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ABSTRACT

Diamond-Blackfan anemia is a congenital erythroid hypoplasia caused by functional haploinsufficiency of genes
encoding ribosomal proteins. Mutations involving the ribosomal protein S19 gene are detected in 25% of patients.
Enforced expression of ribosomal protein S19 improves the overall proliferative capacity, erythroid colony-forming
potential and erythroid differentiation of hematopoietic progenitors from ribosomal protein S19-deficient patients
in vitro and in vivo following xenotransplantation. However, studies using animal models are needed to assess the
therapeutic efficacy and safety of the viral vectors. In the present study we have validated the therapeutic potential
of gene therapy using mouse models of ribosomal protein S19-deficient Diamond-Blackfan anemia. Using lentiviral
gene transfer we demonstrated that enforced expression of ribosomal protein S19 cures the anemia and lethal bone
marrow failure in recipients transplanted with ribosomal protein S19-deficient cells. Furthermore, gene-corrected
ribosomal protein S19-deficient cells showed an increased pan-hematopoietic contribution over time compared to
untransduced cells without signs of vector-mediated toxicity. Our study provides a proof of principle for the devel-

opment of clinical gene therapy to cure ribosomal protein 19-deficient Diamond-Blackfan anemia.

Introduction

Diamond-Blackfan anemia (DBA) is a congenital erythroid
hypoplasia that presents early in infancy. The classic hemato-
logic profile of DBA consists of macrocytic anemia with retic-
ulocytopenia, normal or decreased levels of neutrophils, and
a variable platelet count." In addition to the hematopoietic
symptoms, DBA is characterized by the presence of physical
abnormalities and a predisposition to cancer.”*

Mutations in genes that encode ribosomal proteins (RP)
have been identified in approximately 60-70% of DBA
patients.”” Among these genes, RPS19 is the most common
DBA gene (25% of the cases).” All reported patients are het-
erozygous for the given mutation, and in most cases the
mutations are predicted to result in haploinsufficiency of the
respective ribosomal protein."***

Corticosteroids form the main therapeutic regimen in
DBA.* However, although approximately 80% of patients ini-
tially respond to corticosteroids, only half of these patients
sustain the therapeutic response, while the remaining
patients need chronic transfusion therapy. Twenty percent of
patients undergo spontaneous remission and maintain
acceptable hemoglobin levels without therapeutic interven-
tion. The only curative treatment for DBA is allogeneic bone
marrow (BM) transplantation.*

Current DBA therapies carry risks of serious side effects,
and a high proportion of deaths are treatment-related under-
scoring the need for development of novel therapies.* We
have previously demonstrated that enforced expression of
RPS19 improves the overall proliferative capacity, erythroid
colony-forming potential and erythroid differentiation of

hematopoietic progenitors from RPS19-deficient DBA
patients.”*® Furthermore, gene-correction of stem cells from
RPS19-deficient DBA patients improves cell engraftment and
erythroid differentiation following transplantation into
immunocompromised mice.” Despite these encouraging
findings, it has not been clear whether gene replacement ther-
apy using ribosomal protein genes can cure the anemia and
bone marrow failure in vivo. In the current study we assessed
the therapeutic efficacy and safety of gene therapy using
mouse models of RPS19-deficient DBA.

Methods

Design of lentiviral vector constructs and lentivirus
production

The self-inactivating lentiviral vectors used in this study were
derived from the pRRL.PPT.PGK.GFPpre vector.”” A codon-optimized
human RPS19 ¢cDNA was designed and inserted downstream of the
spleen focus-forming virus (SFEV) promoter. Following the RPS19
cDNA, internal ribosomal entry site (IRES), GFP, and improved post-
transcriptional regulatory element (Pre*) were inserted to form the
pRRL.PPT.SERPS19co.iresGFP.pre* vector (hereafter termed SFEV-
RPS19). A similar vector, in which the RPS19 ¢cDNA was replaced
with an equally long non-coding spacer sequence, was used as a con-
trol (pRRL.PPT.SEspacer.iresGFP.pre*; hereafter termed SFFV-GEP).
Lentiviral vectors were produced by the Vector Unit at Lund
University.

Mice
Generation of the transgenic Rps19 knockdown mice has been
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reported previously.” Briefly, this model contains an Rps19-targeting
shRNA (shRNA-D) that is expressed by a doxycycline-responsive
promoter located downstream of the Collagen A1 gene. Rps19 defi-
ciency was induced by feeding the mice with doxycycline-contain-
ing food pellets (200 mg/kg doxycycline; Bio-Serv), with the excep-
tion of the recipients transplanted with D/D BM which were given
doxycycline in the drinking water (2 mg/mL doxycycline; Sigma-
Aldrich) supplied with 10 mg/mL sucrose (Sigma-Aldrich) for the
first 2 weeks of induction. Mice were maintained at Lund University
animal facility and all animal experiments were performed with con-
sent from the Lund University animal ethics committee.

Transduction and transplantation of hematopoietic
stem and progenitor cells

c-Kit" cells were enriched from the BM of the transgenic mice
(CD45.2) using CD117 MicroBeads and MACS separation
columns (Miltenyi), and pre-stimulated in serum-free
StemSpan®SFEM medium supplemented with penicillin/strepto-
mycin (GIBCO), murine stem cell factor (100 ng/mL, PeproTech),
human thrombopoietin (50 ng/mL, PeproTech), murine inter-
leukin-3 (10 ng/mlL, PeproTech) and human interleukin-6 (10
ng/mlL, PeproTech) in six-well plates (non-tissue culture treated;
BD) for 1 day (0.5x10° cells/mL). Retronectin-coated (20 ng/mL;
Takara) six-well plates were preloaded with the SFFV-RPS19 or
SEEV-GEFP vector (100 uL/well corresponding to a MOI of 15-30),
and 1x10° cells were seeded into each well in 3 mL pre-stimulation
medium. After incubation for 1 day, 1.0 x10° (experiment 1) or
0.5x10° (experiments 2 and 3) bulk transduced cells were trans-
planted in 500 uL phosphate-buffered saline into the tail veins of
lethally irradiated (900 cGy) wild-type recipients (CD45.1).
Secondary transplants were performed by intravenous injection of
3x10° whole BM cells into lethally irradiated wild-type recipients
(CD45.1.2).

An additional experiment (experiment 4) was performed by
transducing FACS-sorted lineage-Scal‘c-Kit' (LSK) hematopoietic
stem and progenitor cells. In this experiment 100x10° LSK were
pre-stimulated in serum-free medium supplemented with peni-
cillin/streptomycin, murine stem cell factor (100 ng/mL) and
human thrombopoietin (100 ng/mL) in 48-well plates (tissue cul-
ture treated, BD). After 1 day, LSK were transferred into 96-well
plates (tissue culture treated, BD; 20x10° LSK/well in 100 uL pre-
stimulation medium), and transduced with 100 uL virus-contain-
ing pre-stimulation media, corresponding to a MOI of ~50). One
day after transduction, 10x10° bulk transduced LSK, together with
250x10° fresh BM cells of the same genotype, were transplanted as
above.

Results

Induction of Rps19 deficiency causes lethal bone
marrow failure that is cured by enforced expression
of RPS19

As the enforced expression of RPS19 improves the ery-
throid development in CD34" cells from RPS19-deficient
DBA patients,”" we asked whether gene therapy could
cure the lethal BM failure in our mouse model of RPS19-
deficient DBA without vector-mediated toxicity.” Briefly,
this model contains an Rps19-targeting shRNA (shRNA-D)
that is expressed by a doxycycline-responsive promoter
located downstream of the Collagen A1 gene (Figure 1A).
Experimental animals were bred to be either heterozygous
(D/+) or homozygous (D/D) for the shRNA in order to
generate two models with intermediate or severe Rps19
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deficiency, respectively (Figure 1B). To genetically correct
the Rps19 deficiency, we developed lentiviral vectors har-
boring a codon-optimized human RPS79 cDNA driven by
the internal SFFV promoter, followed by [RES and GFP
(SFEV-RPS19) (Figure 1C).”* The codon-optimized RPS19
cDNA was further modified to prevent its recognition and
downregulation by the Rpsf9-targeting shRNA used. A
similar vector without the RPS79 cDNA was used as a
control vector (SFEV-GFP). In order to assess the function-
ality of these vectors, we cultured transduced c-Kit-
enriched BM cells from control and D/D mice in liquid cul-
tures in the presence of doxycycline. The D/D cells trans-
duced with the SFFV-GFP control vector failed to expand
during 4 days of culture (Figure 1D). In contrast, the SFFV-
RPS19 vector mediated a 6-fold increase in total cell num-
ber when compared to the SFFV-GFP vector. Next we
quantified the expression of endogenous Rps19 and vec-
tor-derived RPS19 in these cultures on day 4. The SFFV-
RPS19-vector-transduced control cells showed, on aver-
age, a 1.5-fold higher expression of RPS19 compared to
endogenous Rps19, while the SFFV-GFP-vector-transduced
cells showed no RPS19 expression (Figure 1E). The expres-
sion of RPS19 was on average more pronounced in the
D/D cells transduced with SFFV-RPS19 vector (2.2-fold).
This is expected since at this time-point the D/D culture
consists mainly of transduced cells, and thus this value
reflects the true RPS19 expression more accurately.
Indeed, the SFFV-GFP-vector-transduced D/D cells could
not be analyzed due to their poor proliferation and sur-
vival.

Next we assessed the efficacy of the generated vectors
in vivo. Administration of doxycycline to the recipients
with D/D BM results in acute and lethal BM failure, while
recipients with D/+ BM develop a mild, chronic pheno-
type (Online Supplementary Figure S1).* Since the D/D mice
develop lethal BM failure shortly after doxycycline admin-
istration, we chose this model to rigorously test whether
gene correction can rescue the lethal phenotype and cure
the disease. The D/+ model was used in parallel to test the
vectors upon Rps19 haploinsufficiency,” a condition that
is not lethal and allows long-term monitoring of experi-
mental animals. We transduced uninduced BM cells from
the control, D/+ and D/D mice with the vectors, and
transplanted the transduced cells into wild-type recipient
mice. We decided to use wild-type recipients since we
have shown previously that the hematopoietic phenotype
in Rps19-deficient mice is autonomous to the blood sys-
tem.” Initial transduction efficiencies with therapeutic and
control vectors varied on average between 40% and 50%
based on the percentage of GFP* cells before transplanta-
tion (Online Supplementary Figure S2). Following engraft-
ment and stable regeneration of the blood system, the
recipient mice were administered doxycycline to down-
regulate the endogenous Rps19 in order to induce the dis-
ease (Figure 2A). After 2 weeks of doxycycline administra-
tion, the recipients transplanted with SFFV-RPS19 or SFFV-
GFP control cells had similar blood cellularity (Figure 2B).
The recipients with the SFFV-GFP-transduced D/D BM
developed lethal BM failure as exemplified by dramatic
decreases in erythrocyte, reticulocyte, white blood cell
and platelet counts, and died around this time-point. The
reduction in the mean corpuscular volume in these mice
reflects a complete lack of new erythrocytes produced
under doxycycline administration. Remarkably, the recip-
ients transplanted with the SFFV-RPS19 D/D BM had nor-
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mal blood cellularity. In contrast to the recipients with
SFEV-GFP D/D BM, the recipients with SFFV-GFP D/+ BM
showed mild reductions in the number of erythrocytes
and white blood cells and in hemoglobin concentration,
but were able to compensate for the erythroid defect as
indicated by the normal reticulocyte count. Similarly to
the recipients with D/D BM, SFEV-RPS19 cured the ery-
throid defect and improved the number of white blood
cells (Figure 2B).

To determine whether long-term therapeutic benefits
would be observed, the mice were monitored for 4 months
(Figure 3A). Remarkably, the recipients with SFEV-RPS19
D/D BM continued to show normal blood cellularity over
time, demonstrating a long-term cure of the acute lethal BM
failure (Figure 3B). The recipients with SFFV-GFP D/+ BM
were able to compensate for the erythroid defect over time
and showed only a reduction in the number of white blood
cells after 4 months. The number of white blood cells was
slightly improved by SFFV-RPS19, although the observed
increase was not statistically significant. Finally, at this time-
point all groups showed high overall donor reconstitution
confirming the absence of recipient-derived hematopoiesis
(Online Supplementary Figure S3).

Gene-corrected Rps19-deficient cells gain
a competitive advantage resulting in increased
contribution to hematopoiesis in vivo

To assess how gene correction affects the hematopoietic
contribution of hematopoietic stem and progenitor cells

A
an®

over time, we monitored the percentage of GFP* white
blood cells in the peripheral blood of the recipients (Figure
4A). As expected based on the initial transduction efficien-
cies, the mean percentage of total GFP* cells before the
administration of doxycycline varied between 30% and
63% (Figure 4B). Following doxycycline administration,
the mean percentage of GFP* cells remained relatively sta-
ble in the recipients repopulated with SFFV-GFP and SFFV-
RPS19 control BM, and SFFV-GFP D/+ BM, while it
decreased in the recipients with SFFV-GFP D/D BM.
Importantly, there was considerable variation in the levels
of reconstitution of GFP* cells between individual mice in
these groups. By contrast, the recipients with SEFV-RPS19
D/+ BM and SFFV-RPS19 D/D BM showed clear increases
in the frequency of total GFP* cells at 4 months (46% to
64%, and 63% to 77 %, respectively) with relatively small
variation. As the total white blood cells include lymphoid
cells with a long life span, we analyzed the percentage of
GFP* myeloid cells in the peripheral blood, which provides
a more dynamic read-out for BM activity. Similarly to the
total white blood cells, the percentage of GFP* myeloid
cells in the recipients with SFEV-GFP and SFFV-RPS19 con-
trol BM, and SFFV-GFP D/+ BM remained relatively stable
and a notable variation was observed between individual
recipients (Figure 4C). By contrast, in the recipients with
SFEV-RPS19 D/+ BM and SFFV-RPS19 D/D BM, adminis-
tration of doxycycline increased the mean percentage of
GFP* cells to almost 100% with minimal variation
between individual recipients.
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Figure 1. The Rps19 knockdown mouse model and the design of lentiviral vectors. (A) Overview of the modified loci. (B) Breeding strategy to
adjust the level of Rps19 downregulation. (C) Overview of the generated vectors. (D-E) c-Kit-enriched hematopoietic progenitors (0.25x10°)
from the BM of uninduced mice were transduced and seeded in liquid cultures in the presence of doxycycline. (D) Cell counts on day 4. (E)
Expression of endogenous Rps19 and vector-derived RPS19 on day 4. Data shown in (D) and (E) represent the average of two independent

experiments with two technical replicates each. SA: splice acceptor; pA:

polyadenylation signal; RSV: Rous sarcoma virus; \:packaging signal;

SD: splice donor; RRE: rev-response element; cPPt: polypurine tract. Black arrowheads in panel (A) indicate transcriptional start sites.
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Although the recipients with D/+ BM were able to com-
pensate for the blood cellularity over time, it is clear that
enforced expression of RPS19 conferred Rps19-deficient
cells a growth advantage compared to untransduced
Rps19-deficient cells. Indeed, the recipients with SFEV-
GFP D/+ BM showed a trend toward reduced BM cellular-
ity that was improved by RPS19 overexpression (Figure
4D). Furthermore, using a previously described FACS
strategy that allows fractionation of the myeloerythroid
compartment in BM (Online Supplementary Figure S4)*%
the mean percentage of GFP* progenitor cells was consid-
erably higher in the recipients with SFFV-RPS19 D/+ BM
and SFFV-RPS19 D/D BM than in the other groups demon-
strating the competitive advantage of gene-corrected cells
already early in the hematopoietic hierarchy (Figure 4E).

Finally, in order to provide definite proof of long-term
cure of the recipients with SEFV-RPS19 D/D BM, we trans-
planted whole BM from SFFV-RPS19 control and D/D pri-
mary recipients into lethally irradiated secondary recipi-
ents, and assessed the cellularity and GFP frequency in the
peripheral blood 10 weeks after transplantation. Despite
the mild reduction in the number of white blood cells in
the recipients with SFFV-RPS19 D/D BM, no significant
differences in blood cellularity were observed compared
to that in the recipients with SFFV-RPS19 control BM
(Online Supplementary Figure S5A). Furthermore, we con-
tinued to observe a high percentage of GFP* cells in the
peripheral blood of the secondary recipients with SFFV-
RPS19 D/D BM (Online Supplementary Figure S5B).

A Transduction of

c-Kit+ or LSK BM cells Transplantation

Doxycycline
administration

Gene-corrected Rps19-deficient cells sustain
polyclonal hematopoiesis and have a typical
lentiviral insertion profile

In order to assess the integration profile of the SFFV-
RPS19 vector as well as clonal dynamics of the transduced
cells, we performed insertion site analysis on DNA of BM
cells of five control and five D/+ mice obtained from recip-
ients after 17-23 weeks of doxycycline administration
(Online Supplementary Figure S6A). Integration sites were
analyzed by linear amplification mediated polymerase
chain reaction (LAM-PCR) and sequences retrieved by
high throughput 454- sequencing. In total, 54,464
sequences, which identified 718 unique integrations (274
in the control group and 444 in the D/+ group), were col-
lected. The mean vector copy number was similar in all
analyzed animals subjected to pyrosequencing (Online
Supplementary Figure S6B). According to the transduction
efficiency prior to transplantation, the number of trans-
planted cells per mouse, the LAM-PCR protocol and the
vector copy number, we did not observe a reduction in
clonality but rather a stable polyclonal to oligoclonal situ-
ation in the bone marrow of all animals (for details see
Ounline Supplementary Table S1).

Lentiviral vectors preferentially integrate inside transcrip-
tion units.” Our analysis revealed that in both groups only
65% (control group) and 50% (D/+ group) of all hits were
intronic. When compared to a typical lentiviral integration
pattern (70-85 % intronic hits), this reduction indicates a cer-
tain selection of the transduced cells i vivo. However, we

*P<0.05
**P<0.01
***P<0.001
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Figure 2. Enforced expression of RPS19 rescues the lethal bone marrow failure in Rps19-deficient mice. (A) Experimental strategy to validate
the therapeutic potential of RPS19 gene correction. (B) Erythrocyte number, hemoglobin concentration, mean corpuscular volume (MCV), retic-
ulocyte number, white blood cell number and platelet number on day 14 after doxycycline administration (n = 23, 24, 16, 16, 10 and 11 for
the Control SFFV-GFP, Control SFFV-RPS19, D/+ SFFV-GFP, D/+ SFFV-RPS19, D/D SFFV-GFP and D/D SFFV-RPS19, respectively). Error bars
represent standard deviation.
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did not observe an accumulation of insertions close to the
transcription start site of genes, as for gamma retroviral vec-
tors or in the case of enhancer-mediated clonal selection
(Online Supplementary Table S2). In the control group 81.5%
of all insertions were present with low read counts (<10
reads), which, statistically, did not differ from the D/+ ani-
mals which showed 86.4% of low read insertions (Online
Supplementary Figure S6C). High read clones (>100 reads)
were found in both groups at the same level (7.5% control,
6.3% D/+ group) (Online Supplementary Figure S6D) on a
polyclonal background as also indicated by the gel pictures
of the LAM-PCR products (Online Supplementary Figure S7).
These clones indicate either potential dominant clones
within the transduced compartment or simply fluctuation
of highly active clones contributing to hematopoiesis.
However, the presence of high read count clones was not
different between the two groups and there was no accu-
mulation of hits near possible proto-oncogenes (Omnline
Supplementary Table S3). We observed 20 different common
insertion sites™” of which 17 were present in both groups
(Online Supplementary Table S4). One third of the common
insertion sites were also found in our previous integration
site analysis of other mouse cohorts transplanted with
lentiviral vectors expressing other genes.”

Discussion

In this study we demonstrated that gene therapy is fea-
sible in a mammalian model of Diamond-Blackfan ane-

Doxycycline
administration

mia. Lentiviral vectors overexpressing RPS19 corrected
the anemia and lethal bone marrow failure in Rps19-defi-
cient mice showing that pathophysiological correction of
the disease is possible through gene therapy. Enforced
expression of RPS19 has been shown to improve the
overall proliferative capacity, erythroid colony-forming
potential and erythroid differentiation of hematopoietic
progenitors from RPS19-deficient DBA patients in vitro."”'®
Furthermore, gene-correction improves the engraftment
and erythroid differentiation of these cells when trans-
planted into immunocompromised mice.” However, the
xenograft recipient mice do not develop a hematopoietic
phenotype characteristic of DBA and it is, therefore,
essential to determine whether the severe hematopoietic
defects due to Rps19 deficiency in mouse models can be
corrected with gene therapy following RPS19 gene trans-
fer into Rps19-deficient hematopoietic stem cells.
Furthermore, studies using mouse models are essential to
assess the safety of the therapeutic vectors.

In the current study we decided to utilize the strong and
ubiquitously expressed SFFV promoter to provide a proof
of principle of the feasibility of gene therapy in the treat-
ment of RPS19-deficient DBA. Furthermore, as codon-
optimization of therapeutic genes has been shown to
improve gene expression, we designed a codon-optimized
human RPS19 cDNA that is not recognized by the Rps19-
targeting shRNA. Indeed, the expression of RPS719 driven
by the SFFV promoter was approximately 2-fold higher
than that of the endogenous Rps19. Furthermore, the res-
cue of the proliferation of transduced c-Kit* D/D BM cells

Blood cellularity
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Figure 3. Enforced expres-
sion of RPS19 results in
* long-term rescue of the
hematopoietic defect of
Rps19-deficient mice. (A)
Experimental strategy to
validate the long-term ther-
apeutic potential of RPS19
gene correction. (B)
Erythrocyte number, hemo-
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corpuscular volume (MCV),
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blood cell number and
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standard deviation.
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demonstrated similar or higher levels of RPS19 compared
to the endogenous Rps19 protein.

The onset of Rps19 deficiency in the recipients with
shRNA-D BM resulted in a phenotype that correlated with
the level of Rps19 downregulation. The recipients with
D/D BM developed lethal BM failure, while the recipients
with D/+ BM exhibited a mild, chronic phenotype.
Remarkably, SFFV-RPS19 completely cured the BM failure
generated by the D/D BM, demonstrating the potential of
gene therapy to cure RPS19-deficient patients with severe
transfusion-dependent DBA. Furthermore, after 4 months
of doxycycline administration the recipients with SFFV-
RPS19 D/D BM had, on average, almost 100% GFP* cells
in all hematopoietic BM compartments, including stem
cells, suggesting a competitive advantage of gene-correct-
ed cells already in these populations. Although the recipi-
ents with D/+ BM were able to compensate for the blood
cellularity over time, they also showed an increased fre-
quency of GFP* progenitor cells indicating a competitive
advantage of gene-corrected cells in the absence of a
severe defect of blood cellularity.

Taken together, our findings demonstrate the feasibili-
ty of developing clinical gene therapy for the treatment
of RPS19-deficient DBA. Importantly, by designing a
codon-optimized RPS19 cDNA, driven by the SFFV pro-
moter, we have succeeded in generating a vector system
that allows high enough RPS19 expression for full func-
tional correction of the anemia and BM failure in Rps19-
deficient mice. In normal cells, ribosomal proteins are
produced in excess to the needs of the ribosome assem-
bly, and the excess protein is subjected to proteosomal
degradation.” Because of this physiological regulation, it
is unlikely that the ectopic expression of RPS19 would
promote uncontrolled growth. This notion is supported
by findings from transgenic mice overexpressing the nor-
mal RPS19 ¢cDNA in addition to the endogenous Rps19
gene.” Consistent with this, we did not observe any
hematologic abnormalities due to enforced expression of
RPS19. Our gene therapy approach to correct Rps19-defi-
cient hematopoiesis required relatively high levels of
RPS19 expression and therefore the use of the retroviral
SFFV promoter to drive the transgene cassette. In our
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Figure 4. Enforced expression of RPS19 confers a competitive advantage over untransduced Rps19-deficient cells. (A) Experimental strategy
to validate the therapeutic potential of RPS19 gene correction. The percentage of transduced (B) total donor-derived white blood cells

(CD45.2'GFP*) or (C) myeloid cells (CD45.2'Gr1'CD11b*GFP") in the p

after doxycycline administration (n = 9-24 per group). (D) BM cellularity of the recipients 17-23 weeks after the doxycycline administration (n
= 11-24 per group). (E) The percentage of transduced cells in the hematopoietic stem and progenitor compartments (n = 11-24 per group).
Data in (B) are presented as box whisker plots with minimum and maximum values. Error bars in (C) represent standard deviation.

eripheral blood before doxycycline administration, 2 weeks and 4 months
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