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Abstract

Artemis is a hairpin-opening endonuclease involved in nonhomologous end-joining and V(D)] recombination.
Deficiency of Artemis results in radiation-sensitive severe combined immunodeficiency (SCID) characterized by
complete absence of T and B cells due to an arrest at the receptor recombination stage. We have generated
several lentiviral vectors for transduction of the Artemis sequence, intending to complement the deficient
phenotype. We found that transduction by a lentiviral vector in which Artemis is regulated by a strong EF-1«
promoter resulted in a dose-dependent loss of cell viability due to perturbed cell cycle distribution, increased
DNA damage, and increased apoptotic cell frequency. This toxic response was not observed in cultures exposed
to identical amounts of control vector. Loss of cell viability was also observed in cells transfected with an
Artemis expression construct, indicating that toxicity is independent of lentiviral transduction. Reduced toxicity
was observed when cells were transduced with a moderate-strength phosphoglycerate kinase promoter to
regulate Artemis expression. These results present a novel challenge in the establishment of conditions that
support Artemis expression at levels that are nontoxic yet sufficient to correct the T"B~ phenotype, crucial for

preclinical studies and clinical application of Artemis gene transfer in the treatment of human SCID-A.

Introduction

NA DOUBLE-STRAND BREAK (DSB) REPAIR is essential for

the maintenance of genomic stability. Nonhomologous
end joining (NHE]) is the canonical pathway by which mul-
ticellular eukaryotic organisms repair DSBs, including insults
generated by alkylating agents, ionizing radiation, and breaks
generated by normal cellular processes such as recombinase-
activating gene (RAG)-mediated V(D)] recombination. The
NHE] cascade begins when the Ku70/Ku80 heterodimer
recognizes and binds a DNA DSB. Upon DNA binding, the
Ku heterodimer recruits DNA-dependent protein kinase
catalytic subunit (DNA-PKcs) to the break site (Yaneva et al.,
1997; West et al., 1998). Because the ends generated at a DSB
site are rarely compatible, DNA-PKcs subsequently recruits
and binds Artemis, which acquires endonucleolytic activity
recognizing 5 and 3’ overhangs (Ma ef al., 2002). After Arte-
mis digests the DNA overhangs, the break is repaired and
sealed by a heteromultimer of XRCC4 and DNA ligase IV
(Grawunder et al., 1997, 1998).

NHE] also plays a vital role in the rearrangement of im-
munoglobulin (Ig) genes and T cell receptor (TCR) genes
(van Gent et al., 1996; Zhu et al., 1996). This site-specific re-
arrangement process begins when the RAG complex, com-
posed of RAG-1 and RAG-2, is recruited to recombination
signal sequences (RSS) flanking each V (variable), D (diver-
sity), or J (joining) coding segment (Oettinger et al., 1990).
The RAG complex introduces a nick adjacent to each RSS; the
resulting 3’ hydroxyl group undergoes nucleophilic attack on
the antiparallel DNA strand to form a hairpin structure at the
coding ends (Roth et al., 1992; McBlane et al., 1995). The
Artemis:DNA-PK complex then endonucleolytically cleaves
the coding end hairpin and the DSB is processed and re-
paired through the NHE] pathway (Ma et al., 2002).

Deficiency of Artemis interrupts Ig and TCR gene re-
arrangement, resulting in a radiosensitive B"T"NK™ severe
combined immunodeficiency, designated SCID-A because of
the founder mutation occurring in Athabascan-speaking
Native Americans (Moshous et al., 2000, 2001; Li et al.,
2002). Artemis deficiency can be treated by allogeneic
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hematopoietic cell transplantation (HCT); however, allo-
transplantation often results in incomplete reconstitution of
B cell function and is also associated with complications
such as graft failure and graft-versus-host disease (O’'Mar-
caigh et al., 2001).

Genetic correction of autologous hematopoietic stem cells
(HSCs) could provide an alternative therapeutic approach
for SCID-A, thus avoiding the complications associated with
allogeneic HCT. Two independent groups have reported
correction of a SCID-A murine model, each using a lentiviral
vector encoding human Artemis ¢cDNA regulated by the
phosphoglycerate kinase (PGK) promoter for transduction
and transplantation of hematopoietic stem cells (Mostoslavsky
et al., 2006; Benjelloun et al., 2008). SCID-A animals receiving
HSCs transduced with PGK-regulated human Artemis dis-
played complete repopulation of both B and T cell com-
partments. However, Mostoslavsky and colleagues reported
that RAG-1-deficient animals receiving SCID-A HSCs
transduced with either cytomegalovirus (CMV)- or elonga-
tion factor (EF)-la-regulated human Artemis lentiviral vec-
tors were unable to repopulate B and T cells (Mostoslavsky
et al., 2006; Benjelloun et al., 2008).

Our laboratory has also generated several lentiviral vec-
tors expressing the human Artemis cDNA sequence, using
various promoters, with the intention of complementing
Artemis deficiency in vitro and in vivo. Upon characterization
of these vectors, we found that transduction by a lentiviral
vector in which Artemis is regulated by the strong EF-1«
promoter resulted in a dose-dependent loss of cell viability
that was not observed in cultures exposed to identical
amounts of control vector. This toxic effect was reproduced
in cultures transfected with the identical DNA construct,
ruling out the possibility of toxicity associated with lentiviral
transduction rather than Artemis expression. Mechan-
istically, Artemis overexpression was associated with an
increase in DNA damage as determined by comet assay, G;
arrest of the cell cycle, and a relative increase in the pro-
portion of apoptotic cells.

These results underscore the importance of regulating
Artemis expression in transduced cell populations and
present a novel challenge for effective correction of the B"T~
SCID-A phenotype. Establishment of conditions that provide
Artemis expression that is nontoxic and yet sufficient to
correct the T"B™ phenotype will be crucial for vector de-
velopment in preclinical studies using Artemis-deficient mice
and in clinical application to human SCID-A.

Materials and Methods
Lentiviral vectors

Lentiviral vector constructs were generated by standard
molecular technique based on the pCSII and pCSIIEG lenti-
viral vectors, both of which have been previously described
(Agarwal et al., 2006).

pCSIIEG/EPuro. The Streptomyces alboniger puromycin-
N-acetyltransferase gene was amplified by polymerase chain
reaction (PCR) from the pPUR plasmid (Clontech, Mountain
View, CA), using the following oligonucleotides: forward,
5-TCTGCTAGCCATGGCCGAGTACAAGCCC-3’; and re-
verse, 5'-GGCGACCGGTGGGGCACCGGGCTTGCGGG-3'.
The amplified product was cleaved with Nhel and Agel
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(recognition sites underlined in the oligonucleotide se-
quences) and then ligated into pCSII-EF-MCS (Agarwal et al.,
2006) to generate pCSIIEG/EPuro.

pCSII/EAIG. The murine Artemis cDNA sequence was
excised from pGEMT/mArt (Li et al., 2005) with NotI and
cloned into pCSII/EF1a-MCS (Agarwal et al., 2006) at the
Notl site to generate pCSII/EFla-mArtemis. The internal ri-
bosome entry site (IRES)-green fluorescent protein (GFP)
sequence was excised from pCSII/CMV-12G (Gori et al.,
2007) with Nhel and Xbal and cloned into the Xbal site of
pCSII/EFla-mArtemis to generate pCSII/EAIG.

pLL-ABiG. The CLP (CpG-less promoter) regulatory
element was excised from pCpG-free-mcs (InvivoGen, San
Diego, CA; http:/www.invivogen.com) as an EcoRI-Nhel
fragment and cloned between the EcoRI and Spel sites of
pKT2/CaL (Wilber et al., 2007), replacing the CAGS promoter
(chicken f-actin promoter/enhancer coupled with the cyto-
megalovirus immediate-early enhancer) to generate pKT2/
CLP-Luc. A 978-bp sequence containing the 511-bp human
PGK promoter, a polylinker, and a 442-bp rabbit f-globin
polyadenylation signal was excised from pKT2/PGK-pA by
digestion with Smal and EcoRV and inserted into the EcoRI
(blunt) site of pKT2/CLP-Luc to generate pKT2/BiL. This
vector was linearized with BgIII to allow for insertion of an
1165-bp BamHI-BamHI fragment encoding a direct fusion
between the blasticidin resistance gene (Bsd) and GFP
(Bsd:GFP; kindly provided by N.V. Somia, University of
Minnesota, Minneapolis, MN) to create pKT2/LuBiBG. This
plasmid was then digested with Ncol, eliminating the Bsd
coding sequence and reinserting the bidirectional promoter
as an Ncol fragment to produce pKT2/LuBiG. The murine
Artemis coding sequence was isolated as a SacIl fragment
from pGEM-T/mArt (Li et al., 2005) and cloned into pKT2/
LuBiG downstream of the PGK promoter between the EcoRI
(blunt) and EcoRV sites, replacing the luciferase coding se-
quence to generate pKT2/ABiG. The resulting sequence from
3'-Artemis-bidirectional promoter-GFP-5' was isolated as a
Sall (blunt)-Nhel fragment and inserted into pLentilLox
(Rubinson et al., 2003) between the Pcil (blunt) and Spel sites
to generate pLL-ABiG.

pOK/EF1a-hArtemis. pOK/EF1a-MCS lentiviral vector
was generated by restriction digest of pKT2/SE (Clark et al.,
2007) with Poull and Swal to excise a minimal plasmid
backbone containing the kanamycin resistance gene and the
ColE1 origin of replication. pCSII/EF1¢-MSC was digested
with Scal and Pmel, and then the long terminal repeat (LTR)-
to-LTR fragment was ligated into the minimal plasmid
backbone. The human Artemis cDNA sequence was excised
from pCMV-SCIDA (Li et al., 2002), cloned into the BssHI
restriction site of pSL301, excised with BamHI, and cloned
into pOK/EF1a-MCS to generate pOK/EFlo-hArtemis.

pOK/PGK-hArtemis. The human PGK promoter se-
quence was amplified by PCR from pKT2/PGKi template
(Clark et al., 2007) to include flanking Xmual restriction sites,
using the following oligonucleotides: forward, 5-AATA
TTCCCGGGTACCGGGTAGGGG-3; and reverse, 5-AATT
TACCCGGGACGTCCACGTCCAGCTTTC-3"  (recognition
sites underlined) and cloned into pOK/EFla-hArtemis at the
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Xmal restriction site, generated on excision of the EF-la
promoter sequence, to construct pOK/PGK-hArtemis.

Mammalian cell culture

Murine embryonic fibroblasts (Artemis wild-type
tMEFSCIDA ™/, heterozygous tMEFSCIDA ™, or deficient
tMEFSCIDA ~/~; Li et al., 2005), HEK 293T, and murine NIH
3T3 tk~ cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotic-antimycotic at 37°C and 5% CO,.

Preparation and titering of lentiviral vectors

Vesicular stomatitis virus envelope glycoprotein (VSV-G)-
pseudotyped vectors were generated by three-plasmid co-
transfection of HEK 293T cells as previously described
(Zufferey et al., 1997; Gori et al., 2007). Briefly, 24hr pre-
transfection, 1.4x10” HEK 293T cells were seeded into poly-
L-lysine-coated 15-cm® plates and cultured in DMEM
supplemented with 1% penicillin-streptomycin and 8% FBS
at 37°C with 5% CO,. Lentiviral vector plasmid constructs
were cotransfected with pANRF to provide lentiviral struc-
tural and enzymatic proteins and with pMD.G to provide
VSV-G. Twelve hours posttransfection, the medium was re-
placed with DMEM supplemented with 4% FBS. Viral su-
pernatants were collected 24, 36, and 48 hr posttransfection,
pooled, and then concentrated 100-fold by centrifugation at
23,000xg in a Sorvall RC5B centrifuge (Sorvall/Thermo
Fisher Scientific, Waltham, MA). Vector was resuspended in
Iscove’s modified Dulbecco’s medium (IM-DMEM). For
quantitation of vector titers, NIH 3T3 tk™ cells were trans-
duced with various amounts of vector in the presence of
Polybrene (8 ug/ml). Forty-eight hours later, the cells were
harvested for flow cytometry to determine the percentage of
cells expressing GFP. DNA was also extracted from the
transduced cells for TagMan-based real-time quantitative PCR
(Applied Biosystems, Foster City, CA), using a probe specific
for the integrated lentiviral strong stop sequence or a probe for
the GFP sequence (Gori ef al., 2007). After titering each vector,
copy numbers were determined in all the cell lines used in this
study (HEK 293T, NIH 3T3, tMEFSCIDA ™/, tMEFSCIDA"/~,
and tMEFSCIDA /™) and found to be comparable.

Western blot analysis

tMEFSCIDA ™/~ cells were transduced with Artemis or
control GFP vector at a multiplicity of infection (MOI) of
10. Forty-eight hours posttransduction, cells were sorted by
FACSDiva (BD Biosciences, San Jose, CA) and GFP-positive
cells were collected. Untransduced tMEFSCIDA™/*,
tMEFSCIDA™/~, and tMEFSCIDA™/~ cell cultures, and
transduced tMEFSCIDA™ ™ cell cultures, were subjected to
nuclear extraction according to Schreiber and colleagues
(1989). Briefly, cells were harvested by trypsinization, wa-
shed with phosphate-buffered saline (PBS), and then re-
suspended in ice-cold lysis buffer (10 mM HEPES [pH 7.9],
10mM KCl, 0.1mM EDTA, 0.1mM EGTA, 1mM dithio-
threitol [DTT], 0.5mM phenylmethylsulfonyl fluoride
[PMSF]). After a 15-min incubation on ice, 10% Nonidet P-40
was added, and the lysate was vortexed vigorously and then
cleared by centrifugation for 1min at 16,000xg. The super-
natant (containing the cytoplasm) was discarded, and then

867

the nuclei were resuspended in a second lysis buffer (20 mM
HEPES [pH 7.9], 0.4 M NaCl, 1mM EDTA, 1mM EGTA,
1mM DTT, 1mM PMSF) and vigorously rocked at 4°C for
20min. The nuclear extract was cleared for 5min by centri-
fugation at 16,000xg and the protein concentration was de-
termined by Bradford analysis as formulated by Bio-Rad
(Hercules, CA). Nuclear lysates (25 ug) were boiled in the
presence of 5x sodium dodecyl sulfate (SDS) loading buffer
(300 mM Tris [pH 6.8], 25% glycerol, 20% 2-mercaptoethanol,
10% SDS, 0.02% bromophenol blue) for 5min, electro-
phoresed through a 10% Tris-HCl polyacrylamide-SDS gel,
and transferred onto polyvinylidene difluoride (PVDF)
membrane, using a Bio-Rad Trans-Blot SD semidry system
for 25min at 12V. The membrane was washed in 1 x Tris-
buffered saline (1 M Tris [pH 7], 5 M sodium chloride) plus
0.05% Tween 20 (TBST), blocked for 1 hr with 5% milk (Bio-
Rad) in 1x TBST, washed again with 1 x TBST, and then
incubated overnight at 4°C with a rabbit polyclonal anti-
Artemis antibody (BioLegend, San Diego, CA) diluted 1:500
in 2.5% milk-1x TBST. After washing with 1 x TBST, the
membrane was incubated for 1hr at 4°C with a secondary
peroxidase-conjugated anti-rabbit IgG (whole molecule)
(Santa Cruz Biotechnology, Santa Cruz, CA), diluted 1:3000
in 2.5% milk-1x TBST. The signal was visualized with a
SuperSignal West Pico chemiluminescent substrate detection
kit (Thermo Fisher Scientific).

Hairpin-opening assay

Whole cell lysates were generated from MEF cells by
freeze-thawing four times and cleared by centrifugation at
25,000xg for 10 min in an Eppendorf microcentrifuge.

Assays were conducted in a 96-well format. Each reaction
consisted of 25 ug of whole cell lysate and 300nM hairpin
substrate brought to a final volume of 100 ul in reaction
buffer (25mM Tris [pH 8], 50 mM KCl, 10 mM MgCl,, 1 mM
DTT, bovine serum albumin [BSA, 50ng/ul], and 5mM
ATP). The hairpin substrate was generated as a 19-base
oligodeoxynucleotide (5'-TTTCGAGCTCATGAGCTCG-3')
modified at the 5 terminus by the fluorophore 6-carboxy-
fluorescein (FAM) and at the 3’ terminus by the quencher
6-carboxytetramethylrhodamine (TAMRA). At room tem-
perature a double-stranded, stem-loop configuration is pre-
dicted for this sequence, with a melting temperature (Ty,) of
72°C; once cleaved, the resulting product acquires a T, of
20°C and dissociates at room temperature, allowing for the
release of FAM from TAMRA with ensuing fluorescence at
494nm. FAM fluorescence was measured in real time at
room temperature with an Eppendorf Realplex thermocycler.
Realplex software was used to compile fluorescence readings
once per minute for each reaction. Initial velocities were cal-
culated by linear least squares and expressed as the change in
fluorescence per milligram of protein per minute. The amount
of substrate cleaved, expressed as moles per fluorescence unit,
was determined as the fraction of fluorescence assessed after
complete degradation of the hairpin substrate by DNase. Initial
velocities were then expressed as nanomoles of substrate
cleaved per milligram of protein per minute.

Comet assay

tMEFSCIDA ™/~ cells were transduced with lentiviral
vectors and 5 days later sorted for the GFP" population by
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FACSDiva separation. The comet assay was performed un-
der alkaline conditions as described by Olive and Banath
(2006). Briefly, a single-cell suspension of each population
was prepared and submerged in 1% low melting point
agarose at a concentration of 5x10° cells/ml. Each cell sus-
pension was smeared onto a microscope slide precoated with
a thin layer of 1% low melting point agarose and allowed to
gel for 5min. Slides were then fully submerged into Al al-
kaline lysis solution (1.2 M NaCl, 100mM Na,EDTA, 0.1%
sodium lauryl sarcosinate, 0.26 M NaOH [pH >13]) over-
night at 4°C in the dark. After lysis, slides were incubated
with A2 solution (0.03 M NaOH, 2mM Na,EDTA [pH
~12.3]) at room temperature three times for 20min each
time. Slides were then placed in an electrophoresis chamber
and fully submerged in fresh A2 solution. Electrophoresis
was conducted for 25 min at 20 V. Slides were removed from
the electrophoresis chamber, neutralized by washing with
distilled water, and incubated in staining solution (propi-
dium iodide, 2.5 ug/ml in distilled water) for 20 min. Fluor-
escent comet images were collected for each population
with an Axioplan 2 imaging system (200-fold magnification;
Carl Zeiss, Oberkochen, Germany). Images were analyzed
with CometScore 1.5 software (http://www.autocomet.com/
products_cometscore.php; TriTek, Sumerduck, VA), assigning
comet tail length in pixels.

Cell cycle analysis

3T3 cells transduced with EFla-hArtemis or control vector
EFlo-Puromycin were harvested 48 hr posttransduction and
stained overnight with propidium iodide as previously de-
scribed (Nicoletti et al., 1991). Briefly, 0.5x10° transduced
cells were harvested by trypsinization and pelleted at 377 xg.
Cells were resuspended in hypotonic fluorochrome solu-
tion (propidium iodide [50 ug/ml], 0.1% sodium citrate, 0.1%
Triton X-100 in distilled water) and incubated overnight at
4°C. Cell cycle distribution of transduced cell populations
was determined by flow cytometry with a FACScalibur (BD
Biosciences), with subsequent cell cycle analysis using
Flow]o software (Tree Star, Ashland, OR).

Apoptosis

3T3 cells were transduced with CSIIEG and EAIG lentiviral
vectors at increasing MOI. Twenty hours posttransduction,
cells were harvested by trypsinization and subjected to An-
nexin V staining, in accordance with the Annexin V-biotin
apoptosis detection kit protocol (BioVision, Mountain View,
CA). Briefly, cells were resuspended in 1x binding buffer and
incubated with Annexin V-biotin at room temperature for
5min. Cells were washed twice with binding buffer and then
incubated with avidin—peridinin chlorophyll protein (PerCP)
(BD Biosciences) at room temperature for 15min. 7-Amino-
actinomycin D (7-AAD) was added to samples immediately
before flow cytometry. The GFP-positive transduced cell
population was gated and analyzed for Annexin V (PerCP)-
and 7-AAD-positive cells.

Statistical analysis

Data were statistically evaluated either by unpaired Stu-
dent t test (hairpin-opening assays) or by analysis of variance
(ANOVA) (all other analyses), using Prism 4 software
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(GraphPad Software, San Diego, CA), with p <0.05 consid-
ered significant.

Results

Lentiviral transduction and expression
of the Artemis gene

To establish effective conditions for restoring Artemis ex-
pression by gene transfer, lentiviral vectors containing the
murine or human Artemis coding sequences were generated
(Fig. 1). Initial vector constructs were also engineered for ex-
pression of green fluorescent protein (GFP) to facilitate tracking
of transduced cells and quantitation of viral vector stocks by
flow cytometry. Lentiviral vectors were packaged by trans-
fection in human 293T cells as described in Materials and
Methods. Transduction of mouse NIH 3T3 cells was verified
48 hr after exposure to vector by flow cytometry for GFP ex-
pression and by real-time quantitative PCR. Expression of
Artemis protein was verified by Western blot analysis (Fig. 2).

We developed a hairpin-opening assay to evaluate Ar-
temis activity in cell extracts (Fig. 2). A 19-base oligodeox-
ynucleotide was designed to contain an internal stem—-loop
structure with a predicted melting temperature of 72°C. The
hairpin oligodeoxynucleotide was synthesized with a FAM
fluorophore at the 5’ terminus and a TAMRA quencher at
the 3 terminus. In hairpin configuration, FAM is quenched
by TAMRA; however, upon hairpin cleavage the double-
stranded molecule acquires a melting temperature of 20°C,
with subsequent strand dissociation at room temperature,
separation of FAM from TAMRA and fluorescence at

A EAIG IEF1a Artemis IlREs GFP
by >
B ABIG PGK | CLP | Artemis |
EF1a-hArtemis —) =
PGK-hArtemis [EF1a/lPGK Artemis |
>
C f;:‘E'g [EF1a [Puromycin/GFP

FIG. 1. Lentiviral vector constructs. Several lentiviral vec-
tors were constructed for analysis and complementation of
Artemis deficiency. (A) Lentiviral vectors engineered to ex-
press both Artemis and green fluorescent protein (GFP)
c¢DNA sequences for monitoring transduction. (B) Lentiviral
vectors constructed to express either the human or murine
Artemis cDNA sequence from either the elongation factor
(EF)-1o or phosphoglycerate kinase (PGK) promoter. (C)
Control lentiviral vectors that express either the puromycin
resistance gene or GFP regulated by EF-1a. CMV, cytomeg-
alovirus early promoter/enhancer region; U3/U5/R, unique
3’ /unique 5'/repeat regions of the HIV long terminal repeat;
¥, packaging signal; CPPT, central polypurine tract; WPRE,
woodchuck posttranscriptional regulatory element; IRES,
internal ribosome entry site; pA, polyadenylation signal;
CLP, CpG-less promoter. Arrows indicate sites and direction
of transcript initiation.
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FIG. 2. Analysis of Artemis expression in transduced cell populations. (A) Expression of Artemis protein was verified by
Western blot analysis (78 kDa) of nuclear extracts derived from tMEFSCIDA wild-type (+/+), Artemis heterozygous (+/—),
Artemis-deficient (—/—), and Artemis-deficient MEFs transduced with the ABiG lentiviral vector (—/—t) or the control

CSIIEG lentiviral vector (—

/—c). (B) Artemis activity was detected in a fluorescence hairpin-opening assay. Nuclear extracts

generated from tMEFSCIDA wild-type (+/+), Artemis heterozygous (+/—), and Artemis deficient (—/—) as well as Artemis-
deficient MEFs transduced at increasing multiplicity with ABiG lentiviral vector were assayed for hairpin opening activity as
described in Materials and Methods. 0, no lysate; —, not transduced. Each value represents the mean of three replicates + SD.

494nm. Increasing FAM fluorescence was monitored in real
time, using a Bio-Rad Realplex thermocycler as described in
Materials and Methods.

Extracts were prepared from murine embryonic fibro-
blasts wild-type, heterozygous, and deficient for Artemis,
and analyzed for hairpin-opening activity by increasing FAM
fluorescence. As expected, Artemis wild-type cell lysates
displayed greater hairpin-opening activity than did Artemis-
deficient cell lysates (Fig. 2). Extracts from Artemis heterozy-
gous cells exhibited an intermediate level of hairpin-opening
activity (Fig. 2). A background of hairpin-opening activity was
also observed in Artemis-deficient MEFs, most likely due to
the presence of other nucleases in whole cell extracts.

Artemis-deficient MEFs were then transduced with vari-
ous amounts of EFla-mArtemis lentiviral vector (Fig. 2). Cell
lysates were assayed for hairpin-opening activity, and, as
expected, transduction with Artemis vector at an MOI of 1
restored hairpin-opening activity to wild-type levels
(p<0.005 vs. Artemis-deficient [-/—] MEFs). Surprisingly,
exposure to greater amounts of Artemis vector resulted in a
reduced level of hairpin-opening activity in cell extracts
(p<0.01 for an MOI of 10 vs. an MOI of 5) (Fig. 2). One
potential explanation for this result is that the higher levels of
Artemis expression brought about by transduction at higher
multiplicity may have been toxic, resulting in loss of viability
among those cells expressing the highest level of Artemis.
We therefore tested the cytotoxic effect of Artemis over-
expression, as described below.

Artemis-mediated growth inhibition

To test the possibility that overexpression of Artemis leads
to a loss in cell viability, a dose-response experiment was

carried out in which 3T3 cells were transduced with various
amounts (MOI) of EAIG (Artemis) and CSIIEG (GFP control)
lentiviral vectors. Integrant copy number was well controlled
in this experiment because these vector preparations were
also titered on 3T3 cells by quantitative PCR (see Materials
and Methods). For five continuous days posttransduction,
cell populations were assayed for viability by trypan blue
exclusion, using a Vi-CELL (Beckman Coulter, Fullerton,
CA). Cultures transduced with CSIIEG remained viable in-
dependent of transduction at increasing MOI; however, a
dose-dependent decrease in cell survival was observed over
time in cultures transduced with EAIG at increasing multi-
plicity (p < 0.005 for EAIG vs. CSIIEG at MOIs of both 3 and
10) (Fig. 3).

Decreased cell viability in the preceding experiment could
have been the result of exposure to lentiviral vector at high
multiplicity (MOI, 10) as well as to Artemis overexpression.
To verify that the observed loss of cell viability was due to
Artemis overexpression, 293T cells were transfected with
increasing amounts of plasmid DNA EFloa-hArtemis or
control EFla-Puro (conferring resistance to puromyecin), and
cell viability was determined 4 days posttransfection by
trypan blue exclusion (Fig. 4). 293T cells were used to assess
growth response after Artemis transfection because of their
high transfection efficiency. Cultures transfected with in-
creasing amounts of Efla-hArtemis plasmid exhibited a sig-
nificant decrease in cell survival in comparison with cells
transfected with increasing amounts of EFla-Puromycin
plasmid (p <0.001), which had no effect on cell viability
(Fig. 4). These results confirm that the loss of cell viability
observed after lentiviral transduction was due to over-
expression of Artemis rather than to a toxic response to
lentiviral transduction.



870

A CSIIEG

% Cell Surv

140
1201
100
80 -
60 -
40 1
20

%o Cell Survival

FIG. 3. Cell survival response following Artemis trans-
duction. Murine NIH 3T3 cells were transduced at increas-
ing MOI using A) CSIIEG or B) EAIG lentiviral vectors as
indicated. Cell survival was assessed over time, plotted as
the percentage of cells surviving in control, untreated
populations. Each value represents the mean of three
replicates 4= SD.

If growth inhibition results from a high level of Artemis
expression in cells transduced with an Artemis expression
vector, this predicts that transduction with a vector in which
Artemis is regulated by a more moderate-strength promoter
will be less toxic. We therefore prepared a lentiviral vector in
which the human Artemis gene is regulated by the phos-
phoglycerate kinase (PGK) promoter, and compared the
effect of transduction with that of the EFla-regulated human
Artemis vector. The PGK promoter has been documented
to mediate gene expression at more moderate levels in
comparison with stronger promoter systems in the liver
(Mikkelsen et al., 2003; Wilber et al., 2005), and in several cell
lines including 293T and 3T3 as well as CD34" cord blood
progenitors (Ramezani et al., 2000; Schambach and Baum,
2007). Both EFla- and PGK-regulated human Artemis vec-
tors were used to transduce MEFs at various multiplicities of
infection; moreover, MEFs wild-type (+/+), heterozygous
(+/—), and deficient (—/—) for Artemis were used in this
study to ensure that cytotoxicity associated with Artemis
overexpression was not cell type or genotype specific (Fig. 5).
Cultures transduced with increasing amounts of the control
vector EFla-Puromycin retained cell viability, whereas cul-
tures exposed to increasing amounts of EFla-hArtemis dis-
played significant growth inhibition (p <0.001 for all three
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FIG. 4. Growth response after Artemis transfection. 293T
cells were transfected with increasing amounts of plasmid
EFlo-hArtemis or EFla-Puromycin, using the DNA-calcium
phosphate coprecipitation technique. Cell survival was as-
sessed 5 days later by trypan blue exclusion, expressed here
as the percentage of an untreated control cell population.
Each value represents the mean of three replicates & SD.

genotypes) (Fig. 5). Heterozygous MEFs transduced with
increasing amounts of PGK-hArtemis displayed a less dra-
matic growth inhibition compared with heterozygous MEFs
transduced with EFlo-Puromycin vector (p <0.05). More-
over, wild-type and Artemis-deficient MEF cultures trans-
duced with increasing amounts of PGK-hArtemis displayed
growth curves statistically indistinguishable from those of
cultures transduced with the EFla-Puromycin vector. These
data support the hypothesis that overexpression of Artemis
leads to decreased cell growth. The endogenous level of Ar-
temis expression (i.e., MEFs +/+, +/—, and —/— for Arte-
mis) did not appear to contribute to the cytotoxicity associated
with overexpression of Artemis after transduction.

Cellular responses to Artemis overexpression

To further characterize the cytotoxicity associated with
Artemis overexpression, we investigated several possible
cellular responses. Because Artemis is an endonucleolytic
DNA hairpin-opening enzyme, we tested for global genomic
instability by comet assay, conducted under alkaline condi-
tions. The comet assay has been used extensively as an as-
sessment of global DNA damage in cells subjected to nucleic
acid-damaging agents. Briefly, cells are exposed to damaging
conditions, suspended in low melting point agarose, and
lysed. Upon electrophoresis, highly fragmented DNA
migrates more rapidly through the agarose matrix than the
cell body, thus generating a smear that mimics the tail of a
comet. Exposure of cells to increasing concentrations of
damaging agents causes increasingly fragmented DNA,
which can be directly correlated with a longer comet tail.

Murine embryonic fibroblasts deficient for Artemis were
transduced at increasing MOI with either the control CSIIEG
vector or with EAIG, which expresses both murine Artemis
and GFP. Four days posttransduction, GFP-positive cells
from each transduced population were sorted by FACSDiva
and subjected to comet assay. GFP-negative cells were also
sorted from the EAIG-transduced (MOI, 1) population to be
used as a negative control. In cultures transduced with
EAIG, we observed a significant increase in comet tail length
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FIG. 5. The effect of promoter strength on Artemis toxic-
ity. The effect of promoter strength on Artemis toxicity
was assayed by transducing (A) tMEFSCIDA™/*, (B)
tMEFSCIDA ™, and (C) tMEFSCIDA ™/~ cells at increasing
MOI with EFla-hArtemis, PGK-hArtemis, and the control
vector EFla-Puromycin. To control for integrant frequency,
side-by-side titering experiments indicated a consistent copy
number between murine NIH 3T3 and tMEFSCIDA cell lines
by quantitative PCR (see Materials and Methods) for all three
vectors. Cell viability was assayed 5 days later by trypan
blue exclusion, presented here as the percentage of an un-
treated cell population. Each value represents the mean of
three replicates + SD.

that was vector dose dependent up to an MOI of 3 (p < 0.001
for EAIG- vs. CSIIEG-transduced cells) (Fig. 6). An increase
in tail length was not observed in cultures exposed to iden-
tical amounts of control vector. These data demonstrate that
overexpression of Artemis resulted in an increase in total
cellular DNA damage.

871

180
160
140
120 /
100
80

60 i %
40
20

Tail Length (px)

—&— CSIEG
-4 - EAlG

0 1 3 10 30
MOl

FIG. 6. Comet assay of genomic DNA damage. The comet
assay was performed on tMEFSCIDA ~/~ cells transduced with
either CSIIEG or EAIG. Transduced cells were collected by GFP-
positive cell sorting and subjected to alkaline comet assay as
described in Materials and Methods. Mean tail length +SD
(n=3) is plotted for Artemis-deficient MEFs transduced at
various multiplicities with EAIG and CSIIEG lentiviral vectors.

Because Artemis has been reported to play a role in the cell
cycle checkpoint response (Zhang et al., 2004), we conducted
cell cycle analysis of 3T3 cells transduced with increasing
amounts of EFla-hArtemis versus EFla-Puromycin. Cells
were harvested 48 hr after transduction; nuclei were stained
with propidium iodide and analyzed on a FACScalibur
using FlowJo software. Interestingly, after transduction with
a greater amount of Artemis vector, there was an accumu-
lation of cells in the G; stage of the cell cycle (Fig. 7). Cells
overexpressing Artemis thus appear to arrest at the G; phase
checkpoint, preventing progression to DNA synthesis. When
considered along with the results from the comet assay, these
data indicate that Artemis overexpression may be inducing
genomic DNA damage, resulting in cell cycle arrest at G;.

A potential outcome of Artemis-mediated DNA damage is
the induction of an apoptotic response. To evaluate apo-
ptosis in cells overexpressing Artemis, 3T3 cells were trans-
duced with CSIIEG and EAIG lentiviral vectors at increasing
MOI and after 20 hr stained with Annexin V and 7-AAD as
described in Materials and Methods. The GFP-positive
transduced cell population was gated and analyzed for An-
nexin V- and 7-AAD-positive cells. Both EAIG- and control
CSIIEG-transduced cell populations exhibited similar levels
of Annexin V single-positive staining (Fig. 8). However, the
EIAG-transduced populations contained increased propor-
tions of Annexin V/7-AAD double-positive cells (i.e., cells
undergoing apoptosis) (p <0.001 for EAIG- vs. CSIEG-
transduced cells). In addition, EAIG-transduced populations
contained significantly increased percentages of 7-AAD-
positive (Annexin-negative) cells (i.e., dead cells) (p <0.001
for EAIG- vs. CSIIEG-transduced cells). Along with our data
from the previously described comet assay and cell cycle
analysis, these results indicate that Artemis overexpression
induces genomic damage that ultimately induces apoptosis
and loss of cell viability.

Discussion

We found that Artemis overexpression by either transduc-
tion or transfection resulted in a dose-dependent cytotoxic
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FIG. 7. Effect of Artemis overexpression on cell cycle pro-
gression. NIH 3T3 cells were transduced with (A) EFla-
Puromycin or (B) EFla-hArtemis at increasing MOI and then
subjected to cell cycle analysis 48 hr later by flow cytometry
using propidium iodide (see Materials and Methods). (C)
The percentage of cells in G; of the cell cycle was determined
with Flow]Jo software.

response that was not observed in cultures exposed to iden-
tical amounts of control vector. On transduction with a lenti-
viral vector bearing an EFla-regulated Artemis gene, we
observed a direct correlation between overexpression and
genomic DNA damage, arrest in cell cycle at Gy, and apoptosis.
Interestingly, the observed toxicity was diminished when
the strong EFla promoter was replaced with a moderate-
strength PGK promoter, thus demonstrating the importance
of restricting the level of Artemis expression.

Because of the inherent nucleolytic nature of Artemis, it is
perhaps not surprising that increased expression levels may
generate a greater extent of nonspecific breaks, thus causing
genomic damage sufficient to trigger cell cycle arrest and
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FIG. 8. Induction of apoptosis in Artemis-transduced cells.
NIH 3T3 cells were transduced at increasing MOI with (A)
CSIIEG or (B) EAIG lentiviral vectors and then 20 hr later
stained with Annexin V and 7-AAD. Transduced GFP-
positive cells were gated to determine Annexin V binding
and 7-AAD staining in each population, expressed here as
the singly and doubly staining cells as a percentage of the
whole GFP™" cell population & SD (1n=3).

apoptosis. It has been well documented that mammalian
cells respond to DNA damage by activating cell cycle
checkpoints and if the damage is not sufficiently repaired,
arrest in cell cycle progression ultimately results in apoptosis
to prevent replication of severely damaged DNA (Kuerbitz
et al., 1992; Kastan and Kuerbitz, 1993). With these obser-
vations in mind, it becomes evident that achieving transgenic
expression of Artemis may present a challenge.

Deficiency of Artemis results in SCID-A, characterized by
complete loss of B cell and T cell function coupled with ra-
diation sensitivity (Moshous et al., 2001; Li et al., 2002). At
present, hematopoietic stem cell transplantation (HCT) is the
most effective treatment of SCID-A; however, there are sig-
nificant complications associated with HCT such as difficulty
in identifying an HLA-matched donor, graft rejection, and
graft-versus-host disease (O'Marcaigh et al., 2001). In addi-
tion, initial HCT studies reported that 11 of 12 SCID-A
children treated displayed T cell reconstitution but no B cell
reconstitution (O’'Marcaigh et al., 2001). Because of the failure
to reconstitute B cell immunity in patients with SCID-A after
HCT, there is a considerable need for novel therapies that
improve upon hematopoietic stem cell transplantation.
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Gene transfer is currently emerging as a feasible and real-
istic alternative to HCT for effective long-term treatment of
primary immunodeficiencies. Two independent studies have
reported correction of X-linked SCID by ex vivo transduction
of CD34™" hematopoietic stem cells, using a retroviral vector
expressing the common cytokine receptor y chain (common 7
chain) (Cavazzana-Calvo et al., 2000; Hacein-Bey-Abina et al.,
2002; Gaspar et al., 2004). Long-term engraftment of corrected
stem cells was observed in the majority of patients, ultimately
resulting in reconstitution of a functional lymphocyte com-
partment. In addition, successful long-term treatment of
adenosine deaminase (ADA)-deficient SCID by gene transfer
has been reported in which patients were infused with au-
tologous CD34" marrow cells transduced ex vivo with an
ADA-expressing retroviral vector (Aiuti et al., 2009). After an av-
erage of 4 years posttreatment, these patients have shown
evidence of stable engraftment, differentiation of transduced
cells, and immune reconstitution of functional T lymphocytes
(Aiuti et al., 2009). Clinical improvement of patients in these trials
for X-linked SCID and for ADA deficiency demonstrates the
potential effectiveness of gene transfer in the treatment of
primary immunodeficiencies in general, including SCID-A.

Cytotoxicity associated with overexpression of Artemis
after lentiviral transduction presents a challenge in the de-
velopment of gene transfer as a therapeutic approach to
correct SCID-A. Although sufficient Artemis expression will
be necessary in order to restore immune function, our results
suggest expression levels that trigger a toxic response will
need to be avoided. This supposition has been confirmed in
two independent studies that have reported correction of a
murine model of SCID-A by ex vivo lentiviral transduction of
hematopoietic stem cells (Mostoslavsky et al., 2006; Benjel-
loun et al., 2008). In both of these studies, the lentiviral vec-
tors successfully used for treatment contained the human
Artemis ¢cDNA regulated by the moderate-strength PGK
promoter. Optimally regulated Artemis expression would
replicate endogenous conditions, so to this end we have
isolated the human Artemis promoter region and are cur-
rently characterizing its expression in vitro and in vivo to be
used as a potential regulator of Artemis in future preclinical
studies (M. Multhaup, S. Gurram, K. Podetz-Pedersen, A.
Karlen, D. Swanson, N. Somia, P. Hackett, M. Cowan, and
R.S. Mclvor, unpublished data).

The importance of therapeutic gene regulation has been
exemplified in the case of gene transfer therapy for X-linked
SCID. To date, 5 of 20 patients treated for X-linked SCID
by gene transfer have developed clonal T cell outgrowth
resulting in leukemia, from which one child has died
(Hacein-Bey-Abina et al., 2008; Howe et al., 2008). Although
insertional activation of the LMO2 oncogene was reported in
three of the leukemic cases, overexpression of the common y
chain also likely contributed to these adverse events (Hacein-
Bey-Abina et al., 2008; Howe et al., 2008). It has subsequently
been demonstrated that overexpression of the common y
chain induces cellular proliferation that may have ultimately
been responsible for the T lymphocyte clonal outgrowth
(Amorosi et al., 2009).

Because allogeneic HCT in the correction of SCID-A has
shown to be sufficient for T cell repopulation but has not
been shown to support repopulation of the B cell compart-
ment (Moshous et al., 2001), there clearly is a need for im-
proved therapy. On the basis of its emerging success in the
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treatment of primary immunodeficiencies such as ADA and
X-linked SCIDs, gene transfer may also be developed for the
effective treatment of Artemis-deficient SCID. The results
presented in this study, showing that overexpression of Ar-
temis results in cytotoxicity, illustrate the need for regulated
Artemis gene expression as a critical component to thera-
peutic vector design for gene therapy of SCID-A.
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