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GENE THERAPY
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X-linked sideroblastic anemia (XLSA) is a congenital anemia caused by mutations in
ALAS2, a gene responsible for heme synthesis. Treatments are limited to pyridoxine
supplements and blood transfusions, offering no definitive cure except for allogeneic
hematopoietic stem cell transplantation, only accessible to a subset of patients. The
absence of a suitable animal model has hindered the development of gene therapy
research for this disease. We engineered a conditional Alas2-knockout (KO) mouse model
using tamoxifen administration or treatment with lipid nanoparticles carrying Cre-mRNA
and conjugated to an anti-CD117 antibody. Alas2-KO®™ animals displayed a severe
anemic phenotype characterized by ineffective erythropoiesis (IE), leading to low
numbers of red blood cells, hemoglobin, and hematocrit. In particular, erythropoiesis in
these animals showed expansion of polychromatic erythroid cells, characterized by
reduced oxidative phosphorylation, mitochondria’s function, and activity of key tricar-
boxylic acid cycle enzymes. In contrast, glycolysis was increased in the unsuccessful
J attempt to extend cell survival despite mitochondrial dysfunction. The IE was associated
with marked splenomegaly and low hepcidin levels, leading to iron accumulation in the liver, spleen, and bone marrow
and the formation of ring sideroblasts. To investigate the potential of a gene therapy approach for XLSA, we
developed a lentiviral vector (X-ALAS2-LV) to direct ALAS2 expression in erythroid cells. Infusion of bone marrow
(BM) cells with 0.6 to 1.4 copies of the X-ALAS2-LV in Alas2-KO®™ mice improved complete blood cell levels, tissue
iron accumulation, and survival rates. These findings suggest our vector could be curative in patients with XLSA.

® We characterized
erythropoiesis and iron
metabolism in a new
model of XLSA,
showing ring
sideroblasts and
mitochondrial iron
accumulation.

® We used a novel and
lentiviral vector
expressing the human
ALAS2 gene to rescue
these animals from
lethal anemia.

biosynthetic pathway, ALAS2 catalyzes the condensation of

Introduction glycine and succinyl-CoA to form 5-aminolevulinic acid.®> ALAS2

Sideroblastic anemia is a group of congenital and acquired
disorders that presents the characteristic bone marrow (BM)
sideroblasts, a sign of excessive mitochondrial deposition of
iron."? The congenital forms (congenital sideroblastic anemia)
are rare and caused by mutations in the genes involved in heme
biosynthesis, Fe-S cluster, and mitochondrial protein synthe-
sis.’® X-linked sideroblastic anemia (XLSA) is the most common
form of congenital sideroblastic anemia caused by germline
mutations in the erythroid-specific 5-aminolevulinate synthase
(ALAS2) gene, encoding for the enzyme ALAS2."* ALAS2 plays
a crucial role in heme biosynthesis, specifically in erythroid
cells.* Being the first and rate-limiting enzyme in the heme
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expression is not inhibited by high heme levels and is positively
regulated by hypoxia.® Typically, patients affected by the XLSA
are hemizygous males who exhibit the disease before the age
of 40 years, with hypochromic microcytic anemia and systemic
iron overload.”” Heterozygous female carriers might develop
the disease because of a non-well-defined mechanism,
possibly related to skewed X-chromosome inactivation.®'*
Most mutations result in partial loss of function.?'>""” Vitamin
B6 is the first-line treatment for XLSA, but almost 50% of the
cases are unresponsive.”'®'? Oral 5-aminolevulinic acid sup-
plementation has failed as a second-line treatment in vitamin
Bé-refractory XLSA.?°



Gene therapy strategies for hemoglobinopathies, such as
B-thalassemia and sickle cell disease, aim to introduce, by len-
tiviral vectors (LVs), functional copies of the globin genes into
patient hematopoietic stem cells (HSCs) to restore normal
hemoglobin (Hb) production.”’ One established approach
involves using erythroid-specific vectors, tailoring the expres-
sion of erythroid genes in red blood cell (RBC) precursors. LVs
have shown significant promise in gene therapy due to effi-
ciently transducing dividing and nondividing cells, such as
HSCs.?? LVs can accommodate larger gene inserts (such as the
ALAS2 gene and erythroid regulatory sequences), essential for
heme synthesis and typically active in late-stage erythropoi-
esis.”>?? Furthermore, recent LVs have been extensively
researched and modified to enhance safety and specificity.**?*
Therefore, ex vivo HSC gene therapy using an LV represents a
potential therapeutic option, improving patients’ conditions by
supplying a functional copy of the ALAS2 cDNA. Considering
the rarity of the disease, the lack of therapeutic options, and the
elevated number of mutations causing the disease, it is essen-
tial to establish a severe phenotype and study whether an
erythroid-specific ALAS2-LV would be effective in reversing the
most severe form of the disease.

In this study, we established a severe murine model of XLSA
through 2 distinct methods. The Alas2-knockout (KO)BM ani-
mals exhibited severe anemia, mitochondrial dysfunction,
altered iron metabolism, ring sideroblasts, and mitochondrial
iron accumulation. Moreover, we successfully developed an
erythroid-driven LV capable of effectively improving the dis-
ease phenotype. These results mark a significant step toward
the characterization of this disease and potentially new ther-
apeutic interventions for patients afflicted with this rare
disorder.

Materials and methods

Mouse lines and breeding conditions
R26-CreERT?(RRID:IMSR_JAX:008463),B6.SJL-Ptprc*Pepc®/
BoyJ(RRID:IMSR_JAX:002014) mice were purchased from
The Jackson Laboratory (Bar Harbor, ME) or as described
(supplemental Figure 1A-B [available on the Blood website]).

Vector production and characterization of
X-ALAS2-LV

To create viral stocks, the ALAS2 gene-transfer plasmid was
cotransfected with the envelope plasmid (VSV-G), the pack-
aging plasmid (pMDLg/pRRE), and the pRSVREV vector into
HEK293T cells, according to Breda et al.”® The multiplicity of
infection (MOI) was calculated using the following formula:
number of cells (5 x 10% x dilution factor (1 mL/pL viral
preparation) x vector copy number (VCN) (measured using a
droplet digital polymerase chain reaction probe specific for
the Psi sequence found in lentiviral vectors). To determine
the optimal MOI of X-ALAS2-LV for ex vivo transduction of
HSC, serial dilutions of concentrated viral preparations were
used to transduce NIH-3T3 and HUDEP-2 cells. VCN was
evaluated by droplet digital polymerase chain reaction
(Figure 1B). The titer was 1.10E+09 infection particle/mL in
NIH-3T3 cells and 3.7E+10 infection particle/mL in HUDEP-2
cells.
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Results

Generation of a conditional Alas2-KO transgenic
line

A complete knockout of the Alas2 gene is expected to be
lethal.?’?® Therefore, we pursued an inducible conditional KO
model as a feasible alternative to reproduce a complete Alas2-
KO model. We generated transgenic Alas2™ mice designed
with LoxP sites flanking a critical segment of the Alas2 mouse
gene upstream and downstream of exon 5, as deletion of this
exon is expected to result in the formation of a stop codon at
the beginning of exon é and the loss of functional ALAS2
(supplemental Figure 1A-B). The mice carrying the LoxP sites
were crossed with the well-characterized 26-CreER™ Cre
strain,’” where the Cre-ER™ (Cre recombinase-estrogen
receptor T2) cassette is introduced into the ROSA locus.
Tamoxifen (TAM) administration induces the translocation of
Cre recombinase from the cytoplasm to the nucleus from the
ER™ moiety, allowing the recombination of genomic LoxP sites.
The F; generation consisted of R26-CreER">*/*-Alas2"* mice,
which were further crossed to obtain the R26-CreER"2*/*-Alas2""
genotype or F, generation (supplemental Figure 1A).

Administration of TAM determined the development of anemia
(Figure 2A) and ineffective erythropoiesis (IE) (Figure 2B). IE in
the BM and the spleen of the R26-CreER™*"*-Alas2"" mice was
characterized by the expansion of the proerythroblast/baso-
philic erythroblast population (P1/P2) and the polychromatic
erythroid population (P3). In contrast, the orthochromatic/
reticulocyte (P4) and RBC populations (P5) were reduced. KO
mice were sacrificed or succumbed due to severe anemia. To
rigorously establish that the observed phenotype was not solely
attributed to TAM administration, we administered TAM in R26-
Cre®RT2**_Alas2*Y mice, which lack the flox sites. On treat-
ment, we observed only a temporary reduction in RBCs (P5)
with concurrent expansion of the orthochromatic/reticulocyte
population (P4), an effect that was reversed after 21 days. These
alterations were consistent with the known effects of TAM use
and led to mild but transient anemia, as evidenced by subse-
quent recovery (Figure 2A). This experiment reinforces our
conclusion, demonstrating that the persistence of disease
phenotype was independent of TAM administration. Having
observed that complete deletion of Alas2 in mice showed
erythroid-specific pathophysiology, we focused on deleting the
Alas2 gene only in the hematopoietic compartment.

Alas2-KO in the BM leads to IE and severe anemia
The first approach was based on the engraftment of R26-
CreER™-Alas2™” Lin™ HSCs into lethally irradiated wild-type
(WT) mice, namely B6. SJL—PtprcaPepcb/BoyJ mice
(supplemental Figure 1C). Eight weeks after transplantation, the
mice were treated with the same dose of TAM used for the
previous experiments. As an alternative approach, we used lipid
nanoparticles (LNPs) embedded with a Cre mRNA and deco-
rated with an antibody targeting the CD117 receptor
(LNPP1"Cre) to induce the deletion of the Alas2 gene ex vivo
(supplemental Figure 1C) in HSC.*" Lin™ HSCs Alas2™Y cells
showed high levels of Alas2 deletion after 24 hours and a
complete absence of Alas2 after 72-hour incubation with
LNP<P""7Cre (Figure 2C). Using this approach, we then injected
lethally irradiated WT mice with Lin~ cells Alas2"Y freshly
treated ex vivo by LNPP""Cre. To assess the extent of Alas2
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Figure 1. Characterization of the new lentiviral vector X-ALAS2-LV. (A) Schematic diagram of X-ALAS2 lentiviral vector. (B) VCN analysis of X-ALAS2-LV in NIH-3T3 and
HUDEP-2 cells. N = 3 for each LV concentration; the results are shown as median = SD. (C) Chimerism analysis after BM transplantation (N = 9 for each experimental group).
Data are shown as mean = standard error of the mean (SEM). (D) X-ALAS2-LV VCN analysis 25 weeks after transplantation in the BM and spleen (SPL) samples from TAM and
LNPP™7Cre models (N = 6 in all experimental groups). Data are shown as mean + SEM. (E) Quantification of human Alas2 gene expression (quantitative reverse transcription
polymerase chain reaction [qRT-PCR]) in Lin~ cells from AlasZ/Y BM. P values are determined by the Tukey multiple-comparison test after the 1-way ANOVA. ****P < 0001. (F)
Correlation of VCN (X-ALAS2-LV) and Hb (g/dL) values in the TAM and LNPP'"Cre models in X-ALAS? treated mice. P values, R squared, and curve equations are obtained by
simple linear regression analysis. Treatment with X-ALAS2-LV extended the survival of animals with VCN <0.6, although these mice eventually showed progressive anemia that
required their sacrifice. In animals with VCN >0.6 instead, treatment with X-ALAS2-LV improved the disease phenotype.

gene deletion following either TAM administration or infusion
of HSC treated with LNP<P'"’Cre, we quantified the abundance
of the Alas2 allele in mouse BM by digital droplet PCR assay
using a probe/primer set specifically designed to amplify the
region between exon 5 and exon é of Alas2 (supplemental
Table 3). Compared with TAM, the LNP-mediated delivery of
Cre recombinase was more effective and faster in deleting the
target gene (Figure 2D).
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Both experimental groups, infused with LNP<®'"Cre treated
Alas2™ HSC or R26-CreER™-Alas2™" HSC followed by TAM
treatment, showed that the deletion of the Alas2 gene led to
the development of severe anemia. In animals transplanted with
LNPP""Cre treated Alas2™” HSC, the recipient mice received
HSC already deleted of the Alas2 gene. In animals engrafted
with R26-CreER™*-Alas2™" HSC, the deletion was induced with
TAM 8 weeks after engraftment. Nevertheless, the end points
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were comparable (severe lethal anemia; Figure 3A). Impor-
tantly, the animals transplanted with R26-CreER"-Alas2™" HSC
and treated with TAM recapitulated the phenotype observed in
animals with a total body deletion of Alas2 (Figure 2A).

KO animals exhibited pronounced anemia, marked by dimin-
ished Hb levels and RBC count. Additionally, they exhibited
decreased hematocrit (HCT) and mean corpuscular volume
levels (Figure 3A; Table 1). Eventually, no animal survived
without expression of Alas2. However, we observed a differ-
ence in the onset of the anemia between the 2 cohorts, given
the faster development of the phenotype and earlier death
observed in the LNP“P"Cre-induced model (deletion
induced in HSC in vitro, before engraftment) vs the TAM
model (deletion induced ~8 weeks after BM transplant [BMT])
(Figure 3B).

We also characterized erythroid maturation in BM and spleen
cells using specific Ter119, CD71, and CD44 markers.®’ The
Alas2-KOBM phenotype was associated with a substantial
reduction in mature erythroid cells, with an elevated number of
polychromatic erythroblasts (P3) in the BM and spleen
(Figure 3C; supplemental Figure 2A). Blood smears from these
mice revealed a heterogeneous population of RBCs, including
hypochromic RBCs (Figure 3D) and increased reticulocyte count
(Figure 3A). In physiological erythropoiesis, the expression of
Alas2, Alas1, and Tfrc in the erythroid populations is correlated
with the differentiation of the erythroid populations. The
expression of Alas2 is directly associated with the progressive
differentiation of the erythroid populations, with the peak of
expression in the orthochromatic erythroblasts (P4). On the
contrary, the expression of Alas?, the ubiquitous isoform
of Alas, was almost suppressed across the differentiation
from proerythroblasts (P1) to basophilic erythroblasts (P2)
(supplemental Figure 2B). The Tfrc levels also correlate with the
progression of differentiation of the erythroid population under
partial regulation of erythropoietin, ensuring the survival and
proliferation of erythroblasts, leading to the restoration
of oxygenation through RBC production (supplemental
Figure 2B).*’ These findings highlight the significance of
Alas2, in contrast to Alas1, during this critical stage of erythroid
development. These observations suggest that erythroid pop-
ulations at this stage initiate iron accumulation, underscoring
the importance of Alas2 in this iron homeostasis regulation.
Furthermore, these results provide compelling support for the
Alas2-KOBM phenotype, wherein the absence of Alas2 disrupts
the differentiation of polychromatic erythroblasts (P3) into
orthochromatic erythroblasts (P4) and, consequently, impedes
the production of functional RBCs.

Alas2-KOPM mice showed severe splenomegaly associated with
abnormal color and consistency. The paler color (pink vs red in
WT mice) in the spleen of Alas2-KO®™ mice likely indicated

decreased heme synthesis and iron accumulation (Figure 4A).
The most consistent alterations in the spleen were extra-
medullary hematopoiesis and lymphoid hyperplasia (Figure 4B).
Histologic analysis showed extramedullary hematopoiesis in the
liver and brownish pigment accumulation, consistent with
hemosiderin formation. The most consistent alterations in the
BM were erythroid hyperplasia and a similar brown pigmenta-
tion accumulation (Figure 4C; supplemental Figure 3A-B). In
both organs, hematopoiesis is strongly skewed toward the
erythroid lineage. In all organs of most mice, blood vessels
frequently contained smaller erythrocytes and erythrocytes with
a basophilic cytoplasm. This change was most prominent in the
BM (supplemental Figure 3A). In the liver, clusters of varying-
sized cells are distributed randomly throughout the hepatic
parenchyma, containing abundant cytoplasmic iron accumula-
tion. These cells likely consist of Kupffer cells and other mac-
rophages (supplemental Figure 3C). Abnormal iron
accumulation was observed in several tissues of mice lacking
the Alas2 gene (Figures 4B-C and 5A). Notably, the iron staining
of bone marrow tissues and smears confirmed the presence of
ring sideroblasts (Figure 5B), and the electron microscopy
analysis revealed iron deposits in the mitochondria (Figure 5C).
To confirm the dysregulation of iron homeostasis, we evaluated
erythroferrone (ERFE) and hepcidin (HAMP) serum levels. Dis-
eases characterized by IE are generally associated with high
levels of erythropoietin (EPO) and ERFE and low levels of
HAMP, leading to increased iron absorption and organ iron
overload.*® Alas2-KOBM animals showed increased ERFE and
decreased HAMP levels, consistent with increased EPO, serum
iron levels, and organ iron overload. We also observed
increased ferritin levels and transferrin saturation due to IE,
increased gastrointestinal iron absorption, and subsequent
systemic iron overload due to compensation for defective heme
synthesis, leading to excess iron in both storage and circulating
forms (Figure 6A).

Alas2 KO causes a shutdown of the mitochondria
in the polychromatic erythroid population

To further characterize the impact of Alas2-KO on the erythroid
population, we performed metabolic assays focusing on iso-
lated polychromatic erythroid cells in R26-CreER™*/*-Alas2™"
mice that underwent TAM treatment (P3). We focused on P3 as
this was the most abnormally elevated erythroid population
(Figure 2B). At the onset of the anemia, the P3 population in the
BM was sorted. Cells were then analyzed by ultraperformance
liquid chromatography. Moreover, we measured the activity of
ALAS2, the key enzymes in the tricarboxylic acid cycle, the
electron transport chain (ETC) complexes, and the level of
mitochondrial adenosine triphosphate (MtATP). As expected,
Alas2-KOPM P3 cells presented a significant and robust reduc-
tion of ALAS2 activity compared with the WT P3 population.
Notably, the diminished ALAS2 activity correlated with the

Figure 2. Evaluation of the use of Tamoxifen and LNP®""7Cre in a conditional Alas2-KO model. (A) Values of Hb, RBC, HCT, and reticulocytes (RETs) in R26CreER'™ and
R26CreER"-Alas2"Y animals after administration of TAM. N = 4 for each group. Data are shown as mean + standard error of the mean (SEM). (B) Representative flow cytometry
analysis of the erythroid populations in the BM and spleen in R26CreER™? and R26CreER">-Alas2"Y animals treated with TAM. Data are shown as FSC-A/CD44 subgated on the
Ter119" population. P1+P2/P2 = proerythroblasts/basophilic erythroblasts; P3 = polychromatic erythroblasts; P4 = orthochromatic erythroblasts/reticulocytes; P5 = eryth-
rocytes. (C) Quantification of Alas2 allelic deletion (droplet digital polymerase chain reaction [ddPCR] analysis) of gDNA isolated from Lin~ cells from Alas2"Y BM after
exposure to LNPP""Cre. Data are shown as mean = SEM (N = 3 independent replicates). P values are determined by the Tukey multiple-comparison test after the 1-way
analysis of variance (ANOVA). **** P < .0001. (D) Quantification of Alas2 allelic deletion (ddPCR analysis) of gDNA isolated from Lin~ cells from Alas2Y BM, after tamoxifen
treatment (with or without BMT) or exposure to LNP“P'"Cre. Data are shown as mean + SEM (N = 3 independent replicates). P values are determined by the Tukey multiple-

comparison test after the 1-way ANOVA. *P < .05, **P < .001, **** P < .0001.
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Figure 3. Characterization of anemia, survival and ineffective erythropoiesis of Alas2-KO®™ mice in presence of absence of X-ALAS2-LV. (A) Complete blood cell
(CBC) panel at the end point in each experimental group. Each model includes animals treated (+) and not treated (-) with X-ALAS2-LV (N = 8 in all experimental groups). Data
are shown as mean + standard error of the mean (SEM). P values are determined by the Tukey multiple-comparison test after the 1-way analysis of variance (ANOVA). **P < .01,
**xP < 001, ****P < 0001. Although there is not a significant difference in the Alas2-KOEM animals treated with tamoxifen or LNP<?'"Cre, the LNP-treated animals did show a
reduced absolute reticulocyte count (ARC) compared with the tamoxifen model. Compared with tamoxifen, the LNP technology is more efficient in deleting Alas2 (as shown in
Figure 2D), and the cells engrafted already lack the Alas2 gene. In the tamoxifen approach, the process to delete the target gene is slower (as this requires repeated
administration of tamoxifen), and more undeleted cells may be present, which still possess the ability to regenerate and mature into reticulocytes. However, these cells are
insufficient to support normal erythropoiesis and rescue the animals. (B) Kaplan-Meier analysis of experimental cohorts in TAM and the LNP<®'"/Cre models. Each model
includes animals treated (LV) and not treated (No LV) with X-ALAS2-LV (N = 9 in all experimental groups). Curve comparison in the TAM model: P < .001, xz =17.50 in the
Mantel-Cox test. Curve comparison in the LNP<®'""Cre model: P < .01, ¥* = 14.18 in the Mantel-Cox test. (C) Representative flow cytometry analysis of the BM and spleen
erythroid cells defined by FSC-A/CD-44 within the Ter119* pregated population in TAM and LNPP'"Cre models. An example of an X-ALAS2 lentiviral vector and nontreated
samples (Alas2-KO®™) are shown for each model. P1+P2/P2 = proerythroblasts/basophilic erythroblasts; P3 = polychromatic erythroblasts; P4 = orthochromatic erythroblasts/

reticulocytes; P5 = erythrocytes. (D) Representative blood smears of each experimental group, in animals treated (+X-ALAS2-LV) or not treated (No Vector) with X-ALAS2-LV,
from TAM and LNP®""Cre cohorts.
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Figure 3 (continued)

shutdown of oxidative metabolism, as indicated by the sub-
stantially lowered activity of pivotal tricarboxylic acid cycle
enzymes, such as citrate synthase, a-ketoglutarate dehydroge-
nase, succinate dehydrogenase, and malate dehydrogenase, as
well as by a considerable reduction in the activity of mito-
chondrial ETC complexes. In line with this, mtATP levels were
also significantly decreased in the Alas2-KO®™ P3 population
(Figure 6B). The data are further supported by the electron

microscopy analysis of the mitochondrial cristae (supplemental
Figure S4), showing an increased area and perimeter with a
typical perturbed unfolded shape in the Alas2-KO®™ P3 pop-
ulation. In this nonphysiological scenario, the ETC super-
complexes and dimers of adenosine triphosphate synthase
disassemble, decreasing mitochondrial respiratory perfor-
mance.** The analysis of the glycolytic profile in Alas2-KO®™ P3
cells showed increased activity of glycolytic enzymes compared

Table 1. Mean values of Hb, RBC, HTC, and RET at the end point in each experimental group

WT Tamoxifen LNP<P1"7Cre
C57BL/6J X-ALAS2-LV Alas2-KO®M X-ALAS2-LV Alas2-KO®M
Variable Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Hb, g/dL 131 0.21 1.1 0.79 3.7 0.58 9.5 0.20 3.1 0.39
RBC, 10° cells/pL 9.3 0.16 6.4 0.46 3.2 0.29 6.6 0.19 3.0 0.37
HCT, % 44.8 0.60 354 3.41 17.7 1.66 31.9 0.63 14.9 1.61
RET, 102 cells/pL 4442.5 464.5 4168.0 252.6 4222.6 670.3 4771.0 355.7 1262.8 308.0

Each model includes animals treated (X-ALAS2-LV) and not treated (Alas2-KOBM) with X-ALAS2-LV (N = 8 in all experimental groups).

RET, reticulocyte; SEM, standard error of the mean.
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Figure 4. Pathological evaluation of spleen, liver and bone marrow of Alas2-KO®" animals in presence or absence of X-ALAS2-LV. (A) Quantification of the spleen/body
weight ratio in animals treated (+) or not treated () with X-ALAS2-LV (N = 9 in all experimental groups) from TAM (TAM) and LNP®"”Cre (LNP) models at the end point of each
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(ANOVA). ****p < 0001. Representative pictures of spleens were collected at the end point of each experimental group. (B) Representative images of hematoxylin and eosin (H&E)
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with the control, supported by transcriptional reprogramming
(Figure 6C-D).

Interestingly, the expression of some components of the res-
piratory chain complexes yielded opposite results compared
with the enzymatic activity (Figure 6B-D). This suggests a
compensatory response to the reduced activity, possibly indi-
cating an increase in gene expression related to the oxydative
phosphorylation (OXPHOS) malfunction. These results further
highlighted the altered erythropoiesis observed in the BM,
underscoring the crucial role of ALAS2 in the differentiation and
maturation of polychromatic erythroid cells to orthochromatic
cells. The inability of Alas2-KOBM cells to robustly differentiate
is likely to promote cell death, as suggested by the relative
increase of proapoptotic genes in the P3 population
(Figure 7A). A further assessment showed an increased ten-
dency toward inflammation in the P3 population (Figure 7B).
These results shed light on how the reduction of ALAS2 activity
in hypomorphic patients disrupts the erythropoietic develop-
ment, leading to diminished production of RBCs.?®

Generation of an erythroid-specific lentiviral
vector to express the human ALAS2 cDNA

To develop a definitive curative therapeutic option for severe
forms of XLSA, we generated a novel gene therapy lentiviral
vector expressing the human ALAS2, specifically the Homo
sapiens 5'-aminolevulinate synthase 2, transcript variant 1
(NM_000032.5). To allow exclusive erythroid expression, the
ALAS2 gene was cloned under the control of an erythroid-
specific promoter (hemoglobin subunit beta [HBB] promoter,
200 bp) into a lentiviral backbone previously described.?® To
ensure controlled expression of ALAS2 cDNA in the erythroid
compartment, the vector included additional sequences used
to express the p-globin gene, such as the 3' HBB enhancer (876
bp) and the hypersensitive sites 2 (HS2) (1435 bp) and 3 (HS3)
(1202 bp) of the locus control region.**>° These sequences
have been extensively studied and proven effective in achieving
elevated levels of erythroid-specific expression both in vitro and
in vivo.>® Moreover, we included the ankyrin insulator (190 bp)
embedded in the vector's 3’ self-inactivating long terminal
repeat, as previous studies suggested that including this
element reduces integration position effects on expression and
genome toxicity, resulting in a safer vector overall (Figure 1A;
supplemental Table 2).°>?7*% To characterize and determine
the optimal concentration of X-ALAS2-LV for in vivo application,
we measured vector potency by transducing NIH-3T3 and
HUDEP-2 cells (Figure 1B).

X-ALAS2 lentivirus improves the Alas2-KO®*M
phenotype

We tested the X-ALAS2-LV vector’s ability to reverse the anemia
in the Alas2-KO®™ murine models. For the TAM model, we
isolated R26-CreER"-Alas2™ Lin™ HSCs. Some of the cells
were exposed to 100 to 150 MOI of X-ALAS2-LV. Transduced
and nontransduced cells were then separately infused
into lethally irradiated B6. SJL-Ptprc®Pepc®/BoyJ mice
(supplemental Figure 1C). As controls, we transplanted

untreated R26-CreER™ Lin~ HSCs into recipient animals. For
the LNP model, Alas2™ Lin™ HSCs were isolated and incubated
with LNP<P"""Cre for 2 hours before transduction with X-
ALAS2-LV (100-150 MOJ) (supplemental Figure 1C). As controls,
we transplanted untreated Alas2™" Lin™ HSCs. Donor chime-
rism was evaluated 8 weeks after transplantation. In the TAM
model, donor chimerism reached 90% (x2.0%) and 89.8%
(+3.1%) in the treated and untreated animals, respectively,
whereas in the LNPP""7Cre model, donor chimerism levels
were 86.2% (£2.7%) and 89.0% (£3.8%) in the treated and
untreated animals, respectively (Figure 1C). The VCN in BM and
spleen in both the TAM and LNP“P"""Cre experimental settings
was stable up to 25 weeks after transplantation (Figure 1D). In
the TAM settings, the VCN in the BM of X-ALAS2-LV treated
animals ranged between 0.5 and 1.5, whereas in the
LNPP"Cre counterpart, the VCN ranged between 0.5 and
1.1. Animals with VCNs lower than 0.6 showed extended life-
span compared with untreated animals, yet the expression of
ALAS2 produced by the transgene was insufficient to reverse
the anemia; hence, these animals were euthanized for analyses
when Hb levels reached ~7.0 g/dL (Figure 3B). In these animals,
we observed an expansion of the polychromatic erythroid (P3)
population and mild splenomegaly (data not shown), with a
phenotype intermediate between the complete KO and ani-
mals rescued with VCNs >0.6. This indicated that this limited
amount of integrated copies of ALAS2 was insufficient to pre-
vent the development of the Alas2-KO erythroid cells and could
not support the generation of sufficient RBCs to reverse the
anemia. Conversely, all animals with VCN exceeding 0.6 were
successfully reverted from the severe anemic phenotype, a
recovery sustained at the 25 weeks after BMT preestablished
end point. Only animals treated with X-ALAS2-LV showed high
levels of ALAS2 expression (Figure 1E), and we also observed a
direct correlation between VCN and Hb levels (Figure 1F).

X-ALAS2 significantly improves the IE and iron
overload of the Alas2-KO®™ mice

X-ALAS2-LV treated mice with VCN >0.6 exhibited increased
levels of Hb and HCT, improved RBC count, and reticulocyte
levels (Figure 3A; Table 1), averaging levels comparable with
what would be considered transfusion-free survival in humans.
Both treated models showed a decreased expansion of the
polychromatic erythroid (P3) population and an increased
number of RBCs (P5) (Figure 4C; supplemental Figure 2A). RBCs
of treated mice were also morphologically more similar to WT
(Figure 3D).

Animals treated with X-ALAS2-LV had improved spleen/body
weight ratio. Their spleen color and consistency were compa-
rable to WT mice (Figure 4A). The histologic analysis further
supported these findings, where the spleens showed improved
tissue architecture and definition between red and white pulp
(Figure 4B). Additionally, no iron was detected in the liver or the
BM (Figures 4C, 5A). The amount of iron in the spleen was
similar to control animals, indicating improved iron metabolism
(Figures 4B, 5A). Moreover, no iron accumulation was detected
in the mitochondria of the animals treated with X-ALAS2-LV
(Figure 5C). Animals treated with X-ALAS2-LV also showed an

Figure 4 (continued) and Prussian blue staining in spleen tissues were collected at the end point of each experimental group. Magnification x10. (C) Representative images of H&E
and Prussian blue staining in the bone marrow and liver tissues were collected at the end point of each experimental group. Magnification x4.
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arrows. Direct magnification is x100 000 and printed magnification is x129 000 at 7.0 in.
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Figure 6. Iron metabolism and metabolomic lysis of the Alas2-KO®" model in presence or absence of X-ALAS2-LV. (A) ERFE, HAMP, EPO, and iron values in blood
serum of Alas2-KO®M animals transduced or not with +/— X-ALAS2-LV at the end point of each experimental group (N = 4-9 in all experimental groups). Data are shown as
mean + standard error of the mean (SEM). P values are determined by the Tukey multiple-comparison test after the 1-way analysis of variance (ANOVA). *P < .05, **P < .01,
**+P < 001, ****P < 0001. WT is a C57BL/6J used as a reference. (B) Metabolomic analysis of polychromatic erythroid cells, sorted from WT and Alas2-KOBM animals (N = 6 for
each group). Data are shown as mean + SEM. P values are determined by the Tukey multiple-comparison test after the 1-way ANOVA. *P < .05, **P < .01, ***P < 001, ****P <
.0001. (C) Glycolysis analysis of polychromatic erythroid cells, sorted from WT and Alas2-KOEM animals (N = 6 for each group). Data are shown as mean + SEM. P values are
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Figure 6 (continued) determined by the Tukey multiple-comparison test after the 1-way ANOVA. *P < .05, **P < .01, ***P < .001, ****P < .0001. (D) Relative gene expression
analysis of glycolytic pathway (quantitative reverse transcription polymerase chain reaction [qRT-PCR)) in polychromatic erythroid cells, sorted from WT and Alas2-KO®™
animals (N = 6 for each group). P values are determined by the Tukey multiple-comparison test after the 1-way ANOVA. *P < .05, **P < .01.

improved iron metabolism, trending closer to the parameters in the WT phenotype (Figure 6B-C). Interestingly, although the
WT animals (Figure 6A). The mitochondrial and glycolytic expression of glycolytic enzymes aligned with the restored
metabolism in the treated animals showed improvement toward activity, the transcriptional levels of specific critical components
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Figure 7. Apoptosis and inflammation gene expression analysis in the Alas2-KO® model and effect of the treatment with X-ALAS2-LV. (A) Relative gene expression
analysis of apoptosis pathway (quantitative reverse transcription polymerase chain reaction [qRT-PCR]) in polychromatic erythroid cells, sorted from WT and Alas2-KO®™
animals (N = 6 for each group). P values are determined by the Tukey multiple-comparison test after the 1-way analysis of variance (ANOVA). *P < .05. (B) Relative gene
expression analysis of Tnf, mll-6, and Hmox1 (qRT-PCR) in polychromatic erythroid cells, sorted from WT and Alas2-KOEM animals (N = 6 for each group). P values are
determined by the Tukey multiple-comparison test after the 1-way ANOVA. **P < 01.

of the electron transport chain did not match their enzymatic a sensible improvement in the shape and area of the mito-
activity, likely indicating specific and different compensatory chondrial cristae was observed (supplemental Figure 4). The
responses to changes in metabolism (Figure 6D). Nevertheless, animals also exhibited a decreased expression of proapoptotic
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and inflammatory genes, as the reintroduction of ALAS2
conferred  antiapoptotic and  anti-inflammatory  effects
(Figure 7A-B).

Secondary BMTs confirmed integration of X-ALAS2-LV in long-
term HSC. Notably, Hb, RBC, HCT, and reticulocyte levels in
secondary recipients were comparable to those of the primary
chimeras (supplemental Figure 5A). Additionally, both groups
(TAM and LNP cohorts) exhibited stable VCN levels, ranging
from 1.2 to 1.4 in the BM at 25 weeks after transplantation
(supplemental Figure 5B). Animals showed low levels of
endogenous Alas2, indicating that their survival was due to the
activity of X-ALAS2-LV (supplemental Figure 5C). Secondary
recipients showed improved and effective erythropoiesis and
RBC production comparable to WT animals (supplemental
Figure 5D). These results highlight the persistent correction of
the Alas2-KOPM phenotype over time.

Discussion

This study characterized the pathophysiology of a new murine
model of XLSA and explored the therapeutic potential of ex vivo
HSC gene therapy using a novel lentiviral vector expressing the
human ALAS2 gene. In contrast to our murine model, patients
affected by XLSA usually carry missense mutations or in regula-
tory regions with partial loss of function or decreased ALAS2
expression, respectively.”'¢"7 4447 |n fact, except for nonsense
mutations in clinically affected female carriers, in families with
lethal ALAS2 mutations, no affected males were generally iden-
tified in the pedigree.”’ In general, patients are male and
become symptomatic at variable ages and typically before the
age of 40 years."*®%7 XLSA is usually a relatively late-onset
disease, whereas our model recapitulates this disorder's most
rapid and severe hypothetical form. Therefore, it anticipates that
a vector that rescues a more severe disease model will be
curative in patients with some ALAS2 activity.

To generate a severe Alas2-KO model, we successfully induced
the deletion of the murine Alas2 gene using 2 independent
approaches. Our findings demonstrated comparable pheno-
types between the TAM and LNP-induced models. However,
targeted LNP encapsulating mRNA encoding the Cre recom-
binase was superior to TAM treatment (Figure 2D), having the
advantage of inducing a more rapid and efficient Alas2 dele-
tion. This underscores the potential of targeted LNP-mediated
Cre-mRNA delivery as an effective method for accelerating
the study of hematological phenotypes and diseases.

Irrespective of the approach used, our study’s significant find-
ings include establishing a robust anemic phenotype in mice
through induced Alas2 gene deletion, characterized by reduced
Hb levels, diminished RBC count, IE, and ring sideroblast for-
mation. Interestingly, this is the first study, to our knowledge,
elucidating the importance of ALAS2 in the polychromatic
erythroblast population, highlighting the step of erythroid
development in which ALAS2 activity and heme synthesis are
most required. The lack of ALAS2 in this population was asso-
ciated with an expansion in the number of cells at this stage of
differentiation, with a high proportion of cells undergoing cell
death. Importantly, within these cells, we observed significantly
defective function in the electron transport chain, resulting in
low levels of mtATP. The intriguing hypothesis is that the

LENTIVIRAL VECTOR FOR CORRECTION OF TOTAL Alas2-KO

diminished oxidative metabolism in the P3 population might be
responsible for the hindered differentiation and maturation into
orthochromatic cells. Indeed, it is well established that HSCs,
committed progenitors, and fully differentiated blood cells
exhibit significant differences in their metabolic characteristics
and mitochondrial functions and that alterations in mitochon-
drial metabolism and activity are not merely passive conse-
quences but active drivers of progenitors’ fate decisions.”*"’
More precisely, previous research has suggested that mito-
chondrial function and oxidative phosphorylation are critical in
sustaining the terminal phases of erythroid differentiation.>?
Finally, these findings are consistent with prior studies that
have elucidated the importance of heme synthesis in triggering
metabolic rewiring in various nonerythroid tissues.>>">*
Furthermore, our study showed a strong correlation between
anemia and altered iron metabolism, as it has also been
reported in a few patients with XLSA in the absence of blood
transfusions.>® In our mice, we observed that expansion in the
polychromatic erythroblast population was associated with high
ERFE levels, likely responsible for low HAMP synthesis. The
histologic analysis provided further insights, revealing consis-
tent alterations in the liver, spleen, and BM of Alas2-KOBM
mice, including extramedullary hematopoiesis and iron accu-
mulation. This mouse model, together with the transgenic lines
recently described by Ducamp et al, provides a comprehensive
view of XLSA, capturing the cellular and physiological effects
and enabling therapeutic intervention studies.’® Previously
described human cell lines offer detailed insights into cellular
mechanisms specific to human erythropoiesis, but they lack the
ability to model the disease’s systemic consequences.”’>
Together, these models provide complementary value: the
mouse model is more suitable for studying overall disease
progression and therapy, whereas the human cell lines are ideal
for investigating specific human cellular responses.

We also showed that X-ALAS2-LV can improve the fatal
anemia caused by the complete KO of the Alas2 gene.
Treatment with X-ALAS2-LV extended the survival of animals
with VCN <0.6, although these mice eventually showed
progressive anemia that required their sacrifice. In animals
with VCN >0.6 instead, treatment with X-ALAS2-LV improved
the disease phenotype, leading to medium-high levels of Hb
synthesis (proportional to VCN), improved splenomegaly,
and extramedullary hematopoiesis. These animals also pre-
sented improved glycolysis and mitochondrial activity. In
animals with lower VCN, a good proportion of cells were
likely still generating erythroid cells with no ALAS2 activity,
limiting the therapeutic potential of X-ALAS2-LV. Another
possibility is that the human ALAS2 may not be as efficient as
the mouse orthologue, hindering the therapeutic potential of
X-ALAS2-LV in mice. Nevertheless, in animals with VCN >0.6,
the improvement of the iron metabolism, coupled with
improved complete blood cell levels, highlighted the thera-
peutic effect of X-ALAS2-LV in ameliorating both erythro-
poiesis and iron homeostasis, prominent features of XLSA.
Notably, animals treated with X-ALAS2-LV showed VCN in
the range of 0.6 to 1.4, indicating that a relatively small
number of integrations were sufficient to improve Alas2-
KOBM animals. These findings suggest that HSCs carrying
relatively low VCN of X-ALAS2-LV could be curative in
patients with XLSA who exhibit hypomorphic or residual
expression of the ALAS2 gene.
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An erythroid-specific lentiviral vector improves anemia and iron metabolism
in a new model of XLSA.
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MATERIALS AND METHODS

Institutional Animal Care and Use Committee (IACUC) regulation.

All experiments performed in mice were approved by the IACUC (protocol #1173) at the
Children’s Hospital of Philadelphia. The animals have been housed in the Children’s Hospital of
Philadelphia animal facility according to the standards provided by the OLAW (PHS Animal
Welfare Assurance # D16-00280 (A3442-01)) and AAALAC (AAALAC Unit # 000427).

Mouse screening.
The genotyping primers to identify the LoxP sites and the R26-CreER™? sequence are shown in
Tab.S1.

Cell sorting for isolation of polychromatic erythroid population.

Bone marrow cells extracted from one femur have been washed in 1X PBS. Subsequently, Ter119*
cells selection was obtained using MACS LS Columns (Cat. 130-042-401) and Anti-Ter119
Microbeads (Cat. 130-042-401) (Miltenyi Biotec, Auburn, CA). Isolated Ter119" cells were then
incubated with FITC anti-mouse Ter-119 (116206) and APC anti-mouse/human CD44 (103012)
antibodies and Propidium lodide (PI) (421301) (Biolegend, San Diego, CA) and polychromatic
erythroid population (P3) was sorted using a BD FACSMelody™ Cell Sorter and BD
FACSChorus software (BD Biosciences, Franklin Lakes, NJ), using a 100um nozzle at 23 PSI,
drop frequency 34 kHz. P3 sorted cells were centrifuged at 400xg for 5 minutes at 4°C and
immediately frozen and stored at -80°C until processing for analysis.

Mitochondria isolation

As described in Xu X. et al.!, cells were washed twice in ice-cold 0.1M phosphate-buffered saline
(PBS), then lysed in 0.5mL buffer A (50 mM Tris-HCL, 100 mM KCIl, 5 mM MgClz, 1.8 mM ATP,
1 mM EDTA, pH 7.2), supplemented with protease inhibitor cocktail III (Merck KGaA,
Darmstadt, DE, containing 100 mmol/L. AEBSF, 80mmol/L aprotinin, Smmol/L bestatin,
1.5mmol/L E-64, 2mmol/L leupeptin, and 1mmol/L pepstatin), 1 mM phenylmethylsulfonyl
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fluoride (PMSF), 250 mM NaF. Samples were clarified by centrifuging at 650 g for 3 minutes at
4°C. Supernatants were collected and centrifuged at 13,000 g for 5 minutes at 4°C. The new
supernatants were discarded. Pellets containing mitochondria were washed once with 0.5mL buffer
A and re-suspended in 0.25mL buffer B (250 mM sucrose, 15 mM KoHPO4, 2 mM MgCls, 0.5
mM EDTA, 5% w/v bovine serum albumin). A 50 pL aliquot was sonicated to measure protein
content with the BCA Protein Assay Kit (Sigma Aldrich, St. Louis, MO, USA). To confirm the
presence of mitochondrial proteins in the extracts, 10 pg of each sonicated sample were subjected
to SDS-PAGE and probed with an anti-porin antibody (Abcam, Cambridge, UK, catalog n°
ab14734, clone 20B12AF2). The sonicated samples were used to measure the enzymatic activities
of 5'-Aminolevulinate synthase, citrate synthase, o-ketoglutarate dehydrogenase, succinate
dehydrogenase, and malate dehydrogenase. The remaining not-sonicated part was used to measure
the electron transport chain (ETC) complexes I-IV activities.

Citrate synthase, o-ketoglutarate dehydrogenase, succinate dehydrogenase, and malate
dehydrogenase activities

The enzymatic activities of citrate synthase, o-ketoglutarate dehydrogenase, succinate
dehydrogenase and malate dehydrogenase were measured on 10pug mitochondrial proteins using
the Citrate Synthase Assay Kit (Sigma Aldrich, St. Louis, MO USA, catalog n°® MAK193), a-
Ketoglutarate Dehydrogenase Activity Assay Kit (Abcam, Cambridge, UK, catalog n® ab185440),
Malate Dehydrogenase Assay Kit (Sigma Aldrich, St. Louis, MO USA, catalog n°®° MAK196),
Succinate Dehydrogenase Activity Colorimetric Assay Kit (BioVision, Milpitas, CA USA, catalog
n° K660), as per manufacturer’s instructions.

Activity of mitochondrial ETC complexes I-IV

The activity of mitochondrial electron transport chain complexes was measured according to Xu
X. et al.!. Specifically, to measure complex I activity, 20 pg of non-sonicated mitochondrial
samples were re-suspended in 0.2 ml buffer 1A (5 mM KH2PO4, 5 mM MgCl, 5% w/v bovine
serum albumin), incubated 1 min at RT followed by 7 min in 0.1 ml buffer 1B (25% w/v saponin,
50 mM KH>PO4, 5 mM MgCla, 5% w/v bovine serum albumin, 0.12 mM oxidized ubiquinone,
which acts as electrons shuttle from complex I to complex III, 2.5 mM antimycin A, which inhibits
complex III, 0.2 mM NaNs, which blocks complex IV; pH 7.5). 1.5 mM NADH, as an electron
donor, was added to the mix. The rate of NADH oxidation was followed for 5 min at 37°C, reading
the absorbance at 340 nm. The results were expressed as NAD+ /min/mg mitochondrial protein
nanomoles. Complex II activity was measured as the electron transfer rate between complex I and
III. 20 pg of non-sonicated mitochondrial samples was re-suspended in 0.1 ml buffer 2A (50 mM
KH>PO4, 7.5 mM MgCla, 25% w/v saponin, 20 mM succinic acid; pH 7.2) and incubated for 30
min at room temperature. 0.2 ml buffer 2B (50 mM KH;PO4, 7.5 mM MgCl, 5% w/v bovine
serum albumin, 30 mM succinic acid as substrate of complex II, 0.12 mM oxidized ubiquinone as
electrons shuttle from complex II to complex III, 0.12 mM oxidized cytochrome ¢ as acceptor of
electrons flowing from complex II to complex III, 5 mM rotenone to prevent electron flux from
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complex I, 0.2 mM NaNs, to block complex IV) was added. The reduction rate of cytochrome ¢
was measured for 5 min at 37°C, reading the absorbance at 550 nm. The results were expressed as
nanomoles of reduced cytochrome ¢/min/mg mitochondrial proteins.

The activity of complex III was measured in 50 pg of non-sonicated mitochondrial samples re-
suspended in 0.2 ml buffer A (5§ mM KH2PO4, 5 mM MgCl, 5% w/v bovine serum albumin,
bovine serum albumin; pH 7.2) to which 0.1 ml buffer B (25% w/v saponin, 50 mM KH>POg4, 5
mM MgCla, 5% w/v bovine serum albumin, 0.12 mM oxidized cytochrome ¢, 0.2 mM NaNj3,
which blocks complex IV allowing the accumulation of reduced cytochrome c; pH 7.5) was added
for 5 min at room temperature. The cytochrome ¢ reduction reaction was started by adding 0.15
mM NADH. After 1 min from the addition of NADH, as an inducer of electron flow, 5 mM
rotenone, which blocks the activity of complex I, was added. The reduction rate of cytochrome c,
dependent on the activity of complex III only in the presence of rotenone, was followed for 5 min
at 37°C, reading the absorbance at 550 nm. The results were expressed as nanomoles of reduced
cytochrome c¢/min/mg mitochondrial proteins.

The rate of oxidation of cytochrome c (reduced form, generated by complex I1I) was measured to
measure the activity of complex IV. 20 pg of non-sonicated mitochondrial samples was
resuspended in 0.1 ml buffer 4A (50 mM KH2PO4, 20 mM succinic acid, 25% w/v saponin; pH
7.2) and incubated for 30 min at room temperature. 0.2 ml buffer 4B (50 mM KH>POs4, 5 mM
rotenone, which prevents electron flux from complex I to complex III, 30 mM succinic acid as a
substrate of complex II and electrons generator, 0.03 mM reduced cytochrome c as an acceptor of
electrons flowing from complex III to complex IV) was added. The oxidation rate of cytochrome
c was followed for 5 min at 37°C, reading the absorbance at 550 nm. The results were expressed
as nanomoles of oxidized cytochrome c¢/min/mg mitochondrial proteins.

S"-Aminolevulinate synthase activity

ALAS activity was measured according to Bergonia HA et al.> on 10pg mitochondrial proteins.
10 pl of the reaction product were injected into a Waters Acquity ultra-performance liquid
chromatography (UPLC), equipped with a binary solvent manager, sample manager, photodiode
array detector (PDA), fluorescence detector, column heater, and an Acquity UPLC BEH C18, 1.7
uM, 2.1 x 100 mm column. ALA-derivative was detected by setting the detector with excitation A
=370 nm and emission A = 460 nm and the range of the PDA scanner between 210 and 500 nm.
The results were converted into nmol/min according to a previously set titration curve and
expressed as nmol/min/mg mitochondrial proteins.

ATP levels in mitochondria

ATP levels in mitochondria extracts were assessed by the ATP Bioluminescent Assay Kit (Sigma-
Aldrich, St. Louis, MO USA, catalog n°® FLAA). ATP was quantified as relative light units (RLU)
and converted into nmol ATP/mg mitochondrial proteins, according to the calibration curve
previously set.

Glycolytic enzyme activities and intracellular lactate
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Cells were washed with fresh medium, detached with trypsin/EDTA, re-suspended at 1 x 10°
cells/ml in 200 puL of 100 mM TRIS 10 mM/EDTA 1 mM (pH 7.4), and sonicated on ice with two
10 s bursts. Enzymatic activities were measured on 10 pl cell lysates, incubated for 5 min at 37°C.
The protein content was measured using the BCA1 kit (Sigma Aldrich, St. Louis, MO USA,
catalog n°71285-M). Aldolase and hexokinase (HK) activity were measured using the Aldolase
Activity Colorimetric Assay Kit (Bio-Vision, Waltham, MA USA, catalog n°K665) and the
Hexokinase Activity Assay kit (Abcam, Cambridge, UK, catalog n® ab136957), respectively. The
activity of phosphofructokinase-1 (PFK) was measured spectrophotometrically, as reported in a
previous work.? The activities of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), enolase,
and lactate dehydrogenase (LDH) were measured spectrophotometrically according to previous
works.*> For GAPDH, tissue lysate was incubated with 5 mM 3-phosphoglyceric acid, 1 U
phosphoglycerate 3-kinase, 5 mM ATP, and 2.5 mM NADH. For enolase, cell lysate was incubated
with 10 mM MgCl, 100 mM KCI, 1 mM 2-phosphoglyceric acid, 0.4 mM ADP, 6.8 U/mL
pyruvate kinase (PK), 9.9 U/mL LDH, 0.2 mM NADH. For LDH, cell lysate was incubated with
5 mM NADH and 20 mM pyruvic acid. For all assays of glycolytic enzymes, the activities were
monitored by measuring the absorbance variation at 340 nm using a Synergy HTX 96-well
microplate reader (Bio-Tek Instruments, Winooski, VT). The kinetics were linear throughout the
measurement. To measure the intracellular lactate, 100 pg of whole cell lysates were analyzed
using the Lactate Assay Kit (Sigma Aldrich, St. Louis, MO USA, catalog n°® MAK-064), as per
manufacturer’s instructions. The amount of lactate was measured spectrophotometrically at 570
nm with a Synergy HTX 96-well microplate reader.

Bone marrow isolation and Lin™ selection.

Bone marrow cells were extracted from animal femurs employing mechanical crushing to optimize
cell recovery. BM cells were then suspended in 4% FBS from Hyclone (Logan, UT) in PBS
solution from Gibco (Waltham, MA). Following the manufacturer's guidelines, red blood cells
were lysed using ACK lysis buffer from Gibco (Waltham, MA) and filtered through a 40 mM
sterile strainer from Corning (Glendale, AZ). Cells were washed with a 4% FBS PBS solution.
Following lysis, cell number, and viability were assessed using AOPI staining on a Cellometer
Auto 2000 cell viability counter from Nexcelom Bioscience (Lawrence, MA). Cells were seeded
at 1.5E+06/mL concentration in Stemspan SFEM from Stem Cell Technologies (Vancouver, BC,
Canada). The culture medium was supplemented with 50 ng/mL mSCF, 6 ng/mL mIL-3, and 10
ng/mL mlL-6, all provided by Peprotech (Cranbury, NJ). Lin- HSCs were isolated by
immunobeading using the mouse lineage cell depletion kit (130-110-470) from Miltenyi Biotech
(Auburn, CA, USA).

HSCs transduction with LV and transfection with LNP.

1.5E+06/mL Lin” HSCs isolated from the BM of donor mice (8—12 weeks old) (as described above)
were transduced overnight using a range of 100-150 MOI/cell in StemSpan Serum Free Expansion
Medium (SFEM) culture medium from StemCell Technologies (Vancouver, Canada). The culture
medium was supplemented with 50 ng/mL recombinant murine stem cell factor (mSCF), 10 ng/mL
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recombinant murine interleukin-6 (IL-6), 6 ng/mL IL-3 from PeproTech (Rocky Hill, NJ, USA),
200 mM L-glutamine, 100 U/mL penicillin/streptomycin from Gibco (Thermo Fisher Scientific),
0.2 mg/mL Poloxamer 338 from Sigma-Aldrich (St. Louis, MO), and 2 pL/mL Lentiblast Premium
from OZ Biosciences (San Diego, CA). For the Alas2-KO®™ experimental group, BM cells isolated
from the femurs of 2 mice (depleted of RBC as described above) were seeded at a concentration
of 1.5E+06/mL in Stemspan SFEM from Stem Cell Technologies (Vancouver, BC, Canada). The
culture medium was supplemented with 50 ng/mL mSCF, 6 ng/mL mIL-3, and 10 ng/mL mIL-6
and incubated with 1.0pg of the LNP“P!!7Cre formulation. A fraction of the cells was retained for
24 and 72 hours for analysis of allelic deletion. For the X-ALAS2-LV experimental group,
1.5E+06/mL Lin~ cells were incubated with 1.0ug/1E+06 of LNPP!!"Cre for 2 hours, followed
by overnight transduction with X-ALAS2 LV using a range of 100-150 MOI/cell.

Bone marrow transplantation.

300,000 viable untreated or treated Lin~ donor cells were injected intravenously into lethally
irradiated (two doses of 550cGy each, administered 4 hours apart) B6.SJL-PtprcaPepcb/BoylJ or
C57BL/6-Tg(UBC-GFP)30Scha/J recipient mice (8—12 weeks old, sourced from The Jackson
Laboratory, Bar Harbor, ME, USA). Cell injections took place at least 1 hour after the second
irradiation dose. Secondary transplants were performed by injecting 10° whole BM cells into
lethally irradiated secondary recipient mice following the same protocol as the primary transplants
listed above.

Tamoxifen preparation and administration.

Tamoxifen was purchased by Millipore-Sigma (Burlington, MA, USA) and dispersed in Corn Oil
(Millipore-Sigma - Burlington, MA, USA) at the 10 mg/mL stock concentration. A 1 mL syringe
with a 21-gauge 5/8 needle was used for IP administration in the lower abdomen of 1mg/mouse.
Tamoxifen irradiated chow was purchased by Inotiv (Chicago, IL, USA) at a 500 mg/Kg diet
concentration. It has been provided ad libitum, considering a daily intake of 80 mg/kg body weight.

RNA synthesis and preparation of targeted LNP-mRNA.

The gene coding sequence for cre recombinase was cloned into an IVT-mRNA production
template plasmid containing a T7 promoter, 5’ and 3’ UTR elements, Kozak consensus sequence,
and 101 poly(A) tail. DNA synthesis, cloning, and industrial-grade endotoxin-free plasmid
preparation were provided by GenScript (Piscataway, NJ, USA). IVT-mRNA was produced using
linearized IVT template plasmid and the MEGAScript T7 kit (Thermo Fisher Scientific,
AMBI13345, Waltham, MA, USA) and formulated with nucleoside-modified m1¥-5’-triphosphate
(TriLink, N-1081, San Diego, CA). 5° Capping of the IVT-mRNAs was performed co-
transcriptionally using the trinucleotide cap1 analog, CleanCap® Reagent AG (3° OMe) (TriLink,
N-7413, San Diego, CA, USA). Single-stranded IVT-mRNA was purified by cellulose
purification, as previously described.® All mMRNAs were analyzed by agarose gel electrophoresis
and were stored at -20°C. Cellulose-purified m1¥-containing RNAs were encapsulated in LNP
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using a self-assembly process as previously described.” An ethanolic lipid mixture of ionizable
cationic lipid, phosphatidylcholine, cholesterol, and polyethylene glycol-lipid was rapidly mixed
with an aqueous solution containing the mRNA at acidic pH. The RNA-loaded particles were
characterized by dynamic light scattering using a Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK) and a Ribogreen assay. The mean hydrodynamic diameter of these LNP- mRNAs
was approximately 80nm with a polydispersity index of 0.02-0.06 and an encapsulation efficiency
of ~95%. LNPs used in this study are proprietary to Acuitas Therapeutics (Vancouver, BC,
Canada). To prepare antibody-targeted LNP-mRNA, LNP-mRNA were conjugated with purified
rat anti-mouse CD117 (c-kit), clone 2B8 (BioLegend, 93235, San Diego, CA, USA) via SATA—
maleimide chemistry, as described previously.® Briefly, LNPs were modified with maleimide
functioning groups (DSPE-PEG-mal) by a post-insertion technique. The antibody was
functionalized with SATA (N-succinimidyl S-acetyl thioacetate, 26102) from Thermo Fisher
(Burlington, MA, USA) to introduce sulthydryl groups allowing conjugation to maleimide. SATA
was deprotected using 0.5 M hydroxylamine, followed by removal of the unreacted components
by Zeba spin desalting columns (Thermo Fisher Scientific, 89890, Waltham, MA, USA). The
reactive sulthydryl group on the antibody was then conjugated to maleimide moieties using
thioether conjugation chemistry. Purification was done using Sepharose CL-4B gel filtration
columns (MilliporeSigma, GE17-0150-01, Burlington, MA, USA). mRNA content was calculated
by performing a modified Quant-iT RiboGreen RNA assay (Thermo Fisher Scientific, R11490,
Waltham, MA, USA). After adding the targeting ligand, all the targeted and non-targeted LNP
preparations were kept at 4°C and used within three days of preparation.

RAL Diff-Quik Stain.

Peripheral blood smears were created using a drop of freshly collected blood on a standard glass
slide. Slides were allowed to air dry and then stained with the RAL Diff-Quik stain (Siemens,
Munich, Germany) according to the manufacturer’s instructions. Slides were placed in Diff-Quik
solution I for 5 seconds, blotted, and placed in Diff-Quik solution II for 5 seconds and in Diff-
Quik solution III for 5 seconds before being washed in distilled water and allowed to air dry and
imaged using an Olympus BX60 Microscope (EVIDENT, Olympus Scientific Solutions Americas
DBA, Waltham, MA) and an Infinity2 Lumenera camera and Lumenera Capture software
(Lumenera Corporation).

Prussian Blue staining.

Bone marrow smears were created using a Cytospin™ 4 Cytocentrifuge (Thermo Fisher Scientific
Waltham, MA USA) using 100,000 cells/slide at 400xg for 5 minutes. The smears were
subsequently stained for iron detection using an Iron Stain Kit (Prussian Blue Stain) (ab150674)
(Abcam, Cambridge, UK), following the manufacturer’s instructions. Imaging has been conducted
using a Leica DM4000B upright imaging scope with a Leica DFC7000 T Camera and LAS X Life
Science Microscope Sofware Platform (Leica Microsystems, Wetzlar, Germany).

Droplet Digital PCR (ddPCR) for Analysis of VCN and Alas2 deletion.
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Droplet Digital PCR (ddPCR) was performed using a BioRad QX200 Droplet Digital PCR System
(BioRad, Hercules, CA). The Vector Copy Number analysis was performed with a double-probe
assay, using Psi to detect the lentiviral Psi packaging sequence and a portion of the PCBP2 gene
intron conserved among 17 species as the housekeeping gene.”!'® Viral potency was calculated
using the formula MOI = VCN x number of cells x Dilution Factor. The A/as2 allelic deletion was

performed with a probe/primer set specific for the region between exon 5 and exon 6 of Alas2
(Tab. S2).

RNA Extraction and Quantitative Real-Time PCR Analysis

RNA extraction and quantitative real-time PCR (qRT-PCR) analyses were performed as
previously described.!! Briefly, total RNA was extracted using PureLink RNA Mini Kit (Thermo
Fisher Scientific, Waltham, MA USA), and 0.5-1 ug of total RNA was transcribed into
complementary DNA (cDNA) by High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific, Waltham, MA USA). qRT-PCR was performed using gene-specific TagMan™ Gene
Expression Assays (Thermo Fisher Scientific Waltham, MA USA) (Tab. S4). qRT-PCR was
performed on a 7900HT Fast Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA
USA), and the analyses were done using RQ Manager software. Transcript abundance, normalized
to 18s messenger (Rps18) or B-actin (Actb) ribonucleic acid (mRNA) expression, is expressed as
a fold increase over a calibrator sample.

Flow cytometry.

Flow cytometry was performed using a BD FACSCalibur (BD Biosciences, Franklin Lakes, NJ)
instrument. Erythroid populations were characterized using FITC Anti-Mouse CD71 (113806) and
APC Anti-Mouse Ter119 (116212), PE Anti-Human/Mouse CD44 (103008), as well as 7-AAD
Viability Staining Solution (420404) (Biolegend, San Diego, CA). Donor chimerism was
determined using PE Anti-Mouse CD45.2 (12-0454-82) (ThermoFisher, Waltham, MA) antibody
for the donor and APC Anti-Mouse CD45.1 (110714) (Biolegend, San Diego, CA) antibody for
the recipient. The flow cytometry results were analyzed using FlowJo™ v10.8 Software (BD Life
Sciences).

Pathology assessment.

Four-micron-thick liver, spleen, and bone marrow sections were stained with hematoxylin and
eosin for morphological assessment and Prussian blue stain to detect iron. The slides were scanned
using the Aperio Versa 200 slide scanner, and a positive pixel count algorithm was used to quantify
the level of iron accumulation in organs.

Electron microscopy

Tissues for electron microscopic examination were fixed with 2.5% glutaraldehyde and 2.0%
paraformaldehyde in 0.1M sodium cacodylate buffer, pH 7.4, overnight at 4°C. After subsequent
buffer washes, the samples were post-fixed in 2.0% osmium tetroxide for 1 hour at room
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temperature and rinsed in DH20 before en bloc staining with 2% uranyl acetate. After dehydration
through a graded ethanol series, the tissue was infiltrated and embedded in EMbed-812 (Electron
Microscopy Sciences, Fort Washington, PA). Thin sections were stained with uranyl acetate and
lead citrate and examined with a JEOL 1010 electron microscope fitted with a Hamamatsu digital
camera and AMT Advantage image capture software.

Mitochondrial cristae analysis
The evaluation of the mitochondrial cristae has been performed using the open-source platform
for biological-image analysis Fiji and the Trainable Weka Segmentation plug-in.'>!?

Enzyme-Linked Immunosorbent Assays (ELISAs) and Colorimetric Assays.

Mouse Erythroferrone (ERFE) and Hepcidin were measured in the serum using Hepcidin Murine-
Compete™ ELISA Kit (ERF-200) and Hepcidin Murine-Compete™ ELISA Kit (HMC-001),
respectively (Intrinsic LifeSciences, La Jolla, CA). Transferrin was evaluated in the serum using
a Mouse Transferrin ELISA Kit (ab157724) (Abcam, Cambridge, UK). Erythropoietin (EPO) was
measured in the serum using a Mouse Erythropoietin/EPO Quantikine ELISA Kit (MEPOOB)
(R&D Systems, Inc., Minneapolis, MN). Iron, UIBC, and TIBC were evaluated using Iron/TIBC
Reagents (1750460) (Pointe Scientific, Canton, MI). Ferritin was assessed in the serum using a
Mouse Ferritin ELISA Kit (FTL) (ab157713) (Abcam, Cambridge, UK). All the described tests
were conducted according to manufacturers’ instructions.

Data analysis
Data analysis was performed using GraphPad Prism 10 Version 10.1.0 for MacOS, GraphPad
Software, Boston, Massachusetts USA, www.graphpad.com
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Supplementary Figures

Fig. S1 (A) Schematic representation of the breeding process to obtain R26-CreER 2-4/as 2" mice
crossing Alas2™" and B6.129-Gt(ROSA)?SermlCreERID Ty /1 (R26-CreER™) created with
Biorender.com (Agreement 1J261HCIAT). The R26-CreER™-4/as2"" mice were used to obtain
the murine Alas2-KO in the tamoxifen model, while the Alas2”" mice obtained from the same
breeding were used to obtain the murine 4/as2-KO in the LNP“P!'"Cre Model. (B) Schematics of
the Alas2 allele in the absence or presence of the LoxP sites and after the Cre recombination,
including primer localizations. Alas2™" transgenic animals were generated with Taconic
Biosciences (Germantown, NY, USA). (C) Schematic representation of generation and timeline
for the tamoxifen model (A) and the LNPP''"Cre model (B) created with Biorender.com
(Agreement SC261HCMS8G). (D) The aminoacidic sequence in functional (bottom) and non-
functional (top) ALAS2 protein, following Cre recombinase, created with SnapGene® software
(from Dotmatics; available at snapgene.com). The red sequence highlights the missing sequence
in the non-functional protein due to a stop codon at AA26. The stop codon is indicated by * (top).
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Fig. S2 (A) Absolute cell count of erythroid populations in BM and spleen of animals treated (LV)
or not treated (no LV) with X-ALAS2-LV (N=9 in all experimental groups), using the TAM or
LNPP!"Cre treatment at endpoint. P1+P2/P2 = Proerythroblasts/basophilic erythroblasts; P3 =
Polychromatic erythroblasts; P4: Orthochromatic erythroblasts/reticulocytes; P5: Erythrocytes.
Data are shown as Mean = SEM. P-values are Tukey’s multiple comparison test after one-way
ANOVA *p<0.05, ****p<0.0001. (B) RQ-PCR expression analysis of Alas2, Alasi, and Tfrc in
isolated erythroid populations in the bone marrow of wild-type animals. P1 = Proerythroblasts; P2
= Basophilic erythroblasts; P3 = Polychromatic erythroblasts; P4 = Orthochromatic erythroblasts.
N =4 C57/BL6. Data are shown as Mean = SEM. P-values are Tukey’s multiple comparison test
after one-way ANOVA ***p<(.001, ****p<0.0001.
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Fig.S3
A Wild-Type Alas2-KO®M

Fig. S3. (A) Top: Representative Prussian blue staining imagining of bone marrow tissue. 4Alas2-
KOBM (top right) shows the presence of hemosiderin (blue) compared to the control (top left).
Magnification 40x. Bottom: Representative hematoxylin/eosin imaging of bone marrow tissue.
Alas2-KOPM (bottom right) shows the presence of hemosiderin, microcytosis, and polychromasia
compared to the control (bottom left). Yellow arrow: hemosiderin; blue arrow: polychromatophilic
erythrocytes; green arrow: small and basophilic erythrocytes. Magnification 40x. (B)
Representative hematoxylin/eosin imaging of liver tissue shows hemosiderin (yellow arrow),
microcytosis, and polychromasia. Blue arrow: polychromatophilic erythrocytes; green arrow:
small and basophilic erythrocytes. Magnification: top 40x, bottom 60x. (C) Representative
Prussian blue staining imagining of liver tissue showing variably sized clusters of cells distributed
randomly throughout the hepatic parenchyma with abundant cytoplasmic iron accumulation.
These cells likely consist of Kupffer cells and other macrophages. The hepatocytes surrounding
the clusters of iron-containing cells often showed a lower degree of cytoplasmic iron accumulation.

11
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Fig. S4 (A) Representative magnified images acquired via electron microscopy of isolated P3 cells
from wild-type, Alas2-KO®M, and X-ALAS2-LV-treated animals. The red line defines the cristae’s
structure and shows a perturbed unfolded structure in the ALAS2-KOBM sample compared to the
WT. In X-ALAS2-LV-treated mice, the cristae structure is significantly improved. Scale bar 100
nm. (B) Quantification of the mitochondrial cristae area and perimeter. The 4las2-KO®M animals
show increased area and perimeter due to the perturbed unfolded structure. N = 3. Data are shown
as Mean + SEM. P-values are Tukey’s multiple comparison test after one-way ANOVA *p<0.05,
*#p<0.01.
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Fig. S4 (A) Hb, RBC, HTC, and reticulocytes (RET) values measured 4 and 25 weeks after BM
secondary transplantation (N= 2 for donors group; N=3 in secondary transplanted mice Group 1
and Group 2). Data are shown as Mean = SEM. P-values are Tukey’s multiple comparison test
after one-way ANOVA *p<0.05. (B) VCN quantification at 4- and 25-weeks post-transplantation
in bone marrow samples from secondary chimeras (N=3 in Group 1 and Group 2). Secondary
transplant mice show the original donors' VCN at 25 weeks post-transplantation. Data are shown
as Mean = SEM. (C) mAlas2 allelic quantification in BM samples 25 weeks after secondary
transplant (N=3 in Group 1 and Group 2). Data are shown as Mean + SEM. P-values are Tukey’s
multiple comparison test after one-way ANOVA *p<0.05, ** p<0.01. (D) Representative flow
cytometry analysis of BM and spleen erythroid populations (defined as FSC-A/CD-44 within the
Ter119 subcompartment) in secondary BM transplants. Data are shown as. P1+P2/P2 = Pro
erythroblasts/basophilic erythroblasts; P3 = Polychromatic erythroblasts; P4: Orthochromatic
erythroblasts/reticulocytes; PS: Erythrocytes.
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Supplementary Tables

Tab. S1 Primer sequences for 4/as2 and R26CreER™?

Primers for genotyping

Alas2

Conditional KO

Constitutive KO

Forward

AACTAAGTCAGCCAACATATCATGC

AAGAGACACAGCTAGAAACTAGGTC

Reverse

GTAGAGGAAAGAAGGAGACACGTAG

ATGAAAGCCTTCCTTAATGTGGTCA

R26CreERT?

Wild-

type
Forward

AAAGTCGCTCTGAGTTGTTAT

Mutant
Forward

GGAGCGGGAGAAATGGATATG

Common
Reverse

CCTGATCCTGGCAATTTCCG

14




ALAS2

TCAGGCATAGGTGGTGACATACTGGGGCCCCATGTTCCCGAAGTAGGAACGTTC
CCACTCACTCATGAGCTCAAAGTGTACAGGACGGCGACAGAAATTGCAGGCAG
CCACAGACACATCCTGGAGGGGCAGCCCCACCGCAGTCCAAGCCAGCAGCAGC
TTCTCCACAAAATCTTCCATCATCTGAGGGCTGTGGTGGGGGGAGGGTGCCAAG
CGCAGGAGCTCTTCACCCCGGGGGACAGTTGGGTAGTTGATGGCCTGCACATAG
ATGCCATGCTTGGAGAGCAGGAGATCACAGAGCTTGCTGTTGAGTGCTGCATTG
CCCACCCGGATGGGGATGATGTGGCTGGGGCAGGGGATGACAGGAAGGCCCCT
GTCCATGAGTAGCTGGCGCATGTGCTTGACATTGCGCTGGTGGGCTCGCCTCAG
GGCTTGGCCCTCCTCTCCCTTGAGCAGCCGCACAGATTCTAGAGCTCCAGAGAG
CACCATGGGGGGCAGAGAAGTGGTAAAGATGAAGCCTGCAGCATAGGAGCGCA
CCATGTCCACCAAGTCACGGGTGCTGGCAATGTAGCCGCCCACACAGCCAAAGG
CCTTGCCAAGAGTTCCAGAGATGATGTCAATCTTATGCATAATTCCATCACGCTC
CCCAATCCCAGCGCCCCGGGACCCATACAGTCCTACAGCATGGACCTCATCCAC
GAAGGTCAGGGCCCCATACTGGTGGGACACATCACACAACTCCTCGAGGGGAC
AGATGGCACCATCCATGGAGTGGACAGTCTCAAAGGCCACAATTTTGGGTATCT
TAGGGTTAGACTTCTCTAGAAGTTTCTTTAGGTGGTCAGGGTCATTGTGCCTGAA
GACAAACTTGGCTGCTCCACTGTTACGGATACCTTGGATCATGGAAGCATGGTT
GCCTGCGTCTGAGTAAATCTCGCACCCTGGCAGGATCTTGGCCAAGGTGAAGAG
AGTAGAGTCATTGGCAACAAAGCAGGAGGAGAAGAGCAGGGCTGAGTCCTTCT
GGTGCAGCTCAGCCAGCTCCTGCTCAAGCTCCACATGAAACTTACTGGTGCCTG
AGATGTTGCGGGTGCCACCAGCTCCAGCACCATGACGCTGCAGGGTCTCCTGTG
TGGCTTGCAAGACCTGAGGGTGTCGGCTCATGCCCAGGTAATCATTACTACACC
AGACGGACACATCCTTTGAGGCCACAGATGCCTCAGAGAAATGTTGGGCAAAG
GGATATGCATCAGCCCAGCGGTTCACAGTCTTGAACACACGGTAGGTGTGATCC
TGTTTCTTCTCCATGATCTTGTCCCTGAAAAACTGGTCATAACTGAAGACATAGT
TTCCAGGCATATTGTTCTGAATCAGGTGTGTGACCTTCCCAGAGATCTGCTCCTG
CTCCTGGGGACCGGAAAATGGCTTCCTTAGGCTGACTGAGACCAGGGAGCTAGG
CAGATCTGTCTTGAAAGCCTTCACATCTTCCTGGACTTCTGGGGCTGCCTTCTGC
ACAATCTTGCTCTTCCCATCCTGGAGTTCCGACAGCATGAAGGGACAGTGGCCC
TTCGCCCAAGATGGAGAATCTCCTCCAGCCTTTGTTGCCTTAAGGTGGATTTGAG
AACAGTTTGGTCCTTGGGTAGCCAGGATGGGACAGCGTCCAATACCAAACAGG
AACTGGTGAGTCTTAACCACCTTGCCTAGGAGGCTTGTGGGGCCCCGGGCAAGC
ACTGGGCAGCACTGTAGCAGCATGGCTGCAGTCACCAT

15




HBB3
Enhancer

TAGGTATTGAATAAGAAAAATGAAGTTAAGGTGGTTGATGGTAACACTATGCTA
ATAACTGCAGAGCCAGAAGCACCATAAGGGACATGATAAGGGAGCCAGCAGAC
CTCTGATCTCTTCCTGAATGCTAATCTTAAACATCCTGAGGAAGAATGGGACTTC
CATTTGGGGTGGGCCTATGATAGGGTAATAAGACAGTAGTGAATATCAAGCTAC
AAAAAGCCCCCTTTCAAATTCTTCTCAGTCCTAACTTTTCATACTAAGCCCAGTC
CTTCCAAAGCAGACTGTGAAAGAGTGATAGTTCCGGGAGACTAGCACTGCAGAT
TCCGGGTCACTGTGAGTGGGGGAGGCAGGGAAGAAGGGCTCACAGGACAGTCA
AACCATGCCCCCTGTTTTTCCTTCTTCAAGTAGACCTCTATAAGACAACAGAGAC
AACTAAGGCTGAGTGGCCAGGCGAGGAGAAACCATCTCGCCGTAAAACATGGA
AGGAACACTTCAGGGGAAAGGTGGTATCTCTAAGCAAGAGAACTGAGTGGAGT
CAAGGCTGAGAGATGCAGGATAAGCAAATGGGTAGTGAAAAGACATTCATGAG
GACAGCTAAAACAATAAGTAATGTAAAATACAGCATAGCAAAACTTTAACCTCC
AAATCAAGCCTCTACTTGAATCCTTTTCTGAGGGATGAATAAGGCATAGGCATC
AGGGGCTGTTGCCAATGTGCATTAGCTGTTTGCAGCCTCACCTTCTTTCATGGAG
TTTAAGATATAGTGTATTTTCCCAAGGTTTGAACTAGCTCTTCATTTCTTTATGTT
TTAAATGCACTGACCTCCCACATTCCCTTTTTAGTAAAATATTCAGAAATAATTT
AAATACATCA

HBB
Promoter

TAGATTGGCCAACCCTAGGGTGTGGCTCCACAGGGTGAGGTCTAAGTGATGACA
GCCGTACCTGTCCTTGGCTCTTCTGGCACTGGCTTAGGAGTTGGACTTCAAACCC
TCAGCCCTCCCTCTAAGATATATCTCTTGGCCCCATACCATCAGTACAAATTGCT
ACTAAAAACATCCTCCTTTGCAAGTGTATTITAC

16




HS2

CCTTTTGCCACCTAGCTGTCCAGGGGTGCCTTAAAATGGCAAACAAGGTTTGTTT
TCTTTTCCTGTTTTCATGCCTTCCTCTTCCATATCCTTGTTTCATATTAATACATGT
GTATAGATCCTAAAAATCTATACACATGTATTAATAAAGCCTGATTCTGCCGCTT
CTAGGTATAGAGGCCACCTGCAAGATAAATATTTGATTCACAATAACTAATCAT
TCTATGGCAATTGATAACAACAAATATATATATATATATATATACGTATATGTGT
ATATATATATATATATATTCAGGAAATAATATATTCTAGAATATGTCACATTCTG
TCTCAGGCATCCATTTTCTTTATGATGCCGTTTGAGGTGGAGTTTTAGTCAGGTG
GTCAGCTTCTCCTTTTTTTTGCCATCTGCCCTGTAAGCATCCTGCTGGGGACCCA
GATAGGAGTCATCACTCTAGGCTGAGAACATCTGGGCACACACCCTAAGCCTCA
GCATGACTCATCATGACTCAGCATTGCTGTGCTTGAGCCAGAAGGTTTGCTTAG
AAGGTTACACAGAACCAGAAGGCGGGGGTGGGGCACTGACCCCGACAGGGGCC
TGGCCAGAACTGCTCATGCTTGGACTATGGGAGGTCACTAATGGAGACACACAG
AAATGTAACAGGAACTAAGGAAAAACTGAAGCTTATTTAATCAGAGATGAGGA
TGCTGGAAGGGATAGAGGGAGCTGAGCTTGTAAAAAGTATAGTAATCATTCAG
CAAATGGTTTTGAAGCACCTGCTGGATGCTAAACACTATTTTCAGTGCTTGAATC
ATAAATAAGAATAAAACATGTATCTTATTCCCCACAAGAGTCCAAGTAAAAAAT
AACAGTTAATTATAATGTGCTCTGTCCCCCAGGCTGGAGTGCAGTGGCACGATC
TCAGCTCACTGCAACCTCCGCCTCCCGGGTTCAAGCAATTCTCCTGCCTCAGCCA
CCCTAATAGCTGGGATTACAGGTGCACACCACCATGCCAGGCTAATTTTTGTAC
TTTTTGTAGAGGTTTTGTACTTTTTGTAGAGGCAGGGTATCACCATGTTGTCCAA
GATGGTCTTGAACTCCTGAGCTCCAAGCAGTCCACCCACCTCAGCCTCCCAAAG
TGCTGGGATTACAGGTGTGAGACACCATGCCCAGATTTTCCATATTITAATAGAG
GTATTTATGGGATGGGGGAAAAGAATGTTTCTCTCACTGTGGATTATTTTAGAG
AGTGGAGAATGGTCAAGATTTTTTTAAAAATTAAGAAAACATAAGTTGGACCTT
GAGAAATGAAAATTTATTTTTTTGTTGGAGGATACCCATTCTCTATCTCCCATCA
GGGCAAGCTGTAAGGAACTGGCTAAGACACAGTGAGACAGAGTGACTTAGTCT
TAGAGGCCCCACTGGTACGACG
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385

HS3

AAGCTTTCATTAAAAAAAGTCTAACCAGCTGCATTCGACTTTGACTGCAGCAGC
TGGTTAGAAGGTTCTACTGGAGGAGGGTCCCAGCCCATTGCTAAATTAACATCA
GGCTCTGAGACTGGCAGTATATCTCTAACAGTGGTTGATGCTATCTTCTGGAACT
TGCCTGCTACATTGAGACCACTGACCCATACATAGGAAGCCCATAGCTCTGTCC
TGAACTGTTAGGCCACTGGTCCAGAGAGTGTGCATCTCCTTTGATCCTCATAATA
ACCCTATGAGATAGACACAATTATTACTCTTACTTTATAGATGATGATCCTGAAA
ACATAGGAGTCAAGGCACTTGCCCCTAGCTGGGGGTATAGGGGAGCAGTCCCAT
GTAGTAGTAGAATGAAAAATGCTGCTATGCTGTGCCTCCCCCACCTTTCCCATGT
CTGCCCTCTACTCATGGTCTATCTCTCCTGGCTCCTGGGAGTCATGGACTCCACC
CAGCACCACCAACCTGACCTAACCACCTATCTGAGCCTGCCAGCCTATAACCCA
TCTGGGCCCTGATAGCTGGTGGCCAGCCCTGACCCCACCCCACCCTCCCTGGAA
CCTCTGATAGACACATCTGGCACACCAGCTCGCAAAGTCACCGTGAGGGTCTITG
TGTTTGCTGAGTCAAAATTCCTTGAAATCCAAGTCCTTAGAGACTCCTGCTCCCA
AATTTACAGTCATAGACTTCTTCATGGCTGTCTCCTTTATCCACAGAATGATTCC
TTTGCTTCATTGCCCCATCCATCTGATCCTCCTCATCAGTGCAGCACAGGGCCCA
TGAGCAGTAGCTGCAGAGTCTCACATAGGTCTGGCACTGCCTCTGACATGTCCG
ACCTTAGGCAAATGCTTGACTCTTCTGAGCTCAGTCTTGTCATGGCAAAATAAA
GATAATAATAGTGTTTTTTTATGGAGTTAGCGTGAGGATGGAAAACAATAGCAA
AATTGATTAGACTATAAAAGGTCTCAACAAATAGTAGTAGATTTTATCATCCAT
TAATCCTTCCCTCTCCTCTCTTACTCATCCCATCACGTATGCCTCTTAATTTTCCC
TTACCTATAATAAGAGTTATTCCTCTTATTATATTCTTCTTATAGTGATTCTGGAT
ATTAAAGTGGGAATGAGGGGCAGGCCACTAACGAAGAAGATGTTTCTCAAAGA
AGC

Ankyrin
Insulator

GTGCGGGCCAGGCCCCCGAGGGCCTTATCGGCCCCAGAGGCGCTTGCTGTCGGG
CCGGGCGCTCCCGGCACGGGCGGGCGGAGGGGTGGCGCCCGCCTGGGGACCGC

AGATTACAAGAGCACCTCCTCCCCCAACCCCAGGAGGCCCCGCTCCCCAGGCCT

CGGCCGGCGCGGACCCCTGGTTGCCCCGG

Tab. S2 Sequences on the main features contained in X-ALAS2 lentiviral vector
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ddPCR probes

Psi Alas2-KO
Forward ACTTGAAAGCGAAAGGGAAAC CCCTTTGCCCAACACTTCTC
Reverse CGCACCCATCTCTCTCCTTCT ACAAAAGAAGTGGCAGCAGAA
Probe AGCTCTCTCGACGCAGGACTCGGC | AGGCCATAGAGTAAGTAGTAGAGTGTGGAC
Fluorophore | FAM FAM

PCBP2*
Forward CCAGTCTGCTTGGCATGAAA
Reverse GGTACCCTTAGCAGCAGACA
Probe CCCATCCCTCTCCTGGCTCTAA
Fluorophore | HEX

386  Tab. S3 Probes and primer sets used for vector copy number analysis (PSI) and Alas2 allelic
387  deletion analysis (KO). *PCBP2 has been used as a housekeeping probe/primer set
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Gene Assay ID Fluorofore
Bax MmO00432051 ml1 | FAM-MGB
Bak Mm00432045 m1 | FAM-MGB
Bid Mm00432073 ml1 | FAM-MGB
Casp9 Mm00516563 m1 | FAM-MGB
Casp3 MmO01195085 m1 | FAM-MGB
Casp7 Mm00432322 m1 | FAM-MGB
Bcl-2 Mm00477631 ml1 | FAM-MGB
Bbc3 MmO00519268 m1 | FAM-MGB
Tnf MmO00443258 ml1 | FAM-MGB
L-6 Mm00446190 m1 | FAM-MGB
Hmox1 Mm00516005 m1 | FAM-MGB
Hkdcl MmO00520597 m1 | FAM-MGB
Pfkp MmO00444792 m1 | FAM-MGB
Pkm Mm00834102 gH | FAM-MGB
Ldha Mm01612132 gl FAM-MGB
Ugcrfsl MmO00481849 ml1 | FAM-MGB
Cycs Mm01621048 sl FAM-MGB
ALAS?2 Hs01085701 ml FAM-MGB
Alas2 Mm00802083 m1 | FAM-MGB
Alasl MmO01235914 m1 | FAM-MGB
Trfc MmO00441941 ml1 | FAM-MGB
Rps18 Mm02601777 gl FAM-MGB
Actb Mm02619580 gl FAM-MGB

Tab. S4 TagMan Probes used for qRT-PCR analysis.
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