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Diamond-Blackfan anemia is a congenital erythroid hypoplasia
and is associated with physical malformations and a predispo-
sition to cancer. Twenty-five percent of patients with Diamond-
Blackfan anemia have mutations in a gene encoding ribosomal
protein S19 (RPS19). Through overexpression of RPS19 using a
lentiviral vector with the spleen focus-forming virus promoter,
we demonstrated that the Diamond-Blackfan anemia pheno-
type can be successfully treated in Rps19-deficient mice. In
our present study, we assessed the efficacy of a clinically rele-
vant promoter, the human elongation factor la short pro-
moter, with or without the locus control region of the B-globin
gene for treatment of RPS19-deficient Diamond-Blackfan ane-
mia. The findings demonstrate that these vectors rescue the
proliferation defect and improve erythroid development of
transduced RPS19-deficient bone marrow cells. Remarkably,
bone marrow failure and severe anemia in Rpsl9-deficient
mice was cured with enforced expression of RPS19 driven by
the elongation factor 1o short promoter. We also demonstrate
that RPS19-deficient bone marrow cells can be transduced and
these cells have the capacity to repopulate bone marrow in long-
term reconstituted mice. Our results collectively demonstrate
the feasibility to cure RPS19-deficient Diamond-Blackfan ane-
mia using lentiviral vectors with cellular promoters that possess
a reduced risk of insertional mutagenesis.

INTRODUCTION

Diamond-Blackfan anemia (DBA) is a rare inherited bone marrow
failure disorder with pure red blood cell aplasia manifesting early in
life. The hematological profile of patients with DBA shows macrocytic
anemia with reticulocytopenia, normal or decreased levels of neutro-
phils, and variable platelet counts." Patients with DBA also exhibit
various non-hematological manifestations such as physical abnor-
malities and cancer predisposition.”’

In at least 60%-70% of cases, DBA is caused by functional haploin-
sufficiency of genes encoding for ribosomal proteins.*”'' Recent
studies have discovered that two genes, erythroid transcriptional
factor GATAI and TSR2 (a direct binding partner of RPS26), can
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cause the DBA phenotype.'>”"> Twenty-five percent of patients
have mutations in a gene coding ribosomal protein S19 (RPS19).*
For given mutations all reported patients are heterozygous. Further-
more, in most cases, the mutations are predicted to result in
haploinsufficiency of the respective ribosomal protein.'®'” Cortico-
steroids are the main therapeutic option in DBA.” Around 80% of
patients initially respond to corticosteroids, but only 40% of patients
sustain the therapeutic response and the remaining 40% need
chronic blood transfusion. Twenty percent of patients go into spon-
taneous remission and maintain acceptable hemoglobin levels
without therapeutic intervention. Allogeneic bone marrow trans-
plantation is currently the only curative treatment available for pa-
tients with DBA.'®

Our previous studies demonstrated that enforced expression of
RPS19 improves the proliferation, erythroid colony-forming poten-
tial, and differentiation of patient-derived RPS19-deficient hemato-
poietic progenitor cells in vitro.'”** Moreover, RPS19 overexpression
enhances the engraftment and erythroid differentiation of patient-
derived hematopoietic stem cells and progenitor cells when trans-
planted into immune-compromised mice.”’ Collectively, these
studies suggest that gene therapy may be a future therapeutic modal-
ity in the treatment of RPS19-deficient DBA. In our proof-of-princi-
ple study using lentiviral vectors harboring the spleen focus-forming
virus (SFFV) promoter and a codon-optimized human RPS19 cDNA
followed by the internal ribosomal entry site (IRES) and GFP (SFFV-
RPS19), we showed that the DBA phenotype of Rps19-deficient mice
can be successfully treated.”

In the current study, we assessed the efficacy of clinically relevant pro-
moters to drive the therapeutic gene. To this effect, we designed
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Figure 1. Mouse Model for RPS-Deficient DBA and SIN Lentiviral Vectors for DBA Gene Therapy

Transgenic mice containing a doxycycline-regulatable Rps19-targeting shRNA allow an inducible and graded downregulation of Rps19. (A) Overview of modified loci. Black
arrowheads indicate TSSs. (B) Breeding strategy to adjust the level of Rps19 downregulation. (C) EFS-RPS19 vector, codon-optimized human RPS79 cDNA was con-
structed under the control of the human elongation factor 1a. short (EFS) promoter and inserted into a lentiviral vector. Following the RPS79 cDNA, an internal ribosomal entry
site (IRES), a GFP sequence, and improved post-transcriptional regulatory element (Pre*) were inserted. EFS-Spacer vector, in which the RPS79 cDNA was replaced with an
equally long non-coding spacer sequence, was used as a control. The LCR-EFS-RPS19 vector, where in locus control region of B-globin gene was inserted before the EFS
promoter. LTR, long terminal repeat; pA, polyadenylation signal; PPT, polypurine tract; RRE, Rev response element; SA, splice acceptor; Wt, wild-type.

lentiviral vectors harboring a codon-optimized human RPS19 cDNA
driven by the shortened version of the human elongation factor 1o
(EFS) promoter. Lentiviral vectors with the EFS promoter are shown
to have a significantly decreased risk of insertional mutagenesis,****
and no evidence of clonal dominance was reported during clinical tri-
als of gene therapy for severe combined immunodeficiency X1 (SCID-
X1) using the EFS promoter.”

The EFS promoter was followed by IRES and GFP (EFS-RPS19),
while a vector without the RPS19 ¢DNA was used as a control
(EFS-Spacer). To assess the therapeutic potential of the EFS-RPS19
vector in vivo, we transduced c-Kit-enriched bone marrow cells
from control and uninduced small hairpin RNA (shRNA)-D mice
and these were injected into lethally irradiated wild-type mice. The re-
cipients transplanted with the EFS-Spacer transduced shRNA-D bone
marrow showed a dramatic decrease in blood cellularity that led to
death after a few weeks, while the recipients transduced with EFS-
RPS19 shRNA-D bone marrow exhibited close to normal blood cellu-
larity. These results demonstrate that EFS promoter-driven enforced
expression of RPS19 can cure severe anemia and bone marrow failure
in RPS19-deficient mice.

RESULTS

Enforced Expression of RPS19 by the EFS Promoter in Rps19-
Deficient Bone Marrow Cells Improves Proliferation and
Erythroid Development In Vitro

We have shown that enforced expression of RPS19 expands erythroid
development in RPS19-deficient patients with DBA.'*"*! In our pre-
vious study using lentiviral vectors driven by the SFFV promoter, we
showed that the DBA phenotype of mice can be successfully treated.*”
In this study, we assessed the efficacy of clinically relevant promoters
like the EFS promoter in our mouse model of RPS19-deficient DBA.
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Briefly, this model contains an Rps19-targeting shRNA (shRNA-D)
that is expressed under a doxycycline-responsive promoter located
downstream of the collagen Al gene (Figure 1A). Experimental ani-
mals were bred to be either heterozygous (D+) or homozygous
(DD) for the shRNA in order to generate two models with interme-
diate or severe Rps19 deficiency, respectively (Figure 1B). To correct
the Rps19 deficiency, we developed self-inactivating (SIN) lentiviral
vectors harboring a codon-optimized human RPS19 cDNA driven
by the internal EFS promoter, followed by IRES and GFP (EFS-
RPS19) with or without a B-globin locus control region (LCR) cassette
(Figure 1C). The codon-optimized RPS19 cDNA was further modi-
fied to prevent its recognition and downregulation by the Rps19-tar-
geting shRNA used. A similar vector without the RPS19 cDNA was
used as a control vector (EFS—Spacer).Zz‘ZF”28

To assess the functionality of these vectors, we cultured transduced
c-Kit-enriched bone marrow (BM) cells from control and heterozy-
gous RPS19 shRNA (D+) mice in liquid cultures in the presence of
doxycycline (Figure 2A). Based on the percentage of GFP+ cells,
the initial transduction efficiency was between 20% and 40% on
average (Figure 3B). D+ cells transduced with the EFS-Spacer control
vector failed to expand during 7 days of culture after transduction
(Figure 2B). In contrast, the EFS-RPS19 and LCR-EFS-RPS19 vectors
mediated a 2-fold increase in total cell number compared to the
EFS-Spacer vector.

Next we quantified the erythroid colony-forming potential of trans-
duced c-Kit-enriched BM cells from control and D+ mice in methyl
cellulose cultures in the presence of doxycycline for 14 days (Fig-
ure 2C). The findings demonstrate that the EFS-RPS19 and LCR-
EFS-RPS19 vectors mediated a 3-fold increase in the total number
of erythroid colonies compared to the EFS-Spacer vector.
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Enforced Expression of RPS19 by the EFS Promoter Is Sufficient
to Rescue the DBA Phenotype In Vivo

Subsequently, we probed whether EFS-RPS19 and LCR-EFS-RPS19
vectors generate a sufficient amount of RPS19 in vivo in order to assay
the therapeutic efficacy. Doxycycline administration to transplanted
recipients with the homozygous RPS19 shRNA (DD) genotype causes
acute and lethal BM failure, while D+ recipients (one RPS19 shRNA
allele) develop mild chronic anemia.”® Since DD mice develop lethal
BM failure shortly after doxycycline administration, we chose this
model to test the efficacy of gene correction to rigorously assess
whether the lethal phenotype could be rescued and the mice cured.
Uninduced BM cells from the control and DD mice were transduced
with the vectors, and the transduced cells were transplanted into wild-
type recipient mice. Following engraftment and stable donor-derived
regeneration of the hematopoietic system, recipient mice were admin-
istered doxycycline to downregulate endogenous RpsI19 in order to
induce the disease (Figure 3A). Since we showed previously that the
hematopoietic phenotype in Rps19-deficient mice is autonomous to
the blood system, we decided to use lethally irradiated wild-type
recipients.*®

Before transplantation, initial transduction efficiencies with therapeu-
tic and control vectors were measured based on the percentage of
GFP+ cells and were between 20% and 40% on average (Figure 3B).
After 2 weeks of doxycycline treatment, most of the mice receiving
DD BM transduced with EFS-Spacer vector died due to dramatic
BM failure (data not shown). At this time point, all groups showed
high overall donor reconstitution, confirming the absence of recip-
ient-derived hematopoiesis (Figures 3C and 3D). We demonstrated
that the recipients transplanted with the EFS-RPS19 or LCR-EFS-
RPS19 DD BM had normal blood cellularity (Figures 3E and 3F).

Doxycycline administration for 18 weeks was used as the time point
to assess long-term efficacy (Figure 4A). Most recipients with DD BM
transduced with EFS-Spacer vectors died, but the remaining surviving

Figure 2. Enforced Expression of RPS19 Derived
from the EFS Promoter Is Sufficient to Rescue the
DBA Phenotype In Vitro
c-Kit-enriched hematopoietic progenitors (0.5 x 10) from
the BM of uninduced mice were transduced and seeded in
liquid culture or methyl cellulose in the presence of doxy-
cycline. (A) Experimental design. (B) Total cell counts on
day 8 after growth in liquid culture. (C) Total erythroid
colony counts in methyl cellulose cultures (M3436) in the
presence of doxycycline on day 14. Data shown in (B) and
(C) represent the average of three independent experi-
Wt ments with three technical replicates. *p < 0.05; ***p <
0.001. Wt, wild-type.

[2]
f:fc recipients exhibited macrocytic anemia and a
<H/]> decrease in erythrocyte numbers, hemoglobin
x value, and platelet counts (Figures 4B-4H).
2 Remarkably, recipients transplanted with the
EFS-RPS19 or LCR-EFS-RPS19 DD BM had
normal blood cellularity and BM cellularity (Figures 4C-4H). Addi-
tionally, we analyzed the samples by fluorescence-activated cell sort-
ing (FACS) to allow fractionation of the myeloid-erythroid compart-
ment in the BM.*®* The mean percentage of GFP+ cells was
substantially higher in recipients with EFS-RPS19 or LCR-EFS-
RPS19 DD BM than in the other groups, indicating the competitive
advantage of gene-corrected cells in the hematopoietic hierarchy
(Figure 5).

RPS19-Deficient BM Cells Transduced with RPS19 Vectors
Provide Long-Term Reconstitution

We asked whether doxycycline-induced, Rps19-defcient BM cells
transduced with RPS19 lentiviral vectors can result in long-term
engraftment in doxycycline-induced lethally irradiated wild-type
recipient mice (Figure 6A). To this end, DD and control mice were
induced with doxycycline for 1 week and erythrocyte numbers and
hemoglobin levels were measured to confirm the DBA phenotype
(Figures 6B and 6C). BM cells from induced mice were transduced
and transplanted into doxycycline-induced lethally irradiated mice.
Initial transduction efficiencies with therapeutic and control vectors
were measured based on the percentage of GFP+ cells and were be-
tween 20% and 50% (Figure 6D). Most of the mice receiving DD
BM transduced with EFS-Spacer failed to engraft and did not survive
beyond 2-3 weeks after transplantation. Almost 60% of the mice
receiving DD BM with corrected EFS-RPS19 vector survived and
showed long-term engraftment (Figure 6E). We assessed long-term
engraftment and the hematopoietic contribution of mice with gene-
corrected DD BM at 16 weeks post-transplantation. At this point,
these mice exhibited improved BM cellularity and recovery of erythro-
cyte numbers, hemoglobin levels, and platelet counts (Figures 6F-6K).

Gene-Corrected Rps19-Deficient Cells Show Polyclonal
Hematopoiesis and Have a Typical Lentiviral Insertion Profile
The risk of insertional mutagenesis is a major concern regarding
the future clinical use of lentiviral vectors. To assess the safety of
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Figure 3. Enforced Expression of RPS19 Derived
from the EFS Promoter Is Sufficient to Rescue the
Acute DBA Phenotype In Vivo
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the EFS-RPS19 vector integration profile as well as the clonal dy-
namics of the transduced cells, we performed insertion site analysis
of DNA from BM cells of four mice per vector group obtained
from recipients after 16-18 weeks of doxycycline administration.
Integration sites per vector group (Wt-EFS-Spacer [WES], Wt-.EFS-
RPS19 [WER], Wt-LCR-EFS-RPS19 [WLER], DD-EFS-RPS19
[DER], and DD-LCR-EFS.RPS19 [DLER]) were analyzed by linear
amplification-mediated (LAM) PCR followed by Ion Torrent
sequencing. A total of 2.88 x 10° sequences were processed, clustered
for homology (increasing the read count of individual insertions),
trimmed for the remaining vector sequences, and aligned to the mu-
rine genome. The 2.18 x 10° sequence reads were assigned to 5,420
individual insertions. Despite the known limitations in terms of
absolute quantification of amplicon sequencing in integration site
analysis,”” we use the read count as a surrogate marker for clonal
abundance. We investigated the insertion profile in the different
mice for the number of hits close to transcriptional start sites
(TSSs) of genes, the clonal diversity,31 common insertion sites
(CISs), and overlaps with cancer gene databases. Detailed information
for each mouse is provided in Table S1 and Figures S1-S3. We did not
observe a tendency to preferentially integrate within a 10-kb window
around the TSSs of genes (Figure 7A). The overlap of EFS-RP19
insertions with the Retroviral Tagged Cancer Gene Database
(RTCGD)™ or the All Onco cancer gene list*> was not different
from a randomized control dataset (Figure 7B). We did not observe
a significant difference in clonal diversity between the vector groups.
However, six mice had a lower sequence diversity (Figure S2F)
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Enforced expression of RPS79 results in short-term
rescue of the hematological defect in RPS19-deficient
mice. (A) Experimental strategy to validate the short-term
therapeutic potential of EFS-RPS19 and LCR-EFS-RPS19
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GFP reconstitution and donor reconstitution are shown.
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represent the SD. **p < 0.001. MCV, mean corpuscular
value; Wt, wild-type.
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compared to all other treated animals. For two
of these mice (DER1 and DLER3), we observed
a dominant insertion within genes (Maltl and
Cdh26) listed in the RTCGD database. Both
genes were found only once in an artificial
B-cell lymphoma mouse model during inser-
tional mutagenesis screens.”* From the overlap
of gene symbols close to insertion sites and can-
cer gene databases alone, we cannot conclude a
functional relationship exists between vector
integration and increased clonal abundance. As
we also cannot exclude a proliferation advantage
due to insertional mutagenesis, we depict overlaps with four reference
databases for those insertions with a read count above the 97.5
percentile of all reads (Table S2) and for all detected CISs
(Table S3). A chi-square analysis revealed no statistical differences
for the overlap with cancer gene databases between the vector
groups. When we checked for common high-risk insertions in or
near Prdm16, Mecom, Notchl, Lmo2, Setbpl, Ccnd2, Sox4, and
Tall, we found either no hits (Lmo2, Tall) or only read contribu-
tions < 0.58% (n = 19 of 5,420 sequences).

DISCUSSION

Here, we demonstrate the efficacy of RPS19 lentiviral vectors using
clinically relevant promoters to correct lethal BM failure in Rps19-
deficient mice. We show that the EFS promoter can express enough
RPS19 to correct RPS19-deficient BM failure and the EFS-driven
RPS19 single-gene vector can be used in a clinical gene therapy trial
for RPS19-deficient DBA. Previously, we demonstrated that enforced
expression of RPS19 improves the proliferation, erythroid colony-
forming potential, and differentiation of patient-derived RPS19-defi-
cient hematopoietic progenitor cells in vitro.'”** Using xenograft
models, we have also shown that overexpression of RPS19 enhances
the engraftment and erythroid differentiation of patient-derived he-
matopoietic stem and progenitor cells.”’ In our proof-of-principle
study using lentiviral vectors driven by the SFFV promoter and
harboring a codon-optimized human RPS19 ¢cDNA followed by
IRES and GFP, we showed that the DBA phenotype of mice can be
successfully treated.””



www.moleculartherapy.org

A T desd CiKit Figure 4. Enforced Expression of RPS19 Derived
rans égﬁs - from the EFS Promoter Is Sufficient to Rescue the
Wt and DD @ DBA Phenotype In Vivo
fagN 2.3 month - Enforced expression of RPS79 results in long-term rescue
* * * of the hematological defect in RPS19-deficient mice.
(A) Experimental strategy to validate the long-term thera-
. IDay 1 DWeekC I0 Week18  noutic potential of EFS-RPS19 and LCR-EFS-RPS19
redl iercinlorts it i el vectors. (B) Survival curve. (C) BM celularity atter 18 weeks
900cGY of doxycycline induction. (D-H) Erythrocyte number (D),
B ] hemoglobin concentration (E), mean corpuscular value (F),
e : 1t \Wt-EFS-Spacer white blood cell count (G), and platelet number (H) after
é 80 —— \Wt-EFS-Rps19 18 weeks of doxycycline induction (n = 20-21). Error bars
E 60 \[/)VISLISFBS;ES':)ZCReFr)S@ represent the SD. *p < 0.05; **p < 0.01; ***p < 0.001. MCV,
< —= S : i
= 40 —+— DD-EFS-RPS19 mean corpuscular value; Wi, wild-type.
% —+— DD-LCR-EFS-RPS19
5 20 Il \Wt-EFS-Spacer
@ 0 B Wt-EFS-RPS19
. é ‘; é EI; 1|O 1|2 1|4 1|6 118 B Wt-LCR-EFS-RPS19
DD-EFS-Spacer EFS plus the B-globin LCR. However, the find-
Week B DD-EFS-RPS19 . h h he EFS ith th
c - D #% DD-LCR-EFS-RPS19 ings show that the promoter without the
510 id B-globin LCR generates sufficient levels of
— * k%
. - S 12 e —— RPS19 to cure anemia and BM failure in
= 8 = * %k * - i
& * S 10 T - RPS19-deficient mice.
2 6 by T
8 T T g 8
z 4 T = 6 Additionally, we demonstrated that RPS19-defi-
5 2 _g g cient BM cells can be transduced and these cells
GE, 0 E 0 survived the transduction procedure and had the
= .
3 capacity to repopulate the BM. However, most of
E >k % F %k the studies were performed with transduced
16 T ki - 60 *kx shRNA-D/D BM transplanted into normal re-
212 T B 2 504 = - - cipients. RPS19 deficiency was induced once
S 2 i the recipients had a stable graft. This is a justi-
© 8 2 30+ fied, si h iously sh h i
<) = ed, since we have previously shown that anemia
% 4 é 20 and BM failure in the induced mice is due to the
T - . . L
2 L deficiency in the hematopoietic cells and not to
0- a failure of the niche cells.”® If the recipients
G H have Rps19 deficiency in all cells before trans-

600+

-
()]

S
Platelets *10"9/L

400—iTI
I

plantation of the transduced cells, some of the
Rps19-deficient mice will not tolerate the com-
bined toxicity of doxycycline Rps19 downregu-
lation and radiation. However, the majority of
the Rps19-deficient mice survived this proced-
ure, as mentioned above.

ml 1
% T

In the current study, we decided to utilize the ubiquitously expressed
EFS promoter with or without the LCR of the B-globin gene for treat-
ment of RPS19-deficient DBA. We have shown that these vectors
rescue the proliferation defect and erythroid development of trans-
duced c-Kit+ DD BM cells in vitro. The induction of Rps19 deficiency
in recipient mice with DD BM generated lethal BM failure. Remark-
ably, the BM failure generated by DD BM was cured with EFS-RPS19.
Since quite high levels of RPS19 are needed to correct the RPS19 defi-
ciency by transgenesis, we were concerned that the EFS promoter
might not generate sufficient levels of RPS19 in erythroid progenitors
to correct the anemia. Therefore, we included vectors containing the

WWhite blood cell *1079/L

@

In this study, we have shown that our RPS19-

deficient mouse model is valuable and suitable
for testing gene therapy using viral vectors with the RPS19 gene.
However, it should be emphasized that this model is different from
haploinsufficiency in patients with DBA, which is based on mutations
in the RPS19 gene (most often point mutations or small deletions). In
the mice used here, haploinsufficiency is generated by RNAi that
is induced postnatally. Haploinsufficiency generates most of the
hematological symptoms found in DBA in mice but not the physical
abnormalities found in a large fraction of patients. Haploinsufficiency
in mice causes reduced proliferation and erythroid development,
which can be corrected by overexpression of RPS19. A similar effect
was seen in cells from patients with RPS19-deficient DBA. Upon
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overexpression of RPS19 in the cells from patients, cellular prolifera-
tion and erythroid development were greatly improved.'”*’

Of course, it is clear that RPS19 vectors can only be used to treat pa-
tients with RPS19-deficient DBA. Therefore, patients with mutations
in other ribosomal protein genes or the GATA1 gene cannot be treated
with RPS19 vectors. Recently, mutations in GATA1 were found in a
few patients with DBA. The GATALI gene in humans produces two
mRNAs, onelong and one short. Patients with DBA could not produce
the long form of GATA1.'>"> Mice produce only the long form of
GATATI; therefore, it will be difficult to evaluate the possibility of using
mice as experimental animals in the development of GATAI gene
therapy for human GATA1-deficient patients with DBA.

The data presented in Figure 5 show that the RPS19 vectors increase
the production of hematopoietic stem cells (HSCs) and early progen-
itor cells after overexpression in RPS19-deficient hematopoietic cells.
In competitive transplantation experiments, we showed previously
that RPS19-deficient HSCs have a competitive disadvantage compared
to normal HSCs.*® Collectively, these data suggest that RPS19-defi-
cient HSCs treated with RPS19 vectors may have a competitive advan-
tage compared with untreated cells. It is therefore possible that gene
therapy of RPS19-deficient DBA may be performed with little or no
BM ablation before transplantation of the gene-corrected cells, due
to the possible competitive advantage of these cells. However, the
need for ablation in a clinical gene therapy setting must be investigated
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Figure 5. Gene-Corrected Rps19-Deficient Cells
Gain a Competitive Advantage Resulting in
Increased Contribution to Hematopoiesis In Vivo
(A-F) The percentage of transduced cells in the HSC (A),
MkP (B), pre-GM (granulocyte macrophage) and gran-
ulocyte macrophage progenitors (GMP) (C), preMegE (D),
and preCFU-E (E) and colony forming unit (CFU)-E eryth-
roblast compartment (F) (n = 16-24 per group). Error bars
represent the SD. *p < 0.05; **p < 0.01; **p < 0.001.
Wi, wild-type.
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DD-EFS-Spacer
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further in order to design clinical gene therapy
trials with minimal risks for patients.

Significantly, by designing a codon-optimized
RPS19 cDNA driven by the EFS promoter, we
have succeeded in generating a clinically relevant
vector system that allows high enough RPS19
expression for functional correction of anemia
and BM failure in Rpsl19-deficient mice. Our
studies assessing the efficacy of clinically relevant
EFS promoters show a less likely risk of causing
insertional oncogenesis.23 Further, our studies
using EFS-RPS19 or LCR.EFS-RPS19 vectors
that are safer than vectors with viral promoters,
but can nevertheless generate sufficient RPS19
expression to correct the pathophysiology of
DBA. In normal cells, ribosomal protein production is tightly regu-
lated and physiological and excess protein is subjected to proteasomal
degradation.” Because of this mechanistic regulation of ribosomal
protein, ectopic expression of RPSI9 possesses a very low risk of
promoting uncontrolled growth. In our study, we did not observe
any hematologic abnormalities due to enforced expression of RPSI9.
Our results collectively demonstrate the feasibility of clinical gene
therapy to cure RPS19-deficient patients with DBA in the future using
EFS promoter-driven enforced expression of RPS19.

MATERIALS AND METHODS

Lentiviral Vector Constructs

SIN lentiviral vectors used in this study were derived from
pRRL.PPT.PGK.GFP pre-vector.”® A codon-optimized human RPS19
c¢DNA was designed and inserted downstream of the EFS promoter
with or without the LCR of the B-globin gene (LCR).***”*® Following
the RPS19 ¢cDNA, the IRES, GFP, and improved post-transcriptional
regulatory element (pre*) were inserted. Two vectors were obtained
without the LCR pRRL.PPT.EFS.RPS19co.iresGFP.pre* vector (here-
after, EFS-RPS19) and with the LCR pRRL.PPT.LCR.EFS.RPS19co.
iresGFP.pre* vector (hereafter, LCR-EFS-RPS19). Lentiviral vectors
were produced by the Vector Unit at Lund University. Briefly, standard
calcium phosphate transfection of 293T cells was used with the helper
plasmid cytomegalovirus (pCMV)AR8.91 and pMD2.G—VSV-G
envelop expressing plasmid (pMDG). The lentivirus-containing super-
natant was harvested 24 hr after transfection, and the lentivirus was
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Figure 6. Rps19-Deficient BM Cells Can Be
Transduced and the Transduced Cells Provide
Long-Term Reconstitution
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concentrated by ultracentrifugation at 25,000 rpm (SW32 rotor, Beck-
man L-70 Ultracentrifuge; Beckman Coulter) for 90 min at 4°C. Pellets
were resuspended in serum-free medium (StemSpan SFEM; Stemcell
Technologies) and stored at —80°C. Lentivirus titer was assessed by
FACS for the transfer of GFP to HT1080 cells.

Mice

The mouse models are engineered to contain a doxycycline-regulat-
able Rpsl9-targeting shRNA (shRNA-D) located downstream of
the collagen Al locus, allowing dose-dependent downregulation of
Rps19 expression.” To generate two models with intermediate or se-
vere Rps19 deficiency, transgenic animals were bred either heterozy-
gous or homozygous for shRNA-D, respectively. RPS19 deficiency
was induced by feeding the mice doxycycline in drinking water
(1 mg/mL or 2 mg/mL doxycycline; Sigma-Aldrich) supplemented
with 10 mg/mL sucrose (Sigma-Aldrich). Mice were maintained at
the Lund University animal facility and all animal experiments

16 Week

Em \\Wt-EFS-Spacer

= DD-EFS-Spacer
T DD-EFS-RPS19

Rps19-deficient BM can be transduced; after genetic
\l/ correction, these cells show long-term engraftment in
lethally irradiated wild-type mice. (A) Experimental strat-
egy to validate the long-term reconstitution capacity
of corrected Rps19-deficient cells. (B-F) Pre-transplant
Wt and DD mice erythrocyte numbers (B), hemoglobin
concentration (C), transduction efficiency (D), survival
curve (E), and BM cellularity (F) after 16 weeks of doxy-
cycline induction. (G-K) Erythrocyte number (G), mean
T corpuscular volume (H), hemoglobin concentration (I),
white blood cell count (J), and platelet number (K) after
16 weeks of doxycycline induction (n = 20-28). Error bars
represent the SD. *p < 0.05; *p < 0.01; **p < 0.001.
MCV, mean corpuscular volume; Wt, wild-type.

were performed with consent from the Lund
University animal ethics committee.

Blood and BM Analysis

Peripheral blood was collected from the tail vein
into microvette tubes (Sarstedt) and was
analyzed using sysmex XE-5000. Erythrocytes
were lysed using ammonium chloride for
10 min at room temperature. To evaluate the
contribution toward various blood lineages
following BM transplantation, samples were
stained with the following antibodies for
30 min on ice in the dark: CD45.1 (110730; Bio-
legend) CD45.2 (47-0454-82; eBioscience), B220
(103208; Biolegend), B220 (103212; Biolegend),
CD3 (100312; Biolegend), CD11b (101208; Bio-
legend), and Grl (108408; Biolegend). Experi-
ments were performed using a FACS Canto II
cytometer (BD Biosciences) and were analyzed
by FlowJo software (version 10.0.2; Tree Star). FACS analysis of the
myeloerythroid compartment in BM was performed.”** BM cells
were isolated by crushing the femur and tibia in PBS containing 2%
fetal bovine serum (FBS) (Gibco). Fresh cells were stained with the
following antibodies: CD41 (12-0411-83; eBioscience), GR1 (115910;
Biolegend), CD11b (101210; Biolegend), B220 (103210; Biolegend),
CD3 (100310; Biolegend), c-Kit (47-1171-82; eBioscience), CD105
(120404; Biolegend), and Sca-1 (122520; Biolegend). Streptavidin
was purchased from Life Technologies (Q10101MP). Propidium io-
dide (Life Technologies) was used to exclude dead cells. Experiments
were performed using a FACS LSR II cytometer (Becton Dickinson)
and were analyzed by Flow]Jo software (version 10.0.2).

Transduction and Transplantation of Hematopoietic Cells

c-Kit+-expressing cells were enriched from BM of transgenic mice
(CD45.2) using CD117 microbeads and a magnetic-activated cell sort-
ing (MACS) separation column (Miltenyi) and were pre-stimulated in
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Figure 7. EFS-RPS19 Integrations Do Not Cluster around the TSS and Show No Increased Overlap with Cancer Gene Databases

(A) Density plot showing the frequency of integrations in a 10-kb window around the transcriptional start site. As we found no statistical differences between the different EFS-
RPS19 vectors, we combined them in one group (blue) and compared them to a gamma retroviral integration profile (red) or a randomized dataset (gray). (B) The overlap of
gene symbols closest to the insertion sites with either the Retroviral Tagged Cancer Gene Database (RTCGD) or the AllOnco cancer gene list of the EFS-RPS19 vectors was
not different from that of a randomized dataset. The increased overlap of the gamma retroviral integration dataset is shown for comparison.

serum-free StemSpan serum-free expansion medium (SFEM) (Stem-
cell Technologies), supplemented with penicillin/streptomycin (P/S;
Gibco), murine stem cell factor (mSCF) (100 ng/mL; PeproTech),and
human thrombopoietin (hTPO; 50 ng/mL; PeproTech) in six-well
plates (non-tissue culture treated; BD) for 1 day at 0.5 x 10° cells/mL.
Retronectin-coated (20 ng/mL; Takara) six-well plates were preloaded
with the viral vectors (100 pL/well corresponding to a MOI of 10-20)
and 1 million cells were seeded into each well in 3 mL pre-stimulation
medium. After incubation for 1 day, 0.5 x 10° bulk transduced
cells were transplanted in 500 pL PBS into the tail vein of irradiated
(900 cGy) wild-type mice recipients (CD45.1 or CD45.1/45.2).

Transduction and Transplantation of RPS19-Deficient
Hematopoietic Cells

Lineage-negative (Lin—) cells were enriched from the BM of doxycy-
cline-induced transgenic mice (CD45.2) using Lineage microbeads
and a MACS separation column (Miltenyi). Retronectin-coated
(20 ng/mL; Takara) six-well plates were preloaded with the viral vec-
tors (100 pL/well corresponding to a MOI of 10-20) and 1 million
cells were seeded into each well in 3 mL serum-free StemSpan
SFEM medium supplemented with P/S, mSCF (100 ng/mL), hTPO
(50 ng/mL), and doxycycline (1 ug/mL; Sigma-Aldrich) in six-well
plates (non-tissue culture treated; BD) for 1 day 0.5 x 10° cells/mL.
After incubation for 1 day, 0.5 x 10° bulk transduced cells and 1 x
10° untransduced Lin+ cells were transplanted in 300 pL PBS into
the tail vein of lethally irradiated (900 cGy) wild-type mice recipients
(CD45.1 or CD45.1/45.2).
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Cell Culture

c-Kit+-expressing cells were enriched using CDI117 microbeads
and a MACS separation column (Miltenyi) and retronectin-coated
(20 ng/mL; Takara), pre-stimulated in serum-free StemSpan SFEM
medium supplemented with P/S, mSCF (100 ng/mL), and hTPO
(50 ng/mL) in six-well plates (non-tissue culture treated; BD) for
1 day 0.5 x 10° cells/mL. Twelve-well plates were preloaded with the
viral vectors (50 pL/well corresponding to a MOI of 10-20)
and 0.5 x 10° cells were seeded into each well in 1 mL serum-
free StemSpan SFEM medium supplemented with P/S, mSCF
(100 ng/mL), murine interleukin (IL)-3 (mIL-3; 10 ng/mL; PeproTech),
and erythropoietin (EPO; 2 U/mL; Janssen-Cilag) with or without
doxycycline (1 ng/mL). Light microscopy was used to evaluate the pro-
liferation of culture after 6 days. For the burst forming unit-erythroid
(BFU-E) assay, 40 X 10® c-Kit+ transduced cells were seeded in
1.5 mL M3436 methylcellulose (Stemcell Technologies) with doxycy-
cline (1 pg/mL) and colonies were scored on day 14.

Insertion Site Analysis

We used 300 ng genomic DNA of whole BM cells isolated 18 weeks
after transplantation. Samples were processed by LAM PCR as
described by Schmidt et al.”” with modifications. For digestion, sam-
ples were split into three separate reactions with 5 U of CutSmart
enzymes Mlucl, Msel, and HindPI (the latter two with heat inactiva-
tion) from New England Biolabs (NEB). After digestion, samples
were combined for nested PCR steps. The first nested PCR was per-
formed with a forward primer binding to the SIN-LTR of the vectors
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(IT-IS-FW-PCR1: 5-GTGGGTTTTCCAGTCACACTGCTCTTCCG
ATCTTCCCTCAGACCCTTTTAGTCA-3') and a reverse primer
recognizing the linker cassette (IT-IS-RV-PCR1: 5'-TTCGTTGGG
AGTGAATTAGCC AGTGGCACAGCAGTTAGG-3'). The vector-
and linker-specific sequences are underlined, and the italic sequence
represents a tail homologous to the primers used for Ion Torrent
sequencing, as described previously.”® Bioinformatics processing
with custom Perl, R, and visual basic scripts involved barcode
primer assignment, trimming, clustering, filtering, and Methods for
Analyzing ViRal Integration Clusters analysis tool (MAVRIC) align-
ment.” For CIS analysis, we followed the suggestions by Wu et al.,*’
considering only five or more insertions in a 50-kb window. Distance
to the TSSs was analyzed using the information from the MAVRIC
alignments in combination with a customized R script (ggplot2;
geom_histogram with the following parameters: aes y = density and
binwidth = 1,000).

Control Datasets for Integration Site Analysis

The gamma retroviral integrations used for comparison originate
from Lin— cell cultures (n = 4) transduced with RSF91.*"*> DNA
was harvested 4 days after transduction. The LAM-PCR procedure
and next-generation sequencing were as described above. The ran-
domized control datasets (n = 3) were produced by generating artifi-
cial chromosomal positions using the shuffle command (seed = 100,
101, and 102) of BEDtools.*® The shuffled BED files contained 2,000
genomic positions (500-bp window size) randomly distributed
among the murine genome (NCBI47/mm09) as a function of the chro-
mosome size. The BED files were converted to FASTA format and
processed by MAVRIC with parameters identical to the biological
insertion site data of EFS-RPS19 or the gamma retroviral vector.

Statistical Analysis

One-way ANOVA with the Tukey multiple-comparison test was used
to determine statistical significance using GraphPad Prism (version 6;
GraphPad Software).
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