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Pyruvate kinase deficiency (PKD) is a monogenic meta-
bolic disease caused by mutations in the PKLR gene that 
leads to hemolytic anemia of variable symptomatology 
and that can be fatal during the neonatal period. PKD 
recessive inheritance trait and its curative treatment by 
allogeneic bone marrow transplantation provide an ideal 
scenario for developing gene therapy approaches. Here, 
we provide a preclinical gene therapy for PKD based on 
a lentiviral vector harboring the hPGK eukaryotic pro-
moter that drives the expression of the PKLR cDNA. This 
therapeutic vector was used to transduce mouse PKD 
hematopoietic stem cells (HSCs) that were subsequently 
transplanted into myeloablated PKD mice. Ectopic RPK 
expression normalized the erythroid compartment cor-
recting the hematological phenotype and reverting 
organ pathology. Metabolomic studies demonstrated 
functional correction of the glycolytic pathway in RBCs 
derived from genetically corrected PKD HSCs, with no 
metabolic disturbances in leukocytes. The analysis of the 
lentiviral insertion sites in the genome of transplanted 
hematopoietic cells demonstrated no evidence of geno-
toxicity in any of the transplanted animals. Overall, 
our results underscore the therapeutic potential of the 
hPGK-coRPK lentiviral vector and provide high expecta-
tions toward the gene therapy of PKD and other ery-
throid metabolic genetic disorders.

Received 20 August 2015; accepted 25 March 2016; advance online  
publication 14 June 2016. doi:10.1038/mt.2016.87

INTRODUCTION
Among many other hereditary enzymatic defects affecting the 
erythrocytes, pyruvate kinase deficiency (PKD) is the most fre-
quent one causing chronic nonspherocytic hemolytic anemia.1 
Onset and severity of PKD are very variable and range from mild 
to severe neonatal anemia, becoming fatal during the childhood 

in the most severe cases.2 Growth retardation, hydrops fetalis, and 
death during the neonatal period have also been reported with low 
frequency.3 PKD prevalence has been estimated at 1:20,000 in the 
general Caucasian population4 and, so far, more than 195 differ-
ent mutations in the PKLR gene have been identified (http://www.
lovd.nl/pklr). Allogeneic bone marrow transplantation has been 
successfully used to cure severe PKD patients,5 but the low avail-
ability of histocompatible donors and the serious complications 
associated with the bone marrow transplantation of these patients 
(i.e., graft versus host disease, opportunistic infections, etc.) make 
periodic blood transfusions and splenectomy the main therapeu-
tic options for most of the severe forms of PKD,6 dramatically 
increasing patient morbidity and mortality.7 The limited efficacy 
and side effects of the therapeutic options for severe PKD patients 
and its recessive inheritance trait make PKD a suitable disease to 
be treated by gene therapy.

PKD is caused by defects in the pyruvate kinase (PK) enzyme6 
that catalyzes the last ATP-generating reaction of the glycolysis 
pathway in all cells. In mature erythrocytes, PK becomes essential 
as RBCs only express the R-type-specific isoform (RPK)8 due to 
the regulation of the erythroid-specific alternative promoter of the 
PKLR locus.9 Thus, any loss of RPK activity impairs RBC metabo-
lism and lifespan,6 leading to chronic nonspherocytic hemolytic 
anemia.

Gene therapy for monogenic diseases, particularly those affect-
ing the hematopoietic system, has provided convincing evidence 
that genetic correction of autologous hematopoietic stem cells 
(HSCs) is an alternative therapeutic option to allogeneic HSCT, 
avoiding its major complications.10–14 Genetic correction for dis-
eases affecting the erythrocyte such as β-thalassemia and sickle 
cell disease, have been addressed in animal models15,16 and also in 
humans.11 However, gene therapy approaches for inherited ery-
throid metabolic deficiencies such as PKD are still limited. The 
feasibility of HSC gene therapy for PKD has been demonstrated 
both in mouse17,18 and in dog RPK-deficient experimental mod-
els,19 showing that donor chimerism and transduction levels are 
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key points to reach an efficient correction of the hemolytic pheno-
type20 given the lack of selective advantage of donor gene-corrected 
HSCs. Our previous work with a PKD mouse model demonstrated 
that retrovirally-derived human RPK expression was capable of 
fully correcting PKD phenotype when over 25% genetically cor-
rected cells were transplanted.18 A similar therapeutic threshold 
of corrected cells was recently reported in one PKD Basenji dog 
infused with foamy vector-corrected and in vivo expanded HSCs.19

High levels of transgene expression can be achieved when 
γ-retroviral (γ-RV) vectors are used due to the fact that the thera-
peutic transgene expression is regulated by their long terminal 
repeats (LTR) sequences. However, the first clinical trials based 
on this type of vectors raised safety concerns, as several patients 
developed unexpected leukemias.21 The strong promoter activity 
of LTR sequences could affect the regulation of surrounding genes, 
either by activation of proto-oncogene promoters or by inhibition 
of tumor suppressor genes, leading to insertional mutagenesis.22–25 
These findings highlighted the need to use safer and more efficient 
vectors than γ-retroviral vectors for the PKD gene therapy.

Here, we provide an RPK lentiviral vector (LV) for the genetic 
correction of PKD. Genetic modification of murine PKD-HSCs 
with this vector was able to efficiently correct the hemolytic phe-
notype and the RBC metabolite profile in transplanted PKD mice. 
Remarkably, no evidence of metabolic disturbances in leuko-
cytes and genotoxicity derived from the vector integration were 
observed, supporting the therapeutic potential of the PGK-coRPK 
LV vector. Overall, our preclinical results provide encouraging 
evidence of the feasibility of gene therapy for PKD with a LV 
designed for clinical application.

RESULTS
PGK-coRPK therapeutic lentiviral vector leads to 
a stable and long-term correction of the anemic 
phenotype in genetically corrected PKD mice
In vivo efficacy of the PGK-coRPK LV (Supplementary Figure S1a) 
was assayed by transduction and transplantation of lineage depleted 
BM cells (Lin- cells) from PKD mice (Supplementary Figure S1b). 
Lethally irradiated PKD mice transplanted with deficient cells 
transduced with the coRPK LV showed a significant improvement 
in all tested blood erythroid parameters when compared to non-
transplanted PKD littermates or to mice transplanted with cells 
transduced with an enhanced green fluorescent protein (EGFP) LV 
(Figure 1 and Supplementary Table S1). RBC counts increased as 
soon as 40 days post-transplantation (Figure 1a) and constitutive 
reticulocytosis, which is one of the most common signs of PKD, 
was significantly reverted in mice carrying the PGK-coRPK trans-
gene, reaching levels close to those observed in healthy controls 
for at least 9 months after transplant (Figure 1b). On the contrary, 
PKD animals transplanted with EGFP LV-transduced cells showed 
anemia and remarkable reticulocytosis in parallel with PKD mice 
at all time-points analyzed. Hemoglobin levels, hematocrit index, 
mean corpuscular volume, and mean corpuscular hemoglobin val-
ues were also corrected in mice transplanted with lentivirally cor-
rected cells when compared to nontransplanted PKD littermates 
(Supplementary Table S1). This hematological correction was 
achieved with 63.66 ± 4.45% of donor chimerism and transduc-
tion efficacies ranging from 60 to 90% (Supplementary Table S2). 

Transduced cells showed on average 1.65 ± 0.08 integrated vec-
tor copies per cell (VCN), indicating that PGK-coRPK LV-vector 
provided enough human RPK transgenic expression to revert the 
hemolytic anemia. Remarkably, the expression of the coRPK trans-
gene led to an extension of erythroid cell half-life when compared 
to nontransplanted PKD mice (Figure  1c,d). On average, PKD 
mice showed a RBC half-life of 19 days, while in genetically cor-
rected mice this was extended to 25 days (6 days’ extension) reach-
ing values close to wild-type RBC half-life (Figure 1d). Thus, RBCs 
of coRPK-expressing mice displayed intermediate survival kinet-
ics between healthy and deficient control mice (Figure 1c), most 
likely because full chimerism was not achieved in these animals 
(Supplementary Table S2).

Nine months after transplant hematopoietic progenitors from 
primary recipients were transplanted into secondary recipients 
that maintained engraftment levels (62.89 ± 5.61%) and viral 
copy number (VCN) (1.44 ± 0.08 copies) (Supplementary Table 
S2). Secondary transplanted recipients showed a multi-lineage 
hematopoietic reconstitution up to 5 months post-transplantation 
(Supplementary Figure S2) and a significant improvement in all 
PB erythroid parameters (Figure 2 and Supplementary Table S1). 
In addition, proviral integrations were detected in differently com-
mitted hematopoietic progenitors (Supplementary Figure S3a,b) 
and its number remained constant over time (Supplementary 
Figure S3c) demonstrating the stability of the genetic correction 
and highlighting the safety of the PGK-coRPK LV.

Lentiviral-derived RPK expression normalizes 
erythroid differentiation and allows the production 
of functional mature erythrocytes
PKD mice show a characteristic expansion of the erythroid compart-
ment caused by the compensatory erythropoiesis mechanism.26 The 
study of the erythroid differentiation pattern in transplanted mice 
indicated that the ectopic RPK expression reverted this mechanism 
(Figure 3a,b). PKD and EGFP-expressing mice showed a predomi-
nance of immature erythroid precursors (subpopulation I: proeryth-
roblasts and subpopulation II: basophilic erythroblasts) in BM and 
spleen, and a remarkable fall in late erythroid cells (population IV: 
reticulocytes and mature erythrocytes), while mice transplanted 
with cells transduced with the coRPK LV showed a significant 
reduction of immature erythroid precursors (subpopulations I and 
II) in BM and spleen, and a significant increase of the latest ery-
throid compartment (subpopulation IV) equivalent to healthy mice 
(Figure 3a,b). In addition, unlike PKD and EGFP-expressing mice, 
those carrying the coRPK transgene showed a significant reduction 
of erythropoietin (Epo) levels in plasma (Figure 3c). The normaliza-
tion of the erythropoiesis in PKD mice treated with the therapeutic 
vector was accompanied by a reduction of the splenic number of 
progenitors content to normal levels (Supplementary Figure S4a), 
although no changes in the BM colony forming units (CFU) content 
were noted (Supplementary Figure S4b).

Transplantation of cells transduced with the coRPK 
lentiviral vector reverts extramedullar erythropoiesis 
and organ pathology
Due to the active destruction of RPK deficient erythrocytes, PKD 
and EGFP-expressing mice displayed acute splenomegaly with 
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an increase of spleen weight and size of over 200% when com-
pared to healthy controls (Figure 4a,b). A disorganized struc-
ture of the splenic tissue and the expansion of the spleen red 
pulp were also observed in these animals, indicating an intense 

extramedullar erythropoiesis also supported by the presence of 
erythroid cell clusters in PKD and EGFP-expressing liver sections 
(Figure 4c). Remarkably, the ectopic expression of coRPK trans-
gene completely reverted spleen and liver pathology in genetically 

Figure 1  Correction of pyruvate kinase deficiency (PKD) phenotype in peripheral blood of primary recipients after genetic correction. 
(a) RBCs and (b) reticulocyte levels in healthy (black bar, n = 5) and PKD anemic mice (gray bar, n = 6), and PKD anemic mice that were tranplanted 
with EGFP (white bar, n = 9) or coRPK-transduced cells (scratched bar, n = 17). Data are represented as the average ± SEM and were analyzed by non-
parametric Kruskal-Wallis test. (c) Flow cytometry strategy used to detect the biotin-labeled RBCs throughout the time and (d) RBC survival kinetics in 
healthy (black dots, n = 2), anemic (white dots, n = 2) and genetically corrected mice (discontinuous line, n = 4). Data are represented as the average 
± standard error of the mean and were analyzed by two-way analysis of variance test. Healthy, nontransplanted control mice; PKD, nontransplanted 
PKD mice; coRPK, PKD mice expressing the therapeutic transgene.
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corrected mice, reducing the RBC accumulations and normaliz-
ing spleen histological structure and size (Figure 4). Additionally, 
histological studies revealed the total absence of iron deposits in 
the liver of genetically corrected mice, whereas PKD mice either 
from the nontransplanted group or the group transplanted with 
HSCs transduced with the EGFP-carrying vector displayed an 
intense iron overload due to the continuous hemolytic process 
(Figure 4c). Overall, the transplant of genetically corrected HSCs 
in PKD mice restored the normal status of the erythropoiesis and 
all the secondary effects caused by the hemolytic anemia.

PGK-coRPK LV-derived expression restores the 
glycolysis pathway in RBCs without modifying the 
WBC metabolic balance
Next, we performed an extensive metabolomic analysis of all 
transplanted and control mice to study the functional correction 
of RPK enzymatic activity. Following an untargeted profiling strat-
egy, we observed significant changes of glycolytic intermediates in 
RBCs among the different groups, identifying three broad clusters 

of metabolite patterns with distinct trends (Figure 5a). RBCs 
from coRPK-expressing mice showed an increase of metabolites 
from cluster 1 similar to healthy controls but different from trans-
planted mice carrying the EGFP transgene. Likewise, cluster 3 
reflected a reduced metabolite trend in genetically corrected mice 
similar to wild-type mice and different from EGFP-expressing 
mice. Nevertheless, cluster 2 from assay 1 showed no differences of 
metabolite profile between transplanted mouse groups (EGFP and 
coRPK expressing mice) (Figure 5a). The untargeted metabolic 
profiling also showed that the genetic modification was capable of 
modifying some important glycolytic intermediates, achieving an 
increase in ATP (Figure 5b), pyruvate (Figure 5d) and decrease in 
ADP levels (Figure 5c) in erythrocytes isolated from mice trans-
planted with PGK-coRPK LV-transduced HSCs. Considering 
these metabolic trends, we then analyzed other metabolites 
located closer to the PK-catalyzed reaction using a targeted pro-
filing approach. Levels of the direct PK substrate phosphoenol-
pyruvate (Figure 5e) and the 3-phosphoglycerate (3-PG) (Figure 
5f), located upstream of the PK-catalyzed reaction, approached to 

Figure 2 Pyruvate kinase deficiency phenotype correction in secondary transplanted mice. (a) Brilliant Cresyl blue staining of blood smears from 
nontransplanted mice and secondary (2nd coRPK) recipients to identify reticulocyte population (in blue). (b) Flow cytometry analysis of reticulocyte 
levels in peripheral blood. (c) RBCs and (d) reticulocyte percentage in secondary transplanted mice expressing the coRPK transgene (scratched bar, n 
= 4), in healthy mice (black bar, n = 3) and in anemic control mice (gray bar, n = 3). Data are represented the average ± standard error of the mean 
and were analyzed by nonparametric two-tailed Mann-Whitney test.
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that of healthy control mice. Deficient erythrocytes expressing the 
coRPK transgene also produced an increase of D-lactate (Figure 
5g), the final product of the anaerobic glycolysis, when compared 
to PKD and EGFP expressing mice. To test whether the compensa-
tion in the glycolytic metabolites was a result of the normalization 
in PK activity in mature erythrocytes, we measured the activity 
of this enzyme and normalized it in relation to the Hexokinase 
(HK) activity in order to avoid the influence of high amounts of 
reticulocytes in the deficient animals. RBCs were purified through 
a cellulose column to prevent leukocyte PK activity contamina-
tion. A complete compensation of PK activity was observed in 

the animals expressing the coRPK that reached ratios similar to 
those obtained from wild-type healthy animals and from a normal 
healthy blood donor volunteer (Supplementary Figure S5).

Principal component analysis showed that metabolite pattern 
of RBCs was different depending on the group and markedly dif-
ferent to WBC profile (Figure 6a). On the contrary, WBC sub-
groups clustered together with very little difference among groups, 
indicating no changes in the metabolic balance of leukocytes 
when expressing the ectopic coRPK (Figure 6a). Additionally, 
specific metabolite changes observed in the RBC untargeted pro-
filing were not present in WBCs (Figure 6b–d).

Figure 3 Normalization of the erythroid differentiation pattern in genetically corrected mice. (a) Percentages of the different erythroid subpopula-
tion in bone marrow and spleen at 140 days after transplant. (b) Representative dot plots of the flow cytometry strategy used. The expression intensity of 
the CD71 and Ter119 markers allows for identifying four erythroid subpopulations: population I: early proerythroblasts (Ter119med CD71high), population 
II: basophilic erythroblasts (Ter119high CD71high), population III: late basophilic and polychromatophilic erythroblasts (Ter119high CD71med), and population 
IV: orthochromatophilic erythroblasts, reticulocytes and mature erythroid cells (Ter119high CD71low). (c) Plasma Epo levels measured by enzyme-linked 
immunosorbent assay (ELISA) in nontransplanted and transplanted mice. Dots represent values of individual mice. Lines represent average ± standard 
error of the mean and were analyzed by nonparametric Kruskal-Wallis test. Healthy, nontransplanted control mice; PKD, nontransplanted PKD mice; 
EGFP, PKD mice expressing the EGFP transgene; coRPK, PKD mice expressing the therapeutic transgene. PKD, pyruvate kinase deficiency.
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PGK-coRPK LV-transduced cells render polyclonal 
hematopoietic reconstitution without evidence of 
vector genotoxicity
Integration profile of LVs carrying either the coRPK or the EGFP 
transgene was analyzed in transplanted mice. Resulting from the 
genome-wide integration profile of LVs, each insertion creates a 
unique genetic mark that can be used to track the clonal behavior in 
individual transduced cells. Genomic DNA (gDNA) was obtained 
from WBCs and from BM cells and from primary and secondary 
transplanted mice, as well as from transduced cell pools before 
transplant (Lin- cells). Linear amplification-mediated polymerase 
chain reaction (LAM-PCR) (Supplementary Figures S6 and S7) 
was used to amplify vector/genome junctions, and to identify vec-
tor insertion sites (ISs). PCR products were sequenced by MiSeq 
Illumina platform and the obtained sequences were mapped onto 
the mouse genome by bioinformatics pipeline and filtered for col-
lisions as described in Supplementary Methods (Supplementary 
Figure S8). Overall, we mapped 5,173,892 sequencing reads on 
the transplanted mouse genome, resulting in 2,220 unique vector 
integration sites. The genomic distribution of ISs from two inde-
pendent experiments matched the previously reported LV pref-
erence for integration within transcriptional units (particularly 
within the first 50 Kb downstream of the transcription start site) 
(Supplementary Figure S9a), showing no skewing toward any 

particular chromosome in the mouse genome (Supplementary 
Figure S9b).

Safety of the PGK-coRPK LV-based gene therapy was stud-
ied by clonal abundance estimations, calculating the percentage 
of sequence count for each IS (a clonal mark) with respect to the 
total number of sequences of the dataset. Dot plots and heat map 
representations of the relative abundance of each IS retrieved for 
each mouse (Figure 7; Supplementary Figures S10 and S11) 
showed strong fluctuations in clonal composition of the differ-
ent mice and of in vitro cultured Lin- cells. Also, it was possible 
to appreciate that for several samples, a small number of integra-
tions contributed to a large amount of sequence reads (Figure 7 
and Supplementary Figure S10), revealing a polyclonal pattern 
of repopulation of transduced HSCs. In addition, tracked shared 
integration between primary mice carrying the therapeutic PGK-
coRPK LV and subsequently transplanted secondary mice showed 
no strong sharing of integrations between the groups, confirming 
the absence of clonal dominance (Supplementary Figure S10).

To determine whether hallmarks of insertional mutagenesis 
were present in transplanted mice, we assessed the occurrence 
of common insertion sites (CIS) similar to currently ongoing 
LV-mediated clinical trials.10,11,13,14,27 CIS are insertional hotspots 
that may result from integration bias at the time of transduction 
or in vivo selection of clones harboring vector integrations that 

Figure 4 Reversion of splenomegaly and organ pathology in genetically corrected mice at 140 days post-transplantation. (a) Pictures of rep-
resentative spleens and (b) ratio of spleen weight to total body weight from primary and secondary transplanted pyruvate kinase deficiency (PKD) 
mice. Dots represent values of individual mice. Lines represent average ± standard error of the mean per group. Data were analyzed by nonparametric 
Kruskal-Wallis test. (c) Histological study of spleen and liver from primary transplanted PKD mice. First and second column show the representative 
histology sections of spleen and liver stained with hematoxylin-eosin and photographed using a 4 and 10× objective, respectively, in a light micro-
scope. Arrows point to erythroid cell clusters indicative of extramedullary erythropoiesis. Third column shows Prussian blue staining (Fe) of liver 
sections to detect iron deposits indicated by arrowheads. Photographs were taken using a 20× objective. Group legends as in Figure 3. 2nd coRPK, 
secondary recipients.
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confer growth advantage.22,28–31 CIS were identified using an algo-
rithm based on Abel and cols32 and the Grubbs test for outliers,27 
finding no CIS and thus no alarming signs of genotoxicity by this 
readout. Moreover, gene ontology analysis revealed no skew-
ing toward gene classes involved in cancer, cell proliferation or 
regulation of apoptosis in any of the integration datasets sorted 
by tissue-distribution, time point or abundance of repopulating 
hematopoietic cell clones (Supplementary Figure S12). These 
results suggest neutrality of vector integration and demonstrate 
the safety of the PGK-coRPK LV in a preclinical setting.

DISCUSSION
Genetic correction of erythroid metabolic diseases such as 
Glucose-6-phosphate dehydrogenase (G6PD) deficiency and 
PKD has yielded promising results in animal models,18,33 but the 
insertional oncogenic risk observed in the first gene therapy trials 
using γ-RV vectors21,24 made necessary to develop safer and more 

sophisticated tools to provide gene therapy a valid therapeutic 
option for PKD. Here, we show preclinical evidence that the PGK-
coRPK LV efficiently rescues PKD pathology upon genetic correc-
tion and transplantation of HSCs in deficient mice. Furthermore, 
the safety-optimized design of the therapeutic vector leads to a safe 
genetic correction without modifying metabolic energy balance in 
leukocytes or causing side effects derived from vector integration.

Based on the efficacy and safety properties of LVs currently 
used in HSC gene therapy,11–14 we designed a self-inactivating 
LV carrying a codon-optimized version of the human wild-type 
PKLR gene (coRPK) that led to normal levels of all hematological 
variables (RBCs, hemoglobin levels, hematocrit index, mean cor-
puscular volume, and mean corpuscular hemoglobin) and rapidly 
restored RPK to normal functioning in erythroid cells providing 
normal reticulocyte and inmature erythroide cell levels in gene 
therapy treated mice close to healthy controls. The PGK-coRPK 
LV treatment also led to an increased RBC survival, proportional 

Figure 5 Metabolic profiling in RBC samples from mice transplanted with genetically modified cells. Analysis of significant metabolic profile changes 
in healthy and transplanted mice by comparison to pyruvate kinase deficiency (PKD) animals in two independent experiments. (a) Complete RBC heat 
map obtained by untargeted profiling, where higher and lower metabolite levels are represented in red and blue respectively. Metabolites listed have at 
least one comparison that is significant using the following criteria: absolute fold change >1.5; minimal signal >2,000; adjusted P value < 0.01. Black boxes 
highlight cluster of metabolite changes with distinct profile among the groups. (b–d) ATP, ADP, and pyruvate levels in RBCs, respectively, measured by 
untargeted profiling by comparison to PKD mice at 140 days after transplant. Assay 1: Healthy mice (black bars) n = 1, PKD (gray bars) n = 1, hPGK-EGFP 
(white bars) n = 2, hPGK-coRPK (scratched bars) n = 3. Assay 2: Healthy mice n = 2, PKD n = 2, hPGK-EGFP n = 6, hPGK-coRPK n = 10. (e–g) RBC targeted 
metabolic profiling of a selected number of metabolites involved in the glycolytic pathway (phosphoenolpyruvate, 3-phosphoglyceric acid and D-lactic 
acid, respectively) at 280 days post-transplantation. Dots represent values of individual mice. Lines represent average ± standard error of the mean and 
were analyzed by nonparametric Kruskal-Wallis test. Assay 2: Healthy mice n = 7, PKD n = 5, hPGK-EGFP n = 3, hPGK-coRPK n = 5.
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to the level of donor chimerism detected in genetically corrected 
mice.

In PKD pathology, the hemolytic process triggers the mecha-
nism of compensatory erythropoiesis to mitigate the quick loss of 
damaged RBCs, but this rapid development of new erythrocytes 
turns out that it is ineffective leading to an increased apoptosis in 
the erythroid compartment.34 Some of the proposed explanations 
are membrane rigidity35 and metabolic block caused by glycolytic 
intermediates accumulation6,36 and the potential impairment of 
oxidative stress response36 as a consequence of ATP depletion. 
The genetic correction with the PGK-coRPK LV however, nor-
malizes the erythroid differentiation pattern in BM and spleen 
because the vector-derived RPK expression leads to an improved 
metabolic status of the basophilic erythroblasts, the stage in which 
RPK expression starts to be predominant37 and allows the proper 
differentiation into the next stage of erythroid maturation. The 
correction of ineffective erythropoiesis in transplanted mice sug-
gests that the PGK promoter drives a stable and robust expres-
sion of the coRPK transgene, able to resist the epigenetic changes 
that erythroid progenitor cells undergo upon differentiation into 
mature RBCs. On top of that, the characteristic splenomegaly 
present both in patients6 and in PKD mice38 was also reverted after 
genetic correction even with a moderate percentage of transduced 
cells (62% of CFU progenitors carrying the integrated provirus). 
Reduction of extramedullary erythropoiesis and iron overload in 

the spleen and liver of transplanted mice, significant reduction 
of plasma Epo levels and spleen CFU content normalization in 
coRPK-expressing mice demonstrates an almost complete recov-
ery of the PKD pathology to the normal stage. Nevertheless, 
EGFP-expressing mice show a slight reduction of spleen weight 
that may be related to the effects associated to the hematopoietic 
transplantation procedure, such as the proliferative stage of the 
hematopoietic progenitors after the transplant.

The PKD phenotype correction provided by the developed 
therapeutic vector was further confirmed by metabolomic analysis, 
demonstrating that the metabolite profile of the corrected erythro-
cytes is similar to the healthy one and different from PKD mice and 
from PKD mice transplanted with cells transduced with the EGFP 
expressing vector. Although untargeted metabolite profiling shows 
cluster similarities between groups of transplanted mice (cluster 2, 
eGFP and coRPK), these similarities could be attributed to the BM 
transplant procedure that would affect both groups, and no mat-
ter the PKD phenotype was corrected. Clusters 1 and 3 reveal an 
increase and a decrease metabolite trend, respectively, in genetically 
corrected mice and in healthy controls that is different from mice 
carrying the EGFP transgene. This includes an increase of pyruvate 
and ATP levels and a decrease of ADP in RBCs that, in spite of not 
being significant, probably because of the bulk metabolite analy-
sis, suggests the correction of the glycolytic pathway upon genetic 
correction. Targeted metabolomic analysis showed a significant 

Figure 6 Untargeted metabolic profiling in WBC samples from mice transplanted with genetically modified cells. (a) Principal component 
analysis of untargeted metabolite profile in RBCs (red dots) and WBCs (blue dots) in control and transplanted mice. (b–d) ATP, ADP, and pyruvate 
levels, respectively, in WBCs by comparison to pyruvate kinase deficiency (PKD) mice. Assay 1: healthy mice (black bars) n = 1, PKD (gray bars) n = 1, 
hPGK-EGFP (white bars) n = 2, hPGK-coRPK (scratched bars) n = 3. Assay 2: healthy mice n = 2, PKD n = 2, hPGK-EGFP n = 6, hPGK-coRPK n = 10. 
Data represent the average ± standard error of the mean per group and were analyzed by nonparametric Kruskal-Wallis test.
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normalization not only of relevant metabolites located upstream 
of the RPK-catalyzed reaction (phosphoenolpyruvate, 3-PG, and 
D-lactate), but also intermediates of pentose phosphate pathway 
(not shown), pointing to a normal function of glycolysis pathway 
when RBCs express functional RPKs. Moreover, the PK enzyme 
activity, showed as the ratio PK/HK to compensate the differences in 
the amount of reticulocytes in healthy and diseased animals, clearly 
points toward the complete recovery of the PK function in the cor-
rected erythrocytes. Interestingly, the ratio obtained was also similar 
to the one obtained in blood from a normal healthy volunteer, sug-
gesting physiological levels of vector-derived PK activity and fur-
ther demonstrating the capacity of the vector to compensate PKD. 
Remarkably, WBCs analyzed in parallel showed no alterations of the 
metabolic balance in leukocytes when RPK is ectopically expressed 

under the control of a ubiquitous promoter such as PGK, ruling out 
a leukocyte metabolic advantage as a possible safety concern and 
reinforcing the therapeutic potential of the PGK-coRPK LV.

The multi-lineage reconstitution and the absence of any leuke-
mic event or clonal expansion in secondary recipients demonstrate 
the long-term stability and safety of the PGK-coRPK LV-based 
protocol that was further confirmed through the analysis of vec-
tor integration sites, an approach that is being increasingly used 
to predict the risk of insertional oncogenesis in HSC gene therapy 
clinical trials and in preclinical studies.10,11,13,14,22,27,28,30,31 The anal-
ysis relative to the abundance of specific cell clones carrying the 
integrated vector shows a limited number of vector-marked clones 
repopulating the hematopoiesis in genetically corrected mice. 
Despite this polyclonal reconstitution pattern, CIS analysis did not 

Figure 7 Clonal abundance analysis of coRPK-LV-transduced cells. Dots plot representation of clonal abundance of pooled integrations in each mouse from 
assays 1 (a) and 2 (b,c). The relative percentage (y-axis) for each integration site is relative to the total number of sequences reads obtained in each dataset. 
BM, bone marrow; IS, integration site; PB, peripheral blood; coRPK1-14, mice transplanted with hematopoietic cells transduced with the therapeutic vector. 
coRPK 2.1-2.4, secondary recipients transplanted with BM cells from coRPK 11-14 primary mice.
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show any alarming sign of genotoxicity. Also, highly represented 
clones found at a certain time-point after transplant in some mice 
were reduced at longer times or absent in BM, indicating a high 
turnover and no clonal dominance of PGK-coRPK LV-corrected 
HSCs. Importantly, secondary transplanted mice showed integra-
tion sites found in primary recipients indicating that stem cells 
were marked, and in new integration sites not previously detected 
in primary recipients, pointing to the healthy clonal dynamics of 
hematopoiesis after genetic correction. These results suggest that 
the polyclonal nature of reconstitution observed is likely a conse-
quence of the biology of hematopoietic reconstitution in mice.39 
In addition, gene ontology analysis revealed no skewing toward 
gene classes involved in cancer, cell proliferation or regulation of 
apoptosis.40 Interestingly, the gene ontology study also showed that 
genes involved in catabolism were the ones most targeted by vector 
integration. This trend is different to that observed in other studies 
directed to other gene deficiencies,41,42 and suggests that the viral 
integration pattern could be biased by the genetic deficiency of the 
recipient animals. Overall, the analysis of the vector integration 
pattern emphasizes the safety properties of the PGK-coRPK LV 
that provides PKD genetic correction with no signs of genotoxicity.

The development of gene therapy protocols for PKD is chal-
lenging and requires the precise balance between efficacy and 
safety. Firstly, the lack of selective advantage of corrected HSCs in 
erythroid metabolic deficiencies such as PKD18–20 makes necessary 
the development of efficient vectors to ensure the expression of the 
transgene in mature affected RBCs and high levels of chimerism to 
ensure a high production of corrected erythrocytes. Secondly, high 
levels of wild-type RPK expression would be desirable to increase 
the expression of human monomers, increasing the probability of 
accumulating functional RPK tetramers, since the formation of het-
erotetramers between vector-derived functional copies of PK and 
endogenous nonfunctional monomers might reduce the efficacy 
of gene therapy for PKD. The PGK-coRPK LV leads to a complete 
phenotype correction when transduction levels fell to 62% with an 
estimated 1.02 transgene copies per cell, consistent with the VCN 
obtained in other preclinical studies, i.e., β-thalassemia using a 
LV.41 Nonetheless, pathological manifestations are usually observed 
in PKD patients when RPK activity falls below 25% of the normal 
activity,43 and a similar level of corrected cells has been reported 
therapeutic in previous gene therapy protocols both in mouse18 and 
dog models.19 Hence, a phenotype correction may be expected even 
with lower levels of chimerism18,19 and it is reasonable to expect 
a therapeutic benefit even if normal levels of RPK expression are 
not achieved after genetic correction. In this scenario, the single-
gene PGK-coRPK LV design is essential and the use of the human 
PGK eukaryotic promoter, currently being used in a clinical trial,14 
provides transgene stable expression44 and has been proven to be a 
weak transactivator45. Taken together, these have likely contributed 
to its therapeutic efficacy and safety, together with the optimization 
of the transgene sequence to increase expression46 and the inclusion 
of the mutated Wpre sequence to increase mRNA stability.47

Our PGK-coRPK LV-based protocol would be able to correct 
the wide number of mutations described in PKD patients1,2,4–6,48 
including mutations in the regulatory sequences of the gene.49,50 
Also, considering that PKLR null mutations are rare,6 the prob-
ability of developing an immunological response against the 

exogenous protein would be reduced. Even so, a patient-specific 
strategy based on the CRISPR/Cas9 correction of the endogenous 
locus would prevent the risk of insertional mutagenesis. This tech-
nology is currently being developed in our laboratory using CD34+ 
HSCs from PKD patients with promising results, albeit with effi-
ciencies very far from potentially applicable to the clinical setting 
yet. Overall, our findings demonstrate for the first time the feasibil-
ity of treating metabolic inherited erythroid disease through the 
genetic modification of HSCs using a safety-engineered LV vector.

MATERIALS AND METHODS
Animals. The AcB55 recombinant congenic mice (also recorded as PKD 
mice) carrying the 269T>A loss-of-function mutation in the Pklr gene, were 
used throughout.26,51 AcB55 mice were obtained from Emerillon Therapeutics 
(Montreal, Quebec, Canada) and maintained at the Animal Facility 
Laboratory of CIEMAT (registration number ES280790000183) by inbreed-
ing. C57BL/6 mice, and occasionally A/J mice, were used as healthy controls.

Lentiviral vectors production and transplantation of murine HSCs. LVs 
backbones were generated as shown in Supplementary Figure S1a and 
vectors stocks were produced as previously described.52 Lineage negative 
cells (Lin-) were obtained from the BM of 8–14-week-old male PKD mice, 
prestimulated with 100 ng/ml of recombinant human IL-11 (Peprotech 
EC, London, UK) and 100 ng/ml of recombinant murine stem cell factor 
(SCF) (R&D Systems, Minneapolis, MN) for 24 hours and then transduced 
with EGFP or coRPK carrying LVs in two cycles of transduction at multi-
plicities of infection (MOIs) of 1–10 vp/cell (Supplementary Figure S1b). 
Each transduction was carried out for 24 hours overnight. Approximately, 
4 × 104 (assay 1) to 2 × 105 (assay 2 and 3) transduced Lin- per mouse were 
intravenously injected into 8–14-week-old female PKD mice previously 
irradiated with a lethal dose of 9.5 Gy, split into two doses of 4.75 Gy 24 
hours apart using a Philips MG324 X-ray instrument (Philips, Hamburg, 
Germany). Transplanted mice were monitored for 5 to 9 months and total 
BM was harvested at the end-point of the experiment to perform second-
ary transplants (4 × 106 cells/mouse).

Hematological variables and in vivo RBC survival. Mouse blood was col-
lected from tail veins and analyzed in an automated blood cell analyzer 
(Abacus Junior vet, CMV Analitica, Spain). Reticulocyte percentage was 
determined in noncoagulated blood by staining with 0.5 μg/ml of Acridine 
Orange (Invitrogen Life Technologies, Grand Island, NY) and analyzed 
in an EPICS XL flow cytometer (Beckman Coulter Electronics, Hialeah, 
FL). Additionally, reticulocytes were identified in blood smears by Brilliant 
Cresyl Blue staining (Reagena, Toivala, Finland) and Giemsa counterstain-
ing, and analyzed in a Leica Microsystems microscope. In vivo staining of 
RBCs was carried out following a previously published protocol of in vivo 
biotin staining.38,53

Structural and histological studies. Spleen and liver were studied follow-
ing conventional histological methods (see Supplementary Information).

Colony forming cell (CFC) assays, erythroid differentiation, and plasma 
erythropoietin (EPO) levels. CFC assays were performed following 
manufacturer´s recommendations (Stem Cell Technologies, Vancouver, 
Canada). Erythroid differentiation was studied as described elsewhere54 
and Epo concentration was quantified using the Quantikine Mouse Epo 
immunoassay kit (MEP00B R&D Systems).

Provirus quantification and chimerism. Detection and quantification of 
integrated provirus per cell was accomplished by multiplex qPCR following 
a previously described strategy.55 Additionally, colonies were singly picked 
to evaluate the VCN and the percentage of transduction. Chimerism lev-
els were determined by detecting the presence of the Y chromosome as 
described elsewhere.56
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Metabolomic studies. RBCs and WBCs were subjected to metabolomics 
studies.57 RBCs were obtained from the whole blood after 2,500 rpm/10 
minute centrifugation to remove the plasma and WBC interface. WBCs 
were obtained by erythrocyte lysis and centrifugation of PB. Pellets were 
stored at −80 °C. Metabolite extraction was carried out by adding 5 vol-
umes of 70 °C 70% ethanol to one volume of cell pellet, and centrifuga-
tion at 3,000 rpm to pellet the precipitated protein. Thirty microliters of 
supernatant were transferred to a 96-well plate and dried under nitrogen. 
Samples were then resuspended in 30 μl of water to allow for metabo-
lite profiling by mass spectrometry. Two approaches were used to collect 
metabolite profiles from the isolated blood components: (i) a targeted tri-
ple-quadruple-liquid chromatography mass spectrophotometry (LCMS) 
approach for the analysis of glycolytic and tricarboxylic acid cycle compo-
nents, and (ii) an untargeted direct injection approach coupled to a high-
mass-resolution Q-ToF. The targeted approach allowed for direct analysis 
of upstream/downstream metabolites from the pyruvate kinase enzyme, 
while the untargeted approach allowed for unbiased analysis of distal met-
abolic pathways.

General strategy for integration site analysis. The integration site analy-
sis was performed according to the flowchart shown in Supplementary 
Figure S8 that includes four main macro-activities going from “wet” sam-
ple processing to bioinformatics:

1.	 Wet lab procedures: LAM-PCRs and next-generation sequencing.
2.	 Next-generation sequencing data processing: acquiring as input 

sequencing reads from next-generation sequencing platforms and 
getting as output the list of integration sites.

3.	 Data quality processing: performing three sequential activities to 
improve data quality. Each activity generates the input for distinct 
processes in step 4.

4.	 IS-driven biological analysis: performing inferences on safety and 
efficacy of gene therapy.

See also extended version Supplementary Text for further details.

Abundance analysis. Clonality assessment was computed from the matrix 
files cleaned by contaminations (also called collisions). We used the three 
groups of mice independently (coRPK assay 1, EGFP assay 2, and coRPK 
assay 2. See Supplementary Information). For each group, the abundance 
value was obtained as the percentage for each IS of the sequence reads over 
the total reads of the group (Figure 7 and Supplementary Figure S11). All 
values were obtained using Excel and then plotted the results using Prism. 
Excel files with the abundance representation as heat map are also available 
(Supplementary Figure S10).

Statistical analysis. Data from all experiments were represented as 
the average ± standard error of the mean. Two different nonparamet-
ric statistical tests were applied depending on the number of groups with 
no assumption of normal distribution of the data. When three or more 
experimental groups were compared, we used the Kruskal-Wallis test  
(*P < 0.05; **P < 0.01; ***P < 0.001), whereas two-tailed Mann-Whitney test 
was applied when only two groups were compared. RBC half-life studies 
were analyzed by two-way analysis of variance test (*P < 0.05; **P < 0.01; 
***P < 0.001). Comparisons were carried out between transplanted mice and 
PKD littermates, and all statistical analyses were performed using GraphPad 
Prism software, version 5.0a (GraphPad Software, San Diego, CA).

Study approval. All experimental procedures were carried out according 
to European and Spanish laws and regulations (European convention ETS 
1 2 3, regarding the use and protection of vertebrate mammals used in 
experimentation and other scientific purposes and Spanish Law 32/2007, 
R.D. 1201/2005 and RD 53/2013 regarding the protection and use of ani-
mals in scientific research). Procedures involving Genetically Modified 
Organism were approved by Spanish Biohazard Commission (Registration 
Number A/ES/04/I-04).

SUPPLEMENTARY MATERIAL
Table  S1.  Hematological variables recorded 140 days post-transplan-
tation in peripheral blood.
Table  S2.  Relevant molecular parameters in mice transplanted with 
genetically modified cells.
Figure  S1.  Experiment design.
Figure  S2.  Multi-lineage hematopoietic reconstitution in secondary 
transplanted mice.
Figure  S3.  Quantification of proviral integrations.
Figure  S4.  Hematopoietic progenitor assays in control mice and 
transplanted mice with transduced cells
Figure  S5. Pyruvate Kinase and Hexokinase activity in mice trans-
planted with transduced cells.
Figure  S6.  Gel image of LAM-PCR products generated with Tsp509I 
enzyme for samples harvested from all mice at different time points 
and tissues as Fig. S8 shows.
Figure  S7.  Gel image of LAM-PCR products generated with 
HpyCH4IV5 enzyme for samples harvested from all mice at different 
time points and tissues as Fig. S8 shows.
Figure  S8.  General scheme of the analysis of integration site map-
ping performed in mice transplanted with genetically modified hema-
topoietic progenitors.
Figure  S9.  Distribution of LV integrations along the genome of trans-
planted mice.
Figure  S10.  Tracked shared integrations between primary and sec-
ondary recipient mice carrying the therapeutic PGK-coRPK LV vector.
Figure  S11.  Clonal abundance analysis of EGFP-LV transduced cells.
Figure  S12.  LV genomic integration profile.
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Supplementary Text.
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