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Highlights

• Most adult liver arises from a small fraction of clonogenic
newborn hepatocytes.

• Preferential editing of clonogenic hepatocytes expands the
edited liver area.

• The peri-central hepatocyte identity is established af-
ter weaning.

• The efficiency and localization of lentiviral gene transfer
depend on age at treatment.

• Clonogenic hepatocytes co-localize with hematopoietic
islands in the neonatal liver.

Impact and implications

We provide new insights into the spatiotemporal dynamics of 
the mouse liver during postnatal growth, highlighting both 
proliferative and transcriptomic heterogeneity among hepato-
cytes and their impact on the efficiency and distribution of 
in vivo lentiviral gene delivery and targeted gene editing. Un-
derstanding and manipulating the biological processes behind 
this heterogeneity can enhance gene transfer outcomes. We 
report that not all hepatocytes contribute equally to liver 
growth, indicating that effectively targeting clonogenic hepa-
tocytes in the newborn liver is crucial for the long-term main-
tenance of therapeutic genetic modifications. Furthermore, this 
phenomenon can be leveraged to expand the pool of geneti-
cally corrected cells, as illustrated here by a targeted gene 
editing strategy. Finally, we reveal the existence of a tissue 
niche that supports the proliferation of both clonogenic he-
patocytes and hematopoietic progenitors in neonatal livers. 
Gaining a deeper understanding of this niche and its signals 
may be beneficial for regenerative purposes.
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Spatiotemporal liver dynamics shape hepatocellular 
heterogeneity and impact in vivo gene engineering

Michela Milani 1,† , Francesco Starinieri 1,2,† , Stefano Beretta 1 , Marco Monti 1 , Cesare Canepari 1 , Francesca Marabotti 1,2 , Samuel Zambrano 2,3,
Davide Mazza 2,3 , Anna Fabiano 1 , Chiara Simoni 1,2 , Eugenia Cammarota 3 , Monica Volpin 1 , Giulia Bortolussi 4 , Fabio Russo 1 , Mauro Biffi 1 ,
Marco Genua 1 , Sara Degl’Innocenti 1 , Francesca Sanvito 1 , Renato Ostuni 1 , Andrés F. Muro 4 , Eugenio Montini 1 , Federica Moalli 3 ,
Matteo Iannacone 2,3 , Ivan Merelli 5 , Alessio Cantore 1,2, *

Journal of Hepatology 2025. vol. 83 | 1392–1409

See Editorial, pages 1253–1255

Background & Aims: Hepatocytes are the liver’s main functional cells and are key targets for in vivo gene therapy to treat 
monogenic diseases. Integrating the transgene into the genome is critical for long-term expression from a single early-life dose, 
which is achievable via integrating vectors or genome editing. To ensure persistence through liver growth and cell turnover, it is 
also necessary to target the hepatocytes driving these processes. While liver regeneration and homeostasis have been studied 
extensively, hepatocyte growth and maturation remain less well understood. Here, we investigate how hepatocyte heterogeneity 
evolves during liver growth and its implications for in vivo gene engineering.

Methods: We performed clonal tracing, as well as single-cell and spatial transcriptomics, on mouse livers of various ages. We 
evaluated the efficiency, stability, and lobule distribution of lentiviral gene transfer and targeted transgene integration.

Results: We found that a subset of clonogenic hepatocytes (15-20%) in the newborn liver generates >90% of the adult tissue 
and co-localizes with hematopoietic islands within a spatial niche. Preferential gene editing of these clonogenic hepatocytes 
resulted in an increased proportion of the gene-engineered liver area, supporting their role in liver growth. Age-dependent he-
patocellular heterogeneity affected the efficiency of lentiviral gene delivery in vivo and its distribution throughout the hepatic 
lobule. The gradual establishment of metabolic zonation after weaning and elevated proteasome activity in the peri-central area 
in adults influenced the observed age-related outcomes.

Conclusion: These insights into spatiotemporal hepatocyte dynamics enhance our understanding of liver biology and have 
important implications for therapeutic strategies.

© 2025 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article 
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
The liver plays a central role in several physiological processes, 
including the metabolism of biological molecules and xenobi-
otics, as well as the biosynthesis and secretion of plasma 
proteins. Hepatocytes, the most abundant cells in the liver, are 
responsible for most of these functions. Although they are 
morphologically similar, adult hepatocytes are functionally 
heterogeneous, based on their position in the liver lobule, a 
concept known as zonation. 1,2 Various metabolic processes 
are primarily described as occurring in hepatocytes situated 
near the portal areas (peri-portal [PP]), or near the central vein 
(peri-central [PC]). Hepatocytes significantly proliferate during 
postnatal liver growth, acquiring a mature phenotype, 3 and

then maintain tissue homeostasis in adulthood while exhibiting 
considerable regenerative capacity following damage. 4 

Although liver homeostasis and regeneration have been 
extensively studied, the processes of liver growth and matu-
ration are not as well understood. Studies based on retro-
spective radiocarbon dating estimate that hepatocytes in the 
human liver divide at a rate of 17-19% per year in adults. 5 

Recent research has shown that hepatocytes involved in liver 
turnover are distributed throughout the lobule, and that mid-
lobular hepatocytes may primarily contribute to homeostatic 
proliferation. 6–9 Additionally, studies on liver regeneration have 
identified several contributing cell types, including hepatocytes 
and biliary epithelial cells. 10–14 However, there is limited
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knowledge regarding postnatal liver growth, particularly con-
cerning whether and how distinct hepatocyte subpopulations 
contribute to this process. Furthermore, the dynamics of 
acquiring mature phenotypes remain to be fully elucidated.

Understanding liver tissue dynamics is also relevant for the 
safety, efficiency, and durability of genetic engineering strategies 
targeting the liver for therapeutic purposes. Mutations in genes 
expressed by hepatocytes can lead to various monogenic dis-
eases, such as plasma protein deficiencies (e.g. hemophilia) and 
metabolic disorders that may potentially be treated through 
in vivo liver-directed gene therapy. 15 Recombinant adeno-
associated virus (AAV)-derived vectors have emerged as the 
most advanced platform for this purpose, as testified by multi-
year therapeutic benefits in adults, achieved after a single i.v. 
administration, leading to the availability of commercial gene 
therapies for adult patients with hemophilia. 16,17 The success of 
AAV-vector-based liver gene therapy in adults has prompted 
exploration into extending its application to pediatric patients. 
However, AAV vectors do not actively integrate into the host cell 
genome, which leads to decreased therapeutic efficacy following 
cell proliferation, such as during liver growth and homeostatic 
renewal. To overcome this limitation, methods for stable modi-
fication of the genome, such as integrating viral vectors or gene 
editing, are preferred to achieve a once-in-a-lifetime treatment for 
monogenic diseases affecting young patients. Lentiviral vectors 
(LV), which integrate into the target cell chromatin and are 
maintained through cell division, have shown potential for 
achieving stable and possibly lifelong transgene expression. In 
both small and large animal models, i.v. administration of LV 
resulted in stable liver gene transfer, allowing long-term correc-
tion of hemophilia and metabolic diseases in both adult and 
newborn individuals. 18–22 Gene editing, particularly with CRISPR/ 
Cas9 technology, offers the prospect of site-specific modifica-
tion of the genome. 23 This process involves providing target cells 
with programmable nucleases like CRISPR/Cas9, along with a 
template DNA containing homology for the nuclease’s genomic 
target site, thereby promoting targeted integration through 
homology-directed repair (HDR). In vivo gene editing has been 
successfully performed in hepatocytes to treat inherited meta-
bolic diseases and hemophilia. 24–28 Regardless of the genetic 
engineering tool used, the ultimate goal of liver gene therapy for 
monogenic diseases is to provide safe, therapeutic, lifelong 
replacement of the missing function to pediatric patients through 
a single administration. Therefore, it is essential to ensure that the 
genetic modification is efficiently delivered and sustained in the 
hepatocytes that contribute to liver growth and homeostat-
ic renewal.

Herein, we investigate the dynamics of postnatal liver tissue 
through clonal analysis and spatial transcriptomics. We report 
that a relatively small fraction of newborn hepatocytes is 
responsible for generating the majority of adult liver mass. These 
cells initially share an instructive tissue niche with hematopoietic 
progenitors in neonatal mouse livers and progressively acquire a 
PC identity, significantly affecting the efficiency and stability of 
in vivo hepatocyte genetic engineering.

Materials and methods
The materials and methods are provided in the supplemen-
tary information.

Results

Most adult liver tissue originates from a subset of 
clonogenic hepatocytes in newborns

We initially aimed to assess the proliferation of hepatocytes in 
mice during postnatal liver growth. We evaluated the clonal 
proliferation of hepatocytes in mice expressing a tamoxifen-
inducible Cre recombinase controlled by the hepatocyte-
specific albumin promoter (Alb.CreERT2) and carrying the 
Confetti reporter (R26-Confetti), 29 in which one out of four 
different fluorescent markers is activated following Cre-
mediated recombination. We activated Cre by administering 
tamoxifen to these newborn mice (postnatal day 1, D1) and 
analyzed their livers by immunofluorescence at various times 
post-activation (Figs. 1A and S1A). We did not detect Confetti-
positive hepatocytes in mice that did not receive tamoxifen 
(Fig. S1B) and observed approximately 20% recombination 
efficiency, maintained stably throughout liver growth 
(Fig. S1C). We noted a gradual increase in the average size of 
hepatocyte groups (referred to as clusters), identified by a 
single color (Fig. 1B). In the first 6 weeks of life, there was an 8-
fold increase in the average cluster size, but between week 6 
and 1 year, the increase was less than 2-fold, indicating a 
reduced proliferation rate during adulthood. We estimated the 
number of hepatocytes per cluster based on the average cell 
size at each age of analysis. Notably, we found that about 75% 
of clusters consisted of 1-2 cells throughout liver growth and 
homeostasis, while the remaining 25% seemed to proliferate 
and generate progressively larger clusters (Fig. 1C). The 
marked tissue area occupied by clusters of >2 cells progres-
sively increased, reaching >90% of the adult liver (Fig. 1D). 
These data suggest that most hepatocytes in the newborn liver 
remain quiescent or slowly replicating, while around 25% of 
them form continuously growing clusters, covering 90% of the 
adult liver area. A few very large clusters (>50 cells) emerged in 
mice at 6 weeks or 1 year (Fig. 1E). To complement this 
analysis, we administered Cre recombinase to newborn 
Confetti mice through mRNA delivery mediated by lipid 
nanoparticles. This approach allowed for a shorter duration of 
Cre expression compared to tamoxifen-mediated induction of 
CreERT2 activity. In fact, the initial recombination efficiency 
was lower than that observed in the previous set of experi-
ments (4%). We monitored the size and growth of the hepa-
tocyte clusters until 6 weeks of age and confirmed that 
approximately 80% of the clusters remained the smallest size 
(1-2 cells), consistent with the previous analysis (Fig. S1D-F). 
Interestingly, at 6 weeks of age, the clusters were, on average, 
smaller than those in Alb.CreERT2/R26-Confetti mice, sug-
gesting that some fusions of nearby clusters occurred in the 
latter experimental setting due to the higher initial 
marking efficiency.

We then activated Cre recombination by administering 
tamoxifen to juvenile (2-week-old, W2) Alb.CreERT2/R26-
Confetti mice. Unlike our observations in newborn mice, 
marking hepatocytes in 2-week-old mice showed a mild 2-fold 
increase in cluster average size over time, with the percentage 
of marked area made up of expanding clusters (>2 cells) at 
60% instead of 90% at 1 year (Fig. S1G–I). These data suggest 
that the proliferation rate of hepatocytes is already reduced by 
the second week of age. We also marked hepatocytes in adult
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Alb.CreERT2/R26-Confetti mice (at 8±2 weeks of age). In this 
case, we observed only a very mild increase in the average size 
of clusters over time. The percentage of clusters with more than 
two cells was 10-20% at year 1, while the marked area con-
sisting of expanding clusters was 30% at year 1 (Fig. S1J-L). To 
further quantify replicating hepatocytes, we administered 5-
Ethynyl-2 ′ -deoxyuridine (EdU) to wild-type (WT) mice of 
various ages. Within the first week of life, 15-20% of hepato-
cytes were EdU positive, decreasing to 10-15% by week 3 and

<1% during week 7 (Fig. 1F). Thus, we confirmed a reduction in 
hepatocyte proliferation rate over time, already at 2 weeks of 
age and consistent with the very slow turnover of hepatocytes 
during homeostasis in the adult mouse liver. 7 Additionally, we 
observed a slight enrichment of EdU-positive hepatocytes in the 
PC area (Fig. 1G). Collectively, these data indicate that 
approximately 15-20% of hepatocytes proliferate in the 
newborn liver, leading to over 90% of the adult liver, through 
growing clusters that proliferate at a progressively slower rate.
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Fig. 1. Only a fraction of hepatocytes proliferate in the newborn liver. (A) Representative images of Alb.CreERT2/R26-Confetti mice treated with a single dose of 
tamoxifen (0.1 mg/g), administered subcutaneously when newborns (D1), and analyzed on postnatal day 3 (D3), week 1 (W1), week 4 (W4), or 1 year of age (Y1). Scale 
bar: 200 μm. (B) Individual values and median of average cluster sizes marked by one Confetti fluorescent reporter (RFP, YFP, or CFP; GFP is excluded from the 
analysis due to its nuclear localization). Mice were analyzed at the specified time points. D3 n = 6; W1 n = 20; W2 n = 4; W3 n = 7; W4 n = 14; W6 n = 22; Y1 n = 14. (C) 
Mean with SEM of the percentage of Confetti-positive clusters consisting of 1-2, 3-5, 6-10, or >10 cells from the mice in (B). (D) Individual values and median of the 
percentage of Confetti-positive area constituted by clusters with >2 cells from the mice in (B). (E) Individual values and median of the percentage of Confetti-positive 
clusters composed of >50 cells from the mice in (B). (F, G) Individual values and median of the percentage of hepatocytes (HNF4α-positive) marked by EdU (F) and 
their PC or PP localization within the liver lobule. Mice received three doses of EdU during the first week (W1, postnatal days 2, 3, and 4, n = 6), the third week (W3, 
postnatal days 14, 15, and 16, n = 5), or the seventh week (W7, postnatal days 42, 43, and 44, n = 5) of life and were analyzed 1 day after the last dose of EdU. Mann-
Whitney test. CFP, cyan fluorescent protein; EdU, 5-ethynyl-2’-deoxyuridine; GFP, green fluorescent protein; PC, pericentral; PP, periportal; RFP, red fluorescent 
protein; YFP, yellow fluorescent protein.
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Based on these data, we set out to mathematically model 
hepatocyte proliferation throughout liver growth. We assigned 
three possible states to hepatocytes, meaning the total num-
ber N is NP + Q + R, where Q represents quiescent hepato-
cytes, P denotes hepatocytes with proliferative potential (i.e., 
clonogenic), and R indicates replicating hepatocytes (i.e., 
actively cycling P hepatocytes). In this simple model, the 
proliferative hepatocytes can become replicating (splitting into 
two proliferative hepatocytes) or irreversibly enter the quies-
cent state (Fig. S2A). Importantly, we assume that the proba-
bility of transitioning from P to R approaches zero as N 
approaches its maximum (N max ), analogous to the well-known 
logistic model, 30 proposed for scenarios where resources and 
growth factors are limited. 31 We estimated N based on the 
average number of hepatocytes per gram of liver (1.3x10 8 ) 32 

and by weighing the liver at various ages during liver growth in 
WT mice (Fig. S2B and C). Remarkably, this relatively simple 
mathematical model well fitted the experimental data collected 
in Confetti and WT mice, particularly, the number N of hepa-
tocytes over time, the percentage of replicating hepatocytes, 
and the area of the liver covered by the initially quiescent he-
patocytes (Fig. S2D and E). As proliferating hepatocytes 
asymptotically tend to 0 over time, we simulated 30% hepa-
tectomy at week 8 and showed that the remaining proliferating 
hepatocytes re-acquired a replicative state and gradually re-
generated liver mass, suggesting that our simple model can 
also reproduce the adult liver’s regenerative ability (Fig. S2F). 
We then stochastically simulated the growth of 100 hepatocyte 
clusters, each starting from a single cell, and compared the 
cluster size distribution predicted by the model (Fig. S2G and 
H) with that obtained experimentally in Confetti mice (see 
Fig. 1C). We observed a highly similar pattern, despite varia-
tions in the medium-sized clusters. Overall, the good concor-
dance of the mathematical modeling and experimental data 
supports the proposed mechanism that a fraction of newborn 
hepatocytes generates most of the adult liver. These data 
prompted us to characterize the transcriptional profile of he-
patocytes in the liver of newborn mice.

Single-nuclei transcriptomic analysis highlights 
proliferative heterogeneity among newborn hepatocytes

We performed single-nuclei RNA sequencing (snRNA-seq) on 
three livers from WT newborn mice. Through unsupervised 
clustering, we identified the major liver cell populations 
(Fig. 2A). The two most abundant clusters consisted of hepa-
tocytes and hematopoietic stem/progenitor cells (HSPCs), 
indicating the persistence of residual fetal hematopoiesis in the 
newborn liver. We concentrated on hepatocytes and identified 
seven subclusters, characterized by subtle yet significant 
transcriptome variations (Fig. 2B). We confirmed the stability 
and reproducibility of the hepatocyte subclusters via a dedi-
cated bioinformatic analysis (Fig. S3A). We found that 23% of 
hepatocytes were positive for Mki67, indicating their cycling 
state, which is consistent with the results presented above. We 
stratified the hepatocytes based on Mki67 expression (Fig. 2C, 
D) and subsequently conducted gene set-enrichment analysis 
(GSEA) on the two Mki67-high clusters (4 and 5). GSEA 
revealed an upregulation of cell cycle genes, confirming the 
proliferative state of the cells, along with a downregulation of 
pathways characteristic of hepatocyte identity, such as those

involved in xenobiotic, cholesterol, and bile acid metabolism, 
as well as coagulation (Fig. 2E). Consistent with this analysis, 
the expression of albumin and other hepatocyte-specific 
genes was highest in the hepatocyte subsets characterized 
by lower Mki67 expression (Figs 2F,G and S3B-E), suggesting 
a less differentiated state for the more proliferating hepato-
cytes. Interestingly, heme metabolism emerged as an enriched 
pathway in the most proliferative hepatocytes (see Fig. 2E). To 
confirm the identity of the identified clusters, we verified the 
absence of hepatocyte gene expression in HSPCs as a 
negative control while confirming their expression in prolifer-
ating cluster-5 hepatocytes (Fig. S3F). We also validated the 
differential expression of selected genes between proliferating 
and quiescent hepatocyte subsets at the protein level using 
spectral flow cytometry analysis (Fig. S3G). Next, we aimed to 
evaluate how this differential proliferation state of neonatal 
hepatocytes affects the maintenance of in vivo genetic engi-
neering by employing HDR-based gene editing and semi-
randomly integrating LV, taken as representative of integra-
tive gene therapy strategies.

The initial distribution of genetic modification between 
proliferating and non-proliferating hepatocytes determines 
the extent of the genetically engineered area at the end of 
liver growth

We first determined whether gene editing via HDR was 
enriched in proliferating hepatocytes in newborn mice. We co-
administered i.v. two AAV vectors (2x10 14 vector genomes/kg 
each), one expressing Cas9 and a guide RNA targeting the 3’ 
untranslated region of the albumin gene, and the other one 
delivering a donor DNA carrying a mCherry transgene pre-
ceded by the self-cleaving 2A peptide and flanked by se-
quences homologous to the targeted genomic site, to WT mice 
at D1 of age (Fig. 3A). In this strategy, mCherry is expressed 
only if it is properly inserted in-frame just upstream of the al-
bumin stop codon, by HDR. 26,33 We observed 10% of 
mCherry-positive hepatocytes, higher than in control mice, 
administered without CRISPR/Cas9-expressing AAV (Fig. 3B), 
in line with a previous report. 26 To monitor the proliferation of 
hepatocytes, we administered EdU concurrently with the two 
AAV vectors and over the next 2 days. We observed >4-fold 
higher percentage of EdU-positive hepatocytes in mCherry-
positive compared to total hepatocytes (Fig. 3C), indicating 
that HDR occurred preferentially, though not exclusively, in 
proliferating hepatocytes in newborn mice. This resulted in a 
doubling of the percentage of mCherry-positive tissue area at 
the end of liver growth (Fig. 3D). These data show that in vivo 
HDR-mediated gene editing is enriched in proliferating hepa-
tocytes of newborn mice, leading to an expansion of the pro-
portion of the gene-edited area. We thus exploited the 
mathematical model of hepatocyte proliferation described 
above, to simulate how the genetically modified area would 
change over time given the observed distribution of prolifer-
ating hepatocytes between gene-edited (45%) and non-
modified (15%) hepatocytes (see Fig. 3C). Also in this case, 
the model prediction overlapped the experimental observation 
(Fig. 3E,F).

In parallel, we used LV to efficiently integrate transgenes, 
modeling a gene addition strategy. We i.v. administered a VSV. 
G (vesicular stomatitis virus G protein)-pseudotyped LV
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expressing mCherry under the control of the previously 
described hepatocyte-specific enhanced transthyretin pro-
moter at a dose of 2.5x10 10 transducing units/kg). 34 There was 
no difference in the percentage of EdU-positive hepatocytes 
between LV-positive and LV-negative cells during the first 
week after LV administration, suggesting that proliferation was 
equally distributed between transduced and untransduced 
hepatocytes, as assessed by EdU incorporation (Fig. 3G). We 
measured LV-positive tissue in mice treated as newborns at

different times post-LV and observed approximately 10% 
stable gene marking over time, indicating maintenance of the 
percentage of LV-transduced hepatocytes during liver growth 
(Fig. 3H). These data show that LV-mediated genetic modifi-
cation is equally distributed between proliferating and non-
proliferating hepatocytes in newborn mice, leading to stable
maintenance of the proportion of the genetically modified liver. 
As expected, the mathematical model confirmed the observed 
outcome (Fig. 3I,J).
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Fig. 3. HDR-based gene editing preferentially occurs in proliferating hepatocytes, leading to the enrichment of the edited area during postnatal growth. (A) 
Experimental scheme: newborn mice are treated with 2 AAV vectors (4.5x10 11 vg/mouse each), one of which codes for Staphylococcus aureus Cas9 and gRNA 
targeting the stop codon of the albumin gene, while the other carries donor DNA with homology arms to mediate the integration of the P2A.mCherry transgene in-
frame with the last coding exon of the albumin gene. (B) Single values and median of the mCherry-positive area of mice treated at D1 with Cas9-encoding AAV and 
donor DNA AAV, or donor DNA AAV only, followed by three doses of EdU at D1, D2, and D3, then analyzed at D5. Donor+Cas9 n = 3, Donor only n = 3. (C) Single 
values and median of the percentage of hepatocytes marked by EdU in mice from (B). (D) Single values and median of the liver transgene-positive area measured 1-, 
6- or 12-weeks post i.v. administration of Cas9 AAV and donor DNA AAV to mice at D1. 1 week n = 4, 6 weeks n = 4, 12 weeks n = 4. (E, F) Mathematical modeling (see 
Fig. S2) of the percentage of replicating mCherry-positive or -negative hepatocytes (E), or of the transgene-positive area (F) over time, starting from 45% of replicating 
hepatocytes in the mCherry-positive group as shown in (C). (G) Single values and median of the percentage of hepatocytes marked by EdU 1 week after i.v. 
administration of LV to mice at D1 (2.5x10 10 transducing units/kg, n = 6). Wilcoxon matched-pairs signed-rank test. (H) Single values and median of the liver 
transgene-positive area measured 1, 3 or 6 weeks post-LV administration. 1 week n = 7, 3 weeks n = 6, 6 weeks n = 5. Kruskal-Wallis test with Dunn’s multiple 
comparisons test. (I, J) Mathematical modeling (see Fig. S2) of the percentage of replicating mCherry-positive or -negative hepatocytes (I), or of the transgene-positive 
area (J) over time, starting from the same frequency of replicating hepatocytes in the mCherry-positive or -negative group as in (G). AAV, adeno-associated virus; Alb, 
albumin; Cas9, CRISPR-associated protein 9; D1, day 1; D2, day 2; D3, day 3; D5, day 5; EdU, 5-ethynyl-2’-deoxyuridine; gRNA, guide RNA; HDR, homology-directed 
repair; LV, lentiviral vector; vg, viral genomes.

UMAP of single nuclei identified as hepatocytes in (A), showing expression of the Alb gene. (G) Violin plot of Alb expression in each cluster shown in (B). APC, antigen-
presenting cells; GSEA, gene set-enrichment analysis; NES, normalized enrichment score; snRNA-seq, single-nucleus RNA sequencing; UMAP, uniform manifold 
approximation and projection.
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a fluorescent reporter (GFP, mCherry, or BFP) in mice treated at specified ages: postnatal day 1 (D1), week 2 (W2), or week 8 (W8). Kruskal-Wallis test with Dunn’s 
multiple comparisons test. D1 n = 11, W2 n = 10, W8 n = 11. (B) Single values and median of VCN measured in NPCs or FACS-sorted hepatocytes (Hep), LSECs, KCs, 
and pDCs 3 days post i.v. LV administration (2.5x10 10 transducing units/kg). Kruskal-Wallis test with Dunn’s multiple comparisons test. NPCs: D1 n = 5, W2 n = 5, W8 
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of hFIX measured in the plasma of mice treated at different ages by i.v. administration of VSV.G-pseudotyped LV expressing hFIX under the ET promoter (2.5x10 10 

transducing units/kg). LME models followed by post hoc analysis; comparisons against the W8 group were performed for the last time point. D1 vs. W8 p = 0.0003, 
W2 vs. W8 p <0.0001, W3 vs. W8 p = 0.0014, W4 vs. W8 p = 0.6506. D1 n = 14, W2 n = 13, W3 n = 5, W4 n = 5, W8 n = 15. (D-E) Mean ± SEM of hFIX measured in the 
plasma of mice treated at various ages by i.v. administration of 2.5x10 10 transducing units/kg of (D) GP64-pseudotyped LV expressing hFIX under the ET promoter
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The age of LV administration affects the efficiency and 
localization of gene transfer within the liver lobule

We next set out to investigate the impact of the age of 
administration on the efficiency of in vivo gene transfer to he-
patocytes by LV. We selected three different ages to capture 
most of the liver growth: D1 (newborn), week 2 (W2, juvenile), 
which is just before weaning, or week 8±2 (sexually mature, 
adults). We i.v. administered 2.5x10 10 transducing units/kg of a 
VSV.G-pseudotyped LV expressing a fluorescent reporter. We 
found a similar percentage of transgene-positive liver tissue in 
newborn and juvenile mice, significantly higher (about 4-fold) 
than in adults, 3-7 days post-LV administration (Fig. 4A). 
Similar results were obtained when using integrase-defective 
LV, by modifying the envelope protein (GP64) or changing 
the hepatocyte-specific promoter driving transgene expression 
(HCR-hAAT [hepatic control region coupled to alpha-1-
antitrypsin]). This suggests that the larger transgene-positive 
liver area in young compared to adult mice is independent of 
LV pseudotype, integration, and transgene expression 
(Fig. S4A–C). We then measured LV copies per diploid genome 
(vector copy number [VCN]) in different liver cell types: non-
parenchymal cells (NPCs), enriched by density gradient, he-
patocytes, liver sinusoidal endothelial cells (LSECs), Kupffer 
cells (KCs), plasmacytoid dendritic cells, purified by FACS, 3 
days after LV administration, as previously described. 19 We 
observed higher VCN in hepatocytes in young mice compared 
to adult mice, accompanied by lower VCN in NPCs (LSECs, 
KCs, and plasmacytoid dendritic cells) in the former relative to 
the latter. However, we did not detect significant differences in 
VCN among newborn or juvenile mice (Fig. 4B). These data 
suggest that hepatocytes are more permissive to LV trans-
duction in young mice than in adults, partly due to reduced 
transduction in liver NPCs. We then utilized a human FIX 
(hFIX)-expressing LV to monitor transgene output longitudi-
nally and included mice aged 3 to 4 weeks to identify when the 
decrease in transduction efficiency occurs. We confirmed 
higher transgene output in newborn and juvenile mice 
compared to adults, with mice treated at week 4 showing hFIX 
levels similar to those in adult-treated mice, while mice treated 
at week 3 exhibited hFIX levels comparable to those treated as

juveniles. This suggests that changes occur in the liver around 
weaning, when liver functions undergo substantial reprog-
ramming (Fig. 4C). Interestingly, juvenile mice showed double 
the hFIX output compared to newborns, despite the similar 
transgene-positive liver area observed with fluorescent trans-
genes. To further explore this aspect, we treated mice of 
different ages using LV with GP64 as the envelope protein, 
HCR-hAAT as a hepatocyte-specific promoter or a secreted 
form of luciferase. While the differences between young and 
adult mice were consistent across all LV types, differences in 
transgene output between newborns and juveniles appeared 
to depend on the promoter and transgene used (Fig. 4D–F), 
suggesting that different hepatocyte populations may be 
transduced at these stages of liver growth where certain pro-
moters are expressed and/or transgenes secreted differently. 
Notably, levels of circulating transgene protein remained stable 
for up to 8 months following LV administration (the last time 
analyzed), confirming the stability of transgene output, 
regardless of the age at treatment. The observed differences 
were attributed to the age of the mice at the time of LV 
administration rather than their age at the time of analysis. 
Additionally, differences in FIX transgene output between mice 
treated at various ages were confirmed at higher LV doses 
(Fig. S4D). To assess the safety of LV integration in hepato-
cytes transduced at different ages, we examined LV genomic 
integration sites (IS) >8 months after administration in FACS-
sorted hepatocytes from mice treated at various ages. There 
were no dominant clones or enrichment of IS near or within 
cancer genes, confirming the absence of LV-mediated geno-
toxicity, regardless of age at administration (Fig. S4E and F).

We then investigated whether LV gene transfer was 
enriched in different regions of the liver lobule. To this end, we 
identified the PC zone by immunostaining for glutamine syn-
thetase and the PP zone by immunostaining bile ducts (cyto-
keratin 7) and segmenting based on specified radii (see 
supplementary materials and methods section). We observed 
a higher transgene-positive area in the PC compared to the PP 
zone in mice treated as newborns or juveniles, while a PP bias 
was evident in mice treated as adults (Figs. 4G,H and S5A-C). 
This spatial bias was maintained over time, indicating that it

(D1 n = 4, W2 n = 7, W8 n = 5) or (E) VSV.G-pseudotyped LV expressing hFIX under the HCR-hAAT promoter. LME followed by post hoc analysis; pairwise com-
parisons among groups were performed for the last time point. D1 vs. W2 p = 0.6737, D1 vs. W8 p <0.0001, W2 vs. W8 p = 0.0004. D1 n = 10, W2 n = 12, W8 n = 10. (F) 
Mean ± SEM of RLU measured in serum of mice treated at different ages by i.v. administration of VSV.G-pseudotyped LV expressing secreted Gaussia luciferase 
(Gluc) under the ET or HCR-hAAT promoter, as specified (2.5x10 10 transducing units/kg). LME followed by post hoc analysis; pairwise comparisons among groups 
were conducted for the last time point. ET: D1 vs. W2 p = 0.0158, D1 vs. W8 p <0.0001, W2 vs. W8 p = 0.0004; HCR-hAAT D1 vs. W2 p = 1, D1 vs. W8 p = 0.0147, W2 
vs. W8 p = 0.0231. ET: D1 n = 5, W2 n = 5, W8 n = 5; HCR-hAAT: D1 n = 5, W2 n = 5, W8 n = 5. (G) Representative images of livers from D1, W2, and W8 mice, as 
shown in (H), with immunostaining to identify PC area using GS antibody to mark central hepatocytes (left panel) or identification of PP area using CK7 antibody to 
mark bile ducts (right panel). Scale bar = 200 μm. (H) Single values and median of transgene-positive liver tissue area expressed as a fold change between the 
percentage of positive PP and PC area (see supplementary materials and methods section), analyzed 3-7 days post i.v. administration of LV (2.5x10 10 transducing 
units/kg) expressing a fluorescent reporter in mice treated at D1, W2, or W8. Red dotted line = 1. One-sample Wilcoxon signed-rank test vs. 1. D1 n = 11, W2 n = 10, 
W8 n = 22. (I) Single values and median of transgene-positive liver tissue area expressed as a fold change between the percentage of positive PP and PC area 
analyzed 1, 4, or 12 weeks post i.v. administration of LV (1x10 10 transducing units/kg) expressing GFP in newborn mice, measured by IF analysis. Red dotted line = 1. 
One-sample Wilcoxon signed-rank test vs. 1. 1 week n = 7, 4 weeks n = 7, 12 weeks n = 3. (J) Single values and median of transgene-positive liver tissue area 
expressed as a fold change between the percentage of positive PP and PC area, analyzed 6 weeks post i.v. administration of LV (2.5x10 10 transducing units/kg) 
expressing mCherry in mice treated at D1, W2, or W8, measured by IF analysis. Red dotted line = 1. One-sample Wilcoxon signed-rank test vs. 1. D1 n = 5, W2 n = 5, 
W8 n = 5. (K) Single values and median of liver transgene-positive area measured 7 days post i.v. administration of LV (2.5x10 10 transducing units/kg) expressing 
mCherry in Clec4f-DTR adult mice with or without DT treatment 12 h prior to LV administration. Mann-Whitney test. DT-n = 5, DT+ n = 5. (L) Single values and median 
of transgene-positive liver tissue area expressed as a fold change between the percentage of positive PP and PC area of mice in (F), measured by IF analysis. Red 
dotted line = 1. Mann-Whitney test. BFP, blue fluorescent protein; CK7, cytokeratin 7; DT, diphtheria toxin; GFP, green fluorescent protein; GS, glutamine synthetase; 
hAAT, human alpha-1 antitrypsin; Hep, hepatocytes; hFIX, human coagulation factor IX; IF, immunofluorescence; KC, Kupffer cell; LME, linear mixed-effects; LV, 
lentiviral vector; LSECs, liver sinusoidal endothelial cell; NPCs, non-parenchymal cells; pDCs, plasmacytoid dendritic cells; PC, pericentral; PP, periportal; RLU, 
relative light unit; VCN, vector copy number; VSV.G, vesicular stomatitis virus glycoprotein.
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Fig. 5. The zonated hepatocyte transcriptomic profile is established over time. (A) UMAP of liver spots from mice in all groups, color-coded by age. (B) UMAP 
plot showing liver spots from newborn, 2-week-old, or adult mice, colored based on the transcriptional profile of layers 1-8 from Halpern et al. 2 (C) Representative 
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corresponding slices. On the right, the mapping of spots across all liver samples is presented. (D) Bar plot of enriched pathways (adjusted p <0.001) for DEGs that are
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resulted from transduction rather than transgene expression 
(Figs 4I,J and S5D-F). To determine if this outcome depended 
on the increased capture of LV by KCs in adult mice (see 
Fig. 4B), 35 we used a mouse line expressing diphtheria toxin 
receptor (DTR) under a KC-specific marker (Clec4f-DTR), 36 

allowing KC-specific depletion upon DT administration 
(Fig. S5G). In Clec4f-DTR adult mice treated with DT 12 h 
before LV, we observed an increase in the transgene-positive 
area (Fig. 4K), consistent with previous reports; 19 however, 
LV continued to preferentially transduce the PP zone (Figs. 4L 
and S5H). Overall, these data show that the efficiency of in vivo 
hepatocyte gene transfer by LV is influenced by age at the time 
of administration, with the most significant changes noted 
when LV is given before or after weaning. Furthermore, LV 
transduction occurred preferentially in the PC zone in young 
mice and in the PP zone in adult mice, independent of 
KC involvement.

The transcriptional landscape of zonated hepatocytes is 
progressively established during growth and impacts LV 
gene transfer

The extensive evidence of spatiotemporal hepatocyte hetero-
geneity prompted us to perform longitudinal spatial tran-
scriptomics of liver tissue during physiological growth. We 
used samples from newborn, juvenile, or adult mice, which 
were either LV-transduced, 3 days post-LV, or age-matched 
untransduced mice. In this technique, liver tissue slices are 
placed onto slides with bar-coded spots, allowing the 
sequenced RNA to be assigned to a specific position within the 
tissue. 37 We initially assessed the potential effects of LV 
transduction on hepatic transcriptomes. We observed more 
LV-positive spots in the livers of newborn and juvenile mice 
compared to adults, as evidenced by the presence of LV RNA, 
confirming a higher level of transduction in the former 
(Fig. S6A). Furthermore, we confirmed the preferential LV 
transduction of PP hepatocytes, as indicated by the upregu-
lation of PP genes and the downregulation of PC genes in LV-
positive compared to LV-negative spots in adult mice 
(Fig. S6B). Only a few genes were differentially expressed 
between LV-positive and LV-negative spots, with none shared 
among the age groups, indicating minimal changes to the 
transcriptomic profile due to LV transduction in this context 
(Fig. S6C–E).

Analyzing the spots across all the samples revealed age-
dependent differences in the transcriptomic profile, with the 
most distinct spots belonging to newborn livers and those of 
juvenile livers being more similar to adult livers (Fig. 5A). We 
then mapped the transcriptomic profile of the lobule layers 
identified in the single-cell RNA-seq study by Halpern et al. 2 

onto our samples, assigning each spot a similarity score 
(layers 1-4 PC, layers 5-8 PP). We found that layers

characterized by a PC transcriptome were absent in new-
borns, appeared in juvenile livers, and were fully recognized in 
adults (Fig. 5B,C), indicating progressive establishment of 
zonation during postnatal liver growth, consistent with pre-
vious reports. 3 By mapping the same layers onto the hepa-
tocyte clusters identified by the snRNA-seq described above 
(see Fig. 2), we confirmed the exclusive presence of PP layers 
in newborn hepatocytes (Fig. S7A). Unsupervised clustering 
of the spots mirrored the zonation indicated by the “Halpern” 
layers in adult livers, but not in newborn and juvenile livers, 
confirming well-separated PC and PP transcriptomes only in 
adults (Fig. S7B). We performed GSEA between different 
clusters in newborn livers, noting enrichment in cell cycle and 
proliferation pathways in cluster 1, while cluster 0 was char-
acterized by some hepatocyte-specific functional pathways 
(Fig. S7C). The same analysis in juvenile livers highlighted an 
initial establishment of compartmentalization of metabolic 
activities between clusters (Fig. S7D). Consistently, the 
expression of known zonated genes was segregated in 2-
week-old and adult livers (Fig. S7E). We confirmed the 
absence of clear zonation in newborn livers for proteins 
known to be zonated in adult livers by immunohistochemistry 
staining (Fig. S7F). We then performed snRNA-seq analyses 
on 2-week-old and 8-week-old livers, confirming the pro-
gressive establishment of zonation and decrease in prolifer-
ation at single-cell resolution (Fig. S8A–F). Pseudo-time 
analysis of the entire spatial transcriptomic dataset begin-
ning with the newborn livers demonstrated a progressive 
evolution from layers with PP-like transcriptomes to those 
exhibiting a more PC-like identity, further supporting the 
maturation of zonated phenotypes (Fig. S8G). Interestingly, 
the same analysis conducted on the snRNA-seq dataset 
revealed a trajectory starting from the more proliferative and 
less differentiated hepatocyte clusters, progressing toward 
the more differentiated ones (Fig. S8H). Post hoc analysis of 
enriched genes in the more PC spots of adult livers (cluster 3, 
see Fig. S6B) revealed an upregulation of the proteasome 
pathway, along with other metabolic pathways typical of PC 
hepatocytes (Fig. 5D). The proteasome pathway was also 
upregulated in adult liver samples compared to both newborn 
and juvenile livers (Fig. 5E). Interestingly, the enrichment of 
the proteasome pathway showed an inverse correlation with 
permissiveness to LV transduction, as the latter was lower in 
adult hepatocytes, particularly in the PC area (see Fig. 4). 
Proteasome inhibitors have been shown to improve LV 
transduction in stem cells in vitro. 38 Consequently, we 
administered the proteasome inhibitor bortezomib to adult 
mice prior to LV delivery. We observed a remarkable 4-fold 
increase in transgene-positive liver area in bortezomib pre-
treated mice compared to LV-only controls, with a PC 
transduction bias (Figs. 5F,G and S8I), suggesting that pro-
teasome activity significantly restricts in vivo LV gene transfer

upregulated in cluster 3 from the unsupervised clustering of adult mice (see Fig. S7B). Counts on the X-axis represent the number of enriched genes in each term, 
while the colors of the bars indicate statistical significance (adjusted p value). (E) Bar plot of enriched pathways (adjusted p <0.001) for DEGs that are downregulated in 
newborn and 2-week-old mice compared to adult mice. (F) Single values and median of the liver transgene-positive area measured 2 weeks after i.v. administration of 
an LV (2.5x10 10 transducing units/kg) expressing mCherry in adult mice treated with (Bort) or without (Unt) i.v. administration of two doses of bortezomib (1 mg/kg 
each), given 12 and 1 h prior to LV administration. Mann-Whitney test. Unt n = 7, Bort n = 7. (G) Single values and median of transgene-positive liver tissue area 
presented as the fold difference between the percentages of positive PP and PC areas in mice from (E). One-sample Wilcoxon signed-rank test vs. 1. The red dotted 
line indicates 1. DEGs, differentially expressed genes; LV, lentiviral vector; PC, pericentral; PP, periportal; Unt, untreated; UMAP, uniform manifold approximation 
and projection.
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mice showing the expression of the Mki67 gene (B) and the expression of the HSPC signature (C). (D) Scatter plot of spots from newborn livers illustrating the
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to hepatocytes, especially in the PC zone. Overall, these data 
show that the newborn liver displays a PP-like transcriptional 
landscape and that the PC identity, which emerges in hepa-
tocytes around weaning, is linked to lower permissiveness for 
in vivo LV gene transfer.

Finally, we analyzed the transcriptome of LSECs at different 
ages. LSECs represent another potential target for liver gene 
therapy strategies, as they produce, for instance, coagulation 
factor VIII and von Willebrand Factor, whose mutations lead to 
hemophilia A and von Willebrand disease, respectively. We 
observed a similar cluster composition after unbiased sub-
clustering of snRNA-seq datasets across different ages 
(Fig. S8J and K). We examined Mki67 expression and found 
that proliferating LSECs were enriched in cluster 2 (Fig. S8L). 
Like hepatocytes, proliferating LSECs were more abundant in 
newborn livers, and nearly absent in adult livers (Fig. S8M). 
These data suggest that, even for gene therapy strategies 
targeting LSECs, it would be important to genetically engineer 
the proliferating cells to stably maintain the therapeutic trans-
gene during physiological liver growth.

Clonogenic hepatocytes are located near hematopoietic 
cells in a spatial niche in the newborn liver

We subsequently mapped the transcriptional profile of all the 
identified hepatocyte clusters from the newborn snRNA-seq 
(see Fig. 2) onto the spatial transcriptomic dataset. We found 
that the transcriptome of the more differentiated hepatocyte 
cluster (cluster 1) was prevalent in juvenile and adult livers, 
whereas the transcriptome of the more replicative hepatocyte 
subset (cluster 5) was enriched in some of the spots of the 
newborn livers (Fig. 6A). We also mapped the expression of 
Mki67 to identify spots with actively replicating cells. We 
observed a progressively decreasing intensity of expression 
(Fig. 6B), consistent with the reduced proliferation rate noted 
from EdU administration at these ages (see Fig. 1F). Further-
more, we mapped an HSPC signature onto the spatial tran-
scriptomic dataset and identified high expression in several 
spots of the newborn liver, confirming ongoing hematopoiesis 
(Fig. 6C). Interestingly, the transcriptional profile of cluster 5 
was elevated in some of the spots enriched with the HSPC 
signature (Fig. 6D), suggesting co-localization of the more 
proliferative hepatocytes with highly cycling HSPCs. This 
finding correlated well with the previous observation that 
replicating hepatocytes are characterized by high expression 
of genes related to heme metabolism (see Fig. 2E), suggesting 
their proximity to erythropoietic islands. These data suggest 
the presence of a local hub consisting of clonogenic hepato-
cytes and HSPCs.

To further explore this aspect, we performed a distinct 
spatial transcriptomic analysis of a newborn liver, employing 
multiplexed error-robust fluorescence in situ hybridization 
(MERFISH), a high-resolution in situ transcriptomic imaging 
technique. 39 We then mapped the signatures of the various cell 
types identified in the snRNA-seq data onto the MERFISH 
dataset and found cells corresponding to the identified cell

populations, including HSPCs, endothelial cells, and antigen-
presenting cells (APCs: likely KC-like cells; Fig. 7A). Most of 
the cells (85%) were classified as hepatocytes, which was 
expected due to their larger size and abundant RNA; we also 
identified the more proliferating subset of hepatocytes (cluster 
5). We performed a neighborhood analysis, which further 
confirmed the proximity of cluster 5 hepatocytes to the HSPCs 
(Fig. 7B). To identify potential signals regulating gene expres-
sion in cluster 5 hepatocytes, we performed a Nichenet anal-
ysis on the snRNA-seq dataset, 40 designating cluster 5 among 
hepatocytes as receivers and selecting various cell types as 
potential senders (HSPCs, hepatocytes, APCs, fibroblasts, or 
endothelial cells). We identified 28 candidate ligands that could 
be responsible for the transcriptional program of clonogenic 
hepatocytes, highlighting Bmp2, Lama2, Fgf1, Igf1, Igf2, and 
Il15 as those with the highest regulatory potential (Fig. 7C). 
Fibroblast growth factor 1 (FGF1), insulin-like growth factor 
(IGF) 1 and 2 are growth factors previously linked to hepato-
cyte proliferation in the context of regeneration. 41–43 BMP2 
(bone morphogenetic protein 2) acts as a developmental signal 
that also induces hepatic fate decisions 44 and functions as an 
LSEC-derived angiocrine signal involved in iron homeosta-
sis. 45 Laminin subunit alpha 2 is an extracellular matrix protein 
present in the LSEC basement membrane that also plays a role 
in inducing cell proliferation. 46 IL-15 has been previously 
associated with liver regeneration. 47 We then analyzed where 
these genes were primarily expressed and found that a subset 
of endothelial cells, fibroblasts, APCs, and hepatocytes 
themselves expressed these genes at high levels (Fig. 7D). 
Consistent with our neighborhood analysis, we identified re-
gions where these cells are localized near HSPCs and cluster 5 
hepatocytes in the MERFISH analysis (Fig. 7E). We also 
stratified HSPCs based on Mki67 expression and conducted 
Nichenet analysis, designating the two most proliferative 
HSPC clusters as receivers and the other cell types as senders 
(Fig. S9A–D). Interestingly, Fgf1 and Igf1 were identified among 
the candidate ligands that regulate this transcriptional program 
(Fig. S9E). We then confirmed by immunohistochemistry the 
close proximity of proliferating hepatocytes, identified as Ki67-
positive, and hematopoietic islands in newborn livers (Fig. 8A).

To experimentally confirm the hits identified by Nichenet 
analysis as potential signals guiding the transcriptional pro-
gram of cluster 5 hepatocytes, we cultured primary newborn 
hepatocytes for 48 h in the presence or absence of BMP2, 
FGF1, IGF1, IGF2, and IL-15. We then analyzed differentially 
expressed genes between stimulated and unstimulated he-
patocytes and mapped the top 100 upregulated genes from 
the former onto the newborn snRNA-seq dataset. Stimulation 
with this cocktail of molecules induced the upregulation of 
genes highly enriched in cluster 5, thereby confirming a role for 
these signals in shaping the transcriptional program of cluster 
5 hepatocytes (Fig. 8B,C). Importantly, among the upregulated 
genes in stimulated hepatocytes, we identified genes involved 
in the “Wnt” pathway, which is known to support hepatocyte 
proliferation, 48 as well as Hamp, a gene involved in maintaining 
iron homeostasis, linking back to the heme-metabolism

relationship between the expression of the HSPC signature shown in (C) and the signature of snRNA-seq cluster 5. Pearson correlation coefficient. HSPC, he-
matopoietic stem and progenitor cell; snRNA-seq, single-nucleus RNA sequencing; UMAP, uniform manifold approximation and projection.
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pathway identified in cluster 5 hepatocytes (see Figs 2E and 
8D). Overall, these data suggest that various cells collaborate 
within a spatial niche to instruct the clonogenic phenotype in a 
subset of hepatocytes, sharing some pro-proliferative signals 
with HSPCs.

Discussion
Herein, we present an in-depth characterization of the 
spatiotemporal transcriptional and proliferative heterogeneity 
of hepatocytes during liver growth, and its impact on the effi-
ciency and long-term stability of in vivo hepatocyte genetic 
engineering – achieved through either LV gene transfer or 
targeted genome editing, both serving as representative stable 
genetic modification strategies. We report a lack of evident 
zonation in the newborn liver and a predominant PP tran-
scriptional profile. The progressive emergence of hepatocytes 
with a PC-specific transcriptional landscape during growth 
aligns with the increasing demand for xenobiotic metabolism, 
coinciding with the transition from breast milk to external 
feeding, consistent with previous reports. 3 PC hepatocytes 
exhibit high expression of proteasome pathway genes, which 
negatively affects the efficiency of in vivo LV-mediated gene 
delivery and contributes to its non-homogeneous lobule dis-
tribution. Indeed, proteasome inhibition enhanced the effi-
ciency of hepatocyte gene transfer in adult mice to levels 
comparable to those in younger mice and eliminated the PP 
transduction bias. Multiple factors likely contribute to the 
higher efficiency of in vivo LV gene transfer to hepatocytes in 
mice treated as newborns or juveniles, encompassing both 
cell-autonomous and non-cell-autonomous influences: high 
expression of proteasome pathway genes in hepatocytes 
correlates with low permissiveness to LV transduction, 
consistent with previous reports on other cell types; 49 addi-
tionally, the lower number of LV copies in KCs and LSECs in 
young mice compared to adults suggests that these NPCs also 
play a role. The acquisition of a mature KC phenotype, char-
acterized by increased phagocytic activity, has previously 
been shown to occur during liver growth. 35 Notably, these 
changes in liver cell types occur after weaning, coinciding with 
the significant decrease in gene transfer efficiency observed 
after the third week of life in mice. Other factors may also in-
fluence the age-dependent differences in the efficiency of 
hepatocyte transduction by LV, including those affecting 
various transduction steps or differing extents of inflammatory/ 
antiviral responses. Our data confirm and expand upon pre-
vious reports, also showing higher LV-mediated transgene 
expression in juvenile mice compared to adults. 20,50 The age at 
LV administration also impacted the distribution of LV gene 
transfer within the liver lobule. However, the preferential 
transduction of PP hepatocytes in adult mice was not due to 
differential KC phagocytosis, but rather due to an intrinsic 
feature of PC hepatocytes, which is less pronounced before 
weaning. Conversely, the preferential transduction of the PC 
zone in young mice could be attributed to anatomical factors

that facilitate LV access to this area. Indeed, it has been shown 
that egress of liver HSPCs occurs from the PC area, likely 
implying easier access to the circulation. 51

The persistence of hematopoietic niches in the newborn 
liver may create an environment where pro-proliferative signals 
are locally shared between HSPCs and clonogenic hepato-
cytes, as highlighted by combining single-cell and spatially 
resolved transcriptomic analyses. Active heme metabolism by 
the subset of proliferating hepatocytes near erythropoietic 
islands may exert a protective role against potential oxidative 
stress caused by free heme in the local tissue environ-
ment. 52,53 Recent reports have also suggested that hepato-
cytes play a protective role toward HSPCs in the fetal liver. 54 

The proximity to these HSPC niches may induce the clono-
genic phenotype in some of the newborn hepatocytes. Ex vivo 
induction of all newborn hepatocytes to express a transcrip-
tional profile resembling that of the proliferating subset in vivo – 
stimulated by key signaling molecules selected based on 
transcriptomic data – supports the idea that local cues shape 
hepatocellular proliferative heterogeneity within an instructive 
tissue niche. This niche is composed of distinct NPCs, likely 
shared with hematopoietic progenitors, in neonatal 
mouse livers.

We estimate that approximately 15-20% of clonogenic 
hepatocytes in the newborn liver proliferate and give rise to 
most of the adult liver, suggesting a gradual reduction in 
tissue clonality. We propose that clonogenic hepatocytes 
transmit this feature to daughter cells that proliferate locally at 
a progressively slower rate throughout organ growth until 
adulthood. In contrast, the remaining hepatocytes mostly stay 
quiescent. As a result, we observe a gradual decline in pro-
liferation pathways over time, alongside an increase in path-
ways associated with mature hepatocyte functions. Further 
molecular characterization of the clonogenic hepatocyte 
subset requires additional investigation. Moreover, it remains 
to be determined whether and how a disease state affects 
hepatocyte proliferation and maturation during liver growth. 
We propose a simple mathematical model of hepatocyte 
proliferation during liver growth that reproduces the experi-
mental data characterizing liver growth dynamics, further 
supporting our proposed mechanism of liver growth. This 
mathematical model can be interrogated to predict changes 
in the genetically engineered liver area over time, based on 
the initial efficiency of the genetic modification between the 
proliferating vs. quiescent hepatocyte subsets. As it is based 
on murine data, the predictive value of the current model is 
limited to the murine lifespan and the low hepatocyte turnover 
in adulthood. Therefore, further refinement is needed to 
improve its applicability to human outcomes. HDR-mediated 
gene editing preferentially occurred in proliferating hepato-
cytes in newborn mice, resulting in an increased proportion of 
the gene-edited tissue area, as predicted by the mathemat-
ical model. HDR is known to be more active in proliferating 
cells, 55 likely explaining this preferential editing, although we 
cannot rule out the possibility of preferential transduction of

fibroblasts, or endothelial cells). (D) Dot plot depicting the expression of the specified genes (identified in panel C as having the highest regulatory potential) in the 
listed cell types. (E) Representative visualization of the designated cell types in the MERFISH analysis. Hepatocytes, B cells, granulocytes, and undefined cells have 
been omitted from the visualization for clarity. APC, antigen-presenting cell; HSPC, hematopoietic stem and progenitor cell; MERFISH, multiplexed error-robust 
fluorescence in situ hybridization; snRNA-seq, single-nucleus RNA sequencing; UMAP, uniform manifold approximation and projection.
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proliferating hepatocytes by AAV vectors as well. Our results 
emphasize that this genetic modification strategy, if imple-
mented in newborn mice, enables an expansion of the pro-
portion of the genetically modified tissue area by leveraging a 
physiological mechanism of tissue growth. This suggests that 
selectively targeting the proliferating subset of hepatocytes 
may lead to extensive gene modification of the adult liver, 
yielding an improved therapeutic effect even with an initially 
lower input of gene marking. Conversely, LV gene transfer 
was uniformly distributed between the proliferating and 
quiescent hepatocytes, thus resulting in stable maintenance 
of the proportion of the LV-transduced liver area over time. 
Previous reports showed that in vivo LV transduction of he-
patocytes in adult mice is increased by pre-stimulation with 
phenobarbital and cholic acid, 56 however, this occurs in a 
different experimental context than the physiological hepa-
tocyte proliferation observed during liver growth, as exam-
ined in the present study. LV transduction did not significantly 
alter the transcriptomic profile or proliferative capacity of 
transduced hepatocytes. Consistently, analysis of LV 
genomic IS showed no expansions of IS near cancer-related 
genes, regardless of the age at administration. These data 
confirm earlier studies reporting the absence of liver geno-
toxicity by LV in both mice and non-human primates. 19,34 

Long-term analysis of mice treated at different ages during 
postnatal liver growth up to adulthood demonstrated stability 
of transgene expression irrespective of the age of LV delivery. 
The maintenance of LV-marked hepatocytes with a prefer-
ential PP distribution in adult mice during liver turnover sug-
gests that tissue homeostasis is broadly supported by

hepatocytes across the lobule. 7,9 Altogether, our work re-
inforces the concept that the long-term persistence of 
neonatal gene therapy relies on efficient and harmless genetic 
modification of both the cell populations responsible for 
growth and homeostatic turnover in adulthood.

Overall, we provide new insights into the spatiotemporal 
dynamics of the liver during postnatal growth, highlighting both 
proliferative and transcriptomic heterogeneity among hepato-
cytes, the progressive establishment of zonated hepatocyte 
identity, and their impact on the efficiency and distribution of 
in vivo LV-mediated gene delivery and gene editing. By un-
derstanding the biological processes underlying these differ-
ences, we were able to manipulate them to enhance 
outcomes, as demonstrated by proteasome inhibition effec-
tively re-establishing the LV transduction efficiency in adults to 
levels previously obtained in young mice. We report that not all 
hepatocytes contribute equally to liver growth, indicating that 
efficient targeting of clonogenic hepatocytes in the newborn 
liver is necessary for the long-term maintenance of therapeutic 
genetic modifications, as shown in the context of LV-mediated 
gene transfer. Furthermore, this phenomenon can be har-
nessed to expand the pool of genetically corrected cells, 
exemplified here by HDR-mediated gene editing. Finally, we 
reveal the existence of a spatial niche that supports the pro-
liferation of both clonogenic hepatocytes and HSPCs. Gaining 
a deeper understanding of this niche and its signals may be 
beneficial for regenerative purposes. This study illuminates the 
mechanisms of postnatal liver growth and the heterogeneity of 
hepatocyte subsets, with broad implications for liver biology 
and therapeutic applications.
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