2503 34.2%
200 {|MFI5258| 200 2 /| MF1 5478
/
150 | VCN VCN
e - 0.24 1.25
100,000 »
0O Undiff M Diff
r LR LB LELL DNURLE L B R L IIIIII T IIIIII| JIIIIIII IIIIIIII T
10,000 102 10°  10*  10° 102 10°  10*  10°
_ MOl 1 MOI 5
S 1,000+ 250 = - 66.2%
B 200 MFI 7133
150 VCN
100 4 1.91
100
R s0
»
10 v v v v T
VCN: 1 2 3 4 5 10°  10°  10*  10°
n=6 n=11 n=8 n=>5 n=2 gpg1DhDX

Figure 1 Vector constructs and gp91°"* expression in PLB-XCGD cells. (a) Schema of the self-inactivating (SIN) alpharetroviral (SIN-cr) and SIN
lentiviral (SIN-LV) proviruses used in this study. The transgene cassette contains the elongation factor-1o. promoter in its intronless, 240bp short
version (EFS) promoter and the codon-optimized gp91s and is followed by a woodchuck hepatitis virus posttranscriptional regulatory element
(oPRE). In addition, indicated are splice donor and acceptor site (SD and SA), Rev-responsive element (RRE), central polypurine tract (cPPT) and PPT,
the direct repeat element (DRE) for the alpharetroviral provirus and remaining viral gag-coding sequences (Agag) for the lentiviral construct. (b)
Human myelomonocytic PLB-XCGD cells transduced with either SIN alpharetroviral vector (alpha) or its SIN lentiviral (LV) analogue were subjected
to comparative expression analysis by flow cytometry (n = 3; mean + SD). Transduced populations were analyzed for MFI in the gp91P" positive
subfraction (MFI (gp911)) undifferentiated (undiff; CD11b") and after 8 days of myeloid differentiation (diff; CD11b™) in parallel. Mean percentages
of gp91°rhex positive cells upon differentiation are indicated below the corresponding bar’s label. (¢) Comparative analysis of effective transcription on
proviral level by a SIN alpharetro- or equivalent lentiviral vector. Transduced cell populations (n = 4) with varying percentage of gp91rh* expressing
cells were FACS-sorted into gp91°Ph>* positive and negative populations, and subsequently analyzed for vector copy numbers (VCN). To estimate the
fraction of transcriptionally active proviral integrations, the VCN of the fraction expressing gp91°h* was set in relation to the corresponding cumula-
tive VCN of positive and negative fractions. (d) PLB-XCGD cells were transduced (td) with the VSV-G pseudotyped AS.EFS.gp91s vector at different
multiplicity of infection (MOI) as indicated. Percentage of gp91pP"* positive cells was determined 5 days post transduction (ptd) by flow cytometry.
Representative blots from flow cytometric analysis of transduced PLB-XCGD cells. Mean fluorescence intensities (MFI) of gp91rhex positive populations
were as indicated. Stained nontransduced (ntd) PLB-XCGD and PLB-985 wild-type (wt) cells served as controls. Mean VCNs were determined at day 7
after transduction by qPCR. (e) Clonal populations (n = 32) of AS.EFS.gp91s transduced cells established by limited dilution were grouped according
to VCN. Expression levels compared to PLB-XCGD control were determined as AMFI (mean + SD) by flow cytometry of either undifferentiated cells
(undiff; CD11b") or cells subjected to 8 days of differentiation (diff; CD11b).
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Figure 2 Long-term analysis of gp91Phe* expression and functional evaluation in PLB-XCGD cells. X-linked chronic granulomatous disease
(X-CGD) PLB-985 cells were transduced with AS.EFS.gp91s at a MOI of 0.1 and transgene expressing cells were enriched by magnetic sorting.
(a) Long-term analysis of gp91rrox expression levels (MFI) in sorted cells (filled symbols) as compared with that of wild-type PLB-985 cells (open
symbols). (b) Percentage of gp91rr* positive cells in the sorted population over time. (¢) Cytochrome C assay comparing superoxide production per
minute in transduced cells 5 weeks (ST) and 20 weeks (LT) after transduction. Superoxide production was compared with that of wild-type cells after
myeloid differentiation. Three individually differentiated populations were analyzed in duplicates. (d) Kinetics of cytochrome C reduction determin-
ing superoxide production upon PMA stimulation after 8 days of myeloid differentiation of PLB-XCGD ntd, PLB-985 and sorted PLB-XCGD td AS.EFS.
gp91s or LV.EFS.gp91s as indicated. Error bars = mean + SD. PMA, phorbol myristate acetate.

restoration of NADPH oxidase activity to levels similar to that of
the wild-type cell line (P = 0.498) were observed as assessed by
superoxide production over time in a quantitative cytochrome C
reduction assay (Figure 2c). Even after 150 day culture, no signifi-
cant changes in superoxide production (P = 0.645) were observed
in this population after differentiation and subsequent functional
analysis (Figure 2c). Taken together, the AS.EFS.gp91s vector not
only provides efficient transduction and long-term stable gp917he
expression but also complete functional rescue of the X-CGD
phenotype at low VCN in a model X-CGD cell line in vitro.

We also assessed the performance of the SIN alpharetrovi-
ral vector in comparison with its lentiviral equivalent in terms
of functional activity. Therefore, we chose two sorted gp91°hst
cell populations with similar mean VCN (alpha: 1.27 vs. LV:
1.30; Supplementary Figure S1d online) and subjected them
to differentiation and subsequent cytochrome C assay. Both cell
populations revealed comparable kinetics for superoxide produc-
tion close to wild-type levels (Figure 2d). Superoxide production
in cells transduced with AS.EFS.gp91s was equivalent to that of
LV.EFS.gp91s transduced cells (5.3 vs. 5.5nmol/min 10° cells™,
respectively). Hence, the vectors were not only comparable in
terms of titer and expression levels, but also in terms of functional
activity.

Molecular Therapy vol. 21 no. 3 mar. 2013

Lack of aberrantly spliced transcripts in
alpharetrovirally transduced cells

Since aberrantly spliced cellular transcripts have recently been
detected caused by lentiviral vector integrations, we addressed the
occurrence of aberrant splicing in cells transduced with SIN alpharet-
roviral vectors. In contrast to lentiviral vectors, SIN alpharetroviral
vectors are devoid of canonical splice sites in the leader region,’
suggesting the absence of cellular exon-vector fusion transcripts in
cells transduced with these vectors. However, recent reports have
revealed that cryptic splice sites are also engaged in splicing leading
to aberrant cellular exon-vector fusion transcripts.'*'*** Therefore,
we analyzed the SIN alpharetroviral leader sequence in silico for
cryptic splice sites using the NetGene2 software (http://www.cbs.
dtu.dk/services/NetGene2/) as this procedure led to the identifica-
tion of cryptic splice sites in the leader region of lentiviral vectors
involved in aberrant splicing.”® In total, no splice donor and seven
cryptic splice acceptors with intermediate score (0.2 < score < 0.5)
were predicted within the alpharetroviral leader sequence (Table 1).
To identify potential aberrantly spliced transcripts in alpharetrovi-
rally transduced PLB-XCGD cells, a clonal population harboring
five well-defined intronic integrations was selected for this analysis.
A similar procedure was followed for the analysis of aberrant splic-
ing in lentivirally transduced cells (Table 2).
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Table 2 Intronic vector integrations in monoclonal PLB-XCGD

NetGene2 Vector Gene
score Aberrant orientation Integration site expression
Vector Name (>0.20)> Strand Sequence transcripts Vector Name Gene togene (UCSC browser?) (RT-PCR)
Alpha SAal 0.31 + ACCGTCGGAGA - Alpha Al MYB + chr6:135523691 +
GGAGCTCCAG A2 UBAC2 + chr13:99912281 —
SAa2 0.34 + TCGGAGGGAGA -
CTCCAGGGCC A3 MAML3 + chr4:140929380 +
SAa3 0.43 N GGAGCTCCAGA B A4 ZKSCAN2 + chr16:25262924 +
GGCCCGGAGC A5 ADAMTS17 - chr15:100728200 +
SAa4d 0.45 + GGGCCCGGAGA — LV L1  PSMD14 - chr2:162,214,323 +
CGACTGACCC L2 ZFAND2A - chr7:1,196,636 +
SAalr 0.25 - GATAGACGAGH - L3 HNRNPR + chr1:23,665,489 +
ACGGATGGAG
L4  ZNF655 + chr7:99,164,741 +
SAa2r 0.34 - CTCCCGATAGA -
ACGAGACGGA L5 ZFR + chr5:32,406,083 +
SAa3r 0.34 _ CCTCCACCAGA _ XI;:;tt’)ly UCSC Genome Browser on Human February 2009 (GRCh37/hg19)
GGTCATCGAA v
Lv SD1 0.83 + GCGGCGACTGA +
GTGAGTACGC transcripts originating from endogenous genes spliced to cryptic
SA2(C) 0.28 +  ATCGTTTCAGA + or canonical splice sites within the proviral leader sequences as
ACCCACCTCC described above. Transfected HEK293T cells served as positive
SA4(SA7) - + AAATCTCTAGA + control for this approach (Supplementary Figure S2e,f online).
CAGTGGCGCC

Lentiviral splice site nomenclature according to Moiani et al.'* and Cesana et al.'®
The strand in which the splice site is located is indicated by “+” for the positive
strand and “-” for the negative strand. Splice sites are indicated by “*” in the
sequence. Presence or absence of aberrant transcripts is indicated according to
RT-PCR.

2Highly confident acceptor and donor sites (H) = 95%; nearly all true acceptor
(donor) sites > 20% (50%).

First, we asked if the genes targeted by the integration of
alpharetroviral or lentiviral vectors were actively transcribed.
Using RT-PCR primers spanning exons flanking the integration
sites, transcripts were detected for all targeted loci with excep-
tion of A2 (Table 2; Supplementary Figures S2a,b online). For
the detection of cellular exon-vector fusion transcripts in trans-
duced cells RT-PCR primers spanning the upstream exon adja-
cent to the integration sites and the in silico predicted splice
acceptor sites for the alpharetroviral vector were selected, whereas
previously published primer sets® were used for the evaluation
of aberrant splicing in lentivirally transduced cells (Figure 3a,b;
Supplementary Table S1 online). In alpharetrovirally transduced
cells no cellular exon-vector fusion transcripts were detectable
(Supplemenatry Figure S2c¢ online). Using the same cDNA
sample, sustained expression of the targeted genes was confirmed
by PCR (Supplementary Figure S2a online), indicating that the
lack of exon-vector fusion transcripts was not due to inefficient
cDNA synthesis. On the contrary, cellular exon-vector fusion
transcripts were detected (and confirmed by sequencing) in all LV
integrants orientated in sense to the targeted gene (Figure 3b and
Supplementary Figure S2d online).

We then extended our analysis to polyclonal PLB-XCGD
populations. Therefore, we chose two transduced populations that
matched in VCN of either AS.EFS.gp91s or LV.EFS.gp91s (VCN:
2.92 and 2.94, respectively) after FACS sorting of gp91P™* posi-
tive cells. A 5’RACE was performed to recover aberrantly spliced
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In line with our previous findings, no RT-PCR products con-
taining cellular exons fused to alpharetroviral sequences were
found in AS.EFS.gp91s transduced cells whereas multiple cellu-
lar exon-LV fusion transcripts were identified in LV.EFS.gp91s
transduced cells (Figure 3¢ and Supplementary Figure S2g and
Tables S2-S4 online).

The abundance of lentivirally induced aberrant splice prod-
ucts recovered by these approaches as compared with the lack
of detectable cellular exon-vector fusion transcripts in SIN
alpharetroviral vector transduced cells indicate that the contri-
bution of the alpharetroviral vector backbone to splice-mediated
genotoxicity may be lower than that observed for lentiviral
vectors.

In vitro and in vivo expression of gp91°h>x and
functional analysis in primary murine X-CGD cells
Next we transduced murine Lin~ cells obtained from X-CGD mice
with AS.EFS.gp91s at a moderate multiplicity of infection of 15.
This resulted in 33% gp91P"* positive cells as measured 5 days
after transduction by flow cytometry (Figure 4a). Transduction
of hematopoietic precursors was confirmed by superoxide posi-
tive colonies in an nitroblue tetrazolium (NBT) assay obtained
after plating transduced cells in semi-solid media. The percent-
age of NBT-positive colonies matched with 35 + 6% (n = 4) the
initial gp91°hex expression in Lin~ cells (Figure 4a,b). Moreover,
five out of seven (71.4%) provirus positive colonies showed func-
tional reconstitution of superoxide activity (Figure 4c). The lack
of superoxide detection in the two vector positive colonies can
be explained by incomplete myeloid differentiation and/or low
gp91Pher expression. Please note that only 30% of the hematopoi-
etic colonies derived from wild-type mice showed superoxide
activity in this particular assay.

AS.EFS.gp91s transduced X-CGD Lin~ cells (CD45.2%) were
transplanted into five lethally irradiated Bl6.SJL recipient mice

www.moleculartherapy.org vol. 21 no. 3 mar. 2013
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Figure 3 Analysis of aberrant transcripts induced by self-inactivating (SIN) alpharetroviral or SIN lentiviral vectors by RT-PCR and 5'RACE.
(a and b) Monoclonal PLB-XCGD populations harboring either SIN-o. or SIN-lentiviral (LV) integrations in intronic genomic sequences were sub-
jected to RT-PCR for detection of aberrantly spliced transcripts. Schematical representation of proviral intronic integrations in sense orientation to the
affected gene for SIN-o. (@) or SIN-LV (b). Splice donor (SD) and acceptor sites (SA) mentioned in Table 1 are indicated. The internal promoter is
indicated by a thick black arrow whereas primers used for RT-PCR are drawn as narrowed black arrows (compare Supplementary Table $1 online).
The open arrow heads denote the primers used for positive control on gDNA together with the alpharetroviral primers used for detection of cellular
exon-vector fusion transcripts (compare Supplementary Figure $S2c online). Cryptic splice sites as defined in silico by the NetGene2 software are
shown above (sense orientation) or below (reverse orientation) of the proviral schemes. (b) Schematic representation of the aberrant splice events
between the cellular exon and the vector sequence are shown below the lentiviral provirus. The sequence of the retrieved fusion transcripts is shown
at the right (sequence centered at the exon—-vector fusion + 10bp). Exon sequences are in black, vector sequences are shown in white lettering.
Transcript labels according to Supplementary Figure $2d online. (c¢) RNA of polyclonal PLB-XCGD cells transduced with either AS.EFS.gp91s or
LV.EFS.gp91s and positively sorted for gp91prox expression was subjected to 5’RACE. Leader specific primers (alpha, LV) were used according to the
respective vector transduced. RNA derived from nontransduced PLB-XCGD served as negative control.

(CD45.1%) to evaluate the vector’s potential in an in vivo set-  subsets. Donor contribution to hematopoietic reconstitution was
ting. Ten weeks posttransplantation donor chimerism, lineage  high in peripheral blood, spleen, total bone marrow, and Lin~ cells
distribution, gp91P™* expression and functional reconstitution  with a mean of 87.2 £ 2.2% donor-derived cells (Supplementary
of superoxide production were determined in hematopoietic cell ~ Figure S3b online), while hematopoietic lineage distribution was
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Figure 4 Transduction of murine X-linked chronic granulomatous
disease (X-CGD) lineage negative bone marrow (BM) cells and
nitroblue tetrazolium (NBT) assay. (a) Lin- BM cells from gp91phex-
deficient mice were transduced 2 days after isolation with an MOI of
15 and analyzed for gp91rhx expression 5 days after transduction by
flow cytometry. (b) Individually transduced cell populations (n = 4;
mean + SD) were differentiated toward myeloid colony forming units
(CFU) in semi-solid methylcellulose in duplicates. After 10 days func-
tional analysis for ROS production was performed by a NBT assay upon
PMA stimulation. Count of NBT positive CFUs as well as total CFUs was
determined and set in relation to the total number of colonies in the
plates. (c) Genomic DNA was harvested from NBT positive and negative
CFUs (as indicated) and subjected to an alpharetro-provirus specific PCR
(176 bp) in parallel with a murine B-actin specific reaction (138 bp). Only
B-actin positive colonies are shown. PMA, phorbol myristate acetate.

analogous to that of control animals (Supplementary Figure
S3c online). Up to 27% of the peripheral donor granulocytes
(CD11b* and Gr-1%) were gp91#h* positive (mean 17.6  7.5%)
with a median vector copy number of 0.75 (Figure 5a). In accor-
dance, the percentage of oxidase positive donor granulocytes was
18.3 = 11.4% with a maximum of 34% as assessed by a dihydror-
hodamine (DHR) assay (Figure 5a). Therefore, the percentages
of oxidase positive granulocytes and gp91?h** expression in this
fraction directly correlated (R?* = 0.98; Supplementary Figure S3d
online). ROS production levels in myeloid cells as determined by
MEFI reached up to 20.2% of wild-type levels with a mean of 12.5
+4.2% (Figure 5b). Similarly, ROS production as determined by
the NBT assay was 44.5 + 20.5% from controls (Supplementary
Figure S4a online) with a good correlation between provirus pos-
itivity and ROS production (Supplemenatry Figure S4b online).
Furthermore, the fraction of rhodamine positive cells correlated
with the percentage of NBT* colonies (R? = 0.89; Supplementary
Figure S3e online).
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We also analyzed gp91Ph* expression in different hematopoi-
etic lineages as identified by surface markers (Supplementary
Figure S3a online). Noteworthy, gp91P™* expression in donor
cells was observed mainly in the myeloid compartment (granulo-
cytes and monocytes) in peripheral blood, spleen, and total bone
marrow (BM) with low expression levels in T- (CD3") and B-cells
(B220") (Figure 5c and Supplementary Figure S4c online). This
bias is consistent with previous in vivo data obtained with lenti-
viral vectors expressing eGFP driven by the EFS promoter.” In
addition, gp91P™* expression was also detected at low levels in
all committed progenitor populations of the BM, including the
L- ST K subset containing lymphoid progenitors (Figure 5¢ and
Supplementary Figure S4c online).

Rescue of X-CGD phenotype in human primary
X-CGD cells

To test whether our construct could also rescue gp91°"* expres-
sion and oxidase activity in primary human X-CGD cells, we
transduced CD347 cells obtained from an X-CGD patient with the
AS.EFS.gp91s vector. An initial transduction efficiency of 26.2%
was measured on day 3 as estimated by the number of gp91rhe:-
expressing CD34% cells (Figure 6a). This value correlated well
with a vector copy number of 0.37 measured on genomic DNA
isolated on day 10 after transduction.

Reconstitution of superoxide activity was estimated from meth-
ylcellulose colonies plated 2 days after transduction. Accordingly,
20% of the colonies derived from transduced CD34% cells
were found to reduce NBT to its insoluble tetrazolium derivate
(Figure 6b), whereas 68% of the colonies derived from CD34% cells
obtained from healthy donors were found to be NBT positive. Thus
compared with controls, 1/3 of the transduced X-CGD CD34*
derived colonies showed superoxide production at 1/3 VCN relative
to control cells. Upon differentiation of the transduced cells in lig-
uid culture in the presence of human granulocyte-colony stimulat-
ing factor we observed gp91Ph* expression in 17.4% of the CD11b*
cells with expression levels (MFI) corresponding to 75% of that seen
in wild-type cells (Figure 6¢). In addition, DHR and cytochrome C
assays were performed on day 24/25 of differentiation in liquid cul-
ture to evaluate the level of oxidase activity. At this time point, 7.2%
rhodamine123* cells in the CD11b"#"* fraction gave rise to super-
oxide production at levels corresponding to 67% of wild-type levels
(compare relative MFI of rho™ cells in Figure 6d). Noteworthy, a
subpopulation of rhodamine positive cells within the transduced
CD11bt cells (rho"#* fraction) showed a high capacity to oxidize
dihydrorhodaminel23 to rhodaminel23 to levels equivalent to
wild-type levels (MFI 61,106 vs. 61,017 for transduced vs. wild-type
cells, respectively; Figure 6d). These observations were confirmed
in a quantitative cytochrome Cassay. Human CD11b™ cells express-
ing gp91°** were found to generate superoxide at levels correspond-
ing to 53% of wild-type levels (wt = 3.8, X-CGD td AS.EFS.gp91s =
2.0nmol/min 10° CD11b*gp91*cells™!, Figure 6e).

In parallel, we transplanted human primary cells (wt, X-CGD
and AS.EFS.gp91s transduced X-CGD cells) into NSG mice on day
2 after transduction. Human CD341 cells were isolated from BM
8 weeks after transplantation and further subjected to granulocytic
differentiation before analysis. We observed 15.3% gp91°h** positive
human CD45tCD11b" cells, with expression levels corresponding
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Figure 5 Reconstitution of gp91r">* expression and NADPH oxidase activity in vivo. Alpharetrovirally transduced murine X-linked chronic granu-
lomatous disease (X-CGD) Lin- cells were transplanted into SJL recipient mice (n = 5) and analyzed 10 weeks after transplantation for gp91phex
expression by flow cytometry. Genomic DNA was isolated and vector copy numbers (VCN) was determined by qPCR. (a) Percentages of gp91rhe
expressing (gp91%; black) and oxidase positive (rho123%; white) granulocytes (CD11b* Gr-1%) in CD45.2% peripheral blood cells are plotted side
by side for each individual animal. Expression data was obtained by intracellular FACS staining and oxidase activity was measured in a FACS based
dihydrorhodamine assay by rho123 capture in granulocytes upon phorbol myristate acetate (PMA) stimulation. A control without PMA stimulation
is shown for animal #2. Mean VCN's are indicated for each animal. (b) The mean fluorescence intensities (MFI) of rho123* myeloid cells (CD45.2%
CD11b") are shown for wild-type (n = 2) and alpharetrovirally treated transplanted animals (n = 5). Nontransduced cells form gp91-/- mice (X-CGD)
serve as controls (n = 2). (c) gp91°">* expression in peripheral blood, spleen, and bone marrow subsets for animal #7 (black line) is shown in overlay
with the negative X-CGD control (gray). Only CD45.2% cells were considered for this analysis. Granulocytes (Gran; CD11*Gr-1%), Monocytes (Mono;
CD11%Gr-17), T-cells (CD3e™), and B-cells (B220*). CD45.2%, cells indicate overall expression in donor cells; Lin-, Scal-, cKit- (L"S-K-), committed
hematopoietic cells; L-S-K*: committed myeloid progenitors; L-STK": include early committed lymphoid progenitors; L-STK*: enriched for HSC and
multipotent progenitors; PB, peripheral blood.
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Figure 6 Phenotypic correction of human primary X-linked chronic granulomatous disease (X-CGD) cells by self-inactivating (SIN) alpharetro-
viral gp91¢* expression. (@) Human CD34" X-CGD cells were transduced with AS.EFS.gp91s one day after immunomagnetic enrichment. Transgene
expression was analyzed in CD34™" cells 3 days after transduction by surface staining (FACS). The transduced CD34* cells (black line) are shown in
overlay with the negative CD34*" X-CGD control (grey). (b) Functional reconstitution of superoxide activity in colony forming cells derived from trans-
duced CD34% cells were plated on methycellulose 2 days after transduction and superoxide activity was determined by the nitroblue tetrazolium (NBT)
assay. (c) Transduced CD34% X-CGD (black line) and control cells (X-CGD = light gray; wild-type = dark gray) were cultured in the presence of human
granulocyte-colony stimulating factor to induce myeloid differentiation and analyzed for extracellular gp91°h>* expression in CD11b™ cells. Analysis was
performed 10 days after transduction. (d) After 25 days of differentiation (day 28 after transduction) functional activity was assessed by intracellular
rhodamine123 (rho123) accumulation upon phorbol myristate acetate (PMA) stimulation by flow cytometry. Percentages and MFI of rho123% cells in
the CD11b"s"* subpopulations are indicated. (e) Superoxide production (day 27 after transduction) was also measured by cytochrome C reduction
upon PMA stimulation (n = 2). Values for AS.EFS.gp91s transduced cells are given relative to wild-type control (f) Transduced X-CGD CD34" cells as
well as control cells were transplanted into NSG mice 2 days after transduction. Eight weeks later CD34% cells were isolated from bone marrow by
magnetic sorting and cultivated in differentiating conditions for 3 weeks before analysis for gp91°hx expression by flow cytometry. The viable CD11b*
hCD45* subfraction is plotted for X-CGD (light gray), wild-type (dark gray) and transduced X-CGD cells (black line).
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to 56% of wild-type levels (compare MFI values) after a total of 11
weeks after transduction (Figure 6f). In conclusion, the AS.EFS.
gp91s construct provides expression and functional rescue of
X-CGD in human cells in vitro at moderate VCN and sustained
transgene expression in a relevant human xenograft model.

DISCUSSION
In this study, we evaluated the potential of the SIN alpharetroviral
vector system for the gene therapy of CGD. Although several vec-
tor systems have been already described for the treatment of this
disease,*? several features attributed to alpharetroviral vectors
compare favorable to other gene delivery systems including the
comparatively neutral integration site selection, the reduced risk
to integrate in actively transcribed genes and the low genotoxicity
potential as revealed by an in vitro immortalization assay. Further
in a murine transplantation model involving secondary transplants
with an eGFP expression construct (spleen focus forming virus
(SFFV) promoter) already showed the absence of clonal dominance
for alpharetroviral vectors. In this study, extensive analysis of inte-
gration sites in proximity to annotated cancer genes was performed
before and after primary and secondary transplantation revealing
only a few overlapping clones between the different integromes.
This meta-analysis did not provide any evidence for dominant
clones persisting between the different populations analyzed.”*
Furthermore, the lack of canonical splice acceptor and donor sites
within the leader region, including packaging signals may provide
an additional argument for selecting alpharetroviral vectors as gene
delivery vehicle as recent studies have shown that aberrant splicing
into or out of the lentiviral vector backbone may contribute to vec-
tor genotoxicity."**** Our data on clonal cell populations harbor-
ing five SIN alpharetroviral vector integrations in introns together
with our observation in polyclonal populations showed no evidence
for aberrantly spliced transcripts. In contrast, all sense-oriented
intronic lentiviral integrations led to aberrant fusion transcripts, in
line with the previous reports.'*'>* Therefore, the low genotoxicity
attributed to alpharetroviral vectors can now be explained by two
vector inherent characteristics, presumably acting in a synergistic
fashion: the almost neutral integration profile and the low risk of
aberrant splicing. However, extended high throughput analysis of
the transcriptome of alpharetrovirally transduced cells are war-
ranted to clarify if SIN alpharetroviral vectors are indeed devoid
of any cryptic splice sites. Nonetheless, our data indicate that SIN
alpharetroviral integrations in intronic regions are less likely to gen-
erate aberrant splice products than SIN lentiviral vectors and thus,
further encourage their evaluation for gene therapy applications.
For the construction of a suitable alpharetroviral vector for
X-CGD, we combined a codon-optimized gp91°"* transgene max-
imizing titer and transgene expression with the EFS promoter as
no in vitro immortalization of murine bone marrow cells has been
observed using this promoter in different vector contexts.®2%21%
In addition, neither in the episomal nor in the integrated context
the EFS promoter showed significant deregulation of surrounding
genes”***and this promoter hasalreadybeenincluded in gammaret-
roviral vectors®! for clinical trials (NCT01129544; NCT01175239)
addressing X-linked severe combined immunodeficiency and
has been proposed for lentiviral vectors to treat X-linked severe
combined immunodeficiency and Wiskott-Aldrich syndrome.?"**
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Based on these facts, we decided intentionally against the use of a
myeloid specific promoter, although highly promising candidate
promoters are available.?®*® The rationale of targeted expression
by specific promoters is to avoid transcriptional deregulation of
surrounding genes mainly in stem and progenitor cells and conse-
quently to avoid potential side effects as these cell populations are
more susceptible to insertional transformation than more mature
cells.*** In addition, tissue specific promoters may circumvent
transgene expression in cell populations, in which the transgene is
potentially toxic or just not required. For CGD, there is no experi-
mental evidence of toxicity related to ectopic gp91P"** expression
in this cell fraction (as reviewed elsewhere).* Nevertheless, since
gp91rhex expression does not seem to be required for stem cell
functions, a microRNA detargeting approach in combination with
the EFS promoter may be considered.’® For example, by including
the target sequence for miR-126, which is abundantly expressed
in HSCs but not in myeloid cells, EFS-driven gp91°"* expression
could be restricted to differentiated cells to avoid a potential toxic-
ity of the transgene in primitive progenitor cells.””

Transduction of PLB-XCGD cells with the AS.EFS.gp91s vector
yields high transduction efficiencies and wild-type expression levels
at low VCN. Furthermore, ~90% of integrated copies were found to
be transcriptionally active and the maximum of gp91°"* expression
could be accomplished with a single copy as shown by the analysis
of single-cell-derived clonal populations. In the murine transplanta-
tion model the mean numbers of gp91Ph**-expressing myeloid cells
ranged between 15 and 20% in peripheral blood and bone marrow
(Supplementary Figure S4c online), at a median VCN of 0.75.
Likewise, transduction of primary human X-CGD cells resulted in a
mean VCN of 0.37 leading to 17% detectable gp91°"* expression in
CD11b™ cells as assessed 10 days after transduction (Figure 6). As
it has been described for other retroviral vectors including lentivi-
ral vectors,* the discrepancy between VCN and gp91°** expression
suggests multiple integrants per cell or silent vector copies caused by
integration into heterochromatin and transcriptionally silent regions
rather than progressive vector silencing. The sustained expression of
gp91Ph* in vitro and in vivo as shown here, together with previous
data on secondary transplants of alpharetrovirally transduced BM
cells and our own colony assay studies, in which most of the ROS-
negative colony forming units-colonies lacked proviral integrations,
argue against the SIN alpharetroviral vectors being more prone to
silencing than other integrating vectors. This extends recent obser-
vations made with vectors expressing a marker gene (eGFP).?

At a vector copy number of 1.3 the AS.EFS.gp91s vector pro-
vided stable gp91Ph** expression and complete functional rescue in
PLB-XCGD cells as assessed by superoxide production in gp91rhot
enriched population, even after long-term culture over 150 days.
Therefore, our novel construct provides complete and stable rescue
of the X-CGD phenotype of a human model cell line that had been
shown previously to silence gammaretroviral vectors.” This encour-
aged us to further evaluate the vector’s potential in primary cells.
Transplantation of AS.EFS.gp91s transduced X-CGD Lin~ cells into
lethally irradiated recipients showed up to 34% of oxidase positive
granulocytes with a direct correlation between gp91Ph* expression
levels and superoxide production (R? = 0.98). Unexpectedly, gp91°he*
expression was high in granulocytes and monocytes but severely
reduced in lymphoid cells at comparable vector copy numbers
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suggesting a preferential expression of the EFS promoter in myeloid
cells. These observations might be either due to cell type specific
regulatory mechanisms in terms of RNA or protein stability, prefer-
ential gene transfer into myeloid progenitors, differential promoter
activity or a combination of these mechanisms. Our data on Lin~
cells in transplanted animals revealing expression in all progenitor
subsets at the same VCN as in the periphery argues against pref-
erential vector delivery to myeloid progenitors. Moreover, expres-
sion in B-cells of transplanted animals was only slightly above the
detection limits despite the fact that in wild-type B lymphocytes
gp91P is expressed.”” Therefore, the lack of gp917h* in B-cells of
transplanted animals cannot be explained by effects caused by the
cellular machinery conferring RNA and protein stability to gp91°he.
Our results rather suggest an enhancement of EFS promoter activity
in myeloid cells. In fact, the EFS promoter contains putative tran-
scription factor binding sites typically found in myeloid promoters
such as C/EBP in combination with SP1.2*® Similar observations
were reported in a recent study in which EFS-driven eGFP expres-
sion was also enhanced in murine myeloid cells as compared with
other leukocytes in the peripheral blood of transplanted mice.”” In
line with this, the EF1ct promoter has been shown to mediate higher
GFP expression levels in human CD14" myeloid cells derived from
bone marrow of transplanted NSG mice as compared with human
lymphocytes.*

The expression of gp91P'** was retained in myeloid cells derived
from transduced X-CGD CD34% cells in vitro and in vivo. From
initially 26% gp91#*>* expressing CD34™" cells transgene expres-
sion was retained in 17% of the CD11b™ cells derived thereof after
in vitro differentiation and in 15% of the CD11b" cells derived
from transplanted NSG animals. These values corresponds to 75
and 56% of the expression levels found in CD11b™ cells derived
from wild-type CD34™ cells in vitro and in vivo, respectively. This
was accomplished at a low VCN (£ 0.4) and provided oxidase
activity in the range of wild-type cells at the single cell level in
vitro (Figure 6d) and thus within the range expected to provide a
clinical benefit.****! Indeed, in a recent study comprising a total of
287 CGD patients (67.9% X-CGD patients), a strong association
between long-term survival and residual superoxide production
was observed.*” Accordingly, a survival benefit is expected even at
levels as low as 1% of normal superoxide production. Comparing
these results with our data obtained in the cytochrome C reduc-
tion assay, our absolute values are several fold higher than the
minimal levels used by Kuhns et al.** to define long-term survival.
From this analysis, we anticipate a significant survival benefit for
patients receiving an autologous transplant gene modified with
the SIN alpharetroviral vector described here.

In summary, our work reveals that functional correction of a
monogenetic disease to clinically relevant levels can be achieved
at low vector copy numbers with a SIN alpharetroviral vector and
highlights the potential of the alpharetroviral vector system for
gene therapy of hematopoietic disorders.

MATERIALS AND METHODS

Retroviral vectors and vector production. The alpharetroviral vector
transfer plasmid pAS.EFS.gp91s.0PRE was derived from pAS.EFS.eGFP.
PRE*.”® The transgene-wPRE cassette was substituted with the codon-op-
timized gp91s cDNA?' combined with the oPRE element® by excision from
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pAS.fes.gp91s.0PRE, a derivate of pSER11fes91-W,* using the restriction
sites Ncol and HindIII. For the lentiviral analogue a full cassette exchange
of EFS.gp91s.0PRE was performed by blunt-end ligation of the NotI and
HindIII digested insert into pHR".SEW after XhoI and EcoRI treatment and
subsequent blunting. All restriction enzymes were purchased from New
England Biolabs (NEB, Frankfurt, Germany).

Cell-freeviral supernatants were generated by transient co-transfection
on HEK293T cells as described before.” Briefly, the alpharetroviral
vector pAS.EFS.gp91s.0PRE (hereafter in proviral context referred to
as AS.EFS.gp91s), the alpharetroviral codon-optimized gag/pol helper
plasmid (pcDNA3.alpha.gag/pol.co) and as envelope plasmid pMD2.
VSV.G (Addgene plasmid 12259: pMD2.G) encoding the glycoprotein of
vesicular stomatitis virus (VSV-G) or pcoPEO1 (kindly provided by Axel
Rethwilm, Wiirzburg, Germany) encoding a modified prototype foamy
virus envelope protein (PFV env) were transfected in a molar ratio of
3:1:1 either by calcium phosphate in the presence of 40 mM chloroquine
or the polyethylene imine precipitation method according to standard
procedures. Viral supernatants were harvested 40 hours after transfection,
sterile filtered (0.22 um pore-size filter; Millipore, Schwalbach, Germany)
and concentrated by ultracentrifugation over a 20% (w/v) sucrose cushion
(50000g, 2 hours, 4°C). For resuspension, StemSpan SFEM serum-free
medium (StemCell Technologies, Grenoble, France) was used without
any supplements and collected supernatants were stored at —80°C.
Vector titers were determined in serial dilutions of viral supernatant by
spinfection (800xg, 30 minute, 32°C) of PLB-XCGD cells in the presence
of 4mg/ml protamine sulfate (Sigma-Aldrich, Munich, Germany) and
analyzed 4-5 days after transduction by flow cytometry (BD FACSCanto
I, BD FACSDiva 6.1.3 software, Becton Dickinson, Heidelberg, Germany)
applying the fluorescein isothiocyanate (FITC)-conjugated murine anti-
human gp91?** monoclonal 7D5 (MBL international no. D162-4).

Cell lines and culture conditions. The human X-CGD PLB-985 cell line was
derived from the PLB-985 myelomonocytic leukemic cell line in which the
CYBB gene encoding for gp91?"* was disrupted by homologous recombina-
tion.** Both cell lines and their derivatives were grown in RPMI 1640 (Gibco/
Life Technologies, Karlsruhe, Germany) complemented with 10% heat-inac-
tivated fetal calf serum (FCS; PAN-Biotech, Aidenbach, Germany), 4 mmol/l
L-glutamine and antibiotics (100 U/ml penicillin and 100 ug/ul streptomy-
cin; all from PAA Laboratories, Pasching, Austria). For long-term culture cell
populations were kept in 12-well culture plates, passaged every 3-4 days and
analyzed as indicated. HEK293T cells (ATCC) were cultured in Dulbeccos
modified Eagle’s medium (Gibco) containing identical supplements as stated
above. For granulocytic differentiation PLB-985, PLB-XCGD and deriva-
tives were individually cultured (n > 3) at a density of 2.0-2.5 x 10° cells/ml
in RPMI 1640 supplemented with 2.5 % heat-inactivated FCS, 4mmol/l
L-glutamine, 100 U/ml penicillin, 100 ug/ul streptomycin and 1.25% dim-
ethyl sulfoxide (Sigma-Aldrich) for at least 7 days. Differentiation status was
verified by expression of the marker gene CD11b (flow cytometry).

Immunomagpnetic selection of gp91°'*-expressing cells. For enrichment
of gp91rhr -positive cells transduced populations were incubated with the
gp91Phex-gpecific 7D5 antibody from hybridoma supernatant® and incubated
for 20 minutes at room temperature. After washing with phosphate-buffered
saline (PBS) supplemented with 0.5% bovine serum albumin, 2.5mmol/l
EDTA cells were resuspended in the same buffer containing GAM-IgG1
FITC (Jackson ImmunoResearch, Suffolk, England) and incubated for 15
minutes, room temperature. Following several washing steps, cells were
incubated with Anti-FITC MicroBeads and applied to the separation column
according to manufacturer’s instructions (Miltenyi Biotec GmbH, Bergisch-
Gladbach, Germany). Purity was assessed by flow cytometry.

Cytochrome C reduction assay. Individually differentiated cell popula-

tions were subjected to analysis in duplicates or triplicates. Cytochrome
C assays were carried out as described before* using a Spectra MAX 340

www.moleculartherapy.org vol. 21 no. 3 mar. 2013



© The American Society of Gene & Cell Therapy

reader (Molecular Devices, Sunnyvale, CA) and the SOFTmax Version 2.02
PRO software. The mean absorbance values of duplicates at 550 nm were
converted based on the extinction coefficient of cytochrome C: AE_, =
21 x 10°> mol/l/cm. All chemicals were purchased from Sigma-Aldrich.

Determination of viral vector copy number by real-time quantitative PCR.
Genomic DNA from different sources (cell lines, primary cells, peripheral
blood cells) was extracted using the DNeasy Blood & Tissue Kit (Qiagen
GmbH, Hilden, Germany). Real-time quantitative PCR to determine
VCN was performed using a Roche LightCycler 480 (Roche, Mannheim,
Germany) applying advanced quantification (LightCycler 480 Software
1.5.0, Roche) with a reference sample known to harbor one single vector
integrant in serial dilution (either human PLB-XCGD clone or murine
BAF3 clone). The gDNA templates of 20-50 ng per sample were mixed with
Roche LC480 Probes Master Mix (Roche). All samples were run in tripli-
cates. The primer sequences for viral copy determination (oPRE) were as
follows: forward, 5-ATTGCCACCACCTGTCAACT-3"; reverse, 5’ GCAA
CCTAGCCCCTGTCC-3". The FAM-labeled Universal Probe #95 (Roche)
was applied for detection. Either murine f-actin or human erythropoietin
receptor were used as internal reference as described previously.*

LM-PCR for vector integration site-mapping. Genomic DNA isolated
from clonal populations established by limiting dilution of transduced
PLB-XCGD cells was subjected to ligation mediated PCR (LM-PCR).*
Briefly, a Msel-adaptor (5'-GTAATACGACTCACTATAGGGCTCCGCT
TAAGGGAC-3" hybridized to 3'-GAGGCGAATT CCCTGAT-5"/phos-
phorylated) was ligated to 100-500ng of Msel (NEB) digested gDNA by
T4-Ligase (NEB). Following enzymatic clean up (MinElute Reaction Clean
up Kit, Qiagen) first and nested PCR (annealing at 55 °C, 25 cycles) was per-
formed applying the following primers: avian sarcoma and leukosis virus
LTR1: 5"-TACGTAGTGCCTAGCTCGATAC-3’; avian sarcoma and leu-
kosis virus LTR2-nested: 5'-ACGCCATTTGACCATTCACCAC-3"; HIV
LTRI: 5'-AGTGCTTCAAGT AGTGTGTGCC-3'; HIV LTR2-nested:
5'-GTCTGTTGTGTGACTCTGGTAAC-3"; Adaptor primer 1 (AP1):
5’-GTAATACGACTCACTATAGGGC-3"; Adaptor primer 2 (AP2):5'-AG
GGCTCCGCTTAAGGGAC-3". PCR products were subcloned applying
the TOPO TA Cloning Kit (Life Technologies) followed by Sanger sequenc-
ing. BLAT (UCSC Genome Browser; GRCh37/hg19) was used to map
genomic loci of the integrations sites, which were verified by integration
specific genomic PCR (primers: Supplementary Table S1 online).

Reverse transcription, RT-PCR and 5’RACE. Total RNA was extracted from
PLB-XCGD cells and derivatives using the RNeasy Mini Kit (Qiagen) with
on column DNasel digestion and 1.8 ug of RNA was subsequently subjected
to reverse transcription with random primers applying the RETROscript Kit
(Ambion, Darmstadt, Germany) according to the manufacturer’s instruc-
tions. For subsequent gene expression analysis by PCR on integration site
flanking exons and for primary PCR to detect cellular exon-vector fusion
transcripts 0.5 pl of cDNA was used as template according to standard pro-
tocols (55 °C annealing temperature; 30 cycles). A 1:50 dilution of the latter
primary PCR products was subjected to semi-nested PCR applying the same
conditions as before. Primers were applied as indicated in Supplementary
Table S1 online. PCR products were visualized by gel electrophoresis
(1% agarose gels) and either directly or after gel purification (QIAquick
Gel Extraction Kit, Qiagen) sent for Sanger sequencing (GATC Biotech,
Konstanz, Germany). Retrieved sequences were analyzed using SeqMan
Pro Software (DNASTAR, Madison, WI), the LALIGN Server (http://www.
ch.embnet.org/ software/LALIGN_form.html) and BLAT (UCSC Genome
Browser; GRCh37/hgl9). Primers for RT-PCR positive controls were
as follows: HGR 5-2: 5'-TACAGTCCTCACCCTGATGACCTTGA-3";
HGR3-2:5"-AAAGTATGCAGATCGCCTGGGAG-3";GAPDH-fw:5"-AG
CCACATCGCTCAGACACCATGG-3";GAPDH-rev:5"-GCCCAATACG
ACCAAATCCGTTG-3".

For 5’RACE 0.8 ug RNA (HEK293T: 0.4 ug) was reverse transcribed by
appling the SMARTer RACE cDNA Amplification Kit (Clontech, Mountain
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View, CA) according to manufacturer’s instructions with the exception that
the 5’RACE CDS Primer A was substituted by biotinylated vector leader
sequence specific primers (aDWSAf1 or DWLVSA1, 20 umol/l). After clean
up (MinElute Reaction Clean up Kit, Qiagen) vector specific cDNA was
purified by applying Dynabeads M-280 Streptavidin (Life Technologies)
and resuspended in 10pul H,O (100l for 293T derived cDNA) following
standard protocols. Double strand ¢cDNA synthesis and amplification
was performed by 20 cycles of PCR with the provided Universal Primer
A Mix (Clontech) and the adequate nested leader specific oligonucleotide
(aDWSAf2; DWcrypSA2). Following additional clean up as before, 1pl
PCR product was reamplified (35 cycles) by the Nested Universal Primer A
(NUP; Clontech) together with either aDWSAf2 or DWcrypSA2. Following
another clean up procedure to remove primers PCR products were shotgun
cloned into TOPO TA vector (Life Technologies) and positive clones
according to blue/white selection were sequenced by the Sanger method
(GATC Biotech). As positive control subconfluent 293T cells (100 mm dish)
were transfected with 5 pg of either transfer vector plasmid (pAS.EFS.gp91s,
pHR’.EFS.gp91s) by standard polyethylene imine method and cells were
harvested 30 hours after transfection for RNA isolation.

Isolation, culture and ex vivo transduction of primary hematopoietic
progenitor cells. Murine bone marrow cells were harvested from femurs
and tibias of gp91P"* knockout mice (X-CGD) or wild-type C57/Bl6 mice
as control at ~8 weeks of age. Lin~ progenitors were isolated using lineage-
specificantibodies (Lineage cell depletion kit; Miltenyi, Bergisch-Gladbach,
Germany). Lin~ cells were prestimulated at a density of 0.5-1.0 x 10° cells
per ml for 2 days in StemSpan medium (Stem Cell Technologies, Grenoble,
France) supplemented with 1% penicillin/streptomycin and the following
cytokines: 10ng/ml hFGF-acidic, 10ng/ml mSCF, 20ng/ml mTPO (all
from Peprotech, Hamburg, Germany), 20ng/ml mIGF (R&D Sytems,
Minneapolis, MN) and 1:1000 heparin (Ratiopharm, Ulm, Germany;
added 1 day after transduction).”” Transduction of murine gp91~~ Lin-
cells (X-CGD) was performed 48 hours after isolation at an multiplicity of
infection of 15 in the presence of 4 ig/ml protamine sulfate.

Human CD34-positive cells from cryopreserved G-CSF mobilized
peripheral blood of healthy or X-CGD donors were thawed and purified
using the human CD34 Microbead Kit (Miltenyi Biotec GmbH) according
to manufacturer’s instructions. For expansion cells were cultured in
X-VIVO-10 (Lonza, Basel, Switzerland), 1% penicillin-streptomycin
(PAA), 300ng/ml hSCF 300ng/ml hFLT3, 100ng/ml hTPO, 20ng/ml
interleukin-3. Following overnight prestimulation cells were transduced by
a 20-fold dilution of the PFV env pseudotyped SIN alpharetroviral vector.
Therefore, cells were plated at a density of 1 x 10° cells per ml in a 96-
well-plate in the presence of 4 pg/ml protamine sulfate and transduction
was supported by spinoculation (600xg, 30 minutes, 32°C). At day 2 after
transduction, cells were washed, resuspended in fresh medium and further
cultivated or transplanted. For granulocytic differentiation in liquid culture,
human CD34% derived cells were cultured in Iscove’s modified Dulbecco’s
media (Lonza) complemented with 20% heat-inactivated FCS, 4 mmol/l L-
glutamine and antibiotics (1% penicillin-streptomycin) in the presence of
50 ng/ml hG-CSE All cytokines were purchased from Peprotech (Hamburg,
Germany). The local Ethics Review Board of the University of Frankfurt
Medical School approved the use of these cells and informed consent was
obtained in accordance with the Declaration of Helsinki.

NBT assay. Primary cells were cultured in semi-solid methylcellulose media
(M3434 or H4433, Stem cell Technologies) supplemented with 10% Iscove’s
modified Dulbeccos media (Gibco) and 1% penicillin/streptomycin at a cell
number of 1,000 (murine) or 2,000 (human) per 35mm dish (duplicates)
either at day 2-6 after transduction or directly after isolation in case derived
from transplanted animals. After 10-11 days (murine) or 215 days (human)
thereof derived colonies were overlaid with 1 mg/mlNBT (Sigma-Aldrich) in
PBS supplemented with 2 pmol/l phorbol myristate acetate (Sigma-Aldrich).
After 25-40 minutes at 37 °C total colony count and number of NBT-positive

659


http://www.ch.embnet.org/
http://www.ch.embnet.org/

SIN Alpharetroviral Vector for X-CGD

colonieswere determined. Colonieswere pickedand DNA wasisolatedaccord-
ing to standard proteinase K lysis. PCR was performed applying the following
primers specific for SIN alpharetro-provirus and murine (-actin: alpha-
dU3for: 5’-CTCTTGTACGTAGTGCCTAGCTC-3’; alpha-PBSrev: 5'GG
CCGACCACTATTCCCTAAC3’; mPactin-fw: 5'-AGAGGGAAATCGTG
CGTGAC-3"; mPBactin-rev: 5’"CAATAGTGATGACCTGGCCGT-3".

Flow cytometry. For surface staining of the different hematopoietic lin-
eages of peripheral blood, total bone marrow, and spleen, erythrocytes
were lysed by incubating cells in BD Pharm Lyse Buffer (BD Pharmingen,
San Diego, CA) for 10 minutes at room temperature. Cells were washed
and resuspended in PBS and unspecific Fc-binding was blocked by the
addition of FcR blocking reagent (Miltenyi Biotech). The added antibodies
for surface staining are described elsewhere* except hCD45-PE (Miltenyi
Biotech). Dead cell exclusion was facilitated by the fixable viability dye
eFluor 780 (eBioscience, Frankfurt, Germany). After 20-30 minutes incu-
bation at room temperature in the dark, cells were washed, resuspended
in PBS and either analyzed or further subjected to intracellular staining
for gp91°h* detection (7D5-FITC; MBL international no. D162-4) apply-
ing BD Cytofix/Cytoperm (BD Biosciences) according to manufacturer’s
instructions. Data acquisition was performed on a BD FACSCanto II
flow cytometer and analyzed using BD FACSDiva 6.1.3 software (Becton
Dickinson) or FlowJo 9.4.10 software (Tree Star, Ashland, OR).

DHR assay. The DHR assays were performed as described previously.*
Briefly, washed samples (lysed blood or cultivated cells) were subjected to
surface marker staining in HBSS (Gibco) supplemented with 7.5mmol/l
D-Glucose, 0.5% bovine serum albumin, 2000 U/ml catalase (C3155) and
5ug/ml DHR123 at 37°C. Following incubation at 37°C for 10 minutes
phorbol myristate acetate was added to a final concentration of 0.2 umol/l
as indicated. Samples were further incubated for 15-20 minutes at 37 °C, the
reaction was stopped on ice and the fluorescence signal was recorded on a
flow cytometer (BD FACS Canto II), immediately. All chemicals were pur-
chased from Sigma-Aldrich.

Animals and transplantation. The gp91~'~ deficient mice (X-CGD; B6.129S6-
Cybb™Pn/J; CD45.2)," congenic B6.SJL-PtprcaPepcb/Boy] mice (Bl6/SJL;
CD45.1), wt C57/B6/N (Bl6; CD45.2), and NSG (NOD.Cg-Prkdc<I12rg "1/
SzJ]) were obtained from Jackson Laboratories (Bar Harbor, ME). Animal
experiments were approved by the regional council (Regierungsprasidium,
Darmstadt, Germany) and conducted in compliance with the local animal
experimentation guidelines. One day after transduction, transduced murine
BM Lin™ cells and wild-type controls (CD45.2™) were washed twice, resus-
pended in PBS and 10° cells were injected intravenously into lethally irradi-
ated (9.5 Gy) recipient Bl6/SJL mice (CD45.1™). Peripheral blood was drawn
and mice were sacrificed at week 10 after transplantation. Human CD34™
cells (0.5-1 x 10°) were washed twice and resuspended in X-VIVO-10
medium (Lonza, Basel, Switzerland) before intravenous injection into sub-
lethally irradiated (2.5 Gy) NSG mice on day 2 after transduction. Mice were
killed 8 weeks later, BM was isolated, subjected to human CD34% selection via
magnetic sorting (CD34 Microbead Kit; Miltenyi Biotec GmbH) and purified
cells were cultured in granulocytic differentiating conditions. Transplanted
mice were kept in individually ventilated cages and drinking water was sup-
plemented with 1.6 g/l neomycin for 2 weeks.

Statistical analysis. Experimental data is plotted as means * SD. Student’s
two-tailed t-test was performed for comparison of differences between
groups as indicated. A P value of <0.05 was considered significant.

SUPPLEMENTARY MATERIAL

Figure S1. Vector performance assessed by transduction efficiency
and VCN in PLB-XCGD cells.

Figure S2. Gene expression analysis of genes harboring intronic vec-
tor integrations and detection of aberrant splice events in monoclonal
and polyclonal PLB-XCGD cells by RT-PCR and 5’RACE.
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Figure $3. /n vivo evaluation in X-CGD transplantation model.
Figure $4. NBT assay on colonies derived from transplanted animals
and gp91°rhox expression data.

Table S1. Primers applied for integration specific PCR and RT-PCR.
Table $2. Summary of 5’RACE sequencing results.

Table $3. Aberrantly spliced cellular transcripts as detected by
5'RACE.

Table $4. 5'RACE sequencing results.
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