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Diamond-Blackfan anemia (DBA) is an inherited bone marrow fail-
ure disorder in which pure red blood cell aplasia is associated with 
physical malformations and a predisposition to cancer. Twenty-

five percent of patients with DBA have mutations in a gene encoding ribo-
somal protein S19 (RPS19). Our previous proof-of-concept studies demon-
strated that DBA phenotype could be successfully treated using lentiviral 
vectors in Rps19-deficient DBA mice. In our present study, we developed 
a clinically applicable single gene, self-inactivating lentiviral vector, con-
taining the human RPS19 cDNA driven by the human elongation factor 1a 
short promoter, which can be used for clinical gene therapy development 
for RPS19-deficient DBA. We examined the efficacy and safety of the vec-
tor in a Rps19-deficient DBA mouse model and in human primary RPS19-
deficient CD34+ cord blood cells. We observed that transduced Rps19-defi-
cient bone marrow cells could reconstitute mice long-term and rescue the 
bone marrow failure and severe anemia observed in Rps19-deficient mice, 
with a low risk of mutagenesis and a highly polyclonal insertion site pat-
tern. More importantly, the vector can also rescue impaired erythroid dif-
ferentiation in human primary RPS19-deficient CD34+ cord blood 
hematopoietic stem cells. Collectively, our results demonstrate the efficacy 
and safety of using a clinically applicable lentiviral vector for the successful 
treatment of Rps19-deficient DBA in a mouse model and in human pri-
mary CD34+ cord blood cells. These findings show that this vector can be 
used to develop clinical gene therapy for RPS19-deficient DBA patients.
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ABSTRACT

Introduction 

Diamond-Blackfan anemia (DBA) is a congenital bone marrow (BM) failure dis-
order with erythroid hypoplasia that presents early in infancy.1-3 The classic hema-
tologic profile of DBA consists of macrocytic anemia with reticulocytopenia, nor-
mal or decreased levels of neutrophils, and a variable platelet count.3,4 
Additionally, patients with DBA can also manifest with non-hematologic symp-
toms such as physical abnormalities and a predisposition to cancer.2,5  

The majority of DBA cases (60-70%) are caused by heterozygous loss-of-func-
tion mutations in genes coding for ribosomal proteins (RP), resulting in functional 
RP haploinsufficiency.2 Recent studies have also identified mutations in erythroid 
transcriptional factors GATA1 and TSR2 (a direct binding partner of RPS26) as a 
cause of the DBA phenotype.6-8 Mutations in RPS19 are the most common alter-
ations among patients with putative causal mutations, contributing to over 25% 
of cases.2 The main therapeutic option for DBA patients is corticosteroids, with 
more than 80% of the subjects responding well during early stages of treatment. 
However, half of these patients become non-responsive to corticosteroid therapy 
over prolonged treatment and have to be given blood transfusions.9 Importantly, 



none of the currently available treatments is curative, and 
the treatments are often accompanied by serious compli-
cations.1,2,10 Hematopoietic stem cell transplantation is 
currently the sole curative option for the treatment of 
DBA. This treatment is, however, limited by the availabil-
ity of suitable donors and the potential for serious 
immunological complications.11 Gene therapy, using 
gene-corrected hematopoietic stem cells, would be a 
potential alternative therapeutic strategy, as highlighted 
in our previous studies.12-16 For clinical applications using 
this approach, the efficiency of transgene expression and 
safety aspects, including potential insertional mutagene-
sis, should be addressed.17-19 Our group recently demon-
strated that correction of Rps19-deficient BM cells using 
lentiviral vectors containing a clinically relevant promoter 
could rescue BM failure and defects in erythroid develop-
ment, while exhibiting limited risk of insertional mutage-
nesis.12  

In our previous study, we utilized a lentiviral vector 
containing the RPS19 gene as well as a GFP marker. We 
have subsequently designed a clinically applicable single 
gene lentiviral self-inactivating (SIN) vector for the clinical 
development of gene therapy for Rps19-deficient DBA 
patients. This vector harbors a codon-optimized human 
RPS19 cDNA driven by the short human elongation fac-
tor 1a promoter and lacks a fluorescent marker. In this 
study, we demonstrate that this vector can rescue the 
anemia and lethal BM failure observed in mouse models 
of Rps19-deficient DBA, with a low-risk insertion profile 
and no evidence of clonal expansion associated with vec-
tor integration near cancer-associated genes. We also 
observed the rescue of impaired erythroid differentiation 
in human RPS19-deficient CD34+ cord blood cells treated 
with this vector. Our results demonstrate the feasibility 
and preclinical efficacy for treatment of RPS19-deficient 
DBA using a clinically applicable SIN lentiviral vector, 
which opens the possibility for the development of clini-
cal gene therapy for RPS19-deficient DBA patients.  

 
 

Methods 

Lentiviral vector constructs 
The SIN lentiviral vector is derived from the pRRL.PPT.PGK. 

vector backbone.20 A codon-optimized human RPS19 cDNA was 
designed as described previously21 and inserted downstream of 
the EFS promoter. Lentiviral vectors were produced by the 
Vector Unit at Lund University as previously described.12  

Mice and transplantations 
Mice were maintained at the Lund University animal facility 

and all animal experiments were approved by the Lund 
University animal ethics committee. The homozygous doxycy-
cline-inducible Rps19-deficient mouse model used in the study 
was established as previously described.15 A detailed description 
of transplantations is provided in the Online Supplementary 
Methods. 

Transduction  
c-kit+ or lineage negative (Lin–) cells isolated from BM of trans-

genic mice were enriched by using CD117 or Lin– microbeads 
and magnetic-activated cell sorting separation columns (all from 
Miltenyi Biotec) according to the manufacturer’s protocol. After 
enrichment, cells were pre-stimulated for 24 h in StemSpan 
serum-free expansion medium (Stem Cell Technologies), supple-

mented with penicillin/streptomycin (Gibco), murine stem cell 
factor (100 ng/mL; PeproTech), and human thrombopoietin (50 
ng/mL; PeproTech) in six-well plates at the concentration of 
0.5x106 cells/mL. For transduction, retronectin-coated (20 
ng/mL; Takara) 12-well plates were preloaded with the viral vec-
tors (multiplicity of infection [MOI]=5-10), followed by seeding 
of 0.5x106 cells into each well filled with 1 mL pre-stimulation 
medium.  

Flow cytometry 
A complete description of all antibodies used is listed in the 

Online Supplementary Methods. 

Human primary cord blood cells and erythroid  
differentiation 

Human cord blood samples were obtained from the maternity 
wards of Helsingborg General Hospital and Skåne University 
Hospital in Lund and Malmö, Sweden, after informed, written 
consent according to guidelines approved by the regional ethical 
committee. Mononuclear cells were separated through density-
gradient centrifugation. CD34+ cells were magnetically isolated 
according to the manufacturer’s description (Milteny Biotec, cat. 
n. 130-046-702). Cells were cultured in serum-free expansion 
medium (Stem Cell Technologies), supplemented with human 
stem cell factor, thrombopoietin, and FLT3-ligand at 100 ng/mL 
from Peprotech. Full descriptions of transduction and erythroid 
differentiation are provided in the Online Supplementary Methods.  

Other experimental details 
Full descriptions of the quantitative reverse transcriptase poly-

merase chain reaction (qRT-PCR), determination of transduction 
efficiency and vector copy number measurements are provided 
in the Online Supplementary Methods. 

Insertion site analysis 
Whole BM cells were isolated at 16 weeks after transplanta-

tion. Genomic DNA was isolated from the BM of flushed femo-
ra using the DNA Blood & Tissue kit (Qiagen). The vector-
genome junction was amplified using the INtegration Site 
PIpeline for paIRed-End reaDs (INSPIIRED) workflow as 
described by Sherman and colleagues.24  

Statistical analysis 
t-tests and one-way analysis of variance with the Tukey mul-

tiple-comparison test were used to determine statistical signifi-
cance. Computations were performed using GraphPad Prism 
(version 6; GraphPad Software). 

 
 

Results 

High transduction efficiency of the EFS-RPS19 vector 
We first studied the transduction efficiency of the vec-

tor in BM progenitor cells isolated from our established 
Rps19-deficient DBA mouse model.15 This model contains 
the Rps19-targeting shRNA expressed under a doxycy-
cline-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 to generate two models with inter-
mediate or severe Rps19 deficiency (Figure 1B). Rps19 
mRNA expression was reduced by approximately 50%, 
and a trend toward more efficient knockdown in D/D 
mice compared to D/+ mice was seen, as shown in our 
previous studies.15 Upon induction with doxycycline, 
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transplanted recipients receiving D/D BM cells developed 
an acute and lethal BM failure, while recipients of D/+ 
BM cells developed a mild chronic anemia.15 As D/D mice 
develop lethal BM failure shortly after doxycycline induc-
tion, the more severely affected D/D mice were used in 
the present study to investigate whether the lethal phe-
notype could be fully rescued with the vector. 

The clinically applicable single gene lentiviral vector 
was developed using a SIN lentiviral vector design har-
boring the codon-optimized human RPS19 cDNA driven 
by an internal EFS promoter (named EFS-RPS19) (Figure 
1C). Compared to the human codon-optimized RPS19 
cDNA, there are six mismatches in the shRNA construct 
for generating the mouse model. Because of this, gene 
expression derived from the human codon-optimized 
RPS19 cDNA is not affected by the shRNA.  

We first examined the transduction efficiency of the 
vector. In our previous study, we transduced cells at a 
MOI of 10-20 and demonstrated the rescue of the anemia 
and BM failure with a reduced risk of insertional mutage-
nesis.12 To investigate the therapeutic effects of a lower 
average vector copy number per cell, we decided to use 
an MOI of 5-10. As shown in Online Supplementary Figure 
S1, the transduction efficiency was 75% on average in c-
kit+ cells isolated from D/D mice. We next examined both 
endogenous Rps19 and vector-derived RPS19 mRNA 
expression in c--kit+ cells isolated from D/D and +/+ mice 
at a MOI of 5. As shown in Online Supplementary Figure 
S2, the endogenous Rps19 mRNA expression levels were 
significantly decreased in the cells isolated from D/D 
mice compared to the levels in cells from +/+ mice after 
doxycycline administration. Cells transduced with EFS-
RPS19 exhibited a 2.5-fold higher level of expression of 
human RPS19 mRNA compared to the endogenous Rps19 
expression in the D/D group. Interestingly, transduced 
cells isolated from +/+ mice showed a significantly lower 
level of human RPS19 mRNA expression than the trans-
duced cells isolated from D/D mice at the same MOI, 
indicating the internal physiological regulation of excess 
RPS19 production as reported by others.29,30 The overall 
results indicated that cells transduced with the EFS-RPS19 
vector could successfully express the human RPS19 trans-
gene 

Gene-corrected bone marrow cells can rescue  
the Diamond-Blackfan anemia phenotype in vivo 

We next assessed the function of gene-corrected BM 
cells using the EFS-RSP19 vector in vivo. As shown in 
Figure 2A, uninduced (no doxycycline) c-kit+ BM cells 
from D/D mice (CD45.2) were transduced with the EFS-
RPS19 vector (MOI=5-10), and then transplanted into 
lethally irradiated wild-type B6SJL recipient mice 
(CD45.1/CD45.2, named the EFS-RPS19 group). Mice 
receiving uninduced c-kit+ BM cells without vector trans-
duction were regarded as the mock group (negative con-
trol). Following engraftment and stable donor-derived 
reconstitution of the hematopoietic system, doxycycline 
was administrated to all recipients to induce the DBA 
phenotype. To determine whether the vector-treated cells 
could achieve a full correction, age-matched B6SJL wild-
type (WT) mice receiving no irradiation and no transplan-
tation but the same doxycycline administration were 
used as the control group.  

Before doxycycline administration, both the mock and 
EFS-RPS19 groups showed high overall donor reconstitu-
tion, indicating minimal to absent recipient-derived 
hematopoiesis (Online Supplementary Figure S3). After 
induction with doxycycline for 2 weeks, recipients in the 
mock group showed a dramatic decrease in red blood cell 
counts, mean corpuscular volume (MCV), and white 
blood cell and platelets counts, indicating that the mice 
developed BM failure shortly after doxycycline adminis-
tration (Figure 2B-F). In contrast, recipients in the EFS-
RPS19 vector-treated group showed normal blood cellu-
larity compared to the WT group. To assess the long-term 
therapeutic effects, recipients were administered doxycy-
cline for 16 weeks (Figure 3A). As shown in Figure 3B, 
most of the recipients in the mock group died (9 out of 
16) due to severe anemia or BM failure (data not shown) at 
2-3 weeks after doxycycline administration. The few 
remaining recipients exhibited a macrocytic anemia phe-
notype with significantly reduced red blood cell counts 
and increased MCV at 16 weeks. The hemoglobin levels 
and platelet counts were also decreased compared to 
those in the WT group (Figure 3C-G). As expected, there 
was a significantly decreased expression of endogenous 
Rps19 in donor-derived BM cells from both the mock and 
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Figure 1. The inducible Rps19-deficient mouse model and structure of the EFS-RPS19 self-inactivating lentiviral vector. (A) Overview of modified loci. Black arrow-
heads indicate the transcriptional start sites. (B) Breeding strategy to adjust the level of Rps19 downregulation. Homozygous mice (D/D mice) are used in the project. 
(C) The self-inactivating lentiviral vector harboring a codon-optimized human RPS19 cDNA driven by human elongation factor 1a short (EFS) promoter. LTR: long ter-
minal repeat; pA: polyadenylation signal; PPT: polypurine tract; RRE: Rev response element; SA: splice acceptor.
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EFS-RPS19 groups after 16 weeks of doxycycline admin-
istration (Online Supplementary Figure S4). Strikingly, all 
the mice in the EFS-RPS19 group survived without any 
signs of anemia and with normal BM cellularity com-
pared to the WT group. These results indicate that the 
lethal BM failure can be prevented by the vector. The vec-
tor copy number at 16 weeks after transplantation was 
5.2±1.6 and 4.7±1.0 on average in gene-corrected cells 
isolated from peripheral blood and BM, respectively 
(Figure 4A, B). We also analyzed the fraction of myeloid-
erythroid compartments by flow cytometry (Online 
Supplementary Figure S5). Donor-derived hematopoiesis 
was observed in the EFS-RPS19 group, and the mean per-
centage of donor cells (CD45.2) in every progenitor pop-
ulation was significantly higher in the EFS-RPS19 group 
than in the mock group (Figure 4C-I). Unlike in the EFS-
RPS19 group, the transplanted cells in the mock group 
had limited reconstituting ability. In addition, we 
observed a significantly higher reconstitution of resident 

recipient cells (CD45.1/CD45.2) in the few surviving 
mice in the mock group than in the EFS-RPS19 group, per-
haps explaining why these animals did not develop 
severe BM failure.   

EFS-RPS19 vector-treated Rps19-deficient bone  
marrow cells provide long-term reconstitution 

We next investigated whether the EFS-RPS19 vector-
treated Rps19-deficient BM cells could generate long-term 
engraftment and reconstitution in doxycycline-induced 
lethally irradiated WT recipients (Figure 5A). To this end, 
D/D mice were induced with doxycycline for 1 week and 
red blood cell counts and hemoglobin levels were meas-
ured to confirm the DBA phenotype (Online Supplementary 
Figure S6). The isolated Lin– BM cells from doxycycline-
induced mice were transduced with the vector and trans-
planted into the doxycycline-induced lethally irradiated 
WT recipients (EFS-RPS19 group). Recipients receiving 
untransduced Rps19-deficient Lin– BM cells from doxycy-
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Figure 2. Effective correction of anemia by 
the EFS-RPS19 vector at 2 weeks after 
induction of the Diamond-BLackfan pheno-
type. (A) The scheme of the uninduced gene-
corrected cell transplantation model and 
plan for examining short-term therapeutic 
effects. (B-F) Blood cellularity at 2 weeks 
after doxycycline induction (n=13-16, error 
bars represent the standard deviation, 
*P<0.05, **P<0.01, ***P<0.005 
****P<0.001 by one-way analysis of vari-
ance). BM: bone marrow; MOI: multiplicity of 
infection; WT: wild-type; RBC: red blood cells; 
MCV: mean corpuscular volume; WBC: white 
blood cells.
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cline-induced D/D mice were regarded as the mock group. 
The setting of the WT group was the same as described 
above. Doxycycline was administrated to all the recipients 
directly after transplantation. After induction with doxycy-
cline for 2-3 weeks, the majority of mice in the mock group 
died (13 out of 16 animals) due to severe anemia or BM 
failure (Figure 5B, Online Supplementary Figure S7). The few 
surviving mice exhibited significantly decreased levels of 
endogenous Rps19 expression in donor-derived BM cells at 
16 weeks after doxycycline administration (Online 
Supplementary Figure S8) with the concomitant develop-
ment of a severe anemia phenotype in the mock group 
(Figure 5C-G). In contrast, all recipients in the EFS-RPS19 
group survived with normal blood cellularity compared to 
the WT group. The vector copy number was on average 
8.3±4.0 and 10.9±3.9 in gene-corrected Rps19-deficient 
cells isolated from peripheral blood and BM, respectively 
(Figure 6A, B). By analyzing the fraction of myeloid-ery-
throid compartments at 16 weeks, we observed almost 
complete donor-derived hematopoiesis in the EFS-RPS19 

group, which was significantly higher than in the mock 
group (Figure 6C-I). Taken together, our results demon-
strate that the EFS-RPS19 vector-treated group obtained 
full correction of anemia and BM failure. 

Gene-corrected bone marrow cells showed polyclonal 
hematopoiesis and had a typical lentiviral insertion 
profile 

The risk of insertional mutagenesis is a major concern 
for future applications of gene therapy in the clinic. To 
assess the safety of the EFS-RPS19 vector integration pro-
file, as well as the clonal dynamics of the transduced cells, 
insertion site analysis was performed using the INSPI-
IRED workflow.24 BM cells from uninduced donors 
(Figure 3A) of cohort 1 (animals 5-8) and cohort 2 (ani-
mals 13-16), or those from doxycycline-induced donors 
(Figure 5A) of cohorts 3 (animals 7-11) and cohort 4 (ani-
mals 17-20) were isolated 16 weeks after disease induc-
tion in the recipients. Detailed information on pool size 
estimation and sequence diversity in each sample is 
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Figure 3. Effective long-term correction of the anemia and bone marrow failure in mice treated with the EFS-RPS19 vector. (A) The scheme of the induced gene-
corrected cell transplantation model and the plan for examining long-term therapeutic effects. (B) Surviral rate analysis. (C-G) Blood cellularity at 16 weeks after doxy-
cycline induction (n=13-16, error bars represent the standard deviation, *P<0.05, **P<0.01, ***P<0.005 by one-way analysis of variance). BM: bone marrow; MOI: 
multiplicity of infection; WT: wild-type; RBC: red blood cells; MCV: mean corpuscular volume; WBC: white blood cells.
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shown in Online Supplementary Tables S2 and S3. 
Particularly, the top ten integrations with the highest 
sequence contribution in each sample are depicted in 
Figure 7A and Online Supplementary Figure S9A. Overall, 
EFS-RPS19-transduced cells showed a highly polyclonal 
insertion site pattern, reflecting the overall integration 
preferences of lentiviral vectors. No integration site con-
tributed with more than 5.37% in uninduced gene-cor-
rected cells (Figure 7A) or 4.4% in gene-corrected Rps19-
deficient cells (Online Supplementary Figure S9A) to the 
overall sequence pool, and there were no integrations in 
or close to known high-risk proto-oncogenes (Lmo2, 
Ccnd2 or Hmga2). However, one integration at 16.5 kb 
upstream of the high-risk locus Ikzf1 was detected 
(accounting for 1.65%), and another integration at 20.7 
kb upstream of the high-risk gene Mecom was found 
(accounting for 0.04%) in recipients of gene-corrected 
Rps19-deficient BM cells. For the analysis of overlaps 
between integrations in or near the same genes among 
BM samples, we observed common lentiviral integration 
sites identified in previous integration site analysis 
(Online Supplementary Tables S4 and S5).31,32 We identified 
11 integrations in or near the same refSeq genes between 
cohorts 1+2 and cohorts 3+4 (Online Supplementary Figure 
S10). Four of these shared common insertion sites in or 
near Hgf, Kdm6a, Lnpep and Mef2c also listed as proto-
oncogenes in the All Onco database.25 The sole occur-
rence of integration sites in or near high-risk loci was not 
an indication of a higher risk of insertional mutagenesis if 
no dominant clones were detected. The detected integra-
tions might simply reflect that lentiviral vectors were 
capable of integrating at these genomic sites. We per-
formed analysis of insertion site profile including param-
eters of the integration site preferences close to CpG 
islands, GC-rich regions, in or near transcription units, 
the transcriptional start site of genes, gene boundaries or 

proto-oncogenes (Figure 7B-D, Online Supplementary 
Figure S9B-D). More integrations were detected in a dis-
tance of 100 kb relative to CpG islands, marking actively 
transcribed regions but not in the direct vicinity of CpG 
islands (1-10 kb), hence not close to the promoter region. 
Our data showed that GC rich regions (marking promoter 
regions of genes) and long intergenic regions were gener-
ally disfavored by the vector. The integrations inside tran-
scriptional units and in or close to proto-oncogenes (with-
in a 100 kb window = onco.100k) are displayed relative 
to the matched random controls (Figure 7B, Online 
Supplementary Figure S9B). 

The EFS-RPS19 vector rescued impaired erythroid  
differentiation of human RPS19-deficient CD34+ 
cord blood cells 

We next examined the therapeutic effects of the EFS-
RPS19 vector using human primary CD34+ cord blood 
cells. Since primary CD34+ cells from DBA patients are dif-
ficult to obtain, we utilized previously validated lentiviral 
shRNA vectors that silence RPS19 expression in human 
CD34+ cells to induce a DBA phenotype.23  

Two lentiviral vectors expressing shRNA (shRNA1 and 
shRNA2) targeting different regions of the human RPS19 
mRNA sequence were used to induce the DBA pheno-
type, and a vector expressing a scrambled shRNA 
sequence (Scr) was used as a healthy control. To ensure 
that the human construct in the vector would not be 
degraded by the targeting shRNA, alignments were per-
formed and there were two mismatches (out of 19 
nucleotides) for shRNA1 and four mismatches (out of 19 
nucleotides) for shRNA2. Thus, it is very unlikely that the 
gene expression derived from the human codon-opti-
mized RPS19 cDNA would be affected by either shRNA. 
Since the shRNA vectors also contain a GFP marker gene, 
transduced GFP+ cells were sorted for further examination. 
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Figure 4. Gene-corrected bone marrow cells show a competitive advantage in contributing to long-term hematopoiesis in vivo. (A, B) Vector copy number in periph-
eral blood (A) and bone marrow (B). (C, D) Donor reconstitution in peripheral blood (C) and bone marrow (D). (E–I) The percentage of transduced cells in hematopoi-
etic stem cells (E), megakaryocyte progenitors (F), pre-granulocyte-macrophage and granulocyte-macrophage progenitors (G), pre-megakaryocyte-erythroid (H), and 
pre-colony-forming unit erythroid and colony-forming unit erythroid (I) (n=13-16, error bars represent the standard deviation, black asterisks indicate the statistical 
significance of the comparison of recipient-derived cells between the mock and EFS-RPS19 groups, orange asterisks indicate the statistical significance of the com-
parison of donor-derived cells between the mock and EFS-RPS19 groups. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001 by one-way analysis of variance).  VCN: 
vector copy number; PB: peripheral blood; BM: bone marrow; HSC: hematopoietic stem cells; MkP: megakaryocyte progenitors; pre-GM/GMP: pre-granulocyte 
macrophage and granulocyte macrophage progenitors; preMegE: pre-megakaryocyte-erythroid; preCFU-E/CFU-E: pre-colony-forming unit–erythroid (CFU-E)/CFU-E.
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As shown in Figure 8A, both shRNA1 and shRNA2 signif-
icantly decreased RPS19 mRNA expression, with slightly 
more efficient knockdown being obtained with shRNA1 
than shRNA2, which resembles our previous observations 
in D/+ and D/D mouse models.15 In order to examine the 
function of EFS-RPS19, we transduced sorted GFP+ cells 
and cultured them in erythroid differentiation medium for 
48 h after transduction. The PCR results indicated success-
ful integration of the vector into human cells, as shown in 
Online Supplementary Figure S11. It is a well-known phe-
nomenon that lentiviral vector-mediated transgene 
expression is silenced in a fraction of CD34+ cells, and that 
this fraction increases during differentiation of cells, likely 
due to changes in chromatin accessibility. As shown in 
Figure 8B, transgene silencing was evident in a fraction of 
the Scr-transduced CD34+ cells in which the fraction of 
GFPhigh shRNA expressing cells decreased from 100% in 
the sorted cells to around 90% on day 6 and day 10, with 
a further reduction to around 25% at day 16. However, in 
the RPS19-deficient groups, the loss of GFPhigh cells was 
evident from day 6, with an increased fraction of GFPlow 

and GFP– cells (Online Supplementary Figure S12A-B). By 
further analysis of cell distribution, significantly decreased 
outputs of CD71+CD235A– cells on day 6 and CD71–

CD235A+ cells on day 10 were observed in GFPhigh popula-
tions of RPS19-deficient groups (Online Supplementary 
Figure S12C, D). The impaired differentiation was rescued 
by EFS-RPS19, with significantly increased GFPhigh popula-
tions (1.6-fold for shRNA1 and 1.8-fold for shRNA2) 
(Figure 8B) and progenitor populations (CD71+CD235A–) 
(Online Supplementary Figure S12C) compared to the 
RPS19-deficient groups on day 6. Particularly, during ter-
minal erythropoiesis on day 16, cells in the RPS19-defi-
cient groups showed reduced red blood cell production 
(especially in the shRNA2 group) and few GFPhigh cells 
(<1%) could be detected (Figure 8C-E). However, EFS-
RSP19 vector-treated groups produced more red blood 
cells and maintained significantly higher GFPhigh popula-
tions (~4%) than the RPS19-deficient groups. These 
results collectively demonstrate that the EFS-RPS19 vector 
can rescue the impaired erythroid differentiation in 
human primary RPS19-deficient CD34+ cord blood cells. 

Y. Liu et al.

452 haematologica | 2022; 107(2)

Figure 5. Amelioration of disease phenotype in Rps19-deficient animals transplanted with gene-corrected cells. (A) Scheme of the gene-corrected Rps19-deficient 
cell transplantation model and plan for examining short-term and long-term therapeutic effects. (B) Survival rate analysis. (C-G) Blood cellularity at 4 and 16 weeks 
after doxycycline induction (n=14-16, error bars represent the standard deviation, *P<0.05, **P<0.01, ***P<0.005 ****P<0.001 by one-way analysis of variance). 
WT: wild-type; RBC: red blood cells; MCV: mean corpuscular volume; WBC: white blood cells.
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Discussion 

Currently, hematopoietic stem cell transplantation is 
the sole curative option for DBA patients, but suitable 
donors are often unavailable and there can be serious 
immunological complications.3,33 Gene therapy using 
gene-corrected hematopoietic stem cells has been shown 
to be a promising therapeutic strategy for genetic blood 
disorders in recent years.19,34,35 Our previous proof-of-con-
cept studies also demonstrated the feasibility of applying 
gene therapy to cure DBA.12-16 In the present study, a clin-
ically applicable lentiviral vector was used to investigate 
the efficacy and safety for treating anemia and lethal BM 
failure in Rps19-deficient mice and for ameliorating the 
impaired erythroid differentiation in human primary 
RPS19-deficient CD34+ cord blood cells. The next step 
towards clinical gene therapy will be to perform toxicol-
ogy and biodistribution analyses, and thereafter proceed 
with submitting an application to regulatory authorities 
in order to initiate a phase I/II clinical trial with 6-12 
patients focusing on safety.  

For successful development of clinical gene therapy, vec-
tor efficacy, generating long-term therapeutic effects, is 
crucial. To examine the therapeutic effects of the vector 
with lower copies per cell, we decreased the MOI to 5-10 
in the present study and demonstrated that the EFS-RPS19 
vector has robust therapeutic effects with no evidence of 
clonal expansion associated with vector integration near 
cancer-associated genes, as we showed in our previous 
study.12 It has already been shown that ribosomal proteins 
are produced in excess of the needs of the ribosome 
assembly, and that the excess protein is subjected to pro-
teasomal degradation.22,29,30 Similarly, in the present study, 
our transduced Rps19-deficient cells had physiological lev-
els of expression of RPS19. Hence, it is unlikely that the 
ectopic expression of RPS19 would promote uncontrolled 

growth. Since single-copy insertion of the therapeutic 
gene in the target cells is suggested to avoid the risk of 
genotoxicity in clinical gene therapy manipulation,19 we 
plan to examine the therapeutic effects using transduced 
cells with a lower MOI (e.g. MOI=1) in future studies. Our 
results also demonstrated that the vector could rescue the 
impaired erythroid differentiation of RPS19-deficient cord 
blood cells by increasing red blood cell production. 
Overall, we showed that the EFS-RPS19 vector could res-
cue the anemia and BM failure of RPS19-deficient DBA.  

Apart from efficacy, vector safety is the other essential 
factor to assess when applying gene therapy.  The risk of 
insertional mutagenesis is a concern for future applications 
of gene therapy in the clinic. To prevent this risk, we uti-
lized a third-generation SIN lentiviral vector that lacks 
potent enhancers in the long terminal repeat regions, since 
such vectors were shown to exhibit a safer integration 
profile in previous clinical trials19,34,36 and also in our previ-
ous animal studies.12,15 By using the state-of-the-art INSPI-
IRED workflow, which can provide better quantification 
of clonal abundance compared to a linear amplification-
mediated PCR approach, we found that gene-corrected 
BM cells in both models exhibited a low risk of mutagen-
esis with no evidence of clonal expansion associated with 
vector integration near cancer-associated genes. In our 
study, no hematologic abnormalities were observed due 
to enforced expression of RPS19. The results collectively 
demonstrate the safety of the EFS-RPS19 vector for clinical 
gene therapy development. The bioinformatic pipeline of 
the INSPIIRED workflow is a more automated approach, 
making it well suited for monitoring patients in gene ther-
apy trials in the future.  

Increased MCV, due to macrocytic anemia, is a classic 
clinical observation in patients with DBA. It is, at least in 
part, caused by the stabilization of p53 and activation of 
p53 targets (e.g., p21, Bax), which are responsible for cell 
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Figure 6. EFS-RPS19 vector-treated Rps19-deficient cells show a competitive advantage in contributing to long-term hematopoiesis in vivo. (A, B) Vector copy num-
ber in peripheral blood (A) and bone marrow (B). (C, D) Donor reconstitution in peripheral blood (C) and bone marrow (D). (E–I) The percentage of transduced cells 
in hematopoietic stem cells (E), megakaryocyte progenitors (F), pre-granulocyte-macrophage and granulocyte-macrophage progenitors (G), pre-megakaryocyte-ery-
throid (H), and pre-colony-forming unit erythroid and colony-forming unit erythroid (I) (n=14-16, error bars represent the standard deviation, black asterisks indicate 
the statistical significance of the comparison of recipient-derived cells between the mock and EFS-RPS19 groups, orange asterisks indicate the statistical signifi-
cance of the comparison of donor-derived cells between the mock and EFS-RPS19 groups. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001 by one-way analysis of 
variance).  VCN: vector copy number; PB: peripheral blood; BM: bone marrow; HSC: hematopoietic stem cells; MkP: megakaryocyte progenitors; pre-GM/GMP: pre-
granulocyte macrophage and granulocyte macrophage progenitors; preMegE: pre-megakaryocyte-erythroid; preCFU-E/CFU-E: pre-colony-forming unit –erythroid (CFU-
E)/CFU-E.
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cycle arrest in G0/G1 phases leading to larger cell size.9,37 
We also observed a significantly increased MCV in the 
mock group after induction with doxycycline for more 
than 4 weeks (Figures 3E and 5E). In particular, during the 
initial phase after doxycycline induction, the majority of 
red blood cells in the circulation were produced before the 
DBA phenotype was induced. Since old red blood cells are 
smaller than the newly produced cells, the MCV is 
decreased compared to normal for a short period during 
the first 2 weeks after doxycycline induction (Figure 2E). 
In addition to the severe anemia phenotype after induc-
tion of Rps19 deficiency, we observed decreased white 
blood cell and platelet counts in the mock group. Mild 
thrombocytopenia and neutropenia (low levels of neu-
trophilic granulocytes) have also been observed in about 
25% of DBA patients during the course of the disease.4,37,38 
In addition, several patients with RPS19-deficient DBA 
have developed myelodysplastic syndrome with multilin-
eage cytopenia, which suggests a multilineage defect.37 
This observation correlates with a reduction in the 

absolute numbers of hematopoietic stem and progenitor 
cells in BM due to Rps19 deficiency,15 which led to the 
lethal BM failure we observed in untreated animals short-
ly after doxycycline administration. This is also supported 
by the limited reconstitution ability of progenitor com-
partments in the mock group (Figure 4C-I) and impaired 
erythroid differentiation of human primary RPS19-defi-
cient cord blood cells. RPS19-deficient patients who 
develop thrombocytopenia and neutropenia also experi-
ence similar progressive phenotypes of hypocellularity in 
the BM.38,39 Moreover, DBA is a very heterogeneous dis-
ease. It is unknown why family members with the same 
genetic mutation in RPS19 may have very different phe-
notypes, ranging from no anemia to severe anemia with 
progression to multilineage BM failure.40 The current 
understanding of phenotype-genotype correlations is far 
from comprehensive and needs to be studied further.  

Although the majority of mice in the mock group died, 
a few mice did survive until the planned endpoint at 16 
weeks. One of the possible reasons for this may be the 
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Figure 7. Gene-corrected bone marrow cells show a vector integration pattern that indicates low risk of mutagenesis and a highly polyclonal insertion site pattern. 
(A) The top ten integration sites in each sample (*indicates that the integration was within a transcription unit, ~ indicates that the insertion was within 50 kb of a 
cancer-related gene). (B, C) Percent of all integrations inside transcriptional units (B) and percent of integrations within 100 kb of proto-oncogenes compared to 
matched random control sites (C). (D) Genomic heatmap analysis of the insertion site profile. mrc: matched randon control. ***P<0.001 by an unpaired t-test. 
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emergence of resident hematopoietic stem cells derived 
from the recipients, which contribute to the reconstitution 
of hematopoiesis as a protective mechanism against 
stress-induced exhaustion in the BM.41-43 In support of this 
concept, recipient-derived hematopoietic stem cells were 
observed in BM of the mock group at 16 weeks after trans-
plantation, even though full lethal irradiation was per-
formed prior to transplantation. Other unknown reasons 
may also contribute to this observation and the underlying 
mechanism is unknown. 

As mentioned before, the majority of DBA patients 
have mutations in genes coding for ribosomal proteins, 
and 25% of them are RPS19-deficient (mostly because of 
point mutations or small deletions). Our findings indicate 
the possibility of developing SIN lentiviral vectors also tai-
lored for other DBA mutations (e.g., RPL5) in the future. 

In conclusion, our data show the safety and efficacy of 
a clinically applicable SIN lentiviral vector for the success-
ful treatment of Rps19-deficient DBA in our mouse model 
and in human primary CD34+ cord blood cells. We did not 
observe any hematologic abnormalities in vivo due to 
enforced expression of RPS19. Our present study suggests 

that the clinically applicable SIN lentiviral vector, EFS-
RPS19, has the potential to be employed in a clinical gene 
therapy strategy for RPS19-deficient DBA patients.  
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