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In vivo haemopoietic stem cell gene therapy 
enabled by postnatal trafficking

Michela Milani1 ✉, Anna Fabiano1, Marta Perez-Rodriguez2,3,4, Raisa Jofra Hernandez1, 
Alessandra Zecchillo1,5, Erika Zonari1, Sofia Ottonello1,6, Luca Basso-Ricci1, Cesare Canepari1, 
Monica Volpin1, Valeria Iannello1,6, Valentina Capo1,7, Pamela Quaranta1,6, Luca Seffin1,6, 
Fabio Russo1, Mauro Biffi1, Leonardo Ormoli1, Chiara Brombin8, Filippo Carlucci9, 
Antonella Forlino10, Marta Filibian11, Eugenio Montini1, Serena Scala1, Anna Villa1,7, 
Juan Antonio Bueren2,3,4, Paula Rio2,3,4, Alessandro Aiuti1,6, Alessio Cantore1,6,12 & 
Luigi Naldini1,6,12 ✉

Lentiviral vector (LV)-mediated ex vivo gene therapy for haematopoietic stem  
and progenitor cells (HSPCs) has delivered on the promise of a ‘one-and-done’ 
treatment for several genetic diseases1. However, ex vivo manipulation and patient 
conditioning before transplantation are major hurdles that could be overcome by 
an in vivo approach. Here we demonstrate that in vivo gene delivery to HSPCs after 
systemic LV administration is enabled by the substantial trafficking of these cells 
from the liver to the bone marrow in newborn mice. We improved gene-transfer 
efficiency using a phagocytosis-shielded LV, successfully reaching bona fide  
HSPCs capable of long-term multilineage output and engraftment after serial 
transplantation, as confirmed by clonal tracking. HSPC mobilization further 
increased gene transfer, extending the window of intervention, although 
permissiveness to LV transduction declined with age. We successfully tested this 
in vivo strategy in mouse models of adenosine deaminase deficiency, autosomal 
recessive osteopetrosis and Fanconi anaemia. Interestingly, in vivo gene transfer 
provided a selective advantage to corrected HSPCs in Fanconi anaemia, leading  
to near-complete haematopoietic reconstitution and prevention of bone marrow 
failure. Given that circulating HSPCs in humans are also most abundant shortly  
after birth, in vivo HSPC gene transfer holds strong translational potential across 
multiple diseases.

Ex vivo gene transfer using LVs in HSPCs has demonstrated both safety 
and efficacy in treating haematological and metabolic disorders. Sev-
eral gene-therapy products are now in advanced clinical development 
or available on the market1. However, certain challenges hinder their 
broader application to all eligible patients2,3, such as the need to collect, 
manipulate and preserve enough functional HSPCs to ensure effective 
haematopoietic reconstitution, as well as the need for patient condi-
tioning before cell infusion. Moreover, ex vivo gene therapy enables 
correction only in HSPCs, whereas many genetic diseases have systemic 
manifestations that would benefit from broader correction. In vivo 
gene therapy presents a potential solution to these limitations, but 
targeting HSPCs in their niche remains a major challenge4–6.

Here we identified a unique window of opportunity in early postnatal 
life, when high numbers of circulating HSPCs (cHSPCs) are trafficking 
from residual haematopoietic niches to the bone marrow (BM). Building 
on this observation and our previous development of engineered LVs 

for in vivo administration and tissue-targeted expression7, we report 
successful gene transfer into bona fide long-term HSPCs in newborn 
mice. To assess the translational potential of this approach, we carried 
out tests in models of disease in mice in which distinct haematopoietic 
lineages and/or extra-haematopoietic tissues are involved. We selected: 
(1) adenosine deaminase (ADA) deficiency, which causes severe com-
bined immunodeficiency (ADA-SCID) through the accumulation of 
toxic adenosine metabolites, impairing T cell, B cell and natural killer 
cell differentiation and function; (2) autosomal recessive osteopetrosis 
(ARO), a severe inherited bone disease in humans caused by mutations 
in the T cell immune regulator 1 (TCIRG1) gene, leading to defective 
osteoclast function and impaired bone resorption; and (3) Fanconi 
anaemia, a rare genetic disorder classified as a DNA repair deficiency 
syndrome, caused by mutations in the Fanconi anaemia pathway, result-
ing in severe HSPC depletion and leading to BM failure and increased 
cancer susceptibility.
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High haematopoietic stem cell trafficking in the blood 
of newborn mice
To assess the feasibility of in vivo LV gene transfer into HSPCs, we first 
examined the spatiotemporal evolution of the haematopoietic sys-
tem in C57BL/6 mice. We characterized the composition and absolute 
counts of haematopoietic cells in the BM, peripheral blood (PB), spleen 
and liver in newborn (postnatal day 0–1), 1-, 2- and 8-week-old (adult) 
mice (Fig. 1a and Extended Data Fig. 1a–d).

Analysis of the HSPC compartment revealed a consistent propor-
tion of stem cells and different progenitor subtypes in the BM across 
all ages (Fig. 1b). By contrast, haematopoietic stem cells (HSCs) were 
more prevalent in the PB and spleen in newborns compared with older 
mice (Fig. 1c,d). The composition of HSPCs in the newborn liver closely 
resembled that of the BM (Fig. 1e).

Further analysis specifically focusing on the HSC distribution 
confirmed the highest concentrations in the PB of newborns, which 
declined progressively over time and was paralleled by an increase 
in the BM (Fig. 1f,g), indicating ongoing HSC homing to the maturing 
BM niche. Furthermore, HSCs expanded significantly in the spleens of 
1- and 2-week-old mice but were absent in the adult liver (Fig. 1h,i). To 
confirm active haematopoiesis in the livers of young mice, we detected 
cycling cells in haematopoietic foci that also included megakaryocytes 
(Extended Data Fig. 1e).

Together, these findings highlight a unique window of opportunity 
for the genetic engineering of HSC in newborns, marked by the persis-
tence of fetal haematopoietic niches shortly after birth and extensive 
HSC trafficking in the blood.

LV in vivo gene transfer into HSCs
To evaluate the potential of in vivo LV gene transfer into HSCs, we intra-
venously (i.v.) administered GFP-expressing LVs to newborn C57BL/6 
mice. This procedure resulted in stable GFP expression in approxi-
mately 0.5% of all blood lineages (Fig. 1j,k). We observed comparable 
GFP marking across different lineages in the spleen and BM, including 
KIT+SCA-1+Lin− cells, in most analysed mice (Fig. 1l). To confirm gene 
transfer into long-term HSCs, we transplanted GFP+ cells collected 
from the BM into busulfan-conditioned adult mice. As GFP-marking 
levels were low, we pooled CD45+GFP+ cells from the BM sorted using 
fluorescence-activated cell sorting (FACS) at 16 weeks after LV admin-
istration from four to five mice treated as newborns and transplanted 
each pool into busulfan-conditioned adult mice (Fig. 1j). Molecular 
analysis of sorted HSPCs showed an average of one vector copy per 
diploid genome (VCN; Extended Data Fig. 1f). We observed long-term 
engraftment of transplanted cells in four out of five mice (Fig. 1m–p). 
One transplanted mouse died owing to engraftment failure, like the 
non-transplanted control mouse. Notably, this mouse had received 
the lowest number of CD45+GFP+ cells (Extended Data Fig. 1g and Sup-
plementary Table 1). Engraftment levels varied between the four surviv-
ing mice, which was expected given the low number of transplanted 
cells and the heterogeneous composition of GFP+ cells in each pool 
(Fig. 1m–p). However, we detected GFP+ cells across all analysed line-
ages in the PB and haematopoietic organs at comparable levels in each 
mouse, with a corresponding VCN (Fig. 1q and Extended Data Fig. 1h).

To confirm whether the GFP+ haematopoietic output in the trans-
planted mice originated from bona fide HSCs, we performed clonal 
tracking using LV integration site analysis. Examination of the GFP+ 
cells collected for transplantation from the BM of LV-treated mice, and 
of sorted GFP+ splenic myeloid, B cells and T cells revealed hundreds of 
clones that contributed homogeneously to the haematopoietic output 
across multiple lineages, without dominant clones. Analysis of total 
BM, spleen and thymus cells 20 weeks after transplant in recipient 
mice revealed heterogeneous contributions from a subset of clones 
originally identified in donor mice (Fig. 1r and Extended Data Fig. 1i–l). 

None of the clones that expanded in transplanted mice was predomi-
nant in donor mice or had integrations near oncogenes (Extended Data 
Fig. 1m). These findings show that LV administration in newborn mice 
successfully targeted multipotent, self-renewing HSPCs that contrib-
uted to long-term haematopoiesis in both donor and recipient mice.

To further assess long-term transduction, we monitored newborn- 
treated mice for more than 1 year after LV administration and observed 
stable GFP expression across all analysed PB lineages (Extended Data 
Fig. 1n). Next, to compare HSPC transduction efficiency between new-
born and adult mice, we administered i.v. LVs to adult C57BL/6 mice 
at a dose matched to the body weight. GFP marking in the circulation 
was initially detected but rapidly declined by 4 weeks after LV admin-
istration (Extended Data Fig. 1o). This delayed loss was probably due 
to an emerging anti-GFP immune response in mice treated as adults. 
As i.v.-administered LVs predominantly transduce liver cells7,8, we 
examined the liver at the study end point and found few, if any, GFP+ 
cells (Extended Data Fig. 1p), suggesting clearance by cytotoxic T cells. 
Overall, these findings demonstrate successful in vivo gene transfer 
into bona fide HSCs, facilitated by the unique features of newborn 
haematopoiesis.

Enhancement of HSPC gene transfer
Our initial analyses showed that HSC content was highest in the liver 
and spleen of 2-week-old mice (Fig. 1h,i). We therefore tested the effi-
ciency of in vivo HSPC gene transfer at this age but found that it was 
significantly lower than in newborns (Extended Data Fig. 2a–c). These 
data suggest that HSPCs are targeted mostly when circulating in new-
borns. To increase the amount of HSPC accessible to LV transduction, 
we administered 2-week-old mice a granulocyte-colony stimulating 
factor (G-CSF) and plerixafor mobilization regimen, modelling its clini-
cal use. This treatment sharply increased the number of circulating 
HSCs (cHSCs) and enhanced in vivo gene transfer, reaching a mean of 
8.5% GFP+CD45+ cells—fivefold higher than in control mice (Fig. 2a–d 
and Extended Data Fig. 2d). At 20 weeks after LV administration, GFP 
expression and VCN in the BM, thymus and spleen remained higher in 
mobilized mice than in controls (Fig. 2e,f and Extended Data Fig. 2e,f). 
We then performed total BM transplantation into busulfan-conditioned 
CD45.1 recipient mice. Cells derived from LV-treated donor mice suc-
cessfully engrafted in all transplanted mice, with GFP-marking levels 
matching those of the corresponding donor, in PB and all analysed 
organs at 16 weeks after transplant (Fig. 2g–j and Extended Data 
Fig. 2g–l). We then applied a shorter mobilization regimen to new-
born C57BL/6 mice that resulted in a 15-fold increase in gene transfer 
efficiency, reaching 11% GFP+CD45+ circulating cells (Fig. 2k,l). These 
findings indicate that in vivo LV gene-transfer efficiency is highest in 
newborn mice, reflecting a window of HSC accessibility that can be 
extended to juvenile mice through mobilization.

In addition to mobilization, we tested other approaches to 
enhance gene-transfer efficiency. These included administration of 
an anti-interferon-α (IFNα) receptor-blocking antibody (MAR-1), the 
use of a phagocytosis-shielded LV (CD47high-LV) with high surface 
content of the ‘don’t-eat-me’ signal7 CD47 and higher LV doses. MAR-1 
was administered i.v. 3 h before LV injection in newborn C57BL/6 mice, 
resulting in a 2.5-fold increase in GFP+ cells compared with IgG-treated 
controls (Extended Data Fig. 3a,b). We confirmed this increase across 
haematopoietic subpopulations in the spleen, thymus and BM at 16 
weeks after LV administration (Extended Data Fig. 3c–f). These data 
suggest that IFNα restricts in vivo LV transduction of HSPCs, a limita-
tion that MAR-1 can mitigate.

We next evaluated the effect of the CD47high-LV, using non-obese dia-
betic/SCID/IL2Rγ (NSG) mice bearing a CD47-receptor polymorphism 
that enables it to interact with human CD47 displayed on the LV surface9. 
A spatiotemporal analysis of haematopoiesis in these mice showed that, 
similar to C57BL/6 mice, cHSC numbers declined over time whereas BM 
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Fig. 1 | Characterization of HSPCs over time and in vivo gene transfer by LVs. 
a, Haematopoietic cells were collected from the BM, spleen, liver and PB of 
newborn and 1-, 2- and 8-week-old C57BL/6 mice and analysed by FACS. FSC, 
forward scatter; SSC, side scatter. b–i, Mean and s.e.m. of the percentage of 
different populations between Lin−KIT+ HSPCs (b–e) or single values and mean 
and s.e.m of the absolute count of HSCs (f–i) in the BM (b,f), PB (c,g), spleen (d,h) 
and liver (e,i) at the indicated ages. n = 5 mice per group. Newborn PB: 10 pools 
from 50 mice. Spleen: n = 10. Kruskal–Wallis test with Dunn’s multiple-
comparisons test (compared with newborn). EP, erythroid progenitor cell (PC); 
GMLP, granulocyte–monocyte–lymphoid PC; GMP, granulocyte–monocyte PC; 
KSL, KIT+SCA-1+Lin− cell; LK CD150, Lin−KIT+CD150+ cell; MEP, megakaryocyte– 
erythroid PC; MPP, multipotent PC. j, Experimental scheme: LV was administered 
i.v. to newborn C57BL/6 mice (510 transducing units, TU kg−1). GFP expression 
was monitored monthly in PB of treated mice. After 17 weeks, GFP+ cells were 

FACS-sorted from the BM and transplanted into busulfan-conditioned adult 
C57BL/6 mice. k,l, Mean and s.e.m. of GFP+ cells measured over time in the PB  
of treated mice (n = 19, k) and in the indicated populations 17 weeks after LV 
administration (l).  Prog, progenitor cells. m–q, Single values of GFP+ cells 
measured over time in PB of individual surviving transplanted mice (m–p) and  
in the indicated populations 20 weeks after transplant (q). DN, double negative 
cells; DP, double positive cells. r, Heat map showing integration sites (ISs) 
(columns) shared between LV-treated newborn mice (pooled, n = 19) 17 weeks 
after administration and transplanted mice (pooled, n = 4) 20 weeks after 
transplant (shown in k,l). TPX: indicated organs of transplanted mice shown in 
m–q. Sample count indicates the number of samples (rows) sharing a given IS.  
A complete list of the ISs is provided in Supplementary Table 2. Schematics in  
a and j created with BioRender. Milani, M. (2025): a, https://BioRender.com/
hvji2y3; j, https://BioRender.com/5z7zf6u.
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Fig. 2 | In vivo HSPC gene transfer enhancement. a,b, Single values and mean 
and s.e.m. of HSC absolute count in BM (a) and PB (b) of 2-week-old mobilized 
(n = 6) or control (n = 7) C57BL/6 mice. Mann–Whitney U-test. c–f, Mean and 
s.e.m. (c,d) with single values (e,f) of GFP+ cells (c,e) and VCN (d,f) in PB (c,d),  
BM (e) and whole organs (f) of 2-week-old mobilized (n = 6) or control (n = 6) 
C57BL/6 mice over time (PB, 1.1 × 1011 TU kg−1) and 20 weeks after LV 
administration (e,f). DC, denditric cells; Gran, granulocytes; LSK DP, Lin−SCA-
1+KIT+ double positive cells; Mono, monocytes; NK: natural killer cells. Mann–
Whitney U-test. g–j, Mean and s.e.m. (g–i) with single values ( j) of GFP+ cells (g,h,j) 
and VCN (i) in PB (g–i) or BM ( j) of mice transplanted with BM cells from control 
(g, n = 5) or mobilized (h, n = 6) mice over time (PB, 15 million CD45+ cells per 
recipient) and 16 weeks after transplant ( j). Mann–Whitney U-test. k,l, Mean and 
s.e.m. of GFP+ cells (k) and VCN (l) in PB of mobilized (n = 7) or control (n = 6) 

newborn C57BL/6 mice (9 × 1010 TU kg−1). Mann–Whitney U-test. m,n, Mean and 
s.e.m. (m) with single values (n) of GFP+ cells in PB over time (m) and BM (n) 
20 weeks after LV administration (5 × 1010 TU kg−1) in NSG mice (CD47high-LV 
newborns, n = 12; CD47free-LV newborns, n = 7; CD47high-LV adults, n = 6). 
Kruskal–Wallis test with Dunn’s multiple-comparisons test. o, Mean and s.e.m. 
of GFP+ cells in PB of mobilized (n = 8) and control (n = 7) 2-week-old and adult 
NSG mice mobilized (n = 4) or not (n = 8) (4.5 × 1010 TU kg−1). Kruskal–Wallis test 
with Dunn’s multiple-comparisons test (compared with 2-week-old controls).  
p, Single values and mean and s.e.m. of GFP+ cells in PB 16 weeks after LV 
administration in indicated mice. NSG, CD47high-LV 6 × 1010 TU kg−1. The same 
data reported in m and o. Kruskal–Wallis test with Dunn’s multiple-comparisons 
test. q,r, Mean and s.e.m. of GFP+ cells in PB of indicated mice treated at the 
indicated LV doses and ages (newborn, q; 2-week-old or adult mice, r).
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HSC content modestly increased (Extended Data Fig. 4a–g). In contrast 
to C57BL/6 mice, however, NSG mice had fewer cHSCs as newborns 
but an increased HSC presence in the liver and spleen (Extended Data 
Fig. 4h,i), suggesting that haematopoiesis in NSG mice occurs mainly in 
these organs rather than in the BM. When we administered CD47high-LV 
expressing GFP to newborn and adult NSG mice, we observed a fourfold 
increase in GFP marking in NSG mice treated as newborns compared 
with both C57BL/6 mice treated as newborns and NSG mice treated as 
adults (Figs. 1k and 2m). By contrast, administration of CD47free-LV 
(produced in CD47-deficient cells) to newborn NSG mice resulted in 
a marked reduction of GFP+ cells in the PB. This finding demonstrates 
that phagocytosis shielding enhances LV gene transfer into HSPCs 
(Fig. 2m). We confirmed similar GFP expression in HSPCs in the BM 
of treated mice 20 weeks after LV administration (Fig. 2n). To further 
assess clonogenic capacity, we FACS-sorted GFP+ or GFP−Lin− cells from 
the BM of LV-treated NSG mice, performed colony-forming unit assays 
and found comparable clonogenic potential (Extended Data Fig. 4j). 
We also confirmed a higher VCN in Lin−GFP+ cells FACS-sorted from 
the BM of mice treated as newborns compared with those treated as 
adults (Extended Data Fig. 4k). To evaluate the range of VCN in HSPCs 
transduced in vivo, we analysed single colonies from colony-forming 
unit assays and measured a VCN of 1 in most colonies (Extended Data 
Fig. 4l). We also performed a biodistribution analysis of GFP+ cells using 
immunohistochemistry, 20 weeks after LV administration to newborn 
or adult NSG mice. Immunohistochemistry revealed GFP+ cells in the 
liver and spleen, with scattered cells in the lung, kidney and brain only 
in NSG mice treated as newborns. These cells were predominantly hae-
matopoietic and endothelial, with liver parenchymal cell transduction 
also observed (Extended Data Fig. 4m,n). This distribution probably 
reflects the tissue-specific accessibility of LVs through the bloodstream.

We next combined HSC mobilization with CD47high-LV administra-
tion in 2-week-old or adult NSG mice. Although mobilization was more 
effective in adults than in 2-week-old mice (Extended Data Fig. 5a–c), 
GFP marking was sevenfold higher in 2-week-old mice (Fig. 2o and 
Extended Data Fig. 5d–f). Mobilization increased gene-transfer effi-
ciency in both age groups, although cHSCs in mobilized NSG mice 
remained lower than in C57BL/6 mice (Fig. 2b and Extended Data 
Fig. 5b). Furthermore, LV doses were 2.5-fold lower in NSG compared 
with C57BL/6 mice as they had reduced tolerance to extensive manipu-
lation by the mobilization regimen.

Analysed together, these data show significantly fewer GFP+ cells 
in the circulation of mice treated at increasing ages, with the high-
est permissiveness observed in newborn mice (Fig. 2p). Moreover, 
despite mobilization increasing gene transfer in both young and adult 
mice, transduction was twofold higher in the former, suggesting that 
cell-intrinsic factors influence LV transduction efficiency (Fig. 2p).

Finally, we assessed long-term HSPC gene transfer after increas-
ing LV doses. We tested LV gene-transfer efficiency in newborn and 
2-week-old C57BL/6 mice versus CD47high-LV in newborn, 2-week-old 
and adult NSG mice (Fig. 2q,r), confirming that HSPC accessibility to 
LV transduction was highest in newborns, with CD47high-LV enhanc-
ing gene-transfer efficiency in NSG mice. All mice treated as newborn 
or at 2 weeks old tolerated all LV doses without toxicity, whereas NSG 
adults had dose-limiting toxicity, preventing higher-dose administra-
tion (Fig. 2q,r).

Overall, these findings establish that the newborn period is the opti-
mal window for in vivo HSC gene transfer, although HSC mobilization 
and CD47high-LV could enhance transduction efficiency in young and 
adult mice.

In vivo LV gene therapy corrects ADA-SCID
To evaluate the therapeutic potential of in vivo LV gene transfer, we 
selected ADA-SCID as our initial disease model for two key reasons. First, 
gene-corrected lymphocytes possess a selective survival advantage 

over uncorrected cells10. Second, the ADA enzyme is ubiquitously 
expressed, enabling gene-corrected hepatocytes to serve as a perma-
nent enzyme replacement therapy by detoxifying the entire organism11.

We tested three LV constructs with distinct expression patterns: PGK.
ADA, which drives ubiquitous ADA expression under the phospho-
glycerate kinase (PGK) promoter; PGK.ADA.122mirT, which excludes 
hepatocyte expression using complementary target sequences for 
the liver-specific miR-122; and ET.ADA.142mirT, which restricts ADA 
expression to hepatocytes using the enhanced transthyretin (ET) 
promoter along with miR-142 target sequences to suppress expres-
sion in haematopoietic cells12 (Fig. 3a). We administered these LVs 
to newborn ADA-SCID mice and monitored weight and survival over 
time up to 20 weeks after LV administration. Whereas all untreated 
ADA-SCID mice died before weaning, we observed longer survival in 
LV-treated mice, with healthy growth comparable with wild-type (WT) 
littermates (Fig. 3b and Extended Data Fig. 6a). PGK.ADA-LV achieved 
the highest rate of long-term survival (5 out of 7 mice), whereas PGK.
ADA.122mirT-LV was less effective (6 out of 14 mice), highlighting the 
importance of hepatocyte-mediated detoxification. Meanwhile, 4 out 
of 5 ET.ADA.142mirT-LV mice also survived up to 20 weeks after LV 
administration, consistent with previous reports showing enzyme 
replacement therapy efficacy in this model and robust LV expression 
in hepatocytes13,14 (Fig. 3b).

To assess the selective advantage of the corrected cells, we measured 
the VCN in the PB of LV-treated ADA-SCID and WT littermates as a proxy. 
We observed a marked selective advantage only in PGK.ADA-LV-treated 
mice, in which 7% of circulating cells were transduced compared with 
2–4% in LV-treated WT littermates (Fig. 3c). Immune reconstitution 
in the PB was fastest in PGK.ADA-LV-treated mice, whereas animals 
treated with the other LVs had a delayed immune recovery (Fig. 3d,e and 
Extended Data Fig. 6b,c). Analysis of spleen and thymus composition 
at 20 weeks after LV administration showed no differences between 
all surviving LV-treated mice and WT littermates, further confirming 
immune system reconstitution (Fig. 3f,g).

We measured ADA enzyme activity in red blood cells in the PB and 
found threefold higher activity in PGK.ADA-LV-treated mice compared 
with all other LV groups, although it remained below WT levels. Plasma 
ADA activity, however, was similar across all LV-treated mice and with 
compared WT levels (Extended Data Fig. 6d,e). We also confirmed the 
expected pattern of expression dictated by each LV design (Extended 
Data Fig. 6f).

To determine whether gene-corrected HSCs retained engraftment 
potential, we transplanted total BM cells from ADA-SCID mice treated 
as newborns into irradiated adult NSG mice (Fig. 3a), enabling the moni-
toring of engraftment owing to an H-2Dq mismatch. Notably, despite 
NSG mice having normal ADA expression, only recipients transplanted 
with BM cells from PGK.ADA-LV-treated mice showed long term sur-
vival, similar to mice transplanted with WT cells (Fig. 3h). Mice that 
received BM cells from ET.ADA.142mirT-LV-treated donors had the 
lowest survival (four out of eight), as expected, as these cells lacked 
ADA transgene expression. The low survival of mice that received BM 
cells from PGK.ADA.122mirT-LV-treated donors suggests that these 
cells were less fit, despite expressing ADA in a fraction of them. This 
effect probably resulted from poor donor detoxification, similar to 
cells isolated from ET.ADA.142mirT-LV-treated donors (Fig. 3h). There 
were no significant differences in body weight and engraftment of 
transplanted mice between groups (Extended Data Fig. 6g,h). However, 
lymphocyte counts were restored only in mice that received BM cells 
collected from PGK.ADA-LV-treated donors (Fig. 3i,j and Extended Data 
Fig. 6i,j). Similarly, spleen and thymus compositions were indistin-
guishable from WT-transplanted controls (Fig. 3k,l). In line with donor 
marking levels, mice that received BM cells from PGK.ADA-LV-treated 
donors and WT mice had similar VCNs, with an average 0.04 in PB and 
BM, confirming stable transduction of long-term repopulating HSCs 
(Fig. 3m and Extended Data Fig. 6k).
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Fig. 3 | In vivo HSPC gene transfer in ADA-SCID newborn mice. a, Newborn 
ADA-SCID mice or WT littermates were treated with 2.5 × 1010 TU kg−1 of the 
indicated LV. At 20 weeks after LV administration, 10–13 million total BM cells 
were transplanted into irradiated NSG mice. b, Survival of ADA-SCID mice 
treated as newborns with PGK.ADA-LV (n = 7), PGK.ADA.122mirT-LV (n = 14) or 
ET.ADA.142mirT-LV (n = 5), untreated (knockout (KO), n = 17) and LV-treated WT 
(WT, n = 30) littermates. WT littermates were treated in parallel with ADA-SCID 
mice; a pooled dataset of all LV-treated WT mice is reported, regardless of the 
administered LV construct. log-rank Mantel–Cox test with Bonferroni’s 
correction (compared with the PGK.ADA group). c–e, Mean and s.e.m. of the 
VCN (c), T lymphocytes measured by FACS (d) and lymphocyte counts measured 
by haemocytometer (e) in the PB of ADA-SCID mice treated with the indicated LV 
as newborns. Sample sizes (n) at each time point are reported below the graphs. 

Linear mixed-effects (LME) model (compared with WT; Supplementary 
Tables 3–5). f,g, Mean and s.e.m. of the percentage of the indicated populations 
in the spleen (f) and thymus (g) of ADA-SCID mice treated as newborns with the 
indicated LV or left untreated, 20 weeks after LV administration. Sample sizes (n) 
are reported above the bars. h, Survival of NSG mice transplanted with total  
BM cells isolated from ADA-SCID mice shown in b–g. log-rank Mantel–Cox test 
with Bonferroni’s correction (compared with WT). i–m, Mean and s.e.m. of 
lymphocyte counts in PB (8 weeks (i) or 12 weeks ( j) after transplant), percentage 
of the indicated populations in the spleen (k) and thymus (l) or single values and 
mean and s.e.m. of VCN measured in the indicated organs (m) 12 weeks after 
transplant. Kruskal–Wallis test followed by post hoc analysis. Sample sizes (n) 
are reported above the bars (k,l) or in the graphs. Schematics in a created with 
BioRender. Milani, M. (2025) https://BioRender.com/7wda8gx.

https://BioRender.com/7wda8gx


Nature  |  Vol 643  |  24 July 2025  |  1103

LV integration site analysis in the spleen, thymus and BM of LV-treated 
ADA-SCID mice and NSG transplant recipients confirmed integration 
site sharing across different organs, supporting that i.v. LV adminis-
tration in newborns successfully targets bona fide HSCs (Extended 
Data Fig. 6l).

Finally, we compared in vivo LV gene therapy efficacy in newborn ver-
sus young mice by administering PGK.ADA-LV to 2-week-old ADA-SCID 
mice at a weight-matched dose. Only one out of five mice treated at  
2 weeks old survived long term, compared with five out of seven mice 
treated as newborns (Fig. 3h and Extended Data Fig. 6m,n). Together, 
these findings demonstrate the therapeutic potential of in vivo ADA-LV 
administration in newborn ADA-SCID mice and highlight the advantage 
of vector designs that allow expression in both haematopoietic and 
liver parenchymal cells.

Restoration of bone remodelling in ARO
As a second model for LV-mediated early postnatal in vivo gene transfer 
to HSPCs, we selected ARO. This condition requires early intervention 
to prevent disease progression, as BM failure in patients with osteopet-
rosis severely limits treatment options. The underlying genetic defect 
impairs osteoclast resorption capacity, preventing the formation of a 
properly structured bone matrix. This disruption hinders HSPC hom-
ing to the BM, resulting in an increased concentration of cHSPCs15,16.

In this setting, we showed that in vivo LV gene transfer to HSPCs in 
osteopetrotic (OC) newborn mice extended postnatal survival and 
enabled the differentiation of gene-corrected cells into functional 
osteoclasts capable of bone resorption in vivo. However, given the 
severe and rapidly progressing phenotype of this model, complete 
rescue could not be achieved under the current experimental condi-
tions (Extended Data Fig. 7). For a detailed description of gene therapy 
outcomes in this model, see the Supplementary Notes.

Full rescue of BM failure in Fanconi anaemia
Last, we selected Fanconi anaemia, a rare genetic disorder belonging 
to the DNA repair deficiency syndromes. In Fanconi anaemia, the HSC 
compartment is directly affected, posing additional constraints to the 
collection and subsequent infusion of sufficient numbers of genetically 
corrected HSCs in patients with this disorder. Nevertheless, clinical 
trials have shown that even a small population of corrected HSCs can 
expand in vivo and repopulate the BM progressively, even without 
conditioning17,18.

First, we analysed PB from Fanca knockout (Fanca−/−) mice over time, 
focusing on cHSC numbers (Extended Data Fig. 8a,b). As observed in the 
other analysed mouse strains, cHSC numbers were higher in newborns 
than older mice; however, the absolute number of cHSCs in newborn 
Fanca−/− mice was very low, mirroring patients with Fanconi anaemia 
(Fig. 1g and Extended Data Fig. 8b).

We then administered PGK.FANCA-LV i.v. to Fanca−/− newborn mice 
and tracked the VCN over time in PB cells. The VCN progressively 
increased in all treated mice during physiological growth and home-
ostatic haematopoietic renewal up to 1 year after LV administration, 
demonstrating that gene-corrected Fanca−/− cells have a selective 
advantage over uncorrected Fanca−/− cells in vivo (Fig. 4a,b). Parallel 
analysis of PB parameters revealed that counts of white blood cells and 
lymphocytes normalized progressively starting at 30 weeks after LV 
administration. This suggests that the expansion of corrected HSCs 
eventually reached the threshold needed to restore PB parameters 
(Fig. 4c,d and Extended Data Fig. 8c–e).

At the end of the 1-year follow-up, we detected a high VCN in the spleen, 
thymus and BM of LV-treated Fanca−/− mice, except for one mouse with 
low PB marking (Fig. 4e). Sorting of PB subpopulations and KIT+SCA-1+Lin− 
cells from the BM confirmed a VCN consistent with PB measurements 
(Extended Data Fig. 8f). LV integration site analysis in these sorted PB 

and BM samples and whole BM, spleen and thymus confirmed transduc-
tion of bona fide HSCs that expanded owing to their selective advantage 
(Extended Data Fig. 8g,h). We then transplanted BM cells from LV-treated 
or untreated Fanca−/− mice into irradiated adult Fanca−/− recipients. 
Gene-corrected cells expanded over non-corrected cells in this stringent 
setting, again confirming the ability of transduced HSCs to outcompete 
native cells (Fig. 4f,g). VCN measurements in the organs of transplanted 
mice 1 year after transplant matched those observed in the PB, further 
supporting the stability of gene correction (Fig. 4h).

As Fanca−/− mice have a milder disease phenotype compared 
with humans, we applied a mitomycin C (MMC) challenge to model 
Fanconi-anaemia-associated BM failure. MMC is a DNA cross-linking 
agent, which is toxic to Fanca−/− cells owing to their defective DNA dam-
age response19,20. Interestingly, LV-treated Fanca−/− mice exposed to 
two MMC doses exhibited substantial expansion of corrected cells, 
with the highest measured VCN reaching 1 (Fig. 4i,j). By contrast, 
untreated Fanca−/− mice exposed to MMC experienced severe haema-
topoietic decline, mimicking the BM failure observed in patients with 
Fanconi anaemia. By contrast, LV-treated Fanca−/− mice underwent a 
rapid recovery of all these parameters (Fig. 4k–n). One year after LV 
administration, we measured the VCN in the BM, spleen and thymus 
of LV-treated Fanca−/− mice. We found that values again mirrored those 
measured in the PB and were the highest in MMC-challenged LV-treated 
Fanca−/− mice, reinforcing the idea that corrected HSCs expanded after 
selective pressure from MMC treatment (Fig. 4o).

Finally, to explore strategies to further increase the number of cor-
rected HSCs, we applied an HSPC mobilization regimen to 2-week-old 
or adult Fanca−/− mice (Fig. 4p,q). As expected, HSC gene-transfer effi-
ciency in young and adult mice was much lower than in newborns. 
However, mobilization improved gene-transfer efficiency in both 
groups, with the highest VCN observed in 2-week-old mice (Fig. 4p), 
highlighting the potential of using mobilization in Fanconi anaemia to 
enhance gene-transfer efficiency and extend the intervention window.

Overall, we achieved full rescue of the haematopoietic defects 
observed in Fanca−/− mice, leveraging the selective advantage of cor-
rected cells and progressive expansion of the initial pool of in vivo 
transduced HSCs.

High numbers of cHSPCs in human neonates
Given that in vivo gene transfer to HSCs in newborn mice was facilitated 
by high levels of cHSPCs, we next examined whether a similar window 
of accessibility exists in humans. Using a previously published mul-
tiparametric flow-cytometry analysis21, we assessed PB samples from 
healthy participants at birth, 0–2 months, 3–8 months and when adults 
(>18 years). We observed a peak in phenotypically defined cHSCs and 
multipotent progenitor cells during the neonatal and early infantile 
periods, both in absolute numbers and in percentage of total HSPCs, 
with amounts progressively declining around weaning and becoming 
nearly undetectable in adults (Fig. 5). These findings suggest that, as 
in mice, early postnatal life in humans may represent a unique and 
time-sensitive window for in vivo HSC gene therapy. By leveraging this 
stage, future therapeutic strategies could bypass ex vivo manipula-
tions and enable direct, clinically relevant HSC correction in paediatric 
patients.

Discussion
Here we show that the early postnatal period provides a unique oppor-
tunity to access HSCs in vivo for LV gene transfer in mice, bypassing the 
hurdles associated with ex vivo engineering. Although the transduc-
tion rate and extent of genetically modified haematopoiesis remained 
below what can be achieved by ex vivo transduction and infusion after 
conditioning, we provide proof of concept of substantial therapeutic 
benefit achieved in three models of severe genetic diseases.
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Bona fide HSC gene transfer was proven by long-term multilineage 
output, self-renewal after serial transplantation and clonal tracking 
of in vivo transduced HSCs. Notably, the levels of genetically modi-
fied LV-positive cells in the haematopoietic compartment remained 
stable across all observation time points. Our investigation of the spa-
tiotemporal dynamics of haematopoiesis in mice during postnatal 
development has provided insight into the biological mechanisms 
that underlie in vivo HSC gene transfer in newborns, with a substantial 
proportion of HSCs persisting in the liver and spleen of young mice, 
consistent with recent reports22,23. However, we also observed that 
the high numbers of cHSPCs seen in newborns, probably trafficking 
to newly forming definitive niches, rapidly declined in parallel with 
the efficiency of gene transfer. This suggests that LV access to HSCs 
is improved when they are in circulation. Supporting this hypothesis, 
we found that HSPC mobilization at 2 weeks of age, when significant 
numbers of HSPCs remain in tissue reservoirs, rescued effective gene 
transfer to levels exceeding those in non-mobilized newborns. These 
findings underscore the translational potential of this strategy, extend-
ing the window of efficacy to pre-weaning, a time point that may be 
more favourable for therapeutic intervention in humans.

HSPC mobilization with a G-CSF and plerixafor regimen markedly 
increased gene-transfer efficiency not only in WT mice but also in a 
mouse model of Fanconi anaemia. However, physical accessibility alone 
may not fully account for LV gene-transfer efficiency. Cell-intrinsic fac-
tors, including LV receptor expression levels, metabolic activity and the 
proliferative state of circulating cells during early life, may also contrib-
ute to productive transduction. Even after mobilization, in vivo HSPC 
gene-transfer efficiency declined at increasing ages. It is well known 
that HSPCs collected from the circulation of mobilized individuals are 
poorly permissive to LV gene transfer and require ex vivo activation 
for robust transduction. Similarly, quiescent HSCs in their BM niche 
impose notable barriers to genetic engineering, whether mediated by 
gene transfer or gene editing. These obstacles include limited vector 
entry, restricted reverse transcription owing to unbalanced cellular 
dNTP pools, inefficient nuclear translocation and constraints in DNA 
accessibility, repair pathways and replication competence. The permis-
siveness to in vivo HSC gene transfer observed in early postnatal life 
might, therefore, extend beyond LV transduction, potentially inform-
ing strategies to enhance genetic-engineering approaches. Notably, 
the few previous reports of in vivo genetic modification of HSCs have 
relied on either HSPC mobilization followed by chemotherapy-based 

selection of the limited number of cells engineered using adenoviral 
vectors or on targeted lipid nanoparticles delivering limiting amounts 
of RNA cargo5,6.

Our findings indicate that a permissive condition for LV gene transfer 
also exists in neonatal humans, probably extending into early infantile 
life, given the high numbers of cHSPCs, including the most primitive 
subsets24, and the well-established notion that human HSPCs isolated 
from cord blood exhibit greater permissiveness to LV-mediated trans-
duction compared with those obtained from adult BM.

Systemic LV administration has not yet been reported in humans, 
but we have previously demonstrated its safety and tolerability in 
non-human primates7,25. Notably, non-human primates and humans 
exhibit greater permissiveness to LV gene transfer and respond more 
effectively to phagocytosis-shielded CD47high-LV than do mice7,25. 
In a mouse model engineered to be sensitive to human CD47 signal-
ling, we achieved up to 9% stable haematopoietic engineering without 
transduction enhancers or mobilization protocols. Moreover, the LV 
doses used in this study fall in the range of doses already applied in 
preclinical liver-directed LV gene therapy for haemophilia in mouse 
models25. Interestingly, the estimated initial LV concentration in the 
PB after infusion also aligns with levels typically used for ex vivo HSPC 
transduction. Further increases in in vivo HSC gene transfer may be 
achieved through early-life mobilization and co-administration of 
clinically compatible transduction enhancers26–28, as shown here with 
IFNα receptor blockade.

In Fanconi anaemia, we successfully exploited the selective advan-
tage conferred by correction of the genetic defect in DNA repair, which 
specifically affects HSCs. This approach led to a remarkably high pro-
portion of genetic correction in the haematopoietic compartment over 
the long term, albeit sustained by only a small number of expanded 
HSC clones. Importantly, ex vivo Fanconi anaemia gene therapy has 
demonstrated the importance of treating patients at early stages of 
BM failure to facilitate the collection of clinically relevant numbers of 
HSCs17,18. An in vivo gene therapy approach would extend the application 
of treatment to patients with limited HSC content while avoiding ex vivo 
manipulation of these fragile cells. For ADA-SCID and ARO outcomes 
see Supplementary Discussion.

In conclusion, our findings support further preclinical studies 
to assess the translational potential of in vivo HSC gene transfer in 
early infants. The well-established clinical use of LVs, the advantages 
of the vector design used here for in vivo delivery and the increasing 
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availability of newborn screening for monogenic diseases provide a 
strong rationale for progressing towards the first clinical testing of 
this approach. By bypassing the major barriers associated with ex vivo 
HSC gene therapy, this strategy stands to offer broader accessibility 
to life-changing treatments.
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Methods

Study design
Sample size in experiments with mice was chosen according to previ-
ous experience with experimental models and assays. No sample or 
animal was excluded from the analyses. Mice were randomly assigned 
to each experimental group. Investigators were blinded at the moment 
of LV administration to newborn ADA-SCID or OC mice. In all the other 
experimental settings investigators were not blinded.

Plasmid construction
Plasmids pCCLsin.cPPT.PGK.GFP, pCCLsin.cPPT.PGK.ADA, pCCLsin.
cPPT.PGK.TCIRG1 and pCCLsin.cPPT.PGK.FANCA were previously 
described14,19,29,30. Plasmid pCCLsin.cPPT.ET.ADA.142T was constructed 
by standard cloning techniques, by exchanging the human FIX cDNA7 
with human ADA cDNA (SpeI–SpeI) into the previously described 
pCCLsin.cPPT.ET.coFIX-R338L.142T (NheI–SalI) after blunting the ends. 
Plasmid pCCLsin.cPPT.PGK.ADA.122T was constructed by standard 
cloning techniques, by inserting the miRNA-122 target sequence into 
the pCCLsin.cPPT.PGK.ADA plasmid (SalI–ScaI).

Vector production
Third-generation self-inactivating LVs were produced by calcium phos-
phate transient transfection into 293T cells. 293T cells were transfected 
with a solution containing a mix of the selected LV genome-transfer 
plasmid, the packaging plasmids pMDLg-pRRE and pCMV.REV, pMD2.G 
and pAdVantage (Promega), as previously described7. In brief, the 
medium was changed 14–16 h after transfection and the supernatant 
was collected 30 h after medium change. LV-containing supernatants 
were sterilized through a 0.22-μm filter (Millipore), pre-concentrated 
four times with a Vivaflow 200 Tangential Flow Filtration Cassette 
100 kDa (Sartorius), according to manufacturing instructions, trans-
ferred into sterile polyallomer tubes (Beckman) and centrifuged at 
20,000g for 120 min at 20 °C (Beckman Optima XL-100K Ultracentri-
fuge). The LV pellet was dissolved in the appropriate volume of PBS to 
allow 500–1,000× concentration.

LV titration
For LV titration, 1 × 105 293T cells were transduced with serial LV dilutions 
in the presence of polybrene (8 μg ml−1). For PGK.GFP-LV, cells were ana-
lysed by flow cytometry using a FACSCanto analyser (BD Biosciences), 
equipped with DIVA software, 5–7 days after transduction and the infec-
tious titre, expressed as transducing units (TU) ml−1, was calculated using 
the formula TU ml−1 = ((% GFP+ cells/100) × 100,000×(1/dilution factor)). 
For all other LVs, genomic DNA (gDNA) was extracted 14 days after 
transduction, using the Maxwell 48 Cell DNA Purification Kit (Promega), 
following the manufacturer’s instructions. The VCN was determined by 
ddPCR, starting from 5–20 ng of template gDNA using primers (HIV FW: 
5′-TACTGACGCTCTCGCACC-3′; HIV REV: 5′-TCTCGACGCAGGACTCG-3′) 
and a probe (FAM 5′-ATCTCTCTCCTTCTAGCCTC-3′) designed 
against the primer-binding region of LV. The amount of endogenous 
DNA was quantified by a primers–probe set designed against the 
human telomerase gene (Telo FW: 5′-GGCACACGTGGCTTTTCG-3′; 
Telo REV: 5′-GGTGAACCTCGTAAGTTTATGCAA-3′; Telo probe: VIC 
5′-TCAGGACGTCGAGTGGACACGGTG-3′ TAMRA) or the human GAPDH 
gene (Applied Biosystems HS00483111_cm). The PCR reaction was per-
formed with each primer (900 nM) and the probe (250 nM; 500 nM for 
Telo) following the manufacturer’s instructions (Bio-Rad), read with a 
QX200 reader and analysed with QuantaSoft software (Bio-Rad). The 
infectious titre, expressed as TU ml−1, was calculated using the formula 
TU ml−1 = (VCN × 100,000×(1/dilution factor). LV physical particles 
were measured by HIV-1 Gag p24 antigen immunocapture assay (Perkin 
Elmer) following the manufacturer’s instructions. LV-specific infectiv-
ity was calculated as the ratio between infectious titre and physical 
particles.

VCN determination
For mouse experiments, DNA was extracted from the whole liver using 
the Maxwell 48 Tissue DNA Purification Kit (Promega), from a cell sus-
pension obtained from the thymus, spleen or BM using the Maxwell 
48 Cell DNA Purification Kit (Promega) or from whole PB using the 
Maxwell 48 Whole Blood DNA Purification Kit (Promega). DNA was 
extracted from lineage-negative (Lin−) cultured cells using the Max-
well 48 Cell DNA Purification Kit (Promega) and from single-picked 
colonies using Quick extract DNA (Biosearch Technologies), accord-
ing to cell number. The VCN in mouse DNA was determined by ddPCR, 
starting from 5–20 ng of template gDNA using a primers–probe set 
designed against the primer-binding region of LVs (see ‘LV titration’ 
section). In some cases, the VCN was determined using an ad hoc ddPCR 
(QX200 EvaGreen Digital PCR Supermix, Bio-Rad), which selectively 
amplifies the reverse-transcribed vector genome (both integrated and 
non-integrated), discriminating it from possible plasmid contami-
nation29 (RT-LV; ΔU3 FW: 5′-TCACTCCCAACGAAGACAAGATC-3′, gag 
REV: 5′-GAGTCCTGCGTCGAGAGAG-3′). The amount of endogenous 
mouse DNA was quantified by a primers–probe set designed against the 
mouse Sema3a gene (Sema3a FW: 5′-ACCGATTCCAGATGATTGGC-3′; 
Sema3a REV: 5′-TCCATATTAATGCAGTGCTTGC-3′; Sema3a probe: HEX 
5′-AGAGGCCTGTCCTGCAGCTCATGG-3′ BHQ1). The PCR reaction was 
performed with each primer (900 nM; 150 nM for RT-LV primers) and the 
probe (250 nM) following the manufacturer’s instructions (Bio-Rad), read 
with a QX200 reader and analysed with QuantaSoft software (Bio-Rad).

RNA extraction and ddPCR
RNA extraction was performed using a Maxwell 48 SimplyRNA 
Blood extraction kit (Promega, AS1380), according to the manufac-
turer’s instructions and reverse transcribed using the SuperScript 
IV VILO kit (11766050; ThermoFisher Scientific). LV gene expression 
was assessed by ddPCR, starting from 10–25 ng of template cDNA 
using a primers–probe set designed against the Woodchuck hepati-
tis virus post-transcriptional regulatory element (Wpre) sequence 
of the LV genome (Wpre FW: 5′-GGCTGTTGGGCACTGACAAT-3′; 
Wpre REV: 5′-ACGTCCCGCGCAGAATC-3′; Wpre probe: FAM 
5′-TTTCCATGGCTGCTCGCCTGTGT-3′ MGB). Hprt was used as a refer-
ence gene for mouse samples (dMmuCPE5095493, Bio-Rad). The PCR 
reaction was performed with each primer (900 nM) and the probe 
(250 nM) following the manufacturer’s instructions (Bio-Rad), read 
with a QX200 reader and analysed with QuantaSoft software (Bio-Rad).

Cell cultures and in vitro experiments
The 293T cell line was maintained in Iscove’s modified Dulbecco’s 
medium (IMDM, Sigma) supplemented with 10% fetal bovine serum 
(FBS; FetalClone II, HyClone, Euroclone), 4 mM glutamine (Lonza), 
100 international units (IU) ml−1 penicillin and streptomycin (Lonza). 
Primary mouse Lin− cells were FACS-sorted from cell suspensions 
obtained from the BM or the liver of LV-treated mice and cultured in 
StemSpan supplemented with 10% FBS, 4 mM glutamine, 100 IU ml−1 
penicillin and streptomycin, 100 ng ml−1 mouse stem-cell factor (mSCF, 
Peprotech), 50 ng ml−1 mouse thrombopoietin (mTPO, Peprotech), 
100 ng ml−1 mouse fms-like tyrosine kinase 3 ligand (mFLT3L, Pepro-
tech) and 20 ng ml−1 mouse interleukin-3 (mIL-3, Peprotech) for 24 h. 
The medium was then exchanged with IMDM supplemented with 10% 
FBS, 100 IU ml−1 penicillin and streptomycin, 100 ng ml−1 mSCF (Pepro-
tech) and mFLT3L 100 ng ml−1 (Peprotech) for 48 h. Finally, GFP expres-
sion was determined using a FACSCanto analyser (BD Biosciences), 
equipped with DIVA software. Some of the sorted Lin− cells were plated 
(800 cells per plate) in classic Methocult (STEMCELL Technologies) 
supplemented with 100 ng ml−1 mSCF (Peprotech), 50 ng ml−1 mTPO 
(Peprotech), 100 ng ml−1 mFLT3L (Peprotech) and 20 ng ml−1 mIL-3 (Pep-
rotech). All cells were maintained in a 5% CO2 humidified atmosphere at 
37 °C. Cell lines were routinely tested for mycoplasma contamination.
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Mice experiments
Founder FVB,129-Adatm1Mw Tg(PLADA)4118Rkmb/J mice (referred 
to as ADA-SCID mice) were obtained from The Jackson Laboratory31 
(stock 003265). Founder B6C3Fe a/a-Tcirg1oc/J mice (referred to as 
OC mice) were obtained from The Jackson Laboratory16 (stock 00230) 
and fully backcrossed on the C57BL/6 background. Founder mice with 
a targeted disruption in the Fanca gene32 were provided by H. J. van de 
Vrugt (Free University Medical Center) and backcrossed with FVB mice 
to obtain the Fanca−/− FVB strain (referred to as Fanca−/− mice). C57BL/6 
and NSG mice were purchased from Charles River Laboratories. All mice 
were maintained in specific-pathogen-free conditions. Genotyping of 
ADA-SCID and OC mice was performed at 2–3 weeks of age according to 
the protocol available on The Jackson Laboratory website. Vector admin-
istration was carried out in adult female C57BL/6 or NSG (7–10-week-old) 
mice by tail-vein injection (250–300 µl per mouse), in newborns by 
temporal-vein injection (30 µl per mouse) and in 2-week-old mice by 
retro-orbital injection (100–150 µl per mouse). Mice were bled from 
the retro-orbital plexus using capillary tubes and blood was collected 
in 0.38% sodium citrate buffer, pH 7.4 or in an EDTA-coated tube (Micro-
vette 20.1341). For transplantation experiments, 7-week-old female 
C57BL/6 recipient mice were conditioned with a lethal regimen of busul-
fan (6 mg ml−1), consisting of four daily intraperitoneal (i.p.) adminis-
trations of 27 µg g−1 of busulfan (prediluted 1:2 in 0.9% NaCl injectable 
solution). The transplant was performed by i.v. injection of total BM cells 
or total CD45+ cells FACS-sorted (BD FACSAria Fusion Cell Sorter, BD 
Biosciences or MoFlo Astrios EQ Cell Sorter, Beckman Coulter) from the 
liver or the BM of donor mice the day after the last dose of busulfan. Cells 
were resuspended in 200 µl of PBS. The type and number of transplanted 
cells are indicated in the experimental schemes. The weight of recipient 
mice was monitored daily during busulfan administration and weekly for 
1 month after transplant. In case of transplantation experiments in NSG 
mice, conditioning was performed by sublethal irradiation of recipient 
mice (200 rad) and transplantation 3–4 h after irradiation. For the trans-
plantation experiments in Fanca−/− mice, conditioning was performed by 
lethal irradiation of recipient mice using two doses of 4.5 Gy 24 h apart. 
A total of 3–4 h after conditioning, 4–5 × 106 BM cells from LV-treated or 
untreated Fanca−/− mice were transplanted by i.v. injection in the tail vein 
of recipient mice. HSPC mobilization was performed in 2-week-old or 
adult mice by administering five i.p. doses of 250 ng g−1 G-CSF per mouse 
12 h apart. Then 8 h after the last dose of G-CSF, 2 µg g−1 plerixafor per 
mouse was administered i.p. to mobilized mice. LVs were administered 
i.v. 2 h after plerixafor and, at the same time, haematopoietic cells were 
collected from the BM, PB or spleen for FACS analysis. HSPC mobiliza-
tion was performed in newborn mice following the same protocol used 
in 2-week-old or adult mice, except for a reduced G-CSF regimen that 
consisted of three instead of five doses. Anti-IFNα receptor-blocking 
antibody (MAR-1, InVivoMAb, MAR1-5A3) or IgG control (InVivoMAb, 
mouse IgG1 Isotype control, MOPC-21) were administered i.v. to newborn 
mice 3 h before LV administration at 50 mg kg−1 dose. BM failure was 
induced in Fanca−/− mice by i.p. administration of two doses of 0.3 mg kg−1 
of mitomycin C (MilliporeSigma), spaced 7 days apart, 6 weeks after LV 
injection20. Mice were euthanized by CO2 inhalation at the scheduled 
times. Experimental procedures in Fanca−/− mice were conducted accord-
ing to European and Spanish regulations (European convention ETS 
123, regarding the use and protection of vertebrate mammals used in 
experimentation and other scientific purposes, Directive 2010/63/UE, 
Spanish Law 6/2013 and Real Decreto (R.D.) 53/2013 regarding the pro-
tection and use of animals in scientific research). All animal procedures 
were performed according to protocols approved by the Institutional 
Animal Care and Use Committee.

Fractionation of liver, thymus, spleen and BM
The mouse liver was perfused (15 ml min−1) through the inferior vena cava 
with 12.5 ml of the following solutions at subsequent steps: (1) PBS EDTA 

(0.5 mM); (2) HBSS (Gibco) and HEPES (10 mM); and (3) HBSS and HEPES 
containing 0.03% collagenase IV (Sigma). The digested mouse liver tissue 
was collected, passed through a 100-μm cell strainer (BD Biosciences) 
and processed into a single-cell suspension. This suspension was sub-
sequently centrifuged three times (30g, 25g and 20g, for 3 min, at room 
temperature) to remove hepatocyte-containing pellets. The supernatant 
containing non-parenchymal cells was centrifuged (650g, 7 min, at room 
temperature) and recovered cells were subsequently incubated with 
the monoclonal antibodies indicated in the ‘Flow cytometry’ section. 
To obtain a single-cell suspension of spleen or thymus, organs were 
smashed on a 40-µm filter using PBS–2% FBS (FetalClone II, HyClone, 
Euroclone), red blood cells (RBCs) were lysed with 0.5 or 1 ml of ACK 
Lysing buffer (GIBCO) for 5 or 10 min on ice, respectively. The lysis was 
stopped by adding 10 ml of PBS–2% FBS. The cell suspension was then 
filtered through a 40-µm filter and cells were counted and used for gDNA 
extraction or flow-cytometry analysis (see ‘Flow cytometry’ section). 
BM cells were flushed from the tibia and femur of one or two legs, as 
needed, or extracted by bone crushing in the case of newborn or OC 
mice and then processed as described for cells isolated from the spleen.

Flow cytometry
Flow-cytometry analyses using cell suspensions obtained from BM, 
spleen, thymus, PB or liver were performed using a FACSCanto analyser 
(BD Biosciences), equipped with DIVA software. Between 500,000 and 
1,000,000 cells were processed, washed with PBS–2% FBS (FetalClone 
II, HyClone, Euroclone) or MACS buffer (PBS pH 7.2, 0.5% bovine serum 
albumin (BSA), 2 mM EDTA), treated with fragment crystallizable (Fc) 
Receptor-Block (Miltenyi Biotec) when antibody-stained and then 
resuspended in the buffer used for washing. Staining was performed 
in MACS buffer, incubating cells with antibodies (in the proportion 
indicated in Supplementary Table 15) for 20 min at 4 °C in the dark. 
Right before analysis, 3 µl of 7-AAD (Biolegend 420404) was added 
to each tube to exclude dead cells. Rainbow beads (BD Biosciences) 
were used to calibrate the instrument detectors. Gating strategies are 
provided in Supplementary Figs. 1–4. A BD FACSAria Fusion Cell Sorter 
(BD Biosciences), equipped with DIVA software (BD Biosciences), or a 
MoFlo Astrios EQ Cell Sorter (Beckman Coulter), equipped with Summit 
software (Beckman Coulter), was used for cell sorting.

For PB samples collected from healthy human participants of dif-
ferent ages and mouse samples shown in Fig. 1b–i and Extended Data 
Fig. 1a–d, samples were analysed using two standardized multiparametric 
flow-cytometry assays21,33 (through whole blood dissection). In brief, after 
RBC lysis with ACK lysing buffer (STEM CELL Technologies), samples 
were labelled with the fluorescent antibodies reported in Supplementary 
Table 16. Titration assays were performed to assess the best antibody con-
centration. Samples from mice were pre-incubated with a rat anti-mouse 
FcR blocking reagent (BD, dilution 1:100). After surface marking, cells 
were incubated with propidium iodide (PI; BioLegend) to stain dead 
cells. Absolute cell quantification was performed by adding Precision 
count beads (BioLegend) to PB samples before the staining procedure. 
Images of all stained samples were acquired through a BD Symphony A5 
(BD Bioscience) cytofluorimeter after calibration with Rainbow beads 
(Spherotech) and raw data were collected using the DIVA software (BD 
Biosciences). Data were subsequently analysed with FlowJo software 
v.10.5.3 (BD Biosciences). A list of antibodies used for mouse or human 
whole-blood-dissection panels is reported in Supplementary Table 16.

PB samples from paediatric and adult healthy donors were collected 
and analysed after written informed consent was given, using protocols 
approved by the ethics committees of IRCCS Ospedale San Raffaele 
(Protocol_TIGET09 for both paediatric and adult participants). Written 
consent for paediatric participants was given by their parents.

Immunohistochemistry imaging
Mice were perfused through the left ventricle with PBS containing 
0.5 mM EDTA to remove blood, after which organs were collected 



and fixed in zinc-formalin for at least 24 h. Embedding, sectioning, 
slide preparation, staining and image acquisition were performed 
at the Centro di Imaging Sperimentale facility at San Raffaele Hospi-
tal (Italy). Formalin-fixed, paraffin-embedded consecutive sections 
(4 µm) were dewaxed and rehydrated through a graded alcohol series 
before histological or immunohistochemical staining. Immunostain-
ing was performed using the Automatic Leica BOND RX system (Leica 
Microsystems). Tissues were first deparaffinized and subjected to 
epitope retrieval using Epitope Retrieval Solution 1 (ER1 Citrate Buffer). 
Slides were incubated with either an anti-GFP primary antibody (Invit-
rogen, A11122, 1:1,000) or an anti-Ki-67 primary antibody (D3B5, Cell 
Signaling Technology, 1:200) for 30 min at room temperature, fol-
lowed by detection using the Bond Polymer Refine Detection Kit (Leica, 
DS9800). Images of stained slides were acquired using an Aperio AT2 
digital scanner at 20× magnification (Leica Biosystems) and analysed 
with ImageScope software (Leica Biosystems).

Integration-site analysis
Integration sites were retrieved by Sonication Linker Mediated 
(SLiM)-PCR, as previously described34, with minor modifications. In 
brief, for each sample up to 300 ng of gDNA was processed by DNA 
shearing using the Covaris E220 Ultrasonicator, generating fragments 
with an average size of 1,000 bp. The fragmented DNA was subjected 
to end repair and 3′ adenylation, and then ligated to linker cassettes 
containing an eight-nucleotide sequence barcode used for sample 
identification and all the sequences required for Read 2 paired-end 
sequencing. The ligation products were split in three technical rep-
licates and subjected to 35 cycles of exponential PCR using primers 
specific for the LV LTR and the linker cassette. A subsequent amplifica-
tion with an additional ten PCR cycles was performed using a primer 
specific for the linker cassette and the LTR. These primers contain an 
8-nucleotide barcode used for sample identification (coupled with the 
barcode on the linker cassette) and the sequences needed for Read 1 
sequencing, plus a random 12-nucleotide sequence, enabling easier 
cluster recognition in the first sequencing cycles on the next-generation 
sequencing system. The generated SLiM-PCR products are therefore 
associated with a unique pair of barcodes, assembled into libraries and 
subjected to Illumina next-generation sequencing.

Bioinformatic analysis
Sequencing reads were processed using a custom bioinformatics 
pipeline35 (VISPA2) that isolates genomic sequences flanking the vec-
tor LTR and maps them to the mouse genome (mm9). Because vector 
integration in the same genomic position in different cells is a very low 
probability event, identical integration sites in independent samples 
were considered contamination or amplification artefacts, which 
may occur during the technical procedure. Datasets were pruned of 
potential contamination and false positives for each primary mouse 
and of integration sites derived from unrelated secondary mice. Iden-
tical integration sites shared between mice belonging to different 
experimental groups were reassigned by identifying the insertion 
site in at least two SLiM technical replicates and through sequence 
counts. Downstream analyses of vector-integration sites, such as 
relative abundance, sharing and CIS analysis, were performed using 
ISAnalytics36. Clonal abundance, estimated as the relative percentage 
of genome numbers, was determined by the R package sonicLength37. 
Common insertion sites were calculated using the Grubbs test for 
outliers38.

Haemocytometric analysis
Haemocytometric analysis of PB was performed using a Procyte DX Ana-
lyser (IDEXX) at the time points indicated in the experimental design 
schemes. Approximately 30 µl of PB was collected into EDTA-coated 
tubes (Microvette 20.1341) and analysed. The measured parameters 
were: haemoglobin, total RBC count, differential count (lymphocyte, 

monocyte and neutrophil (absolute count and percentage)), platelet 
count and total leukocyte count (white blood cell).

ADA activity
ADA activity was measured in plasma or the cellular fraction of PB 
as previously described39. In brief, 20 μl of packed RBCs were lysed 
in 20 μl of lysis buffer (0.25 mol l−1 HEPES, 0.025 mol l−1 CHAPS and 
0.025 mol l−1 dithiothreitol). The cell lysate was centrifuged at 12,000g 
for 5 min. The enzyme activity was evaluated in a mixture containing 
50 mmol l−1 Tris (pH 7.2) and 0.4 mmol l−1 adenosine by adding 10 μl of 
lysed RBC supernatant or 20 μl of plasma. The reaction was stopped by 
adding PCA (final concentration, 0.21 mmol l−1) and neutralized with 
KOH (final concentration, 0.22 mmol l−1). The reaction progression 
was analysed using aliquots at two time points with a Bio-Rad Biofocus 
3000 instrument (Bio-Rad) after inosine plus hypoxanthine formation 
at 0 and 10 min for the cellular fraction or at 0 and 30 min for plasma. 
The enzyme activity was measured as mol h−1 per (ml packed RBCs or 
ml plasma).

Osteoclast differentiation, CTX and parathyroid hormone ELISA 
and dentine assay
Osteoclasts were differentiated from BM cells as previously 
described40 and assayed for resorption functions on dentine slides 
(AE8050). Dentine discs were stained with toluidine blue as previ-
ously described40. The concentration of released CTX in the culture 
supernatant was measured by enzyme-linked immunosorbent assay 
(ELISA; CrossLaps, AC-07F1, Immunodiagnostic System) following 
the manufacturer’s protocol. The concentration of parathyroid hor-
mone in the serum of LV-treated OC or WT mice was measured by 
ELISA (MicroVue Mouse parathyroid hormone 1-84 EIA) following 
the manufacturer’s protocol.

Micro-computed tomography
For micro-computed tomography analyses, vertebral columns of OC 
mice and their WT littermates were dissected, cleaned from connec-
tive tissues and fixed in 4% paraformaldehyde. Bones were scanned at 
a nominal image resolution of 7 µm using a SkyScan 1276 (Bruker) at 
55 kV and 72 µA, using a 0.25-mm aluminium filter. Images were cap-
tured every 0.4° in a rotation to 360° with a 2 × 2 camera pixel binning. 
The reconstruction was carried out with the SkyScan NRecon 2.0.0.5 
software using the InstaRecon reconstruction engine, ring artefact 
reduction and beam-hardening correction. Image analysis of the L5 ver-
tebra was performed using the CT Analyser software (CTAn 1.18.8.0+). 
An in-house-developed semiautomatic approach was used to segment 
the trabecular region of the vertebral body in the coronal plane. The 
bone mineral density of the trabecular region was calculated by cali-
brating a linear extrapolation against the mean attenuation coefficients 
of selected regions of a 2-mm phantom rod pair containing 0.25 and 
0.75 g cm−3 CaHA (Skyscan). A three-dimensional morphometric analy-
sis of the trabecular region was performed after binarization of the 
trabeculae by an adaptive thresholding algorithm. The ratio between 
the bone volume and total volume (%) and the trabecular separation 
(mm) were assessed.

Statistical analyses
Statistical analyses were performed after consulting with professional 
statisticians at the San Raffaele University Center for Statistics in the 
Biomedical Sciences (CUSSB). When normality assumptions were not 
met, nonparametric statistical tests were performed. A two-tailed 
Mann–Whitney U-test was performed to compare two independent 
groups and for more than two independent groups, a Kruskal–Wallis 
test was used, followed by post hoc analysis (Dunn’s test for multiple 
comparisons against the reference control group along with Bonfer-
roni’s correction). For paired observations, a Wilcoxon matched-pairs 
test was performed. Data were analysed using GraphPad (v.10).  
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To model the dynamics of biological processes, properly accounting for 
dependencies induced by the repeated-measures design, LME models 
were estimated, specifying random-effect terms for experimental units 
or session. To fulfil underlying model assumptions, various transfor-
mations of the outcome variable, including logarithmic, square/cubic 
root and ordered quantile normalization, were considered. After the 
estimation of LME models, a post hoc analysis was conducted, enabling 
the pairwise comparison of treatment groups at a fixed time point. To 
account for multiplicity issues, P values were adjusted using Bonfer-
roni’s approach. LME were estimated using R software (v.4.3.1). In all 
the analyses, the significance threshold was set at 0.05. Inferential 
techniques were used for adequate sample sizes (n ≥ 5), otherwise only 
descriptive statistics are reported.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All data associated with this study are available in the Source data 
files. Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Characterization of the hematopoietic system in 
mice of different ages and in vivo HSPC gene transfer by LV. a-d, Mean with 
SEM of the percentage of different populations among CD45-positive cells in 
the BM (a), PB (b), spleen (c), or liver (d) of newborn, 1-week-old, 2-week-old, or 
8-week-old (adult) C57Bl/6 mice, as indicated. n = 5 mice per group. Newborn 
PB samples represent 10 pools derived from 50 mice. e, Representative 
immunohistochemistry image (out of 5 collected) of a liver section from a 
1-week-old C57Bl/6 mouse stained with an anti-Ki67 (brown) antibody. Black 
arrowheads indicate proliferating hematopoietic cells; the red arrowhead 
indicates a representative megakaryocyte. f, Single VCN values measured in 
the indicated spleen populations or whole BM from the pooled donor mice 
shown in Fig. 1k,l. BM cells from 19 LV-treated newborn mice were pooled into 
five groups (each containing 4–5 mice) for transplantation into five recipient 
mice after sorting. g, Body weights of individual busulfan-conditioned adult 
mice that were transplanted (TPX n = 5) or not transplanted (not-TPX, n = 1).  

The gray area indicates the period of busulfan treatment. Black crosses mark 
deceased mice. h, Single values of CD45-positive GFP-positive cells in the 
indicated organs of recipient mice 20 wks post-transplant. VCN values are 
indicated above the bars. i-l, LV integration site (IS) analysis of GFP-positive 
cells from LV-treated donor mice and transplanted recipient mice at the study 
endpoint. Shared IS are color-coded. Clones with an abundance of <1% are 
shown in gray. The total number of IS detected is indicated above each bar.  
m, Common integration site analysis of LV-treated and transplanted mice, 
showing the distribution of integration events relative to known oncogenes.  
n, Mean with SEM of GFP-positive cells in PBMCs of LV-treated mice as newborns 
(n = 4) and monitored for 1 year after LV administration (5e10 TU/kg). o, Mean 
with SEM of GFP-positive cells in PBMCs of LV-treated mice as adults (n = 5, 
8-week-old) via i.v. LV administration (8e10 TU/kg). p, Representative 
immunofluorescence image of the liver from a mouse shown in (o), revealing 
few-to-no GFP-positive cells. Scale bar: 500 µm. Blue: Hoechst; Green: GFP.
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Extended Data Fig. 2 | Gene transfer efficiency into HSPC in 2-week-old 
C57Bl/6 mice after in vivo LV administration. a,b, Mean with SEM of GFP-
positive cells (a) or VCN (b) measured in the PB of C57Bl/6 mice administered LV 
(LV, n = 15; 3e10 TU/kg) at 2 weeks-of-age or untreated (Unt, n = 1). c, Single 
values and mean with SEM of the VCN measured in the indicated organs in Unt 
and LV mice, 16 weeks after LV administration. d, Single values and mean with 
SEM of the absolute count of HSCs in the spleen of 2-week-old mobilized (n = 6) 
or untreated control (n = 7) mice, as indicated. Mann-Whitney test. e,f, Single 
values and mean with SEM of GFP-positive cells in the thymus (e) or spleen (f)  
of mobilized (n = 6) or control (n = 7) mice, 20 wks after LV administration. 

Mann-Whitney test. g,h, Mean with SEM of the engraftment of CD45.2 cells in 
the PB of CD45.1 recipient mice over time. Controls: n = 5 recipient; Mobilized: 
n = 6 recipient. Mice were transplanted with 15x106 total BM cells harvested 
from donor mice, 20 wks after LV administration. i,j, Single values and mean 
with SEM of the VCN (i) or engraftment of CD45.2 cells ( j) measured in CD45.1 
recipient mice, 16 wks after transplant in the indicated organs. Mann-Whitney 
test in (i). k,l, Single values and mean with SEM of GFP-positive cells in the 
thymus (k), or spleen (l) of CD45.1 recipient mice, 16 wks after transplant. 
Mann-Whitney test.



Extended Data Fig. 3 | Administration of anti-interferon-α receptor 
blocking antibody (MAR-1) increase in vivo gene transfer to HSPCs.  
a,b, Mean with SEM of GFP-positive cells (a) or the VCN (b) measured over time 
in the PB of C57Bl/6 mice treated as newborns with MAR-1 (i.v., 50 mg/kg, n = 13) 
or an IgG control (i.v., 50 mg/kg, n = 13) 3 h before LV administration (8e10 TU/kg).  
Mann-Whitney test on the last time point analyzed. In (a), comparisons were 

made among CD45-positive cells. Data from a pool of two independent 
experiments are shown. c-e, Single values and mean with SEM of GFP-positive 
cells in the spleen (c), thymus (d), and BM (e) of the mice shown in (a,b) 16 wks 
after LV administration. Mann-Whitney test. f, Single values and mean with SEM 
of the VCN measured in the indicated organs, 16 wks after LV administration in 
the mice shown in (a-e). Mann-Whitney test.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | Characterization of the HSPC compartment in NSG 
mice of different ages and in vivo HSPC gene transfer by LV. a, Experimental 
scheme: hematopoietic cells were collected from the bone marrow (BM), 
spleen, liver, or peripheral blood (PB) of newborn, 1-week-old, 2-week-old, or 
adult NSG mice and analyzed by FACS to evaluate the composition of total 
CD45-positive cells. n = 5 mice per group. Newborn PB samples from 40 mice 
were pooled into eight groups. b-e, Mean with SEM of the percentage of 
different populations among lineage-negative (Lin-) and cKit-positive (cKit+) 
cells in the BM (b), PB (c), spleen (d), or liver (e) of the indicated NSG mice.  
HSC: hematopoietic stem cells; MPP: multipotent progenitor cells; GMLP: 
granulocyte-monocyte-lymphoid progenitor cells; KSL: cKit+ Sca1+ Lin- cells; 
LK CD150: Lin- cKit+ CD150+ cells; EP: erythroid progenitor cells; MEP: 
megakaryocyte-erythroid progenitor cells; GMP: granulocyte-monocyte 
progenitor cells. n = 5 mice per group. Newborn PB samples from 40 mice were 
pooled into eight groups. f-i, Single values and mean with SEM of the absolute 
count of HSCs in the BM (f), PB (g), spleen (h), or liver (i) of the indicated NSG 
mice. n = 5 mice per group. Newborn PB samples from 40 mice were pooled into 

eight groups. Kruskal-Wallis test with Dunn’s multiple comparisons test 
(comparison to the newborn group). j, Mean with SEM of the count of HSPC  
red or white colonies grown from GFP-positive (GFPpos) or GFP-negative 
(GFPneg) Lin- cells isolated from the BM of the mice in Fig. 2k–m, 20 wks after LV 
administration. k, Single VCN values measured in FACS-sorted GFPpos or 
GFPneg Lin- cells isolated from mice shown in Fig. 2m,n and cultured for 72 h.  
l, Single VCN values measured from single-picked red (RFC) or white (WFC) 
colonies grown in MethoCult from GFPpos or GFPneg FACS-sorted Lin- cells 
isolated from the mice shown in Fig. 2m,n. m, Single values and mean with SEM 
of the GFP-positive area measured by immunohistochemistry in the indicated 
tissues, 20 wks after LV administration in NSG mice treated as newborns (n = 6) 
or adults (n = 4) with CD47hi-LV (shown in Fig. 2m,n), or untreated (Unt, n = 3).  
n, Representative immunohistochemistry images of the indicated tissues 
taken from the mice shown in (m). GFP-positive cells are shown in brown  
(black arrowheads). Scale bar: 300 µm. Schematics in a created with BioRender 
(https://biorender.com).

https://biorender.com
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Extended Data Fig. 5 | Gene transfer efficiency into HSPC in 2-week-old 
mice after in vivo LV administration. a-c, Single values and mean with SEM of 
the absolute HSC counts in the BM (a), PB (b), or spleen (c) of 2-week-old or adult 
mobilized (n = 5 per group) or untreated (n = 2 per group) NSG mice, as 
indicated. Mann-Whitney test. d,e, Single values and mean with SEM of 
GFP-positive cells measured in the indicated populations in the spleen (d) or 

BM (e) of the mice shown in Fig. 2o, 16 wks after LV administration. 
Kruskal-Wallis test with Dunn’s multiple comparisons (comparison to the 
2-week-old control group). f, Single values and mean with SEM of the VCN 
measured in the indicated organs of the mice shown in Fig. 2o, 16 wks after LV 
administration. Kruskal-Wallis test with Dunn’s multiple comparisons 
(comparison to the respective 2-week-old control groups).
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Extended Data Fig. 6 | In vivo HSPC gene transfer in ADA-SCID mice by  
ADA-LV. a, Mean with SEM of the weight over time of mice shown in Fig. 3b.  
b,c, Mean with SEM of neutrophil (b) or monocyte (c) counts measured by 
hemocytometer in the PB of ADA-SCID mice treated with the indicated LV as 
newborns. The number of mice at each time point is reported below the graphs. 
LME model (only comparisons vs. WT and p-values < 0.05 are reported; 
complete analyses in Supplementary Tables 10, 11). d,e, Single values and mean 
with SEM of ADA activity measured over time in the PB cellular fraction (d) or 
plasma (e) from ADA-SCID or wild-type (WT) mice treated with the indicated LV 
or left untreated. LME model (only comparisons vs. WT and p-values < 0.05 are 
reported; complete analyses in Supplementary Tables 12, 13). f, Single values 
and mean with SEM of LV-RNA expression in the indicated organs or liver 
subpopulations 8 wks after administration of the indicated LV to newborn ADA-
SCID mice (n = 5 per group, 2e10 TU/kg). Wpre: Woodchuck hepatitis virus post-
transcriptional regulatory element, used to measure LV genome expression. 
Kruskal-Wallis test with Dunn’s multiple comparisons test (comparison to the 
PGK.ADA group). g, Mean with SEM of the weights of the mice shown in Fig. 3h. 

h, Single values and mean with SEM of the engraftment of cells isolated from 
ADA-SCID or WT mice treated with the indicated LV as newborns and used as 
donors for irradiated NSG mice. LV-treated WT mice have been pooled, 
irrespective of the administered LV. i,j, Mean with SEM of the percentage of the 
indicated populations among CD45-positive cells in the PB of transplanted NSG 
mice, 8 (i) or 12 wks ( j) after transplant. k, Mean with SEM of the VCN measured 
in the PB of NSG-transplanted or untreated (Unt) mice over time. LME model 
(only comparisons vs. WT and p-values < 0.05 are reported; complete analyses 
in Supplementary Table 14). l, Representative LV integration site analysis of 
cells from one LV-treated newborn ADA-SCID mouse, 20 wks after PGK.ADA-LV 
administration (see Fig. 3b, left panel) and the corresponding NSG recipient 
mouse, 12 wks after transplant (see Fig. 3h, right panel). Shared integrations are 
color-coded. Clones with abundance <1% are shown in grey. The total number of 
integrations is reported on top of the bars. m,n, Survival (m) and individual 
body weights (n) of ADA-SCID mice treated at 2 weeks-of-age with PGK.ADA-LV 
(n = 5, 2.5e10 TU/kg) compared to WT (WT, n = 2) littermates.
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Extended Data Fig. 7 | In vivo HSPC gene transfer in osteopetrotic newborn 
mice. a, Survival of LV-treated osteopetrotic (OC-LV, n = 11) or WT mice (WT-LV, 
n = 27) treated as newborns with PGK.TCIRG1-LV (1-2e10 TU/kg) compared to 
untreated OC mice (OC-unt, n = 8) mice. b, Single values of the weight of OC-LV 
or WT-LV mice over time post LV treatment. c,d, Mean with SEM of white blood 
cell (WBC, c) or lymphocyte (d) counts measured by hemocytometer in the PB 
of OC-LV (n = 10) or, WT-LV (n = 16) mice, or untreated WT (WT-unt) mice (n = 3) 
over time. Sample sizes (n) at each time point are reported below the graphs.  
e, Mean with SEM of the VCN measured in the PB of OC-LV (n = 9), WT-LV mice 
(n = 15), or WT-unt mice (n = 3) over time. Sample sizes (n) at each time point are 
reported below the graphs. Šídák’s multiple comparisons test. f, Single values 
and mean with SEM of the total cell count isolated at necropsy from the BM or 
spleen of OC-LV (n = 7) or WT-LV (n = 15) mice. Mann-Whitney test. g,h, Single 
values and mean with SEM of the indicated populations among CD45-positive 
cells analyzed at necropsy in the spleen (g) or BM (h) of OC-LV (n = 7) or WT-LV 
(n = 15) mice. i, Single values and mean with SEM of the VCN measured in the 

indicated organs at necropsy in OC-LV (n = 9), WT-LV mice (n = 14), or WT-unt 
mice (n = 4). Mann-Whitney test. j, Representative images of toluidine blue 
staining of dentine discs after a resorption assay of osteoclasts differentiated 
from the BM of LV-treated WT or OC mice, as indicated. The purple area 
represents resorbed dentine. Scale bar: 200 µm. k, Single values and mean with 
SEM of C-terminal telopeptide (CTX) measured in the medium of osteoclast 
cultures from OC-LV (n = 5) or WT-LV (n = 4) mice following dentine resorption. 
l-o, Representative micro-tomography scans (l) or single values and mean with 
SEM of the quantification of bone mineral density (m), bone volume fraction (n), 
and trabecular separation (o) of WT-LV (n = 7), OC-LV-treated (n = 8), or WT-unt 
(n = 1) mice. Asterisks indicate the longest-surviving OC-LV mice, one of which 
is also shown in the bottom-left panel in (l). Scale bar: 500 µm. p, Single values 
and mean of parathyroid hormone (PTH) concentration in the serum of OC-LV 
(n = 10) or WT-LV (n = 7) mice at the indicated time points. Sample sizes (n) at 
each time point are reported below the graphs.



Extended Data Fig. 8 | In vivo HSPC gene transfer in Fanca-/- mice by PGK.
FANCA-LV. a, Mean with SEM of the percentage of different populations  
among lineage-negative (Lin-) and cKit-positive (cKit + ) cells (HSPCs) in the  
PB of newborn, 2-week-old, or 8-week-old (adult) Fanca-/- mice, as indicated. 
HSC: hematopoietic stem cells; MPP: multipotent progenitor cells; GMLP: 
granulocyte-monocyte-lymphoid progenitor cells; KSL: cKit+ Sca1+ Lin-  
cells; LK CD150: Lin- cKit+ CD150+ cells; EP: erythroid progenitor cells; MEP: 
megakaryocyte-erythroid progenitor cells; GMP: granulocyte-monocyte 
progenitor cells. b, Single values and mean with SEM of the absolute count of 
HSCs in the PB of newborn, 2-week-old, or 8-week-old Fanca-/- mice, as indicated. 
n = 5 mice per group. Newborn PB samples represent six pools from 30 mice. 
Kruskal-Wallis test with Dunn’s multiple comparisons test (comparison to the 
newborn group). c-e, Mean with SEM of neutrophil (c), monocyte (d), or platelet 
(e) counts measured by hemocytometer in the PB of LV-treated (FANCA-LV) or 

untreated (FANCA-unt) Fanca-/- mice (n = 5) or untreated wild-type (WT-unt) 
mice (n = 5). Kruskal-Wallis test with Dunnett’s multiple comparisons test 
(comparison to WT). f, Single values and mean with SEM of the VCN measured 
after FACS-sorting cell populations from PB or BM of the mice shown in  
Fig. 5a–e, 1year after LV administration. g, Representative LV integration site 
(IS) analysis of cells from one LV-treated newborn Fanca-/- mouse, 20 wks after 
PGK.FANCA-LV administration (shown in Fig. 5a–e). Shared integrations among 
the indicated organs or FACS-sorted populations from PB or BM are color- 
coded. Clones with an abundance <1% are shown in grey. The total number of 
integrations is reported on top of the bars. h, Representative heatmap showing 
shared integrations (columns) in the indicated organs or FACS-sorted 
populations isolated from a PGK.FANCA-LV-treated mouse (shown in Fig. 5a–e). 
“Sample count” refers to the number of samples (rows) that share a given IS.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection For Flow cytometry Data, raw data were collected through DIVA software Version 8.0 (BD Biosciences). DIVA software (BD Biosciences) or 
Summit software (Beckman Coulter) was used for FACS sorting. 
For VCN analyses and gene expression analyses, raw data were collected through QuantaSoft Version 1.7 (Biorad). 
Immunohistochemistry stained slides were acquired using an Aperio AT2 digital scanner at 20× magnification (Leica Biosystems). 
Hemocytometric raw data were acquired with Procyte DX Analyzer (IDEXX). ADA activity raw data were acquired with Bio-Rad Biofocus 3000 
instrument (Bio-Rad Laboratories). Bones images were acquired by SkyScan 1276 (Bruker, Kontich, Belgium).

Data analysis Data were analyzed using GraphPad v10. For flow cytometry data, raw data were analyzed with FFCSExpress  v7 or FlowJo software v10.5.3 
(BD Biosciences). For molecular analyses (VCN, gene expression) raw data were analyzed through QuantaSoft Version 1.7 (Biorad). 
Immunohistochemistry stained slides were analyzed with ImageScope software (Leica Biosystems). Hemocytometric analysis of peripheral 
blood was performed with Procyte DX Analyzer (IDEXX). The bone reconstruction of OC mice was carried out with the SkyScan NRecon 2.0.0.5 
software using the InstaRecon reconstruction engine, ring artifact reduction and beam hardening correction. Image analysis of the L5 vertebra 
was performed by CT Analyser software (CTAn 1.18.8.0 +). Sequencing reads were processed using a custom bioinformatics pipeline 
(VISPA2).Downstream analyses of vector integration sites, such as relative abundance analysis, sharing analysis and CIS analysis, were 
performed using ISAnalytics. Clonal abundance estimates as the relative percentage of genome numbers was determined by the R package 
"sonicLength”. Common insertion sites were calculated by the Grubbs test for outliers.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All data associated with this study are available in the Source Data files. Sequencing reads were processed using a custom bioinformatics pipeline (VISPA2) that 
isolates genomic sequences flanking the vector LTR and maps them to the murine genome (mm9).

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender We have not reported or considered sex and/or gender as determinants in our dataset of circulating HSPC counts from 
pediatric and adult healthy donors. 

Reporting on race, ethnicity, or 
other socially relevant 
groupings

We did not report or considered race and ethnicity in our dataset of circulating HSPC count from pediatric and adult healthy 
donors. 

Population characteristics The cohorts of healthy donors were composed of 63 newborn individuals (P0),  4 individuals 0-2 months old, 6 individuals 3 
months-1 year old and 21 adult subjects 18-45 years old. The first group does not contain cord blood evaluations, but only 
peripheral blood collection.

Recruitment In order to analyze the circulating HSPC content in subjects with different ranges of ages in the context of physiological 
hematopoiesis, we included in this study all the peripheral blood samples from pediatric and adult healthy subjects for whom 
excess material was available from procedures performed for clinical reasons. All the adult and pediatric subjects were 
clinically well at the time of blood withdrawal, with no sign of undergoing infections. Moreover, all the neonates were 
negative for C-reactive protein, a measure of systemic inflammation. Samples were collected up to December 2024 in order 
to increase the number of analyzed samples for statistical evaluation.

Ethics oversight Research protocols were approved by the San Raffaele Scientific Institute’s Ethics Committee (TIGET09). Informed consent 
for pediatric individuals was signed by their parents.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size in experiments with mice was chosen according to previous experience with experimental models and assays. Based on limited 
variability in LV transduction efficiencies in newborn mice, we determined sample sizes according to the available litter numerosity, and 
anyway always grater than 5 to allow statistical analyses of results. For experiments in murine disease models, numerosity was chosen 
according to mice availability and experiments were repeated to have at least 5 mice per group. The sample size in experiments involving 
human biological material was determined by the number of individuals for whom excess material was available from procedures performed 
for clinical reasons and after signing informed consent. 

Data exclusions No sample or animal was excluded from the analyses.

Replication Experiments in murine disease models were replicated at least twice or until sample size reached at least 5 mice per experimental group. 
Transplantation experiments and mobilization experiments were performed once due to technical difficulties in performing this types of 
experiments. However, sample size was always as large as possible and anyway larger than 5.

Randomization In all the experiments, subjectes were randomly assigned to each experimental group.

Blinding Investigators were blinded at the moment of LV administration to newborn ADA-SCID or OC mice. In all the other experimental settings 
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Blinding investigators were not blinded since the same investigators performed treatment and data acquisition and analyses, thus blinding was not 
feasible. Moreover analyses were all objectives and did not required blinding.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Murine Flow cytometry: 

CD45 30-F11 BD Pharmingen 553081 PE 
CD3 145 2C11 BD 557596 APCcy7 
CD11b M1/70 BioLegend 101224 PB 
CD19 1D3 eBioscience 17-0193-82 APC 
CD45 30-F11 BD 559864 APC 
CD3 145 2C11 BD 557596 APCcy7 
CD8a 53-6.7 BioLegend 552877 Pecy7 
CD4 RM4-5 BD 558107 PB 
CD45 104 BD 562129 V500 
CD3 145 2C11 BD 557596 APCcy7 
CD11b M1/70 BD 553312 APC 
Gr1 RB6-8C5 BD 553129 APC 
cKit 2B8 BD 558163 PEcy7 
Sca-I D7 BioLegend 108120 PB 
B220 RA3-6B2 BioLegend 103236 PerCP-Cy5.5 
CD45.1 A20 BioLegend 110715 APCcy7 
CD3 17A2 BioLegend 100206 PE 
CD45.2 104 BioLegend 109819 PB 
CD11b M1/70 BioLegend 101215 PEcy7 
CD19 1D3 eBioscience 17-0193-82 APC 
CD45.1 A20 BioLegend 110715 APCcy7 
CD45.2 104 BD Biosciences 740131 BV510 
CD3 17A2 BioLegend 100206 PE 
CD8a 53-6.7 BioLegend 552877 Pecy7 
CD4 RM4-5 BD 558107 PB 
CD45.2 104 BD 562129 BV510 
CD45.1 A20 BD Pharmigen 560580 PerCP-Cy5.5 
CD3 145 2C11 BD 557596 APCcy7 
CD11b M1/70 BD 553312 APC 
Gr1 RB6-8C5 BD 553129 APC 
cKit 2B8 BD 558163 PEcy7 
Sca-I D7 BioLegend 108120 PB 
B220 RA3-6B2 BD Pharmigen 553089 PE 
H-2Dq/H-2Lq KH117 BD Biosciences 745005 BV510 
CD3 145-2C11 BD Biosciences 557596 APCcy7 
CD45 30-F11 BD Pharmigen 553081 PE 
CD11b M1/70 BioLegend 101215 PEcy7 
CD19 1D3 eBioscience 17-0193-82 APC 
H-2Dq/H-2Lq KH117 BD Bioscience 745005 BV510 
CD45 30-F11 BD Pharmigen 553081 PE 
CD3 145-2C11 BD Biosciences 557596 APCcy7 
CD8a 53-6.7 BioLegend 552877 Pecy7 
CD4 GK1.5 Invitrogen 17-0041-82 APC 
CD45 30-F11 BD Pharmigen 553081 PE 
H-2Dq/H-2Lq KH117 BD Biosciences 745005 BV510 
CD3 145-2C11 BD 557596 APCcy7 
CD11b M1/70 BD 553312 APC 
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Gr1 RB6-8C5 BD 553129 APC 
cKit 2B8 BD 558163 PEcy7 
Sca-I D7 BioLegend 108120 PB 
B220 RA3-6B2 BioLegend 103236 PerCP-Cy5.5 
CD45 104 BD Biosciences 552950 PerCP-Cy5.5 
B220 RA3-6B2 BD Biosciences 552772 PEcy7 
CD19 ID3 BD Biosciences 553786 PE 
CD3 145-2C11 BD Biosciences 557596 APCcy7 
CD11b M1170 BioLegend 101224 PB 
NK1.1 PK136 BioLegend 108710 APC 
CD45 104 BD Biosciences 552950 PerCP-Cy5.5 
Lineage cocktail mix - BioLegend 133310 PB 
Sca1 D7 BioLegend 108114 PEcy7 
c-Kit 2BB Invitrogen 47-1171-82 APCcy7 
CD150 TC15-12 F12.2 BioLegend 115918 APC 
CD48 H448-I BioLegend 103405 PE 
CD45.2  104  BD Biosciences 560695  PE  
CD45.1  A20  BD Biosciences 565212  BUV395  
CD19  ID3  BD Biosciences 565473  APC-R700  
CD3  17A2  BioLegend 100237  BV605  
CD4  GK1.5  BD Biosciences 612952  BUV496  
CD8a  53-6.7  BD Biosciences 553034  PE-Cy5  
CD11b  M1/70  BD Biosciences 741242  BUV563  
Ly6C  HK1.4  BioLegend 128041  BV785  
Ly6G  1A8  BD Biosciences 741813  BUV737  
CD11C  HL3  BD Biosciences 564079  BV650  
NK1.1  PK136  BD Biosciences 566502  BB700  
c-Kit  QA17A09 BioLegend 155107  APC  
CD150  Q38-480  BD Biosciences 566298  BV421  
CD48  HM48-1  BioLegend 103431  APC-Cy7  
Sca-1  D7  BD Biosciences 558162  PE-Cy7  
 
Human flow cytometry: 
CD3  OKT3  BioLegend 317322  BV605  
CD56 HCD56  BioLegend 362516  PE-Cy5 
CD14  M5E2  BioLegend 301842  BV510  
CD33  WM53  BD Biosciences 564588 BB515 
CD41/CD61  A2A9/6  BioLegend 359812 PE-Cy7  
CD66b G10F5  BD Biosciences 564679  BB515  
CD7  M-T701  BD Biosciences 566488 BB700  
CD45 HI30  BD Biosciences 563792  BUV395  
CD38  HB7  BD Biosciences 612824  BUV737  
CD90  5E10  BD Biosciences 559869  APC  
CD184 (CXCR4)  12G5  BioLegend 306506  PE  
CD11c  B-ly6  BD Biosciences 563404  BV650  
CD10  HI10a  BD Biosciences 564960  BV786  
CD34  561  BioLegend 343610  BV421  
CD45RA  HI100  BioLegend 304128  APCH7  
CD71  M-A712  BD Biosciences 563767  BV711  
CD19  SJ25C1  BD Biosciences 659121  APCR700  
 
Immunohistochemistry: 
Anti-GFP primary antibody (Invitrogen, A11122)  
Anti-Ki67 primary antibody (D3B5, Cell Signaling) 

Validation All antibodies are commercially available. Each reagent was handled as per manufacturer's instructions, however, concentration for 
each antibody was determined by titration test prior the actual experiment. Titration was performed to assess the best signal-to-
noise ratio.

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 293T: ATCC

Authentication The cell line used was not authenticated

Mycoplasma contamination The cell line is routinely tested for Mycoplasma contamination and always tested negative

Commonly misidentified lines
(See ICLAC register)

No misidentified cell lines were used 
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Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Founder FVB,129-Adatm1Mw Tg(PLADA)4118Rkmb/J mice (referred to as ADA-SCID mice) were obtained from The Jackson 
Laboratories31 (stock #003265). Founder B6C3Fe a/a-Tcirg1oc/J mice (referred to as osteopetrotic or OC mice) were obtained from 
The Jackson Laboratories16 (stock #00230) and fully backcrossed on the C57BL/6 background. Founder mice with a targeted 
disruption in the Fanca gene32 were kindly provided H.J. van de Vrugt (Free University Medical Center, Amsterdam, Netherlands) 
and backcrossed with FVB mice to obtain FVB/Fanca-/- strain (referred to as Fanca-/- mice). C57BL/6 and NSG mice were purchased 
from Charles River Laboratories. All mice were maintained in specific pathogen-free conditions.

Wild animals The study did not involve wild animals

Reporting on sex Male and female mice were both used, according to availability

Field-collected samples The study does not involve samples collected from the field

Ethics oversight All animal experiments were approved by the San Raffaele Scientific Institute Institutional Animal Care and Use Committee and 
national Italian and Spanish Government.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Novel plant genotypes N/A

Seed stocks N/A

Authentication N/A

Plants

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation All information is provided in the methods section.

Instrument BD FACSAria™ Fusion Cell Sorter (BD Biosciences), MoFlo Astrios EQ Cell Sorter (Beckman Coulter), FACSCanto analyzer (BD 
Biosciences or BD Symphony A5 (BD Bioscience).

Software DIVA software (BD Biosciences) or Summit software (Beckman Coulter) was used for sorting, FCSExpress  v7 or FlowJo 
software v10.5.3 (BD Biosciences) were used for analyses.

Cell population abundance The purity of post-sort fractions was >95%, as determined by flow cytometry re-analysis.

Gating strategy Gating strategies are reported in Supplementary Fig. 1-4 or previously reported (Basso-Ricci et al. Cytometry A, 2017; 
Colantuoni et al. Sci Transl Med 2023).

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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