Citation: Molecular Therapy — Methods & Clinical Development (2016) 3, 16048; doi:10.1038/mtm.2016.48
Official journal of the American Society of Gene & Cell Therapy

www.nature.com/mtm

ARTICLE

A comparison of foamy and lentiviral vector genotoxicity
in SCID-repopulating cells shows foamy vectors are less prone

to clonal dominance

Elizabeth M Everson', Miles E Olzsko', David J Leap', Jonah D Hocum' and Grant D Trobridge'?

Hematopoietic stem cell (HSC) gene therapy using retroviral vectors has immense potential, but vector-mediated genotoxicity
limits use in the clinic. Lentiviral vectors are less genotoxic than gammaretroviral vectors and have become the vector of choice in
clinical trials. Foamy retroviral vectors have a promising integration profile and are less prone to read-through transcription than
gammaretroviral or lentiviral vectors. Here, we directly compared the safety and efficacy of foamy vectors to lentiviral vectors in
human CD34* repopulating cells in immunodeficient mice. To increase their genotoxic potential, foamy and lentiviral vectors with
identical transgene cassettes with a known genotoxic spleen focus forming virus promoter were used. Both vectors resulted in
efficient marking in vivo and a total of 825 foamy and 460 lentiviral vector unique integration sites were recovered in repopulat-
ing cells 19 weeks after transplantation. Foamy vector proviruses were observed less often near RefSeq gene and proto-oncogene
transcription start sites than lentiviral vectors. The foamy vector group were also more polyclonal with fewer dominant clones (two
out of six mice) than the lentiviral vector group (eight out of eight mice), and only lentiviral vectors had integrants near known
proto-oncogenes in dominant clones. Our data further support the relative safety of foamy vectors for HSC gene therapy.
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INTRODUCTION

Retroviral hematopoietic stem cell (HSC) gene therapy has immense
potential for being a standard treatment option for numerous
hematopoietic diseases, including primary immunodeficiencies,
as evidenced by recent successful clinical trials.”** Some of the first
clinical trials for gene therapy showed that retroviral vectors could
effectively deliver therapeutic genes and correct a disease pheno-
type. However, these successes were overshadowed by the develop-
ment of serious side effects in patients, such as leukemia resulting
from vector-mediated genotoxicity.>® Over the last two decades,
significant progress has been made to improve the safety and effi-
cacy of retroviral vectors. In many cases, the benefits of retroviral
gene therapy far outweigh the risks involved with treatment. Many
patients suffering from primary immunodeficiencies are unable to
find matching allogeneic stem cell donors. For these patients, HSC
gene therapy is a promising life-saving treatment option. While
genotoxicity remains a major challenge in this field, recent phase
1 and phase 2 clinical trials using next-generation vectors have
been successful in treating these disorders without serious adverse
events occurring."* These success stories provide encouragement
that if genotoxicity can be reduced, HSC gene therapy may become
the standard of care for some patients.

Gammaretroviral vectors were used in the first gene therapy
clinical trials and were successful in correcting mono-allelic genetic
disorders such as X-linked severe combined immunodeficiency dis-
order (SCID-X1), Wiskott-Aldrich syndrome, and adenosine deami-
nase deficiency-SCID.4® However, the vector-mediated leukemias
that occurred in the French SCID-X1 trial caused researchers to take
a step back and address safety concerns.*® A major focus of the field
is now to evaluate and compare different vectors and to develop
novel approaches to reduce vector genotoxicity to improve the
safety of vectors used in the clinic. These studies have been con-
ducted with gammaretroviral vectors'®2* as well as with other retro-
viral vector systems including lentiviral (LV)'012716192023-30 and foamy
viral (FV)1>17243135 yectors.

In current clinical trials, LV vectors are the retroviral vector system
of choice due to their improved safety in comparison to gamma-
retroviral vectors.'012-1619202330 | \/ yectors integrate less frequently
near transcription start sites than gammaretroviral vectors reduc-
ing their genotoxic potential.'®'2'41924 | \/ vectors have been used to
transduce a variety of cell types, including slowly dividing hemato-
poietic stem cells (HSCs) and progenitors.

Although LV vectors are safer relative to gammaretroviral vec-
tors, LV vectors can still result in clonal expansion. For example, in a
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B-thalassemia clinical trial conducted in 2007, LV vector transduced
HSCs were successfully transplanted into a patient. Despite very
low gene transfer, significant therapeutic benefit was observed in
this patient. However, roughly 10% of this patient’s blood cells con-
tained viral integrants in the third intron of the high mobility group
AT-hook 2 locus, and a majority of the therapeutic benefit observed
can be attributed to this dominant clone. While no serious adverse
events have been reported yet, it is a case of clonal expansion and
therefore a cause for concern.®

FV vectors are a promising alternative to LV vectors for future
clinical use in HSC gene therapy. FV vectors can be produced at
high titer and have broad tissue tropism using the native FV enve-
lope.” FV vectors have additional advantages for HSC gene therapy
including having a favorable integration profile,***' a large trans-
gene capacity,®® and less read-through transcription than gamma-
retroviral or LV vectors.'® It has already been shown in a large animal
model that FV vectors can provide long-lasting therapeutic benefit
while maintaining a polyclonal distribution of gene-modified cells.?®
The use of insulator elements® and integration retargeting (Hocum
et al., manuscript submitted) have the potential to further improve
the safety of FV vectors.

Given that FV and LV vectors appear to have less intrinsic risk
than the gammaretroviral vectors that were used in early clinical
trials,'012-16192023-29 e aimed to answer the question of whether
FV vectors are intrinsically safer than the now commonly used LV
vectors.

FV and LV vectors have previously been compared in human SCID
repopulating cells3* However, the FV and LV vectors used in this
study utilized the less genotoxic murine stem cell virus promoter
and only included a comparison of engraftment and gene marking.
A thorough analysis of genotoxicity would benefit the development
of vectors for clinical applications. Here, we expand on previous
studies and directly compare the genotoxicity of LV and FV vec-
tors utilizing identical transgene cassettes driven by a spleen focus
forming virus (SFFV) promoter to enhance genotoxicity in human
CD34* SCID repopulating cells.

RESULTS

For FV vectors to be used clinically for HSC gene therapy, their safety
must be assessed relative to the current standard which is LV vec-
tors. The objective of this study was to directly compare the geno-
toxicity of LV and FV vectors in human SCID repopulating cells. We
chose to use a highly genotoxic SFFV promoter to enhance geno-
toxicity and reduce the time needed to observe clonal dominance
in normal human cord blood CD34* SCID-repopulating cells. NOD.
Cg-Prkdc= 112rgt™"/Sz) (NSG) mice were transplanted with human
CD34* cells exposed to FV (n = 8 mice), LV (n = 8 mice) vectors or no
vector (n = 2 mice). To directly compare the two vector systems, FV
and LV vectors with identical transgene cassettes that utilized the
SFFV promoter were used (Figure 1).
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Figure1 Vector design of FV-SGW-KO and LV-RSV-SGW-KO. SFFV, spleen
focus forming virus promotor; EGFP, enhanced green fluorescent protein;
W, woodchuck hepatitis virus post-transcriptional element (increases
transgene expression).
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FV vectors show similar engraftment and marking to LV vectors at
a lower multiplicity of infection (MOI).

It has previously been seen that at the same MOI, FV vectors show
higher engraftment and gene marking in SCID repopulating cells.3*
In an attempt to achieve similar engraftment and gene marking lev-
els, human CD34"* cord blood cells were exposed to the FV vector at
an MOI of 10 and the LV vector at an MOI of 25. In preliminary exper-
iments, these MOIs gave similar transduction efficiency of human
CD34" cells. The vector exposed cells were then either maintained
in vitro or transplanted into NSG mice.

Of the FV-exposed cells, 50.1% expressed enhanced green fluo-
rescent protein (EGFP) in liquid culture 6 days post-transduction and
60.5% expressed EGFP 9 days post-transduction (Supplementary
Figure S1a). Seven days post-transduction, 55.4+1.9% of the
progenitors expressed EGFP in the CFU assay (Supplementary
Figure S1b) with a 24+4.5% plating efficiency (Supplementary
Figure S1c). Of the LV vector-exposed cells, 26.3% expressed EGFP
in liquid culture 6 days post-transduction and 23.3% EGFP 9 days
post-transduction (Supplementary Figure S1a). Seven days post-
transduction, 30.1+2.1% of progenitors expressed EGFP in the
CFU assay (Supplementary Figure S1b) with a 14+1.1% plating
efficiency (Supplementary Figure S1c). NSG mice were transplanted
with 1x10° CD34* human cord blood cells transduced with either
a FV or LV vector. A control group was transplanted with untrans-
duced CD34* cord blood cells. In the FV group, two tail vein injec-
tions of human CD34" cells failed and these mice were subsequently
excluded from this study. To track engraftment of human cells
(CD45%) and gene marking (EGFP*), peripheral blood was collected
6 weeks post-transplant and at three week intervals thereafter until
sacrifice (Figure 2a,b). In all groups, the number of human CD45*
(HuCDA45%) leukocytes increased over time. The frequency of gene-
marked cells decreased in both FV and LV vector-transduced cells
over time before finally leveling off at 12 weeks post-transplant.

Mice were euthanized at 19 weeks post-transplant and blood
and bone marrow were collected to analyze engraftment of human
SCID-repopulating cells (Figure 2a,c), gene marking (Figure 2b), and
the contribution of different hematopoietic lineages using flow
cytometry (Figure 2d). Engraftment of SCID-repopulating cells in
the bone marrow was similarly high in FV and LV vector groups, 83.2
versus 81.5% HuCDA45* respectively (Figure 2c¢). In the peripheral
blood, marking in the FV vector group and LV vector group were
not significantly different (P =0.367) at 19 weeks with 12.2 and 9.6%
of peripheral blood HuCD45* cells expressing EGFP, respectively
(Figure 2b). Progenitor (CD34*), lymphoid (CD19%), and myeloid
(CD11b/Mac-1) populations of vector expressing HuCD45* cells
were analyzed. Mice with FV vector-transduced cells showed a simi-
lar percentage of CD19* (7.8+2.1 versus 6.8+ 1.5%; P = 0.419) pop-
ulations and slightly higher percentage of CD11b/Mac-1 (9.6+2.5
versus 2.8 +0.4%; P =0.026), and CD34* (2.3 +0.6 versus 0.90 + 0.2%;
P = 0.004) populations than mice with LV vector-transduced cells,
respectively (Figure 2d). In summary, both FV and LV vector groups
had high engraftment and very similar marking at 19 weeks post-
transplantation even though the MOI used for FV was 2.5-fold lower
than for LV.

FV vectors integrate less frequently near TSS of genes and proto-
oncogenes

Genomic DNA was extracted from the bone marrow collected
from the mice 19 weeks post-transplantation and was used for
high-throughput analyses of integration sites. Modified genomic
sequencing PCR (MGS-PCR) using the Illlumina MiSeq paired-end

Official journal of the American Society of Gene & Cell Therapy



Foamy and lentiviral genotoxicity comparison
EM Everson et al.

a
” 80% -
@ 70% A
o 60%
g) 50% -
< %
3 o
>
T 20% -
0\0" 10%
0% — — — T —
6 9 12 15 19
Time post transplantation (weeks)
-~ UT e LV -=FV

C

100% -
@ 90% -
T 80% -
E 70% A
i 60%
E 50% A
(% 40% A
I 30% A
S 20% A
. 10% A

0% - d

19 weeks post transplantion

BFY ®BLV OUT

b
35% 7
i)
- o/
B o 30%
D 25% 7
+ w O/,
o o 20%
X <
8 § 15% o
5 10% -
50
° 5% -
0% T T T T |
6 9 12 15 19
Time post transplantation (weeks)
+UT -eLV -=FV
d
14%
©» 12% A
©
S 10%
@ §
b o 8% 1
< £
% g 4%
* 29, |
0% +
CD19+ CD11b+ CD34+
EFV ®LV

Figure2 Engraftment and marking of human SCID repopulating cells (SRCs) and vector marking in peripheral blood and bone marrow samples
collected from humanized NSG mice. (@) Engraftment of SRCs in peripheral blood collected 6-15 weeks post-transplant. (b) Proportion of HuCD45+
cells expressing EGFP. (c) Engraftment of human SRCs in bone marrow 19 weeks post-transplant. (d) Vector marking in specific cell lineages in bone
marrow subsets. Marking was determined by expression of enhanced green fluorescent protein (EGFP). Statistical difference was determined using
unpaired t-tests. HuCD45*, human CD45* cells; PB, peripheral blood; EGFP, enhanced green fluorescent protein; BM, bone marrow.

platform* and VISA*" were used to identify retroviral integration
sites (RIS). 825 unique FV vector RIS and 460 unique LV vector RIS
were recovered in human SCID repopulating cells. These RIS were
analyzed to complete integration profiles for both FV and LV vectors.

Vectorintegrationsin or neargenes can dysregulate their expression
and lead to malignant transformation. FV and LV vector proviruses
displayed characteristic integration profiles with LV vector provi-
ruses preferentially integrating within actively transcribed regions
of RefSeq genes (Figure 3a)™**% and FV vector proviruses having a
slight preference for integrating near CpG islands (Figure 3b).'>3'33 FV
vector proviruses showed a modest preference for integrating within
1kb upstream of transcription start sites (TSS) while still integrating
less frequently within 50kb of transcription start sites than LV vector
proviruses. It was observed that 14.2% of FV vector proviruses and
20.1% of LV vector proviruses integrated within 50 kb of TSS in RefSeq
genes (Figure 3a,e). CpGislands are under-methylated sequence clus-
ters rich in G-C content that often overlap with gene promoters and
are sites of transcription initiation. Integration near CpG islands can
thus upregulate transcription of nearby genes and lead to malignant
transformation. As previously seen, neither FV nor LV vectors showed
a strong preference for integrating near CpGislands, although FV vec-
tors did show a slight preference for integrating 1kb up/downstream
of CpG islands (Figure 3b,e).!>24253133

We also identified enriched gene classes for FV and LV integrants
using the Database for Annotation, Visualization, and Integrated
Discovery 6.7 (refs. 42,43) as previously described.” Both FV
and LV proviral integrants were enriched in genes involved in
transcription and neither were enriched in proto-oncogenes
(Supplementary Table S1).
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To identify integrations in or near known proto-oncogenes, FV
and LV vector integrations from all transplanted mice were pooled,
respectively, and compared with 2,048 known proto-oncogenes
listed in The Network of Cancer Genes 4.0.* The distributions of FV
and LV vector RIS near proto-oncogenes were similar (Figure 3c,e),
however, FV vector proviruses integrated less frequently within
50kb of TSS in proto-oncogenes than LV vectors (9.5 versus 12.6%;
P value = 0.027).

FV vectors have fewer integration hotspots than LV vectors in
human SCID repopulating cells

Hotspots, defined as three RIS in a 50 kb genomic region or four
RIS within a 100kb genomic region,* may indicate increased
genotoxicity when observed near growth regulatory genes or
proto-oncogenes. In order to compare hotspots, it is necessary
to use size-matched data sets; so, we normalized the datasets by
matching the number of FV and random RIS to the smallest data-
set (LV). We then analyzed 460 FV, LV, and random RIS for inte-
gration hotspots and observed that FV had a lower frequency
of hotpots than LV (Figure 3d). FV had two hotspots comprised
of seven RIS total, whereas LV had three hotspots comprised of
eleven RIS total. Neither FV nor LV vectors had hotspots within
100 kb of proto-oncogenes (Supplementary Figures S2 and S3).
We also analyzed the complete FV dataset (not normalized to the
smaller LV dataset) for hotspots and observed one hotspot that
was located 76 kb upstream from the proto-oncogene KDM5A
(Supplementary Figure S3c). However, this integrant was not a
dominant clone.

Molecular Therapy — Methods & Clinical Development (2016) 16048
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FV vectors are less prone to clonal dominance

RIS in each mouse were analyzed using capture frequency to detect
clonal dominance. Repopulation was polyclonal in FV (Figure 4a)
and more oligoclonal in LV (Figure 4b) mouse bone marrow sam-
ples. Dominant clones were defined as a single integration site
accounting for over 20% of all RIS captures and were observed in
mice transplanted with both FV and LV vector-transduced cells.
However, a higher frequency of dominant clones was observed in
the LV vector transplanted mice than for the FV vector. Thirteen

dominant clones were recovered from eight mice transplanted with
LV vector-transduced cells, and only three dominant clones from six
mice transplanted with FV vector-transduced cells (Table 1). We per-
formed quantitative real-time PCR to ensure that the clonal domi-
nance observed in the LV vector-transduced cells was not based on
copy number bias. The gDNA extracted from the peripheral blood
of FV and LV group mice were shown to have a similar number of
vector copies per cell, with FV having 1.3 vector copies per cell and
LV containing 1.2 vector copies per cell.
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Table 1 Summary of FV and LV proviral integration profiles
Vector  Integrations within Integrations within Integrations within Integrations within Integrations within  Integrations within
proto-oncogenes 50 kb of proto-oncogene TSS RefSeq genes 50kb of RefSeq TSS CpG islands 50 kb of CpG islands
FV 7.5%"* 9.5%" 40.0%** 14.2%* 1.2% 51.0%
LV 11.7% 12.6% 74.0% 20.1% 0.7%* 63.8%

Figure3

Integration profiles of foamy viral and lentiviral vector proviruses. (a) Percentage of integrations per kb in relation to transcription start sites

of RefSeq genes. (b) Percentage of integrations per kb in relation to CpG islands. (c) Percentage of integrations in relation to transcription start sites
of proto-oncogenes. (d) Number of hotspots for each vector within different bin boundaries. Statistical significance was determined using chi-square
analysis. (e) Summary of statistical differences for a, b, and c. Stars indicate being significantly less at *P < 0.05, **P < 0.001.TSS, transcription start site.
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Figure4 Clonality analysis of foamy viral and lentiviral proviral integrations. Each bar represents a single mouse for each vector. The last bar in each
graph represents the combined analysis for each vector type. The top ten clones with the highest capture frequency for each mouse are depicted as
white boxes. The total number of unique integrations is represented by the number on top of each bar. RIS, retroviral integration site, M, mouse.
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Table1 FVand LV vector clones contributing to more than 20% of all RIS
Contribution Closest
Vector Mouse Chromosome RIS to all RIS? proto-oncogene (distance)®
Lv 6 22 40507529 99% Within MKL1
Lv 8 1 26500029 66% RPS6KAT (30kb)
Lv 1 12 123718848 63% n/a
19 15447449 28% CYP4F22 (61 kb)
Lv 3 X 78694471 63% n/a
13 28176971 33% FLT3 (76 kb)
FV 5 X 36964413 39% n/a
22 30608050 27% n/a
Lv 4 9 137093265 34% n/a
4 39714912 22% n/a
Lv 5 3 49761647 30% MST1 (73 kb)
9 122215765 25% n/a
Lv 2 2 238004311 23% n/a
5 122826778 22% n/a
Lv 7 1 207939040 22% n/a
FV 6 4 106716013 20% n/a
FV, foamy viral; LV, lentiviral; n/a, not applicable; RIS, retroviral integration site.
2Capture frequency per mouse. ®Proto-oncogenes within 100 kb of RIS.

Next, we analyzed the proviral integrations of the dominant
clones for proximity to RefSeq genes associated with cell growth
and proto-oncogenes. None of the three dominant clones observed
in the mice transplanted with FV vector-transduced cells had inte-
grations within 100kb of the TSS in known proto-oncogenes,
whereas 5 of the 13 dominant clones observed in the mice trans-
planted with LV vector-transduced cells integrated within 100kb of
TSS in proto-oncogenes (Table 1). We also expanded this analysis
to include integrations of dominant clones within 500kb of proto-
oncogenes. We found two additional FV integrations within 500 kb
of a proto-oncogene and seven additional LV integrations within
500kb of a proto-oncogene (Supplementary Table S2).

Of the eight mice in the LV group, five had dominant clones
with proviral integrations within or near a proto-oncogene.
Each of these integrations were mapped on the human genome
(Supplementary Figure S4). The most dominant clone in this
study accounted for 99% of all captured RIS in LV mouse six,
and contained a proviral integration within the proto-oncogene
megakaryoblastic leukemia (MKLT). Ranging from a contribu-
tion of 30-66% of all captured RIS in individual mice, LV mouse
one, three, five, six, and eight each had a dominant clone with a
proviral integration near the proto-oncogenes ribosomal protein
S6 kinase A1 (RPS6KAT), cytochrome P450 family 4 subfamily F
member 22 (CYP4F22), fms related tyrosine kinase 3 (FLT3), or mac-
rophage stimulating 1 (MSTT7) (Table 1). Thus in five out of eight
mice from the LV group there was a dominant clone near a known
proto-oncogene while zero out of six mice from the FV group had
a dominant clone near a known proto-oncogene.

DISCUSSION

Since the first appearance of serious adverse events in patients
treated with HSC gene therapy during early clinical trials, much
research in the field has focused on reducing retroviral vector
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genotoxicity. It has been established that many factors contribute
to genotoxicity including the vector dose, the amount of stem cells
transplanted into the patient, the integration profile of the vector
type, the vector design, effects of the transgene cassette, and even
the host cell environment.>*# Given that FV and LV vectors are less
genotoxic than gammaretroviral vectors,'*'¢3%4¢ we directly com-
pared the safety of these vector systems and found that FV vectors
compare favorably to LV vectors in human SCID repopulating cells.

We have developed a sensitive and clinically relevant in vivo geno-
toxicity screen to compare the relative safety of different vectors. By
using a highly genotoxic SFFV promoter, the genotoxic potential of
both vector systems are enhanced, creating a worst-case scenario
for each system. Our approach allowed us to observe statistically
significant differences in normal human CD34* repopulating cells,
obviating the need for a tumor prone mouse model. In comparison
to the commonly used tumor-prone mouse model,'?' our screen
employs human CD34* SCID repopulating cells in an NSG mouse
model to directly show how each vector will affect normal human
cells. Although similar, there are significant differences between the
mouse and human genomes. This is a particularly important con-
sideration for predicting potential genotoxicity in clinical trials. For
these reasons, we believe that human SCID repopulating cells have
several advantages over the tumor prone mouse model for HSC
gene therapy preclinical studies. In using this genotoxicity screen,
researchers will be able to compare the intrinsic risk of different vec-
tors in human repopulating cells.

Here, we show that at a lower MOI, FV vector-transduced human
CD34* SCID repopulating cells had a similar final marking to LV
vector-transduced cells. Although FV vector-transduced CD34*
cells took a longer time to reach similar engraftment levels as LV
vector-transduced CD34* cells, we have not consistently seen this
pattern.** [t is interesting that the marking for FV and LV vectors
was similar in SCID repopulating cells in our study and similar to

Molecular Therapy — Methods & Clinical Development (2016) 16048
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what was observed in a previous study that used canine long-term
repopulating cells.®

Using MGS-PCR, we retrieved significantly more unique inte-
gration sites (1275 RIS in a total of 14 mice) in SCID repopulating
cells than previous studies.*3> We predict that as high-throughput
sequencing evolves the number of integration sites retrieved will
continue to increase. Both FV and LV vectors displayed integration
profiles similar to what has previously been reported in other stud-
ies, with FV vectors having a slight integration preference near CpG
islands and LV vectors having an integration preference for tran-
scriptionally active regions of RefSeq genes.'>243

One of the major concerns for retroviral genotoxicity is the trans-
activation of proto-oncogenes. Although transactivation of proto-
oncogenes has been observed by integrations as far as 500 kb away
from TSS,* it has previously been shown that integrations within a
50kb window of TSS in proto-oncogenes increases the likelihood
of transactivation.* Similar to other studies, we observed that
FV proviruses integrate less frequently within 50 and 500kb of
TSS in proto-oncogenes than LV proviruses (Figure 3b,e).2431-3437
Although we observed a slightly higher number of integrations
within this proximity to proto-oncogenes than has previously been
reported, 313437 this difference may be due to the use of the SFFV
promoter. It is important to stress that while we believe our model
using the SFFV promoter in human repopulating cells has several
advantages over tumor prone mouse models, we would expect less
genotoxicity with a housekeeping promoter like the elongation
factor 1 a (EF10) or phosphoglycerate kinase promoter (Pgk) that
would likely be used in a clinical trial.

Progression toward monoclonality is another major concern for
retroviral genotoxicity. Clonal dominance often occurs when a clone
has a proviral integration near a proto-oncogene or a proliferative
gene giving the clone a growth or survival advantage in comparison
to other clones.?*»4"-1 Multiple mutations are typically necessary for
malignant transformation to occur, with the first mutagenic event
being proviral integration. Even if all dominant clones do not immedi-
ately lead to clonal outgrowth, the risk of activating proto-oncogenes
significantly increases as more mutations accumulate over time.*

In our study, analysis of clonality within repopulating cells in
individual mice showed that FV had a more polyclonal distribution
with less dominant clones than LV. Potentially even more important,
five of the clones in the LV group had integrations within 100kb of
proto-oncogenes as compared to zero of the dominant clones in
the FV group. All of the dominant clones identified are expressed in
hematopoietic cells.>?

LV mouse 6 had the most severe case of clonal dominance in this
study, with a dominant clone accounting for 99% of all captured RIS.
Aside from clearly indicating progression towards monoclonality,
the proviral integration within this clone occurred within the proto-
oncogene MKL1. MKLT is a transcriptional coactivator of serum
response factor, with the translocation of MKL1 and RBM15 being
a leading cause of acute megakaryoblastic leukemia.>*>* Aberrant
expression of MKL1 contributes to leukemogenesis, with both up
and downregulation of the gene resulting in a diseased phenotype.
Overexpression of MKLT inhibits tumor necrosis factor-induced
apoptosis and activation of caspases and contributes to leukemo-
genesis.>® In contrast, a study done with knock-out mice by Record
et al>* showed that MKL-1-deficient mice resulted in an immunode-
ficient phenotype similar to acute megakaryoblastic leukemia.

The other LV dominant clones with integrations near proto-
oncogenes contributed in a range from 28 to 66% of all RIS. These
clones include insertions in the proto-oncogenes RPS6KAT, CYP4F22,
FLT3,and MST1.RPS6KA1 encodes a ribosomal protein S6 kinase which
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controls cellular proliferation and differentiation and is involved in
the mitogen-activated kinase signaling pathway. RPS6KA1 is upregu-
lated in many cancers, including melanoma, prostate, and breast can-
cers.*>5% While not much is known about the function CYP4F22, it is
classified as a proto-oncogene in the Network of Cancer Genes due
to its expression in breast cancer tissues.** FLT3 encodes a tyrosine-
protein kinase that regulates hematopoiesis. Activating mutations
and the resulting overexpression of FLT3 contribute to leukemogen-
esis by promoting cell proliferation and resistance to apoptosis.*>”8
In fact, activating mutations in FLT3 are currently one of the most
common aberrations in acute myeloid leukemia.®® MSTT is a central
component of the Hippo pathway which is involved in cell prolifera-
tion, differentiation, and apoptosis. Low expression of MST1 has been
shown to be related with the pathogenesis of acute leukemia.***°

Integrations within the proto-oncogenes MKL1 and RPS6KA1
have been seen in other studies, including in gene therapy clinical
trials. Integrations within MKL1 were observed in gammaretroviral
hotspots in ex vivo transduced CD34* cells derived from the bone
marrow of a SCID-X1 patient and from ex vivo transduced CD34*
cells derived from the cord blood of an unaffected individual.’ Four
independent HIV-1 integrations, some of which led to clonal expan-
sion, occurred within MKLT in one HIV patient sample.®® Integrations
within RPS6KAT were reported in one patient, at one time-point, as
a top 20 clone in a B-thalassemia clinical trial utilizing a lentiviral
vector.S' Integrations within RPS6KAT were also reported in the HIV
integration study.®® These findings emphasize the clinical relevance
of our genotoxicity screen.

The increased instance of LV vector clonal dominance and the
proximity of LV dominant clones to proto-oncogenes involved in
leukemias highlight that FV vectors are less prone to clonal domi-
nance and may be safer than LV vectors. It has previously been
shown that FV vectors are less likely to activate nearby genes than
LV vectors,’® which might provide an explanation as to why less
clonal dominance was observed for the FV vector.

In polyclonal distributions, hotspots offer insight into potential
problem areas for retroviral genotoxicity. In clinical trials, it may
be advisable to monitor hotspots so that intervention can occur
before malignant transformation takes place.®* Although a higher
frequency of hotspots were found with the LV vector, an area of con-
cern for the FV vector was a hotspot found in FV mouse one located
72 kb upstream from the proto-oncogene KDM5A. KDM5A encodes
a protein that is a member of the Jumonji, AT-rich interactive domain
1 histone demethylase protein family. While the importance of
KDM5 family of proteins in cancer progression is still unknown, it
has been shown that KDM5A plays a role in cancer cell proliferation
and the reduced expression of tumor suppressor genes.*> However,
this hotspot was not associated with clonal dominance in our study.

In summary, we show that in human CD34* SCID-repopulating
cells FV vectors achieve clinically relevant engraftment and marking
atalow MOl and have a favorable integration profile. Compared to LV
vectors, FV vectors integrate less often near proto-oncogenes, have
fewer dominant clones, and a more polyclonal repopulation. In con-
clusion, our data show that FV vectors compare favorably to LV vec-
tors and further supports the use of FV vectors in HSC gene therapy.

MATERIALS AND METHODS

Vector preparation

LV vector LV-RSC-SGW+KO?® and FV vector FV-SGW-KO*® have been previ-
ously described. Both vectors express EGFP from a SFFV promoter and
have a woodchuck hepatitis virus post-transcriptional regulatory element
and contain a kanamycin resistance gene and a bacterial origin of repli-
cation for rescue in E. coli. FV vectors were produced by transient trans-
fection of human embryonic kidney 293 T cells (HEK-293T cells) using
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polyethylenimine (Polysciences, Warrinton, PA) and titered on HT1080 cells
as previously described.®

Vesicular stomatitis virus G glycoprotein (VSV-G) pseudotyped LV vectors
were produced by transient transfection of vector and helper plasmids with
polyethylenimine on HEK-293T cells. The day before transfection, HEK-293T
cells were plated in 10cm dishes at a density of 5x10° cells/ml in T0ml of
Hyclone Dulbecco’s modified Eagle medium (GE Healthcare Bio-Sciences,
Pittsburgh, PA) supplemented with 10% heat inactivated fetal bovine serum
(Atlanta Biologicals, Flowery Branch, GA) and 1% 5,000 units/ml potassium
penicillin/5,000 pg/ml streptomycin sulfate (D-10 media; Lonza Walkersville,
Walkersville, MD). Cells were incubated overnight at 37 °C. The follow-
ing morning, media was changed. In the afternoon, 2 pg VSV-G envelope
plasmid pMD2.G, 6 pg of GAG/POL helper plasmid psPAX2 and 9 pg vec-
tor plasmid LV-RSC-SGW+KO were added to 700 ul serum-free Dulbecco’s
modified Eagle medium. 3 pg polyethylenimine was added for each pg
of DNA. The transfection mixture was mixed thoroughly and incubated
at room temperature for 15 minutes and then added to each 10cm plate.
Plates were incubated overnight at 37 °C. The following morning, media was
replaced with D-10 media supplemented with 5 mmol/I 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) and 10 mmol/I sodium butyrate. In
the afternoon, media was harvested and stored at 4 °C. Media was replaced
with D-10 supplemented with 5 mmol/l HEPES and cells were incubated
overnight. The following morning, media was harvested and replaced
with D-10 supplemented with 5 mmol/l HEPES. A final harvest was done
in the afternoon. Virus containing media was centrifuged for 5 minutes at
3,000 g to remove debris and then filtered using a 0.22 pm filter. Vectors
were spun at 12,100 g, 4 °C for 20 hours and resuspended in 1/100 volume
serum free Iscove’s modified Dulbecco’s medium (Invitrogen, San Diego, CA).
Concentrated virus containing media was frozen at —80 °C until use. LV vec-
tors were titered on HT1080 cells as described above except that 4 ug/ml
protamine sulfate was added to each well before transduction.

Transduction of CD34* human cord blood cells and progenitor
assay

CD34*human cord blood cells (LonzaPoietics, Basel, Switzerland) were thawed
and prestimulated as previously described.* Cells were transduced with LV
vector at an MOI of 25, FV vector at an MOI of 10 or mock transduced with
prestimulation media, as previously described.* 4 pug/ml protamine sulfate
was added to the media of the LV arm cells at the time of transduction. Media
volume in each well was adjusted to 1 ml with prestimulation media and cells
were incubated for 19 hours at 37 °C. Cells were removed for transplant, liquid
culture, and colony forming unit (CFU) assay as previously described.®

CD34* human cord blood cell xenotransplants

All animal protocols were approved by the Institutional Animal Care and
Use Committee of Washington State University. Prior to transplantation,
3-week-old female NOD.Cg-Prkdc=< I12rg™™//Sz) (NSG) mice (The Jackson
Laboratory, Bar Harbor, ME) were preconditioned with busulfan (Sigma-
Aldrich, St. Louis, MO). Busulfan was prepared and administered in 25 mg/kg
split doses as previously described,®* except that injections were deliv-
ered 24 and 48 hours prior to transplantation. After conditioning, 1x10°
cord blood CD34* cells were delivered by tail vein injection as previously
described.** Mouse water supplies were supplemented with the prophy-
lactic oxytetracycline until 8 weeks post-transplant. Two mice from the FV
group were excluded from analysis as a result of a failed tail vein injection of
transduced CD34* cells. One mouse from the untransduced group died and
was excluded from the analysis.

Engraftment and marking analysis in peripheral blood

Peripheral blood was collected from mice by saphenous bleed at 6 weeks
post-transplant and then every 3 weeks. 30-70 pl samples of whole blood
were incubated with rat anti-mouse CD16/CD32 Fc block (BD Biosciences,
Franklin Lakes, NJ) for 15 minutes on ice. Samples were then incubated for
30 minutes on ice with antibodies as previously described.> Red blood cell
lysis buffer was prepared according to manufacturer’s directions (Santa
Cruz Biotechnology, Dallas, TX). Following staining, 2ml red blood cell lysis
buffer was added to each sample. Samples were pulse vortexed and then
incubated for 5 minutes at room temperature in the dark. Immediately fol-
lowing lysis, 2 ml stain buffer (Dulbecco’s phosphate-buffered saline with 1%
bovine serum albumin and 0.1% sodium azide, filtered .22 um) was added to
each sample. Samples were centrifuged for 5 minutes at 500 g and washed
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with 2 ml stain buffer. Centrifugation was repeated and samples were resus-
pended in 200 pl stain buffer. Resuspended samples were analyzed using
a BD Accuri C6 flow cytometer (BD Biosciences). Statistical significance was
determined by performing t-tests.

Engraftment and marking analysis in bone marrow and spleens

Mice were euthanized at 19 weeks post-transplantation and whole femurs
and spleens were removed. Femurs were flushed with Dulbecco’s phosphate
buffer saline to remove marrow. Single cell suspensions of bone marrow and
spleen cells were created and processed as previously described,* except
that commercially available red blood cell lysis buffer was used as described
above. Cells were counted and 2x 10° cells/staining reaction were distrib-
uted to the wells of a 96-well round bottom tissue culture plate. Cells were
stained with antibodies as previously described,** except that Phycoerythrin
(PE) conjugated anti-human CD3 (Clone UCHT1), PE conjugated anti-human
CD11b (Clone ICRF-44), PE conjugated anti-human CD34 (Clone 581), and PE
conjugated mouse IgGT, k isotype control (Clone MOPC-21) antibodies (BD
Biosciences) were also used. Cells were washed and analyzed by flow cytom-
etry. Statistical significance was determined by performing t-tests.

Analysis of integration sites in LV and FV vector-transduced SCID-
repopulating cells
Genomic DNA was extracted and processed according to the manufactur-
er’s directions using the Gentra Puregene Cell Kit (Qiagen, Valencia, CA). RIS
from in-vivo datasets were identified and analyzed as previously described.”
VISA*' was used with the modified setting of a minimum alignment score
of 100. RIS within repeats that had the same first 16 genomic nucleotides
adjacent to the LTR, but aligned to different chromosomal loci, were further
analyzed as follows to confirm they were in fact distinct RIS: RIS were aligned
to the human genome using BLAT. RIS were excluded if percent identity
was less than 97%, or could be aligned to multiple chromosomal loci with
identical confidence (percent identity is greater than or equal to 97%, query
length is equal to the span of the alignment). The Database for Annotation,
Visualization, and Integrated Discovery 6.7 (refs. 42,43) was used for enrich-
ment analysis as previously described." For hotspot analysis, FV and ran-
dom RIS were normalized and matched to the smallest dataset (LV) at 460
RIS. First, all 825 FV RIS were randomized by assigning a random number to
each RIS in Excel and then ordered from largest random number to smallest
random number. Since there were only a total of 460 LV RIS, we analyzed
the first 460 of the randomized FV RIS to normalize the datasets for hotspot
analysis. Statistical significance was determined using chi-square analysis.
Analysis of vector copy number was performed through a multiplexed
quantitative PCR assay using primers and probes targeting an EGFP trans-
gene and RNase P as an internal control.** The EGFP/EYFP assay consisted of
a custom TagMan Probe (Applied Biosystems, Grand Island, NY) containing a
5'FAM reporter dye and a 3’ minor groove binder/nonfluorescent quencher,
with primers/probe sequences as previously reported by Zhout et al. ¢ The
RNase P assay (Applied Biosystems) contained a probe with a 5'"Hex reporter
dye. The standard curve was generated with genomic DNA extracted from
HT1080 cells transduced with a single vector containing EYFP. Reactions were
run in triplicate with TagMan Genotyping Master Mix (Applied Biosystems)
in a Bio-Rad CFX384 Touch under the following thermal cycling conditions:
95 °C 10 minutes + 40 x (95 °C 15 seconds + 60 °C 1 minute).**
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