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Abstract

X-linked chronic granulomatous disease (X-CGD) is an inherited immunodeficiency with absent
phagocyte NADPH oxidase activity caused by defects in the gene encoding gp91P"X. Here we
evaluated strategies for less intensive conditioning for gene therapy of genetic blood disorders
without selective advantage for gene correction, such as might be used in a human X-CGD
protocol. We compared submyeloablative with ablative irradiation as conditioning in murine X-
CGD, examining engraftment, oxidase activity and vector integration in mice transplanted with
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marrow transduced with a gamma-retroviral vector for gp91P"°X expression. The frequency of
oxidase-positive neutrophils in the donor population was unexpectedly higher in many 300 cGy-
conditioned mice compared to lethally irradiated recipients, as was the fraction of vector-marked
donor secondary CFU-S12. Vector integration sites in marrow, spleen, and secondary CFU-S12
DNA from primary recipients were enriched for cancer-associated genes, including Evil, and
integrations in or near cancer-associated genes were more frequent in marrow and secondary
CFU-S12 from 300 cGy-conditioned mice compared to fully ablated mice. These findings support
the concept that vector integration can confer a selection bias, and suggest that intensity of the
conditioning regimen may further influence the effects of vector integration on clonal selection in
post-transplant engraftment and hematopoiesis.

Introduction

Inherited diseases of the hematopoietic system can be treated with autologous hematopoietic
stem cells (HSCs) genetically modified with gamma-retroviral vectors. Encouraging results
have accrued in recent clinical trials of gene therapy for X-linked Severe Combined Immune
Deficiency (SCID),1,2 adenosine-deaminase-deficient SCID,3 and chronic granulomatous
disease, an inherited defect in microbial killing.4 However, it is now recognized that vector
integration can disrupt cellular gene function, including activating effects mediated by
potent viral enhancers in gamma-retroviral long-terminal repeats (LTRS). Moreover, five
patients in X-linked SCID trials developed T cell leukemia in association with vector
insertion near the LMO2-proto-oncogene in four of the cases.5-8 Although leukemogenesis
in X-SCID is likely influenced by additional disease-specific factors,9,10 data emerging
from clinical trials as well as murine and non-human primate transplant models suggest that
integrations near proto-oncogenes can lead to nonmalignant clonal expansion due to
enhanced "cell fitness".4,11-16 With acquisition of additional mutations over time, these
integrations may be a risk factor for malignant progression.7,8,17 Hence, there is intense
interest in further characterizing the impact of vector integration on hematopoiesis following
gene transfer.9,18

Chronic granulomatous disease (CGD) is an inherited disorder of innate immunity in which
phagocytic leukocytes are unable to generate microbicidal oxidants due to mutations in any
one of four genes that encode essential subunits of the phagocyte NADPH oxidase.19
Approximately two-thirds of CGD results from defects in the X-linked gene encoding
gp91P9X a subunit of flavocytochrome bssg and the redox center of the oxidase. CGD is a
candidate disease for treatment using genetically modified HSCs,19 and in murine models of
X-linked and p47P"°%_deficient CGD, gamma-retroviral-mediated gene transfer into HSC
can correct neutrophil NADPH oxidase activity and improve the defects in host defense.19-
21 Since there is no intrinsic selection for gene-corrected cells in CGD, the development of
regimens that permit sufficient levels of engraftment yet decrease the intensity of pre-
transplant conditioning is also under investigation. Submyeloablative doses of irradiation or
chemotherapy are effective at enabling long-term engraftment of transduced HSC in murine
CGD, even though higher donor cell doses are needed and engraftment occurs in a more
competitive host environment compared to fully ablated marrow.22—-25
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A recent clinical trial in two adult X-CGD patients incorporated partially ablative busulfan
conditioning prior to the infusion of autologous CD34+ cells transduced with the
SF71gp91PhoX gamma-retroviral vector for expression of human gp91P"°X 4 A bicistronic
version, which is derived from the Spleen Focus Forming Virus (SFFV), showed high and
relatively sustained expression of gp91Pho* following transplantation of transduced cells in
ablated X-CGD mice.26 In the clinical trial, high initial levels of oxidase-positive peripheral
blood neutrophils (12-31%) were seen in the first five months, along with resolution of
chronic infections. This was followed by an unexpected further increase in the fraction of
gene-corrected neutrophils, although not associated with an increase in total neutrophil
numbers. Analysis of vector integration sites revealed sequential expansion of myeloid
clones harboring activating insertions in three growth-promoting genes, MDSI/EVI1,
PRDM16, and SETBP1. Both patients subsequently developed myelodysplasia with
Monosomy 7. (M. Grez, personal communication)

In the current study, we sought to compare submyeloablative with ablative irradiation as
conditioning prior to transplantation of SF71gp91Ph%-transduced marrow in murine X-
CGD. We examined long-term engraftment, correction of peripheral blood neutrophil
NADPH oxidase activity , and, because of an unexpectedly high frequency of oxidase-
positive neutrophils in some recipients, vector integration sites. We also conducted serial
transplants and monitored for clonal hematopoiesis and the development of leukemia. We
report for the first time that the intensity of host conditioning impacts on subsequent
behavior of hematopoietic clones following gammaretroviral transduction, transplantation,
and engraftment, which may be related to a competitive advantage associated with vector
integration.

Materials and Methods

Retroviral transduction and sex-mismatched transplantation of X-CGD murine BM

Two independent experiments were performed using 6 — 10 week old X-CGD male donors
and 8 — 10-week-old X-CGD female recipients. Bone marrow harvested from mice treated
three days previously with 5-fluorouracil was transduced with ecotropic envelope-packaged
SF71gp91P"ox 4 (Fig. 1A), and injected intravenously into paired cohorts of X-CGD mice as
shown in Fig. 1B (for further details, see previous studies21,26,27 and Supplemental
Materials and Methods). One cohort was conditioned with 300 cGy and transplanted with 8
x 106 or 5 x 106 cells per recipient in the first and second experiments, respectively. The
cohort was transplanted with 2 x 10° cells per recipient following lethal irradiation using a
split dose of 1100 cGy in the first experiment or single dose of 950 cGy in the second
experiment (Fig. 1B). Neutrophil NADPH oxidase activity, peripheral blood (PB) counts
and differential, and donor chimerism using FISH for the Y chromosome were monitored
post-transplant as described.23 Recipients were followed for = 6 months, except for 4
primary recipients (2 in each conditioning group) sacrificed at 5 months in the first
experiment. For serial transplants, BM was injected intravenously (2 x 108 cells per mouse)
into 3 — 5 X-CGD female recipients irradiated with 1100 cGy given as a split dose. In the
first experiment, BM from individual mice was transplanted into multiple secondary
recipients, whereas in the second experiment, marrow was pooled from 4 to 5 mice in the
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same cohort for secondary transplantation. Most tertiary transplants used pooled BM.
Necroscopy was performed on all mice, with gross examination of visceral organs, spleen
weight, and histology of spleen and BM (liver and thymus, if indicated). Il mice and/or
mice with an abnormal PB counts had marrow, spleen, and thymus immunostained for CD3,
B220, MPO, lysozyme and CAF. Animal experiments were approved by the [IUSM
Institutional Animal Care and Use Committee.

Southern blot analysis

Southern blot analysis of genomic DNA from spleen, secondary CFU-S12, and non-adherent
nucleated BM cells, which are 70 — 80% neutrophils, was performed similar to as described.
21,27 DNA was digested with Bgl 1l to analyze provirus marking or with BamHI to generate
junctional fragments (Fig. 1A). Southern blots were probed with a random-primed cDNA
from human gp91P°X 21 or a 460 bp PCR-amplified product of SRY, a Y chromosome gene.
Genomic DNA from C57BI/6J male mice served as template for primers Sry-8353 (5’-
CGTGGTGAGAGGCACAAGTTG-3’) and Sry-8812 (5’-
GTGGTGGTGGTGGTCATA-3").

Ligation-mediated (LM)-PCR and insertion site analysis

Approximately 250 ng genomic DNA was used as a template for LM-PCR, performed using
Tsp5091-digested DNA as described.11,28,29 For further details, see Supplemental
Materials and Methods. Retroviral-genomic junction sequences were submitted to SeqMap,
a web-based tool for mapping retroviral integration sites (RI1S).30 RIS were initially
identified by mapping to the UCSC (mm6 assembly) and Ensembl (version38.35) genome
databases. RefSeq transcripts within 300 kb of the BLAT31 hit were identified and ranked
by distance to the transcription start site using the Mouse Genome Informatics (MGI)
identifier for each transcript. Nearby gene assignments were then checked by hand to ensure
correct annotation.

Annotations for cancer-associated genes (CAG) were determined using the Retroviral
Tagged Cancer Genome Database (RTCGD)32 for common insertion sites (CIS) and the
Sanger Institute Human Cancer Gene Census Database.33 Significance for CAG enrichment
was calculated using the hypergeometric distribution as performed with the phyper function
in the R statistical analysis platform (http://www.gnome.org/projects/gnumeric/doc/
gnumeric-R.PHYPER.shtml).

Sequences in a transcriptome stem cell database (SCDb) 34 were mapped to mouse Refseq
using BLAST, with an E-value threshold set to E-50, and compared to recovered RIS using
the hypergeometric distribution, as above.

Functional analysis of genes located near RIS was performed by identifying over-
represented Gene Ontology (GO)35 terms in a data set relative to the annotation set of the
entire genome by the MGI Mouse-Genome-Database (revision 1.40). Significantly over-
represented terms were found by applying the hypergeometric distribution to all terms
annotated to genes in the group. The probability of a GO term X being annotated to a gene in
the group is found by:
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Where Kk is the number of genes in the cluster annotated with X, N is the number of annotated
genes in MGI, mis the number of genes in MGI annotated with X, and n is the number of
annotated genes in the group. GO terms were only considered if they were assigned to more
than two genes in the group (n > 2). To calculate a p-value for over-representation of a term,
we find this probability for annotation of k or more genes in the group:

phg(X):Zf(ZaNa m, ’Il) (Eq. 2)
i=k

Significant differences in GO term representation between two sets of genes were analyzed
using an unpaired, one-tailed Student’s T test.

Additional Statistical Analysis

The Student's T test and the Mann-Whitney non-parametric test were performed using Instat
3 for the MaclIntosh (GraphPad Software, La Jolla, CA).

Website URLs

USCS-Genome-Browser, http://genome.ucsc.edu. ENSEMBL-database, http://
www.ensembl.org.Mouse Retrovirus Tagged Cancer Gene Database, http://rtcgd.ncifcrf.gov
(accessed September 2007). Sanger Institute Human Cancer Gene Census Database, http://
www.sanger.ac.uk/genetics/CGP/Census (accessed February 2007). National Center for
Biotechnology Information. BLAST: Basic Local Alignment Search Tool, http://
www.nchi.nlm.nih.gov/BLAST. Gene Ontology Consortium, http://www.geneontology.org
(accessed December 2008). Mouse Genome Informatics Database, http://
www.informatics.jax.org.

Results

Donor chimerism and expression of gp91Ph°X following transplantation of SF71gp91Phox.
transduced marrow into 300 cGy and 950-1100 cGy-conditioned X-CGD mice

SF71gp91PoX_transduced BM from male X-CGD mice was infused into paired cohorts of
female X-CGD mice receiving either 300 cGy or 950-1100 cGy (Fig. 1), and as is typical in
submyeloablative regimens, 2.5 — 4-fold more cells were transplanted in the 300 cGy group
in order to achieve donor chimerism of ~50% in the recipients.23 Two independent
experiments were performed, with primary recipients generally followed for at least 6
months, and up to 14 months, prior to sacrifice and additional studies. A total of 24 primary,
40 secondary, and 46 tertiary recipients were studied (Table 1).

Chimerism for male donor leukocytes in primary recipients conditioned with 300 cGy was
similar in Experiments | and 11, and was 49 + 21% and 47.5 + 11% two months after
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transplant and 63 + 13% and 58 + 8 % by 4-5 months post transplant, respectively (N =4 -8
at each time point). These levels are in agreement with results in 300 cGy-conditioned mice
transplanted with a similar number of BM cells transduced with an MSCV-based retroviral
vector.23 In contrast, high dose irradiation (= 800 cGy) in mouse transplant models for gene
therapy produces donor chimerism of over 90%,36 which we confirmed in a previous study.
23

Expression of human gp91P"°% and murine p22Ph% in X-CGD neutrophils following
SF71gp91PhoX gene transfer was approximately half of that found in human neutrophils (Fig.
S1A). Superoxide production, when corrected in proportion to the fraction of oxidase-
positive cells, was comparable to wild type murine neutrophils (Fig. S1B). This level of
reconstitution is similar to that reported using a bicistronic SFFV vector expressing gp91Phox
and NGFR.26

As X-CGD neutrophils otherwise lack NADPH oxidase activity, reconstitution of
superoxide production was used to monitor for expression of vector-derived gp91Pho (Fig.
2). While donor chimerism in the recipients was similar (see above), there were different
levels of oxidase-positive neutrophils between the two experiments, likely representing
subtle differences in the transduction or transplant; we have observed similar variability
previously.21-24,26,27 Fluctuation in the level of vector-expressing cells over time was
also seen in some animals, particularly in Experiment I. Again, this has been observed in
previous studies.21-24,26,27 and likely represents cycling of different hematopoietic clones.

In the 950-1100 cGy cohort, the fraction of oxidase-positive neutrophils was 41 + 11% and
18 + 5% in mice studied at 5 — 6 months in the first and second experiments, respectively.
For the 300 cGy cohort, 60 + 14% and 14 £ 9 % of neutrophils were oxidase positive at 5-6
months. As neutrophils in the 950-1100 cGy cohort are expected to be almost all donor-
derived,23,36 the percentage of NADPH oxidase-positive neutrophils in this group directly
reflects the frequency of vector-transduced donor cells expressing gp91P"X. In the 300 cGy
cohort, even though only ~ 60% of neutrophils were of donor origin, the percentage of
oxidase-positive neutrophils was often similar to or higher than the lethally irradiated cohort
(Fig. 2). This indicates that the frequency of vector-expressing neutrophils within the donor
cell population in these instances was higher than for animals receiving lethal irradiation.
These unexpected results suggested a potential selective advantage for repopulation with
gene-modified cells in the setting of submyeloablative irradiation.

Vector marking of CFU-S12 derived from long-term primary recipients

Since reconstitution of NADPH oxidase activity reflects only transcriptionally active vector,
we evaluated vector marking by Southern blot. BM obtained from primary recipients at 8 —
11 months post-transplant was infused into lethally irradiated recipients to generate
secondary CFU-S12. Individual CFU-S12 represent a clonal population of multipotential
myeloid cells that are derived from long term repopulating cells by 6 months post-transplant,
37 and vector marking of secondary CFU-S12 is a well-established method to assess gene
transfer efficiency in primitive hematopoietic progenitors.38 In most animals, the percentage
of donor-derived neutrophils that were oxidase-positive was considerably less than CFU-
S12 vector marking (Fig. 3a), consistent with silencing of some integrants. This result also
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suggests that the decline in oxidase-positive neutrophils observed in some mice at late time
points (Fig. 2) was due to vector silencing rather than a decrease in vector-marked
hematopoietic cells.

Interestingly, a consistently higher fraction of vector-marked donor CFU-S12 were
recovered from 300 cGy-conditioned animals compared with the lethally irradiated cohort
(Fig. 3a). In aggregate, 67 + 12% of male secondary CFU-S12 present in the marrow of 300
cGy-conditioned recipients were vector-positive, compared to only 36 + 20% of CFU-S12
from lethally irradiated mice (Fig. 3b). This almost two-fold difference was statistically
significant (p < 0.02; unpaired T test), suggesting that engraftment of SF71gp91P"%%_positive
long-term repopulating cells was favored in the submyeloablated cohort. The number of
vector integrants in individual secondary CFU-S12 was determined by junctional fragment
analysis (Fig. 3c). For mice conditioned with lethal irradiation or with 300 cGy, the mean
number of integrants per CFU-S12 was 1.29 + 0.27 and 1.82 + 1.05, respectively (p = 0.18;
Mann-Whitney nonparametric test). Thus, the increased frequency of vector-positive CFU-
S12 in the 300 cGy cohort does not appear to be secondary to differences in the number of
integrants per CFU-S12.

Serial transplantation

For both sublethally and lethally irradiated primary recipients, we performed secondary and
tertiary transplants into lethally irradiated recipients. The level of donor chimerism was
monitored in recipients of marrow derived from 300 cGy-conditioned mice, and was
generally maintained, with 68.2 £ 18.9% (N =18), and 55.7 £ 29.9% (N =26) male
leukocytes detected in secondary and tertiary recipients, respectively. The percentages of
NADPH oxidase-positive neutrophils (data not shown) were also generally similar to the
primary recipient donors. We saw no evidence of a systematic decline in the frequency of
NADPH-oxidase-positive neutrophils with serial transplantation, as previously observed in
studies using other gamma-retroviral vectors for expression of gp91PhoX 21,26,27

Mice were monitored for hematologic malignancies and no abnormalities found in primary
and secondary transplant recipients (data not shown). However, 4 of 46 tertiary transplant
recipients developed T cell leukemia/lymphoma associated with splenic and/or thymic
enlargement (Table S1). One mouse expired before adequate samples could be obtained, and
two animals had malignant cells that appeared to be of host origin (Fig. S2 and data not
shown). However, leukemic spleen DNA was vector positive in a tertiary recipient
transplanted with cells derived from mouse A4 (300 cGy group in the first experiment),
(Fig. S2). Insertion site analysis from this animal is described below.

The fate of animal A16 (300 cGy cohort, Experiment 11) was of interest given the increasing
percentage of NADPH oxidase-positive neutrophils in the primary recipient (Fig. 2).
However, there was no histologic evidence of leukemic transformation in this animal, or in
secondary and tertiary recipients.

Retroviral integration sites in primary recipients of SF71gp91Ph%*-transduced marrow

Retroviral integration sites (RIS) in sublethally vs lethally irradiated recipients were
compared using ligation-mediated PCR (LM-PCR).29 In contrast to previous studies that
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utilized only spleen as the source of DNA for RIS analysis, we also evaluated non-adherent
bone marrow cells and secondary CFU-S12 as sources enriched for myeloid progenitors.
Sequences of LM-PCR amplified products were analyzed to identify genes within 300 kb of
the integration site (Table 2; Table S2). Identification of RIS relative to the number of bands
on LM-PCR was 58 * 14% and 78 + 21% for the 300 cGy and lethally irradiated cohort,
respectively. For the CFU-S12 samples, 65 — 72% of the junctional fragments were
recovered and mapped. These compare favorably to published recovery rates.11,12 RIS
clustered within +/- 5kb of the transcription start sites (TSS) and within RefSeq genes (Fig.
S3; Table 2, consistent with previous studies of gamma-retrovirus integration.11,12,39-41

In both 300 cGy and 950-1100 cGy cohorts, approximately half of RIS were found only in
spleen, ~ one-third found only in marrow, and the remaining detected in both marrow and
spleen (Fig. 4a). Interestingly, the mean number of insertion sites recovered from marrow
and spleen of each primary recipient was ~ 9 for both cohorts (Table 2), although donor
chimerism in 300 cGy-recipients was approximately 60% and vector copy number in
secondary CFU-S12 was similar in both irradiation groups. This result parallels the
increased frequency of vector-marked donor CFU-S12 in the 300 cGy-conditioned cohort.
We also identified a relatively greater number and diversity of insertion sites in secondary
CFU-S12 from the 300 cGy cohort compared to the 950 —1100 cGy group (Table 2; Table
S3).

Retroviral integration sites from primary recipients favor genes associated with cancer,
especially in 300 cGy-irradiated recipients

We determined the percentage of RIS that were in or near cancer-associated genes (CAG),
which represent 1.5% of genes in the murine genome (543 listed CAG genes/ 35,603 total
genes), in mice receiving submyeloablative or ablative irradiation. CAG included genes
listed as Common Insertion Sites (CIS) in the Retrovirus Tagged Cancer Gene (RTCGD)
database32 and/or in the Human Cancer Gene Census.33 Previous studies found that
gamma-retrovirus integration sites in transduced murine40 or human42 primitive
hematopoietic cells were enriched for proto-oncogenes, accounting for ~ 8% of insertion
sites identified, suggesting a bias occurs even prior to transplantation. Integration near proto-
oncogenes can also be associated with a selective advantage in post-transplant
hematopoiesis.9,18 A recent study using gamma-retroviral vectors reported that 15% of RIS
from lethally irradiated primary recipients involved CAG.12 In the current study, 11/71
(15%) of RIS from lethally irradiated recipient mice were similarly associated with CAG
(Table 2, Table 3). However, in the 300 cGy cohort, 24% (23/96) of insertions involved
CAG (Table 2, Table 3), suggesting an even greater bias in this group (p = 0.061 compared
to lethally irradiated recipients; Fig. 4b).

We next performed a subset analysis. As shown in Fig. 4b and Table 2, 8/30 (27%) of RIS
identified only in BM and 6/14 (45%) recovered from both BM and spleen from 300 cGy-
conditioned mice involved CAG, compared to 3/21 and 2/15, respectively, in lethally
irradiated mice (p = 0.08 and p = 0.015). A strong enrichment for CAG (p < 0.02) was also
seen in secondary CFU-S12 from mice conditioned with submyeloablative irradiation (Fig.
4c). Only 1 of 14 insertions identified in secondary CFU-S12 from lethally irradiated mice
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involved a CAG, compared to 10 of 26 (38%) in secondary CFU-S12 from the 300 cGy
cohort, which included 5 that were only detected in CFU-S12 and not in BM or spleen
(Table 3). Since we analyzed secondary CFU-S12 at 8 —11 months post-transplant, these
results suggest that the content of long-term repopulating cells harboring vector in or near
CAGs is enriched in recipients conditioned with submyeloablative irradiation compared to
high dose irradiation.

Hot spots for SF71gp91PNoX integration in murine X-CGD gene therapy model

A total of 15 insertions involved 5 genes for which similarly located but independent RIS
were identified in two or more primary recipients (Table 4). All of these recurrent insertion
sites or "hot spots" are also Common Insertion Sites in the murine RTCGD, and 12 of the 15
were from the 300 cGy cohort. One hot spot was Evil, with four of the five independent
insertions recovered from 300 cGy-conditioned mice. This included a site identified in two
primary recipients from Experiment 2, one of which exhibited an increasing frequency of
NADPH oxidase-positive neutrophils post-transplant (mouse A16, Fig. 2); the majority of
secondary CFU-S12 from this animal were also positive for the Evil insertion.
Hematopoiesis in a second mouse (A4) also appeared to be dominated by an Evil-positive
clone that additionally harbored an insertion in BC057627 (also known as Zc3h4), a poorly
characterized protein with a zinc finger domain, as this clone accounted for 11/12 vector-
positive secondary CFU-S12.

Overlap with Stem Cell Database and Ontology Analysis of SF71gp91P"°X integration sites

Previous studies found that RIS recovered from hematopoietic cells following gamma-
retrovirus transduction are enriched for genes expressed in primitive hematopoietic cells.
12,42 We confirmed this observation, finding that 67% of RIS from primary recipients are
present in an HSC transcriptome database34 compared to 45% of genes in the MGI database
(p =2.6E-09). There was no significant difference for this enrichment in the 300 cGy and
950-1100 cGy-irradiated recipients. RIS-associated genes were also functionally classified
using GO criteria. Integration-associated genes in both the 950-1100 cGy- and 300 cGy-
treated cohorts are enriched for functional terms related to transcription (Fig. S4a), as
observed in several previous studies.12,42 Other annotations showed trends for over-
representation in one but not the other cohort (Fig. S4b—d), including terms for
phosphorylation and protein modification in RIS recovered from 300 cGy mice.

Retroviral integration sites in serially transplanted mice

The number of RIS in serial transplant recipients decreased from an average of 8 — 9 in
marrow and/or spleen DNA of primary animals to 2 to 4 RIS per animal (Table S4). This
suggests a decrease in hematopoietically active clones with serial transplantation, as
previously reported.11 Also as previously observed,11 there was disappearance of RIS and
appearance of new ones, with only 16 of 171 RIS detected in primary recipients present
among the 81 RIS identified in recipients of serial transplantation. CAG-associated RIS not
found in primary recipients were seen in serial transplants both from the 950-1100 cohort (2
of 21 RIS) and the 300 cGy cohort (5 of 60 RIS). RIS shared in primary and serial
transplants included two Evil insertions and one Gsel insertion. For tertiary recipients,
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approximately half of RIS were also identified in the secondary recipients. We did not note a
further enrichment upon serial transplantation for RIS involving genes associated with
cancer, although detection of an increase in the 950-1100 cGy cohort may have been limited
by the number of RIS recovered (Table 2). Analysis of GO annotations show a general trend
for enrichment of genes related to transcription, similar to that found in the combined tissue
data in primary transplants (Fig. S5).

In the tertiary recipient that developed vector-positive leukemia/lymphoma (Fig. S2), RIS
were identified in or near Bloc1s3, Madd, Rab38 and Chysy1 (Table S4), none of which are
cancer-associated genes. Although a clone with a pair of insertions involving Evil/MDSL
and Bc057627 was prominent in hematopoiesis in the primary recipient (mouse A4, 300 cGy
cohort), secondary and tertiary recipients with these insertions appeared healthy and had
normal peripheral counts and spleen size.

Discussion

This study was designed to evaluate the outcome of HSC gene therapy in X-CGD mice
conditioned with either 300 cGy or ablative irradiation prior to transplantation with
SF71gp91PhoX-transduced marrow. Both regimens were effective in achieving long term
expression of gp91PoX confirming previous studies on the efficacy of reduced intensity
conditioning regimens for gene therapy of murine X-CGD. 22-25 We also observed the
occurrence of higher than expected frequencies of oxidase-positive neutrophils in 300 cGy-
conditioned recipients, which we had not seen in submyeloablative conditioning studies
using an MSCV-based vector.22—-25 Thus, we also compared vector marking and integration
sites between the two conditioning regimens, finding differences that suggest that the
intensity of irradiation conditioning can influence selection for vector-containing donor cells
in post-transplant engraftment and hematopoiesis. This novel finding may have important
implications for approaches used to achieve engraftment of genetically corrected human
HSC in clinical trials.

For integration site analysis, we chose LM-PCR rather than the more sensitive linear
amplification-mediated PCR (LAM-PCR) in order to recover sites that were relatively
abundant in the population. There are several points regarding the approach taken in our and
similar studies. First, not all RIS are equally recoverable, due to intrinsic limitations in the
LM-PCR assay41 and to sequence-dependent differences in cloning efficiency and sequence
amplification. Second, hematopoiesis in the murine transplant model is oligoclonal43 and
active clones vary over time. For example, serial studies of secondary CFU-S12 find 3 -9
independent clones present at any one time, with new clones emerging every few months
while others disappear.44,45 Third, previous studies in the mouse have largely focused on
analysis of spleen,11,12,40 which is predominantly lymphoid cells. While we evaluated
spleen, we additionally analyzed non-adherent BM, which are primarily neutrophils and
myeloid progenitor cells. Furthermore, our analysis of secondary CFU-S12 allowed for
characterization of integrations in clonal populations of primitive multipotential myeloid
cells.
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We saw both similarities and important differences in SF71gp91Pho% RIS recovered from
primary recipients conditioned with either 300 cGy or 950 —1110 cGy. Similarities include
1) the relative distribution of unique sites identified in spleen, marrow, or both; 2) the
percentage of insertions near the TSS and in or near RefSeq genes; 3) vector copy number in
secondary CFU-S12; 4) an increased frequency of integrations in or near cancer-associated
genes relative to their occurrence in the genome; and 5) a similar enrichment for genes
present in an HSC transcriptome database and an over-representation of certain gene
ontology categories, most notably terms associated with transcription. We observed three
notable differences between the two conditioning cohorts. First, almost twice as many donor
CFU-S12 were vector-positive in 300 cGy-conditioned mice. Second, there was a
significantly higher frequency of RIS associated with cancer-associated genes in marrow
and in multipotential myeloid cells (CFU-S12) from mice conditioned with 300 cGy
compared to lethally irradiated mice. Third, the majority of insertions seen in more than one
primary recipient, most notably Evil, were found in the 300 cGy -conditioned cohort.
Although we did not track peripheral blood insertion sites in this study, we speculate that the
increased fraction of oxidase-positive neutrophils in many 300 cGy-conditioned recipients
relative to the 950-1100 cGy cohort also reflects these differences.

In aggregate, our results confirm previous studies in mice, non-human primates, and clinical
trials, showing that gamma-retroviral integration sites within engrafted HSCs represent a
biased population.4,9,11-15,18 Additionally, our results suggest for the first time that the
transplant conditioning regimen may further bias this trend. In partially ablated recipients,
where the marrow is a more "competitive" environment for repopulation,25,46 insertions
with potential activating effects on proliferation and/or survival may confer an advantage for
successful HSC engraftment. Although vector insertion near a CAG may also promote
clonal expansion of progenitor cells, it is noteworthy that the relatively greater enrichment in
300 cGy-conditioned mice compared to 950-1100 cGy is present in samples obtained at
more than 6 months post-transplant, suggesting that these insertions conferred an advantage
at the time of HSC engraftment.

It seems unlikely that the 2.5- to 4-fold higher cell dose used for transplantation of 300 cGy
recipients can account for the increased frequency of vector marking and the relatively
greater fraction of integration sites associated with cancer genes. HSC represent ~ 0.01% of
mouse BM cells47 and transplantation of 2 x 108 transduced cells corresponds to
transplantation of approximately 200 HSC. While the precise number of HSC after gene
transfer is hard to estimate, as 5-FU treatment will enrich for HSC in marrow progenitors
while ex vivo transduction can decrease their number, the number of HSC infused in our
model appears to be considerable, given the number of clones actively contributing to
hematopoiesis post-transplant. Moreover, HSC do not appear to be limiting as new clones
continue to emerge after serial transplantation. Most importantly, the 2.5- to 4-fold fold
increase in cell dose administered to the 300 cGy group may explain the relatively greater
diversity of integration sites in this cohort, but it would not be predicted to alter the rate of
gene transfer into the population. Therefore, the higher cell dose would not account for the
higher frequency of vector-positive donor cells and of integration sites involving cancer-
associated genes.

Gene Ther. Author manuscript; available in PMC 2010 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sadat et al.

Page 12

The small degree of overlap of RIS in serial transplants with those in primary recipients
suggests that reconstitution of hematopoiesis involved activation of previously dormant
vector-containing HSC. Unlike prior studies,11,12 we did not detect a further enrichment
upon serial transplantation for RIS involving genes associated with cancer (Table 2) or
signal transduction (Fig. S3). Approximately 10% of the RIS identified in our study are
present in a database of 280 RIS identified in primary and secondary recipient mice in these
studies,12 which also used SFFV-based vectors. These differences between laboratories may
reflect differences in vectors or experimental conditions.

Despite the occurrence of 15% or more of vector insertions in or near cancer-associated
genes, the incidence of leukemia/lymphoma was low in our study, even in serial transplants,
a procedure that can promote vector insertion-related leukemic progression.28. Only 4
malignant cases were identified, all in tertiary recipient mice; leukemic tissue was vector-
positive in one case whereas two appeared to be host-derived. This is consistent with
observations indicating that vector-induced leukemia is uncommon in the time frame of the
mouse transplant model unless there are multiple insertions.28,48 It is difficult to compare
the overall incidence of leukemia with other murine gene therapy studies, due to differences
in retroviral vector backbones, transduction protocols, conditioning regimens and mouse
strains. The incidence has varied significantly from study to study, and is further confounded
by a variable incidence of vector-negative leukemia which has been reported to be as high as
6 out of 40 primary recipients in one study.49 This variability has been speculated to reflect
effects of irradiation along with possible activation of endogenous retroviruses (see 49).

In the current study, 5 of 184 independent provirus insertions in primary recipients occurred
in or near Evil and two mice (A16 and A4) had evidence of expansion or dominance of an
Evil-positive clone. Insertions in Evil are often over-represented in gamma-retrovirus-
mediated gene transfer studies of murine hematopoietic cells either in vitro 50,51 or post-
transplantation.11,12 Insertions in EVI1 or the adjacent MDSL1 were also enriched in a non-
human primate gene therapy study, accounting for 14 of 702 vector integration sites.13
Although MDS-EVI1 activation has been implicated as a cooperating event in murine and
human myeloid leukemias,52 we did not observe leukemia in either primary or serial
transplant recipients harboring Evil insertions.

The SF71gp91PMoX vector in this study was also used in a recent clinical trial, where two
patients exhibited myeloid expansion of clones with activating insertions involving MDY
EVI1, PRDM16 and SETBP1 that accounted for more than 50% of granulopoiesis.4 Both
patients subsequently developed MDS with Monosomy 7, involving a MDS/EVI 1-insertion
positive clone.(M. Grez, personal communication) RIS recovered in our mouse transplant
model using this vector were clearly more diverse, and domination of myelopoiesis with
clones harboring integrations involving Evil was uncommon. The differences between these
findings and the clinical trial could be related to many factors, including differences in the
transduced cell population, the conditioning regimen and murine vs primate hematopoiesis,
illustrating the challenges and limitations in predicting potential outcomes in the clinical
setting using the murine model.

Gene Ther. Author manuscript; available in PMC 2010 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sadat et al. Page 13

Finally, additional studies are required to determine if the findings noted with the
SF71gp91PhoX vector are applicable to other gamma-retroviral vectors or to self-inactivating
lentiviral vectors, where insertions in or near cancer-associated genes appear to be much less
frequent.9 Of note, in our previous studies using nonmyeloablative conditioning in
combination with an MSCV-based vector,22-24 we did not observe an increased fraction of
oxidase-corrected neutrophils in sub-myeloablated cohorts relative to recipients receiving
high dose radiation, suggesting that the potent enhancer in SF71gp91Pho*4 perhaps
contributed to the biases seen in the current study.

In summary, our data confirm that certain integrations in HSCs and their progeny are over
represented in long-term primary transplant recipients, and further suggest that this bias may
be influenced by the marrow environment at the time of transplantation. Our data highlights
the importance of modeling all aspects of a transplant approach in the murine system, as
reduced intensity conditioning of a host for transplantation would have been predicted to
result in less morbidity to the host, when in fact, in the context of gene replacement therapy
in HSC, a potential deleterious effect was noted. The analysis of vector integration sites in
the setting of partial ablation may thus be a useful approach to augment other assays aimed
at examining the potential for vector-induced alterations in hematopoiesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Experimental design
(a) Schematic diagram of SF71gp91Pho% along with restriction sites used for analysis of

vector integration. (b) Marrow was harvested from 5-FU treated male X-CGD mice and
transduced with SF71gp91PX prior to transplantation into female X-CGD mice conditioned
with either submyeloablative (300 cGy) or lethal (1100 cGy) irradiation. See Materials and
Methods for details of subsequent analyses, which included CFU-S12 and serial
transplantation.
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