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Correction of Murine Sickle Cell Disease Using
y-Globin Lentiviral Vectors to Mediate High-level
Expression of Fetal Hemoglobin
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Increased levels of red cell fetal hemogloblin, whether due
to hereditary persistence of expression or from induction
with hydroxyurea therapy, effectively ameliorate sickle
cell disease (SCD). Therefore, we developed erythroid-
specific, y-globin lentiviral vectors for hematopoietic stem
cell (HSC)-targeted gene therapy with the goal of perma-
nently increasing fetal hemoglobin (HbF) production in
sickle red cells. We evaluated two different y-globin lenti-
viral vectors for therapeutic efficacy in the BERK sickle cell
mouse model. The first vector, V5, contained the y-globin
genedriven by 3.1 kb of -globin regulatory sequences and
a 130-bp p-globin promoter. The second vector, V5m3,
was identical except that the y-globin 3’-untranslated
region (3’-UTR) was replaced with the p-globin 3’-UTR.
Adult erythroid cells have B-globin mRNA 3’-UTR-binding
proteins that enhance p-globin mRNA stability and we
postulated this design might enhance y-globin expres-
sion. Stem cell gene transfer was efficient and nearly all
red cells in transplanted mice expressed human y-globin.
Both vectors demonstrated efficacy in disease correc-
tion, with the V5m3 vector producing a higher level of
y-globin mRNA which was associated with high-level cor-
rection of anemia and secondary organ pathology. These
data support the rationale for a gene therapy approach
to SCD by permanently enhancing HbF using a y-globin
lentiviral vector.
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INTRODUCTION

Sickle cell disease (SCD) is a devastating inherited disorder of
hemoglobin that both shortens and reduces the quality of life."?
Beginning in early childhood, chronic vaso-occlusive events lead
to a central nervous system vasculopathy causing impaired intel-
lectual development and, in some patients, devastating strokes.**
Acute vaso-occlusive episodes cause tissue ischemia and excruci-
ating pain, while the resulting chronic multiorgan damage leads
to disability and early death.>® Hydroxyurea therapy diminishes

the frequency of crisis in adults and children with SCD”* and
may delay the onset of disability and the occurrence of death,’
but curative therapies are desperately needed. Bone marrow (BM)
transplantation, an established curative therapy, has benefited
only a small number of patients because of the limited availabil-
ity of appropriate donors.”” Gene therapy holds the promise of
addressing a significant gap in the availability of curative therapy
for patients with SCD.">!!

SCD results from a single amino acid substitution of valine for
glutamic acid at position 6 of B-globin.'? Upon deoxygenation, HbS
polymerizes which results in deformation and damage to the red
cell causing chronic hemolysis and ultimately enhancing the risk
of vaso-occlusion. Substantial evidence indicates that increased
fetal hemoglobin (a,y,; HbF) production mitigates the severity of
SCD. Patients with co-inheritance of persistence of fetal hemoglo-
bin expression and elevated fetal hemoglobin (HbF) levels or those
with certain B-globin locus haplotypes that are associated with
increased HbF have relatively much less clinical severity.*"** A
small percentage of patients who have elevated HbF for undefined
reasons have a diminished risk of chronic and recurrent acute clin-
ical events.'® Additionally, increased HbF in response to hydroxyu-
rea and butyrate administration has therapeutic benefit.”'”'® The
anti-sickling activity of HbF reflects both the lowering of the HbS
concentration as well as the direct inhibition of the red cell sickling
process due to y-globin molecules being incorporated into mixed
hemoglobin tetramers that do not participate in intracellular poly-
mer formation.”” Direct experimental evidence indicating a benefi-
cial effect of HbF in SCD mouse models has been shown utilizing
genetic crosses. In one sickle cell mouse model, y-globin transgene
mRNA expression in a majority of reticulocytes at 19-24% the level
of the endogenous globin genes resulted in corresponding levels of
HDBF of 16-25%, significantly improving the disease phenotype and
lifespan of the animals.*® Using a different SCD model, significant
phenotypic correction occurred when ~50% of red cells contained
40% HbEF per cell.”

The development of lentiviral vectors over a decade ago® was
a key milestone that made possible the subsequent application
of globin lentiviral vectors for hematopoietic stem cell (HSC)-
targeted gene transfer in preclinical models of murine and
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human B-thalassemia.”®*” Lentiviral vectors, unlike previously
used y-retroviral vectors, proved capable of efficiently transmit-
ting complex globin expression cassettes, containing transcrip-
tional regulatory sequences from the (-globin locus control
region which are required for high-level expression. Correction
of B-thalassemia mouse models has been achieved using both
B-globin®** and y-globin vectors.”%

A similar approach was taken using murine models of SCD.?*%
Overexpresssion of a B-globin polypeptide containing specific
point mutations designed to optimize anti-sickling activity led
to correction®® or improvement® of two different SCD models.
Here we report the use of a y-globin lentiviral vector for HSC
transduction and high-level, therapeutic expression of HbF in
the BERK SCD mouse model.*® The BERK SCD mouse displays
the severe hemolytic anemia and much of the pathology of SCD
as manifested in humans.***' Additionally, these mice appear to
most closely model human sickle/B’-thalassemia, a population
of patients which may be especially likely to benefit from gene
therapy since the required output of the anti-sickling globin for a
therapeutic effect will be reduced, due to the diminished level of
endogenous [ chains. Here, we report an average improvement
in the level of Hb of 4.1 g/dl per vector copy along with correc-
tion of the multiorgan damage of SCD using a y-globin expression
cassette optimized for expression in adult red cells. Since SCD
patients have significant underlying multiorgan dysfunction, it
will be important to develop gene therapy protocols which utilize
a reduced or submyeloablative conditioning regimen to minimize
regimen-related toxicity.”> Our data are therefore important in
demonstrating successful treatment of SCD through the expres-
sion of a natural, endogenously expressed protein.

RESULTS

Efficient y-globin lentiviral vector gene transfer into
steady-state HSCs from BERK SCD mice

We previously demonstrated correction of murine p-thalassemia
with a y-globin lentiviral vector, termed V5, which contains 3.1 kb
of regulatory sequences from the B-globin locus control region, a
130-bp B-globin promoter and the y-globin genomic sequences
(Figure 1a).”” Recent studies indicate that the 3’-UTR of the
B-globin mRNA contains a pyrimidine-rich motif that is bound
by the mRNA-binding proteins nucleolin and aCP, providing the
basis for the hyperstability of -globin mRNA.**** This element,
which forms a stem-loop structure, is not present in the y-globin
3’-UTR. Other studies show that y-globin transcripts cannot
accumulate to high levels in cells containing significant amounts
of B-globin mRNA.*>*¢ Together, these data suggested to us that
the B-globin 3’-UTR may have a higher relative affinity, compared
to its y-globin counterpart, for the binding factors in the adult
erythroid cell that mediate globin mRNA stability.*® This would
be comparable to the known preferential stabilization of a-globin
mRNA, relative to &-globin mRNA, due to higher binding effi-
ciency of a similar aCP protein complex to the a-globin 3’-UTR.**
Therefore, to test the possibility that the B-globin 3’-UTR might
enhance HbF expression and improve therapeutic efficacy after
lentiviral vector-mediated HSC gene transfer, we replaced the
y-globin 3’-UTR with its B-globin counterpart, resulting in vec-
tor V5m3 (Figure 1a). These globin vectors, identical except for
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Figure 1 Self-inactivating (SIN) y-globin lentiviral vectors demon-
strate efficient gene transfer into murine sickle cell hematopoietic
stem cells (HSCs). (a) Schematic representation of the integrated
y-globin lentiviral vector proviral form. Shown at top is the vector back-
bone which contains the central polypurine track (cPPT) and the rev
responsive element (RRE) and has a SIN design in which the promoter
and enhancer of the HIV U3 region have been deleted. Shown below are
the V5 and V5m3 globin expression cassettes which are identical with
the exception of the 3’-untranslated region (3’-UTR) (hatched rectangle
and speckled rectangle). Both vectors contain the same composite 3.1 kb
of transcriptional regulatory sequences from the $-globin locus control
region with contributions, as indicated, from HS4, HS3, and HS2 (open
rectangles). The filled arrowhead represents the 130-bp B-globin pro-
moter while the y-globin exons are indicated by hatched arrowheads.
(b) Bone marrow (BM) vector copy numbers of individual mice trans-
planted with sickle cell HSCs transduced with the V5 and V5m3 vectors.
Four to five months post-transplant, copy numbers were determined by
Southern blot analysis of BM DNA from transplanted animals, relative to
a cell line known to contain a single proviral copy.

the 3’-UTR sequences, were produced with equivalent high titer
(3% 10°to 5 x 10° transducing units/ml, unconcentrated) and both
transmitted an unrearranged proviral genome of the correct size
to target cells in culture (data not shown).

Lineage-depleted steady-state BM cells from the SCD mice
were obtained using immunomagnetic separation and cultured
overnight in cytokine-containing media before being exposed to a
lentiviral vector encoding green fluorescent protein (GFP) or either
of the two y-globin vectors, V5 and V5m3. Mock-transduced cells
and cells transduced with the three lentiviral vectors were then
transplanted into groups of lethally irradiated (1125 cGy) C57Bl/6
wild-type mice. To estimate the gene transfer efficiency into prim-
itive hematopoietic cells, we determined the frequency of vector
transfer into spleen colony-forming unit (CFU-S) cells for each of
the transduced grafts. For the V5 vector, 14 of 25 (64%) CFU-S
were positive for the vector DNA by Southern blot analysis, while
the V5m3 vector had a similar frequency with 11 of 22 (50%) pos-
itive (data not shown). Twenty-four of twenty-eight (86%) CFU-S
derived from cells transduced with the GFP vector were positive.
These data indicate a high level of gene transfer of all three vectors
into primitive hematopoietic cells.

Recipient mice with no residual endogenous hematopoiesis
(<1% endogenous wild-type Hb) were identified for long-term
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Table 1 Therapeutic efficacy of y-globin lentiviral vectors in SCD

y-Globin Lentiviral Vector Corrects Murine SCD

Transplant group n Y%F? %F cells® Vector copy* Hb (g/dl) RBCs¢ % Retics® Spleen weight (mg)
Mock 16 NA NA NA 7.5+0.2 6.2%0.2 61+3 409 £ 22

GFP 16 NA NA ND 7.1£0.3 5.8+0.2 ND ND

V5 13 43+4 97+1 1.5£0.4 10.3£0.4 9.1£0.3 30+3 206 +20

V5m3 10 48 + 3* 95+2 1.7 £0.2%* 12.2 £ 0.2 10.1£0.47 15 £ 2% 133+ 17"

Values represent the mean and SEM. All data were obtained 4-5 months after transplantation.
Abbreviations: GFP, green fluorescent protein; Hb indicates hemoglobin concentration; NA, not applicable; ND, not done; RBC, red blood cell; retic, reticulocyte; SCD,

sickle cell disease.

2Amount of HbF present (measured by high-performance liquid chromatography) in the peripheral blood as a percentage of the total Hb. "Percentage of red cells
staining for y-globin expression as determined by fluorescence-activated cell sorting analysis. “Average vector copy number in BM DNA as determined by Southern
blot analysis. “Red cell number x 10 per pl. ¢Reticulocyte count as determined by thiazole orange staining and flow cytometry.

*P=0.36 for V5m3 group versus V5 group. **P = 0.6 for V5m3 group versus V5 group. ***P < 0.004 for V5m3 group versus V5 group. TP = 0.05 for V5m3 group versus

V5 group. TP < 0.02 for V5m3 group versus V5 group.

analysis, to preclude potential artifactual disease improvement
which would confound the assessment of the effect of HbF expres-
sion. Animals were analyzed 4-5 months post-transplantation for
HSC gene transfer, HbF expression in red cells, complete blood
count, renal function, and organ pathology. Southern blot analysis
was performed on BM DNA from all the animals in both globin
vector groups to determine average vector copy number (VCN). As
shown in Figure 1b, comparable HSC gene transfer was obtained
in both globin vector groups (V5: 1.5+ 0.4; V5m3: 1.7 £ 0.2; P =
0.6; Table 1). Additionally, 95-97% of peripheral blood (PB) red
blood cells (RBCs) in both sets of mice expressed the y-globin
transgene as judged by immunostaining with an anti-HbF anti-
body (Table 1 and Supplementary Figure S1). Mice transplanted
with cells transduced with the GFP control vector demonstrated
GFP expression in 64 + 6% of PB granulocytes.

High-level HbF expression ameliorates

the anemia of SCD

HDF derived from the vector-encoded y-globin transgene was
measured in RBC lysates from recipients 4-5 months after trans-
plantation using cellulose acetate gel electrophoresis and high-
performance liquid chromatography. V5 mice had high levels
of HbF (Figure 2a,b), ranging from 21 to 71% of the total Hb,
with a mean level of 43 + 4% (Table 1). As shown in Figure 2b,
V5m3 mice had a slightly higher mean level of HbF (48 + 3% of
total Hb, Table 1), with a trend toward less variable expression
(range 32-68%; P = 0.23), although not statistically significant.
Importantly, these high levels of HbF led to significant increases
in the Hb and RBCs in the PB of mice receiving transplants of
both sets of y-globin vector-transduced cells, compared to mice
that received mock- or GFP-transduced cells (Figure 3a,b).
V5m3 animals had the best improvement in anemia, with a Hb
level of 12.2 £ 0.2 g/dl, while V5 animals, although significantly
improved relative to GFP animals (7.1 £ 0.3g/dl), had a less
robust increase, with a Hb level of 10.3 + 0.4 g/d]l compared to
V5m3 (P = 0.0032, Table 1). Using the independent measure of
RBC count, a similar difference was also observed between the V5
and V5m3 groups (P = 0.05). Furthermore, although both globin
vector groups demonstrated a dramatic reduction in extramedul-
lary hematopoiesis as compared to the mock and GFP groups as
reflected by the degree of splenomegaly (Figure 3c), this mea-
sure of anemia resolution was more complete in the V5m3 group
(P=0.015).
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Figure 2 High-level expression of HbF in the red blood cells
(RBCs) of mice transplanted with y-globin vector-transduced sickle
hematopoietic stem cells (HSCs). (a) Cellulose acetate hemoglobin
(Hb) electrophoresis gels were used to separate the different Hb species
in RBC lysates from mice transplanted with sickle cell HSCs transduced
with the V5 vector (top) or with the V5m3 vector (bottom). The migra-
tion of the Hb standards (mixture of HbS, HbF, and HbA) is indicated
at left of each panel. B6 = C57BI/6, SS = sickle. (b) HbF levels, as a %
of total Hb, in the individual transplanted mice 4-5 months post-trans-
plant. Mean values for each group are indicated by the horizontal lines.
There was no statistically significant difference between the two groups
(P =0.36). HPLC, high-performance liquid chromatography.

The presence of sickled cells was greatly reduced on blood
smears from the V5 group, while they were rare or absent on
smears of the V5m3 animals (Figure 3d). In contrast, sickled
cells were abundant on blood smears from the mock-transplanted
group (Figure 3d). When the increase in Hb in individual mice,
relative to GFP control mice, was normalized to the mean VCN
in the BM of each animal, the V5 group displayed a average
increase of 2.6 + 0.3 g/dl/copy, while the V5m3 animals showed a
4.1 +1.0g/dl/copy rise. These values exceed the 1.9-2.1g/dl/copy
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increases previously reported with mutant anti-sickling -globin
lentiviral vectors.?*

We studied several individual mice from both globin vector
groups that had VCN ranging from 0.3 to 0.6, a level of transduced
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Figure 3 Correction of anemia and compensatory splenic extramed-
ullary hematopoiesis in mice transplanted with y-globin lentiviral
vector-transduced cells. (@) Hemoglobin (Hb) levels of individual mice
transplanted with mock-transduced cells or cells transduced with the
indicated vectors. The mean Hb level in V5m3 mice was higher than that
of V5 mice (P =0.0032), as well as those of the green fluorescent protein
(GFP) and mock groups (P < 0.0001). The mean Hb level of the V5 mice
was also statistically higher than those of the GFP and mock groups (P <
0.0001). Data were obtained 4-5 months post-transplantation. (b) red
blood cell (RBC) counts of mice transplanted with the indicated mock-
or vector-transduced cells. The V5m3 mean RBC count was higher than
that of the V5 group (P = 0.05). Both the V5 and V5m3 had mean RBC
counts were higher than the mock and GFP groups (P < 0.0001). Data
were obtained 4-5 months post-transplantation. (c) Spleen weights of
the indicated groups of transplanted mice. Mean values for each group
are represented by the horizontal line and the P value for the comparison
between V5 and V5m3 is indicated. Mean values for V5 and V5m3 were
significantly different from that of the mock group (P < 0.0001). Data
were obtained 4-5 months post-transplantation. (d) Wright-Giemsa-
stained peripheral blood smears from representative mice transplanted
with mock-transduced or y-globin vector-transduced cells as indicated.
Data were obtained 4-5 months post-transplantation.
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HSCs with direct clinical relevance. Significantly, considerable
phenotypic improvement was observed in both hematologic
parameters (Hb and RBC counts) and renal function in these
mice (Table 2). These results suggest that a 30% level of y-globin
vector-transduced HSCs might have a major effect in SCD.

To evaluate whether the P-globin 3’-UTR provided an
enhanced level of y-globin transgene mRNA relative to that of
the transgene containing the y-globin 3’-UTR, we used quanti-
tative reverse transcription, real-time PCR (qRT-PCR) to mea-
sure globin transgene mRNA in PB of V5 and V5m3 animals.
As shown in Figure 4, the V5m3 vector containing the B-globin
3’-UTR produced more mRNA per vector copy than the V5 vec-
tor, which contains the y-globin 3’-UTR.

High-level HbF expression protects against the
secondary organ damage of SCD

Since many SCD patients develop a significant nephropathy,
sometimes leading to chronic renal failure,” we investigated
whether y-globin gene therapy preserved renal tubular function
in the transplanted mice. Both SCD patients and SCD mice have
a defect in urine concentrating ability, we therefore measured the
urine osmolality after water deprivation of the different groups of
transplanted mice. The V5 and V5m3 groups showed normal urine
concentrating ability, similar to that of wild-type C57Bl/6 mice,
while a failure to concentrate urine was observed in the group
transplanted with mock-transduced cells (Figure 5). Consistent
with this functional data, the mock group showed significantly
pathology throughout the kidney, while the kidneys in the V5 and
V5m3 groups showed no visible pathology. The mock group of

Table 2 y-Globin expression and disease improvement in low copy
number animals

RBC Urine
Hb count x  concentration
Animal VCN 9%F cells % HbF (g/dl) 106/l (mOsM)
V5-#2 0.6 98 28 8.8 8.86 2,910
V5-#3 0.3 96 21 8.9 7.41 3,360
V5m3-#12 0.3 92 47 10.9 9.15 3,220
GFP NA NA NA 7.1* 5.83% 2,380°

Abbreviations: GFP, green fluorescent protein; Hb, hemoglobin; NA, not
applicable; RBC, red blood cell; VCN, vector copy number.
2Mean value in mice that received GFP-transduced cells
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Figure 4 Replacement of the y-globin 3’-untranslated region with
its p-globin counterpart in the y-globin lentiviral vector leads to
increased levels of transgene mRNA in peripheral blood reticulo-
cytes. Relative levels of y-globin mRNA, normalized to bone marrow
vector copy, as determined by quantitative reverse transcription-PCR
in individual transplanted mice of the indicated groups. Mean + SEM
and the P value are shown. Data were obtained 4-5 months post-
transplantation.
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animals displayed a highly attenuated and sometimes sloughed
renal tubular epithelium with intracytoplasmic deposition of
hemosiderin (Figure 6a). Prussian blue staining confirmed that
cells were heavily laden with iron. In both the cortex and medulla,
residual tubules often contained proteinaceous casts. The mock

4,000
3,500

3,000
2,500
2,000
1,500
1,000
500

0

Mock V5 V5m3 C57Bl6

Urine concentration (mOsM)

Figure 5 Normalization of renal tubular urine concentrating ability
in mice transplanted with y-globin lentiviral vector-transduced cells.
Urine osmolality is shown for each of the transplanted groups (at least
seven mice in each group) as well as for wild-type C57BI/6 mice (n = 5).
There was a statistically significant difference between the mock group
and all three of the other groups (P < 0.001). Data were obtained 4-5
months post-transplantation.

V5m3

Figure 6 Correction of splenic, renal, and hepatic sickle cell-related
pathologic abnormalities in mice receiving transplants of y-globin
vector-transduced hematopoietic stem cells. (a) Representative
hematoxylin and eosin (H&E)-stained sections of renal tubular epithe-
lium (x400) from mock and V5m3mice. (b) Examples of renal glomeruli
from mock and V5m3 mice (x400). (c) Representative spleen sections
from mock and V5m3 mice stained with H&E at x100 magnification.
(d) Representative sections of liver from mock and V5m3 mice (x400).
(e) Liver sections from the indicated mice stained for iron content with
Prussian blue (x200).
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group also demonstrated severe glomerular pathology evidenced
by glomerular capillary segmental wall thickening with dilation
and adhesion to Bowman’s capsule. Marked glomerular vascu-
lar congestion and multifocal glomerular obsolescence was also
observed in the mock group (Figure 6b). Renal glomeruli were
normal by morphologic examination in recipients that received
y-globin vector-transduced cells.

Spleens of untreated mice were markedly expanded by
extramedullary erythropoiesis with effacement of lymphoid tissue
(Figure 6c). In contrast, both sets of gene therapy mice displayed
normal splenic architecture, with only mildly increased eryth-
ropoiesis observed in the V5 group. The livers of mock animals
showed sinusoids filled by Kupffer cells and macrophages impreg-
nated with hemosiderin. Examples of acute and chronic damage
from thrombotic events, with necrosis and fibrosis was readily
observed in the mock group while absent in the globin vector
groups. The mock group also showed lymphocytic and histio-
cytic infiltration with prominent siderosis (Figure 6d). Prussian
blue staining for intracellular iron showed marked hepatic iron
overload in these animals, while the V5 and V5m3 groups showed
no increase in liver iron content (Figure 6e). Finally, the lungs of
mock-treated animals were characterized by an interstitium that
was typically congested, with thickening of alveolar walls by eryth-
rocytes, leukocytes, and occasionally fibrin thrombi. Interstitial
fibrosis was also occasionally identified. Throughout the lung
parenchyma there was an increase of perivascular lymphocytes
and plasma cells. Recipients of y-globin vector-transduced cells
displayed little or no pulmonary pathology (data not shown).

Persistence of y-globin-mediated phenotypic
correction in secondary transplanted animals

At the time of euthanasia, 4-5 months after transplantation, BM
cells from six primary V5m3 mice were transplanted into three
to five secondary C57Bl/6 recipients to establish that HSCs were
transduced and whether high-level y-globin expression persisted.
Five months after secondary transplantation, high levels of HbF
expression were observed in recipient mice, at levels similar in most
cases to that of the primary donor (Supplementary Figure S2a).
Similarly, secondary mice displayed sustained correction of ane-
mia, compared to secondary recipients transplanted with BM
from the primary mock group (Supplementary Figure S2b).

DISCUSSION

HSC transfer and permanent high-level erythroid expression
of a y-globin gene is an attractive approach for gene therapy of
SCD.""* This is the first report to establish that this approach can
successfully treat an exceptionally severe murine model of SCD.*
Although it is not known what degree of myeloablative condi-
tioning in humans will be needed to obtain sufficient engraftment
of genetically modified HSCs for a therapeutic effect, a subab-
lative regimen would be preferable since many SCD patients
have pre-existing multiorgan damage. One advantage of using
y-globin, rather than a mutant B-globin molecule, is that addi-
tional chemotherapy or irradiation to achieve immunoablation
would not be required since y-globin is endogenously expressed
in SCD patients. Numerous examples of self immune responses
to cells expressing novel, mutated endogenous antigens have been
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previously documented,** raising the possibility that expres-
sion of an altered version of 3-globin in developing BM erythroid
precursors could be problematic. The potential need for immu-
noablation in the conditioning regimen with this approach would
add significant risk to the gene therapy procedure for patients
with SCD.

We observed an increase in Hb per vector copy of 2.6g/dl
with the V5 vector, similar to what we found in a previous gene
therapy study involving B-thalassemia mice.”” The V5m3 vector,
containing the f-globin 3’-UTR in lieu of its y-globin counterpart,
produced a more robust improvement in Hb, with a rise of 4.1g/
dl per vector copy. These values exceed those observed by others
(1.9-2.1g/dl/copy) using a mutant B-globin vector in the same or
similar SCD mouse models.*** Mice receiving transplants of cells
transduced with the V5m3 vector, relative to the V5 vector, had
a significantly better correction of their anemia as evidenced by
their higher Hb and RBC counts. Extramedullary hematopoiesis,
as judged by spleen size and pathology, was also more completely
resolved in the V5m3 group than the V5 group. This improved
performance of the V5m3 vector correlated with the higher levels
of y-globin mRNA per vector copy, relative to that observed in
animals transplanted with V5-transduced cells. Recent studies
indicate that, in addition to the normal developmental transcrip-
tional down-regulation of y-globin, there is also a post-transcrip-
tional silencing mechanism affecting y-globin mRNA stability
in adult erythroid cells.”® Russell has proposed a model based on
data in transgenic mice wherein limiting quantities of a-CP bind
preferentially to the 3’-UTR of “adult” globin mRNAs, leaving
stage inappropriate globin mRNAs such as y-globin destabilized.
Consistent with this model, others previously showed that accu-
mulation of the native y-globin transcript occurs most optimally
in the absence of or with reduced -globin expression.*® Our data
are also in line with these results as we observed that removal of
the y-globin 3’-UTR from the V5 vector and replacement with
its B-globin counterpart led to a significant 2.5-fold increase in
the relative amount of steady-state, y-globin mRNA per vector
copy. It appears that the native y-globin transcript, which does not
contain the unique p-globin 3’-UTR stem-loop motif that medi-
ates the specific protein binding necessary for B-globin transcript
stability,** is not optimal for high-level y-globin protein expres-
sion in the adult erythroid environment. In addition to potentially
enhancing y-globin transgene mRNA stability, it is also possible
that the 545 bp of p-globin 3’ sequences that extend beyond the
3’-UTR and are included in the V5m3 vector might play a role in
enhancing transgene mRNA levels. For instance, these sequences
might enhance pre-mRNA processing, including polyadenylation.
Further studies may allow delineation of the mechanism(s) that
facilitate higher globin mRNA production by the V5m3 vector.

Despite the higher levels of y-globin transgene mRNA in the
PB of V5m3 mice compared to V5 mice, which correlated with a
more complete correction of all aspects of the SCD phenotype that
we measured, the differences in the mean and variance of HbF
level of the two groups did not achieve statistical significance.
This is most likely due to the limited number of animals analyzed.
However, we cannot rule out that there is a steep response curve,
as a function of HbF level, for achieving increasingly more com-
plete phenotypic correction in this model.
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Transplantation of BM from individual V5m3 primary recipi-
ents into secondary recipients showed continued, high levels of
y-globin expression, similar to those observed in the primary
donors. This not only suggests effective HSC gene transfer but also
is consistent with a lack of significant vector silencing. Despite
this, we did observe evidence of position effect variegation of vec-
tor transgene expression. The correlation between BM VCN and
the amount of HbF was not copy number dependent (1> = 0.37
and data not shown). In some mice, lower VCN gave equivalent
HbF levels as those observed in some mice with higher VCN (data
not shown). These results are consistent with our previous work
and that of others highlighting the impact of position effect on
globin lentiviral vector expression.”*** This reflects the variabil-
ity of expression of an integrated transgene at ectopic genomic
locations that do not reproduce the transcriptional environment
of the native locus. A recent study indicates that detrimental posi-
tion effects can be reduced by use of the 1.2-kb insulator element
from the chicken (B-globin locus.” However, inclusion of the
1.2-kb fragment in lentiviral vectors, particularly globin vectors,
can significantly reduce titer* (PW.H., H.H. Hanawa, and D.A.P,
unpublished results). One potential solution would be to utilize
a 400-bp subfragment that seems to retain significant protection
against position effects.** Further studies will be required to iden-
tify the optimal insulator element which retains functional activ-
ity while having minimal impact on globin vector titer.

In addition to their sickle cell phenotype, the BERK mouse
model used in these studies exhibits a mild p-thalassemic phe-
notype, with an a/p-globin chain ratio of 0.79-0.82.2"* The rela-
tive deficiency of % chains in this model closely represents the
situation of humans with sickle/B°-thalassemia. Given our data
and previous studies showing that SCD transgenic mice with a
relative deficiency of B° chains have a reduction in the HbF level
therapeutic threshold,” patients with sickle/p°-thalassemia may
be an ideal population for initial y-globin gene therapy clinical
trials. Similarly, incorporation of an short hairpin RNA targeting
B*-globin into the y-globin vector, as proposed by Sadelain and
colleagues, may be beneficial to improve the therapeutic efficacy
for SCD patients with balanced globin chain synthesis.*

Therapeutic protein production was obtained in the majority
of the mice in this study with an average VCN ranging from 0.3 to
1.8 copies, less than in previous studies.?®* One of the goals in
HSC-targeted gene therapy is to obtain functional cell correction
with the lowest number of vector copies per cell since the risk
of genotoxicity likely increases with increasing copy number.*
Although this work was not a safety study, we observed no evi-
dence of myelodysplasia or leukemia in the different groups of
primary and secondary transplant recipients. This is consistent
with our previous work that showed that although globin vector
integrations can lead to cellular gene dysregulation in erythroid
cells, even at great distances, no functional consequences in
terms of clonal dominance or leukemia occurred.* Using a
primate autologous transplant model, we have recently found
that lentiviral vectors have a more favorable vector insertion
profile than that associated with y-retroviral vectors (D.A.P. and
C.E. Dunbar, manuscript submitted). We therefore believe that
use of a y-globin lentiviral vector for gene therapy of human SCD
will have an acceptable benefit-to-risk ratio. With continued
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focused effort, successful gene therapy for SCD may become a
reality in the near future.

MATERIALS AND METHODS

Lentiviral vector design and production. The y-globin lentiviral vector
termed V5 (previously termed mLARVS5) and the control GFP vector
were previously described.” To construct the V5m3 plasmid, plasmid
pMD-G a gift from Dr. Richard Mulligan (Harvard, Boston, MA) was
used as a template to PCR amplify the last 36 bp of the y-globin open
reading frame (provided in the 5" oligo PCR primer, which contains a
Btsl site) fused with 680bp of DNA sequence immediately downstream
of the human B-globin stop codon, which contains the 135bp 3-globin
3’-UTR. This fragment was then used to replace the 471-bp BtsI/Sbfl
fragment of plasmid V5 which contains the 87bp y-globin 3’-UTR
and 384bp of additional 3" downstream y-globin genomic sequences.
Vesicular stomatitis virus glycoprotein pseudotyped lentiviral vector
particles were prepared and titered by Southern blot analysis for genome
transfer as previously described.”

Mice. BERK SCD mice were originally obtained from Dr. Mohandas
Narla (then at the Lawrence Berkeley National Laboratory, Berkeley, CA).
They express exclusively human a- and sickle B-globin and were originally
bred by selective mating and exist on a mixed genetic background (strains
FVB/N, 129, DBA/2, C57BL/6, and Black Swiss), with histocompatibility
with C57Bl/6 mice. Exclusive expression of HbS in sickle mice was con-
firmed by differential hemoglobin electrophoresis using the Helena Titan
III system (Helena Laboratories, Beaumont, TX). All experimental ani-
mal protocols were approved by the St. Jude Children’s Research Hospital
Institutional Animal Care and Use Committee.

Isolation, transduction, and transplantation of BM cells. BM cells were
isolated from 2- to 5-month-old SCD mice. Depletion of lineage positive
cells from pooled whole BM preparations was performed using the Lineage
Cell Depletion Kit (cat. no. 130-090-858; Miltenyi Biotec, Auburn, CA) and
the autoMACS separation system (Miltenyi Biotec, Auburn, CA). Lineage
negative (Lin") cell purities were always >80%. Cells at a concentration
1 x 10°/ml were cultured for 24 hours in StemSpan serum-free medium
(StemCell Technologies, Vancouver, British Columbia, Canada) supple-
mented with 10 ug/ml heparin (Sigma-Aldrich, St. Louis, MO), 50 U/ml
penicillin, 50pg/ml streptomycin, 2mmol/l glutamine and cytokines:
10 ng/ml mouse stem cell factor, 50 ng/ml mouse thrombopoietin, 20 ng/ml
mouse Insulin-like growth factor 2 (all from Peprotech, Rocky Hill, NJ) and
10ng/ml human fibroblast growth factor 1 (R&D Systems, Minneapolis,
MN). For transduction, cells were transferred to RetroNectin-coated
24-well plates (Takara, Shiga, Japan) at a concentration of 7x 10%ml to
11 x 10%ml in the above media and incubated overnight with viral vec-
tor particles at a multiplicity of infection of 25-55 for the y-globin vectors
and of 7-11 for the GFP control vector. A second viral vector exposure
was performed the following day for an additional 6-8 hours. Cells were
subsequently harvested and 0.7-1 x 10° cells were injected by tail-vein into
C57Bl/6 (Jackson Laboratories, Bar Harbor, ME) recipients after 1125 cGy
of total body irradiation given as a single dose.

Hematologic and HbF protein analysis. Complete blood and reticu-
locyte counts were determined using an automated blood cell analyzer
and fluorescence-activated cell sorting analysis as previously described.®
Hb cellulose acetate gel electrophoresis and fluorescence-activated cell
sorting analysis of red cells for expression of human y-globin were
also performed as previously described.”® Hb standards for cellulose
acetate electrophoresis were purchased from Helena Laboratories
(Beaumont, TX). Fractionation and quantitation of HbS and HbF
was performed by high-performance liquid chromatography using a
cation-exchange column (Ultra2 Variant Resolution Analyzer; Primus
Diagnostics, Kansas City, MO).
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Pathology analysis. At necropsy, mice were humanely euthanized and
organ weights were obtained on heart, liver, spleen, and kidneys of all
animals. Tissues collected for microscopic evaluation were fixed over-
night in 10% neutral buffered formalin. Following fixation, tissues were
processed routinely, embedded in paraffin, sectioned at 4um and stained
with hematoxylin and eosin. Histochemical staining by Prussian blue to
evaluate iron deposition and Trichrome to evaluate fibrosis was also per-
formed. Pathology analysis was performed by an experienced veterinary
pathologist (K.M.B.).

Determination of BM VCN by Southern blot analysis. BM DNA samples
were digested with BglII, which cuts at the ends of the provirus and lib-
erates a near unit length provirus. A radiolabeled HIV-1 rev responsive
element DNA probe was hybridized with the blot and the signal intensity
of the hybridizing band for each DNA sample was compared to that of the
DNA from a K562 clone harboring a single vector copy using a Molecular
Dynamic Storm 860 Phosphorimager (Molecular Dynamics, Sunnyvale,
CA) and its accompanying software. Equivalent loading of lanes was con-
firmed by ethidium bromide staining of gels before DNA transfer to the
nylon filters.

Spleen colony-forming unit assay. Transduced Lin" cells (5x 10° to 8 x
10°) were transplanted into normal C57Bl/6 mice conditioned with 950
cGy. Thirteen days following transplantation, mice were killed and well-
separated, discrete splenic colonies were carefully dissected and genomic
DNA prepared.

Urine osmolality determination. Following a 16-hour food and water
deprivation period, urine was collected from transplanted mice and
C57Bl/6 controls. Osmolality was determined using a freezing point
depression osmometer (model 3300; Advanced Instruments, Norwood,
MA). Samples were diluted tenfold and results corrected for the dilution
factor.

Measurement of y-globin transcript levels using qRT-PCR. qRT-PCR
measurements of y-globin and a-globin mRNA transcript levels were per-
formed in triplicate for each sample using primer/probe set combinations
(y-globin: Hs00361131_g1; a-globin: Hs00361191_g1) obtained from the
Assay-on-Demand catalog from Applied Biosystems (Foster City, CA),
according to the manufacturer’s recommendations. Reactions were per-
formed with the ABI StepOnePlus Real-Time PCR System (Foster City,
CA). Its accompanying software was used to calculate relative y-globin
mRNA expression levels by the **CT method, using a-globin mRNA for
normalization. The variability in the a-globin level from mouse to mouse
was <1%, as was the case for each set of replicate samples.

Statistical analysis. Student’s two-tailed f-test and F-test were used to
determine statistically significant differences between mean values and
variances of different data sets using GraphPad Prism Software (GraphPad,
San Diego, CA).

SUPPLEMENTARY MATERIAL

Figure S1. Pancellular expression of y-globin in the RBCs of represen-
tative mice transplanted with sickle HSCs transduced with the indi-
cated y-globin lentiviral vectors.

Figure $2. Sustained, high level expression of HbF and amelioration of
anemia after secondary transplantation.
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