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Recent clinical successes have intensified interest in using
adeno-associated virus (AAV) vectors for therapeutic gene
delivery. The liver is a key clinical target, given its critical phys-
iological functions and involvement in a wide range of genetic
diseases. In the present study, we first investigated the validity
of a liver xenograft mouse model repopulated with primary he-
patocytes using single-nucleus RNA sequencing (sn-RNA-seq)
by studying the transcriptomic profile of human hepatocytes
pre- and post-engraftment. Complementary immunofluores-
cence analyses performed in highly engrafted animals
confirmed that the human hepatocytes organize and present
appropriate patterns of zone-dependent enzyme expression in
this model. Next, we tested a set of rationally designed HSPG
de-targeted AAV-LK03 variants for relative transduction
performance in human hepatocytes. We used immunofluores-
cence, next-generation sequencing, and single-nucleus
transcriptomics data from highly engrafted FRG mice to
demonstrate that the optimally HSPG de-targeted AAV-LK03
displayed a significantly improved lobular transduction profile
in this model.

INTRODUCTION
Adeno-associated viruses (AAVs), from which the recombinant AAV
(rAAV) vector system was derived, are putatively non-pathogenic
parvoviruses endemic in the human population.1 Wild-type AAV
harbors a 4.7 kb single-stranded DNA genome encoding for non-
structural (rep), structural (cap), assembly-activating (aap), and
membrane-associated accessory (maap) proteins.2,3 The three struc-
tural proteins, VP1, VP2, and VP3, assemble stochastically to form
the capsid,4 which determines the tropism of the virus and its reac-
tivity with the immune system. Several features make AAV vectors
desirable for clinical gene therapy applications, such as ease of
220 Molecular Therapy: Methods & Clinical Development Vol. 28 March
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large-scale manufacturability, low immunogenicity, and long-term
expression in non-dividing cells.5

Since the capsid is the primary determinant of vector tropism,
numerous strategies have been developed to bioengineer AAV cap-
sids to create novel variants with improved tropism.5 DNA-family
shuffling is a strategy that involves the in vitro recombination of
related parental genes which then encode recombinant VPs, giving
rise to recombinant capsids.6 In the context of DNA-family shuffling,
capsid genes from multiple AAV variants or serotypes are randomly
fragmented and subsequently reassembled based on partial homol-
ogies. These chimeric libraries are then screened for variants with
desired properties, such as tissue specificity or the ability to evade
the immune system.7

The focus of this work is understanding the liver lobular transduction
profile of AAV-LK03,8 a bioengineered AAV capsid selected in an
in vivo screen of a shuffled capsid library in Fah�/�/Rag2�/�/Il2rg�/�

(FRG)9 chimeric mice repopulated with primary human hepatocytes.
AAV-LK03 is currently being studied in several academic and com-
mercial clinical programs, including a phase III clinical trial for hemo-
philia A.10 While the in vivo selection and evaluation of AAV-LK03
served as critical proof of concept for the field of AAV capsid bioen-
gineering, the selection was based on the ability to transduce primary
human hepatocytes in the FRG xenograft model without considering
the inherent structural complexity of the liver, which is heterogeneous
2023 ª 2023 The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Characterization of human liver cells pre- and post-engraftment in the FRG mouse model with single-nucleus RNA sequencing

(A) Schematic representation of the liver lobule. Zone 1 is defined as the region closest to the portal triad, zone 2 spans in between zones 1 and 3, and zone 3 is located near

the central vein. (B) Experimental design and UMAP visualization of single human hepatic nuclei. Liver cell types were annotated on the basis of integration with the Aizarani

dataset.13 (C) UMAP visualization of 7,309 single human hepatic nuclei with predicted cell types. (D) UMAP visualization of the unsupervised, graph-based clustering of the

human hepatocyte population before and after engraftment in the FRG model. (E–G) Zonation mapping in the UMAP space of all human single-nucleus hepatocytes (E), the

pre-engraftment sample (F), and the post-engraftment hepatocytes (G). (H and I) Log-normalized expression of ASS1 (periportal marker) and CYP2AE1 (pericentral marker) in

the UMAP space on human nuclei analyzed before and after engraftment (humanized FRG hepatocytes).
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on the level of morphometry and histochemistry.11 This heterogene-
ity is related to the blood supply; consequently, hepatocytes are
spatially heterogeneous along the portal-central axis of the liver lobule
Molecular
(Figure 1A).12,13 The liver lobule has been divided into three metabol-
ically distinct zones: the periportal zone surrounding the portal triad
(portal vein, hepatic artery, and bile duct), the central zone nearest the
Therapy: Methods & Clinical Development Vol. 28 March 2023 221
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central vein, and the remaining mid-zone.13 Since AAV vectors reach
the liver with the blood from the portal triad, they first encounter
hepatocytes in the periportal zone. We have recently reported a
robust correlation between strong heparan sulfate proteoglycan
(HSPG) binding affinity and periportal liver transduction in the
murine liver for another bioengineered variant, AAV-KP1.14 The
phenomenon of zonal transduction was also observable for AAV8,
a natural variant that presents a centrilobular profile in the murine
liver,15 when the introduction of mutations in the AAV8 capsid to
increase HSPG binding resulted in a shift to marked periportal trans-
duction.16 AAV-LK03 inherited the capsid residues involved in
HSPG binding from AAV3b, which shows a strong affinity for
HSPG. Interestingly, just like AAV2, AAV3b was propagated
in vitro before its capsid sequence was resolved,17 and thus its strong
HSPG binding could represent a tissue-culture adaptation rather than
a characteristic of the naturally occurring serotype.18 Recently, we
demonstrated a marked increase in the liver lobule penetration and
thus an increase of the lobule area amenable for vector transduction
by reducing the HSPG-binding affinity of AAV-KP1, which, like
AAV-LK03, also harbors the heparin-binding domain from
AAV3b.14

The fact that in humanized FRG (hFRG) mice human hepatocytes
proliferate in the scaffold of the mouse host liver and replace endog-
enous murine hepatocytes adds an extra layer of complexity when
studying AAV-mediated liver lobule transduction. In this model,
the process of liver repopulation by human hepatocytes is facilitated
by a combination of genetically induced toxicity of endogenous
murine hepatocytes and intrinsic immunodeficiency, as recently
reviewed.19 To date, assessment of xenograft models based on their
ability to support the proper formation of hepatic zonation has largely
remained elusive and controversial. For example, a study of the FRG
system suggested that the humanized chimeric liver failed to form the
hepatic zonation based on mathematical pharmacokinetic assess-
ment.20 In contrast, another study using uPA-SCID transgenic mice
demonstrated that the chimeric liver of highly repopulated animals
presented appropriate patterns of zone-dependent expression of
representative cytochrome P450 (CYP) enzymes and arginase I.21

In the present study, we first investigated the validity of the xenograft
FRG mouse model as a biologically predictive pre-clinical model of
the human liver, using single-nucleus RNA sequencing (sn-RNA-
seq)22 to study the transcriptomic profile of primary human hepato-
cytes. Immunofluorescence analyses confirmed that in highly
engrafted FRG animals the human hepatocytes organize and present
appropriate patterns of zone-dependent enzyme expression.

Next, we tested a set of rationally designed HSPG de-targeted AAV-
LK03 variants for relative transduction performance in highly en-
grafted FRG mice. We hypothesized that variants with decreased
HSPG binding, and thus improved liver biodistribution in this model,
should reach the human clusters with higher efficiency than parental
AAV-LK03. Finally, we used immunofluorescence, next-generation
sequencing (NGS), and single-nucleus transcriptomics data from
222 Molecular Therapy: Methods & Clinical Development Vol. 28 March
highly engrafted FRG mice to demonstrate that the optimally
HSPG de-targeted AAV-LK03 displayed a significantly improved
lobular transduction profile. Such HSPG de-targeted vectors may
carry the promise of therapeutic transgene delivery to all zones of
the liver lobule, potentially putting all genetic disorders of the liver
within therapeutic reach.

RESULTS
Human primary hepatocytes pre- and post-engraftment in

xenograft mice maintain zonation markers but differ in zonal

proportions

To study and characterize the transcriptomic profile of human hepa-
tocytes before and after engraftment in the FRG xenograft model, we
employed a droplet-based (10x Chromium) single-nucleus transcrip-
tomics (sn-RNA-seq) approach, as described recently.22 We isolated
and profiled human hepatic nuclei from a 15-month-old female
donor before (n = 2) and 6 months after liver engraftment in the
FRG model, from flash-frozen �25 mg of FRG liver chunks (n =
2). We obtained a total of 7,309 single human nucleus liver cell tran-
scriptomes. To identify cell types, we integrated our dataset with the
available human liver single-cell RNA sequencing (sc-RNA-seq) data-
set published by Aizarani and colleagues (Figure 1B).13,23 Although
the commercial hepatocyte sample is enriched for human hepatocytes
(>80%), this analysis revealed the presence of cell types expected to be
present in the human liver (Table 1 and Figure 1B). Six months post
engraftment, the vast majority (>99%) of the analyzed human tran-
scriptomes originated from hepatocytes (Table 1 and Figure 1B).

Once we had identified the main cell types, we examined them using
non-linear dimensionality reduction (uniformmanifold approximation
and projection [UMAP]). Figure 1C displays all the 7,309 single human
liver nuclei with their cell-type identities. We subsequently focused on
the human hepatocyte population. After integrating the datasets, a clus-
tering analysis in Seurat identified six clusters (Figure 1D).

Hepatocytes have been described as having distinct functions based
on their location in the hepatic acinus, known as hepatic or lobular
zonation (Figure 1A).24 The outer highly oxygenated periportal lobule
layers express higher levels of enzymes involved in energy-demanding
tasks such as gluconeogenesis and ureagenesis, whereas the inner
pericentral layers specialize in glycolysis and xenobiotic meta-
bolism.24 Zone 1 (periportal) hepatocytes have a known role in gluco-
neogenesis and b-oxidation.25 By studying the differential expression
of genes on each identified cluster, we observed enriched expression
of genes involved in lipid and cholesterol synthesis, such as HMGCS1
and ACSS2, in cluster 4 (Figures 1D and S1), suggesting that this clus-
ter may represent a subset of zone 1 hepatocytes.26 Cluster 0 presented
differential overexpression of genes involved in the urea cycle and his-
tidine catabolism, such as ASS1 and HAL1 (Figures 1D and S1), also
known as periportal markers. Thus, we also mapped cluster 0 to peri-
portal (zone 1) hepatocytes.

In contrast, zone 3, or central venous, hepatocytes play a role in drug
metabolism and detoxification, constitutively expressing high levels
2023



Table 1. Single-nucleus count of the single human hepatic nuclei annotated on the basis of integration with the Aizarani dataset as described in Figure 1B

Cell type

Pre-engraftment #1 Pre-engraftment #2 Post-engraftment #1 Post-engraftment #2 Total

Count Percentage Count Percentage Count Percentage Count Percentage Count Percentage

Hepatocytes 863 81.11 1,271 87.23 2,444 99.76 2,335 99.87 6,913 94.58

B cells 6 0.56 8 0.55 0 0.00 0 0.00 14 0.19

EPCAM+ cells and cholangiocytes 69 6.48 68 4.67 2 0.08 0 0.00 139 1.90

Liver sinusoidal endothelial cells 67 6.30 35 2.40 0 0.00 0 0.00 102 1.40

NK, NKT, T cells 33 3.10 34 2.33 4 0.16 3 0.13 74 1.01

Stellate cells and myofibroblasts 6 0.56 3 0.21 0 0.00 0 0.00 9 0.12

Kupffer cells 9 0.85 31 2.13 0 0.00 0 0.00 40 0.55

Macrovascular endothelial cells 11 1.03 7 0.48 0 0.00 0 0.00 18 0.25

Total 1,064 1,457 2,450 2,338 7,309

Nuclei were analyzed before engraftment (n = 2) and in two independent mice (post-engraftment, n = 2).
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of cytochrome P450 enzymes. Classic examples of zone 3 highly ex-
pressed liver genes with a pericentral pattern are GLUL and
CYP2E1,27 which would suggest that central and mid-zonal/central
hepatocytes may be represented by cluster 3 in our analysis
(Figures 1D and S1). Figure 1E summarizes the identified zonation
identities of all the analyzed human hepatocyte nuclei before and after
engraftment, and all the differentially expressed genes between the
zones on both populations can be found in Table S1.

Overall, compared with the pre-engraftment hepatocytes, we found a
higher proportion of human hepatocytes with mid-zonal/central
characteristics in the post-engraftment sample (Figures 1F and 1G).
We performed the analyses on nuclei extracted from frozen sections,
which have been shown to have minimal bias based on cell sur-
vival.28,29 This suggests that, at least in the hFRG model, either there
is a selective expansion of zone 2/3 hepatocytes during the repopula-
tion of the murine liver scaffold or there is a transition of zone 1 he-
patocytes in the transcriptomic profile of the engrafted hepatocytes to
support zone 2/3 functions. To distinguish between these two possi-
bilities, we examined the expression of markers of liver regeneration.
Although the role of pericentral AXIN2+ and LGR5+ hepatocytes in
liver homeostasis and regeneration remains controversial,30 we found
AXIN2 and LGR5 to be significantly more expressed in the engrafted
hepatocytes (Figures S2 and S3).

When comparing the pre-engraftment and post-engraftment portal he-
patocytes, portalmarker genes had significantly higher expression in the
pre-engraftment condition, as exemplified with ASS1 (Figure 1H; log
fold change = 1.89, p = 2.9 � 10�234). Other known portal markers
also presented similar differential superior expression in the pre-en-
grafted hepatocytes: ASL1: log fold change = 2.77, p z 0; ARG1: log
fold change = 0.98, p = 2.8 � 10�177; ACSS: log fold change = 1.3, p =
6.6� 10�107; and HMGCS1: log fold change = 0.75, p = 6.9� 10�41.

In contrast to the periportal markers, we found a higher proportion of
cells showing markers of pericentral hepatocytes in samples that had
Molecular
been expanding in the hFRG for 6 months, as exemplified by CYP2E1
(Figure 1I) and other pericentral markers such as the aforementioned
GLUL (Figure S4). When it comes to the expression of human genes
that have been linked to playing a role in AAV transduction, we found
KIAA0319L (the gene encoding for the AAV receptor or AAVR31) to
be widely expressed in most human hepatocytes before and after
engraftment in hFRG (Figure S5).

The progeny of each individual engrafted hepatocyte can

contribute to multiple metabolic zones

To complement the characterization of zonal populations in the
hFRG with immunofluorescence, we studied the expression profile
of four zonation markers in a highly engrafted hFRG (8.5 months
post engraftment; human albumin at 12.34 mg/mL blood). We
co-stained liver sections with human glyceraldehyde 3-phosphate de-
hydrogenase (hGAPDH) tomark human hepatocytes, and then either
histidine ammonia-lyase (HAL), argininosuccinate synthetase (ASS),
argininosuccinate lyase (ASL), or carbamoyl-phosphate synthase
(CPS1) as portal markers and glutamine synthetase (GS) as a central
marker (Figure 2A). In all four cases, we found clear signals of meta-
bolic zonation, supporting the hypothesis that, at least in highly
engrafted FRG mice, human hepatocytes organize and present
appropriate patterns of zone-dependent expression. To investigate
the species origin of the bile ducts in hFRG, we also stained sections
of the same liver with cytokeratin 7 (CK7), a marker of epithelial cells
present in larger biliary ducts.32 Interestingly, we found that a signif-
icant part of this epithelial tissue was also of human origin (Figure 2B).
We identified a nucleus population differentially expressing CK7
(KRT7) prior to engraftment. However, only a minor fraction of
the nuclei, integrated within the hepatocyte population, showed sig-
nificant levels of CK7 expression post engraftment when analyzed
with sn-RNA-seq (Figure S6).

We next investigated the cellular origin of the observed metabolic
zonation and potential epithelial transdifferentiation of hepatocytes
into biliary cells. A humanization above 90% would give rise to
Therapy: Methods & Clinical Development Vol. 28 March 2023 223
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Figure 2. Immunofluorescence characterization of liver zonation in the FRG model

(A) Representative immunofluorescence analyses of a humanized FRG (hFRG) mouse liver stained with the indicated portal markers (yellow), the pericentral marker glutamine

synthetase (GS, cyan), and human GAPDH (red), staining for human hepatocytes. HAL, histidine ammonia-lyase; ASL, argininosuccinate lyase; ASS, argininosuccinate

synthetase; CPS1, carbamoyl-phosphate synthase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Scale bars, 200 mm. (B) Representative immunofluorescence

analysis of an hFRG mouse liver stained with human GAPDH (red) and cytokeratin 7 (yellow). Scale bars, 100 mm. (C) Schematic representation of the lentiviral transduction

approach followed to genetically track human hepatocyte cluster origin in the hFRG model. (D) Representative immunofluorescence analysis of a hFRG mouse liver re-

populated with human primary hepatocytes clonally transduced with lentiviral vectors encoding for Venus, Cerulean, and mCherry. Scale bars, 2,000 mm. (E) Immunoflu-

orescence analysis of the hFRG presented in (D), co-stained with glutamine synthetase (top) and cytokeratin 7 (bottom). Scale bars, 200 mm.
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around 120 million human hepatocytes per gram of liver mass
(assuming 135 million hepatocytes per gram of liver mass33). Given
that we routinely engraft 250,000 human hepatocytes per FRG ani-
mal, it seems plausible that hepatocytes from different pre-existing
metabolic origins could adapt their transcriptomic profile depending
on their spatial location during clonal expansion. To test this hypoth-
esis, we took advantage of the previously reported multicolor panel of
lentiviral “gene ontology” vectors,34 which we modified to include a
P2A-puromycin resistance downstream of the fluorophore (Fig-
ure 2C). In brief, we perfused a highly engrafted FRG mouse (>90%
humanization), enriched the population to >95% human with
magnetic bead/antibody purification, and plated these hepatocytes
of mixed metabolic origin (termed P1 for murine passage 1) in
collagen-coated plates. We subsequently co-transduced the hepato-
cytes with the three lentiviral constructs encoding Venus, Cerulean,
and mCherry under the SFFV promoter at a multiplicity of transduc-
tion (MOT) of 0.7 per vector to bias the transduction toward one vec-
tor per cell. Next, we selected transduced cells with puromycin, and
1 week after transduction we harvested the individually transduced,
and thus color-coded, hepatocytes, mixed them, and used them to
engraft a naive FRG mouse. Finally, we harvested the chimeric liver
3 months after engraftment when the human albumin in the blood
had reached 10.07 mg/mL, indicating >80% engraftment (Figure 2C).
As shown in Figure 2D, when overlaying the three fluorophores each
clonally expanded cluster presents a unique color identity, indicating
that clusters originated from a single engrafted cell. In addition, we
stained for the central marker GS and observed that only the cells sur-
rounding the central vein were positive. However, hepatocytes from
the same-colored cluster expanded beyond that area (Figure 2E).
We observed the same phenomenon for the biliary marker CK7 (Fig-
ure 2E). These data support the hypothesis that engrafted hepatocytes
have the capacity to transdifferentiate into cells of different metabolic
zones as well as intrahepatic biliary epithelium.

Attenuation of HSPG binding increases the area amenable to

AAV-LK03 transduction in hFRG mice

Historically, assessment of liver lobular transduction of human-tropic
AAV vectors has proven difficult because of observed discrepancies
between physical and functional transduction of human-tropic
AAV variants in the murine liver when using single-stranded DNA
transgenes.14 Recently, we reported that the insertion of a single
amino acid at capsid position 265 (265insT14) allowed for functional
comparisons of human-tropic variants in the murine liver. AAV-
LK03 harbors the heparin-binding motif of AAV3b,35 and its murine
surrogate (AAV-LK03_265insT) presented a marked periportal
transduction profile.14 We hypothesized that attenuating the binding
affinity of AAV-LK03 to HSPG would allow for the generation of var-
iants with improved lobular distribution and that this should translate
into a superior targeting of human clusters in vivo (Figure 3A).

To test this, we rationally designed four AAV-LK03s to attenuate
their affinity for HSPG. We generated two variants (AAV-LK03-
R488Q and AAV-LK03-N583S) that, based on our previous studies
on AAV2 HSPG binding,16 were predicted to have decreased affinity
Molecular
for HSPG. We also generated a variant where we substituted the crit-
ical arginine for HSPG binding35 for glycine as in AAV3a36 (AAV-
LK03-R594G). Finally, we designed a variant where we incorporated
two changes, D598H, which is also observed in AAV3a,36 and R594E,
with the intention to further reduce HSPG binding when compared
with R594G. This last variant is referred to throughout this paper
as AAV-LK03-REDH.36 We tested the binding affinity of these four
variants using a HiTrap Heparin Column. R488Q and N583S only
slightly affected the elution profile, whereas substituting the critical
R594 had a significant impact on the vector affinity to heparin
(Table S2).16

To enable the simultaneous study of the parental AAV-LK03 control
and the designed four variants in the same animal, we independently
packaged five barcoded ssAAV-LSP1-GFP-BC-WPRE-BGHpA16

expression cassettes per AAV variant. The barcodes allow for multi-
plexed high-throughput in vivo comparisons using NGS, as described
in detail recently.37 We injected the mix intravenously (5 � 1010 vec-
tor genomes [vg] per variant) into two hFRG mice with an average
replacement index (RI)19 of 80% and studied their relative perfor-
mance in primary human hepatocytes 1 week after injection. To do
so, we perfused the chimeric livers and isolated human hepatocytes
by fluorescence-activated cell sorting (FACS), extracted DNA from
the sorted cells, and analyzed the transgene barcode composition by
NGS. After normalizing the number of reads mapped to each barcode
to the vector composition in the pre-injection mix, we identified the
double mutant AAV-LK03-REDH (R594E + D598H) as a variant
with a superior in vivo transduction in the hFRG model (Figures 3B
and S7). We subsequently focused on studying the differential in vivo
performance of AAV-LK03 and the AAV-LK03-REDH double
mutant.

First, to be able to visually compare the two vectors in the same ani-
mal using immunohistochemical analysis, we developed a strategy,
shown schematically in Figure 3C, which consists of a modification
of a recently published murine liver perfusion protocol (see materials
andmethods). In brief, we cloned Venus38 and Cerulean39 fluorescent
protein reporters under the control of the CAG promoter in a self-
complementary AAV cassette described previously.40 To be able to
track the transgenes at the DNA and RNA levels, we included a
unique 50-mer DNA barcode compatible with single-nucleus tran-
scriptomics between the stop codon and the SV40 poly(A) (Fig-
ure 3C). After packaging each capsid with either transgene (Venus
or Cerulean), we titered and mixed them at 1:1 ratio with the comple-
mentary transgene packaged in the other capsid (AAV-LK03-Venus +
AAV-LK03-REDH-Cerulean and AAV-LK03-Cerulean + AAV-
LK03-REDH-Venus) (Figure 3C).

To study themodel presented in Figure 3A, we co-injected 1� 1011 vg
of either vector mix into two FRGs engrafted with human hepato-
cytes. At 1 week post injection, we surgically isolated the left lobe prior
to perfusing the rest of the liver to obtain a single-cell solution
amenable for FACS (Figure 3C). We sorted human and mouse cells
following a recently reported protocol (materials and methods and
Therapy: Methods & Clinical Development Vol. 28 March 2023 225
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Figure 3. Identification of a novel HSPG de-targeted AAV-LK03 presenting an increased area of lobular transduction

(A) Schematic representation of the proposed transduction model for AAV-LK03 and the HSPG de-targeted AAV-LK03 variants in low-engrafted mice. Owing to high HSPG

binding, the amenable area for transduction for AAV-LK03 is limited to the portal area (blue background). By reducing its interaction with this molecule, a wider lobular

transduction might be achieved (green area). (B) In vivo comparison of AAV-LK03 and AAV-LK03 HSPG de-targeted variants based on physical transduction in the xenograft

liver model (n = 2). Normalized percentage of NGS reads mapped to each capsid in human cells at the DNA level is shown. (C) Schematic representation of the study design

comparing AAV-LK03 and AAV-LK03-REDH in low-engrafted mice. (D and E) In vivo comparison of AAV-LK03 and AAV-LK03-REDH in low-engrafted animals. Normalized

percentage of NGS reads mapped to each capsid in human hepatocytes and murine liver cells at the DNA and cDNA are shown (n = 2). In (D), AAV-LK03 was encoded for

Venus and AAV-LK03-REDH for Cerulean. The opposite mix was generated for (E).
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Cabanes-Creus et al.37). We analyzed the relative vector performance
at the levels of physical entry (DNA) and functional transduction
(RNA/cDNA) in the human and murine cells using NGS
226 Molecular Therapy: Methods & Clinical Development Vol. 28 March
(Figures 3D and 3E). All reads were normalized to the pre-injection
mixes to account for any variability in the composition of the initial
mix (Table S3). As expected, the data from both sets of transgene
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mixes showed that the vector performance was highly, if not wholly,
dictated by the capsid serotype rather than by the transgene
(Figures 3D and 3E). The double mutant AAV-LK03-REDH per-
formed better than parental AAV-LK03 in the human hepatocytes
present in low-engrafted hFRGs, both at the entry and functional
levels (Figures 3D and 3E). However, we detected a loss in percentual
potency at the functional transduction (RNA/cDNA) level when
comparing the double mutant with AAV-LK03. This phenomenon
was more evident when studying the performance of these two vari-
ants in the murine liver. Although we could detect a relatively larger
number of reads associated with the double mutant AAV-LK03-
REDH at the DNA level in the murine liver, the double mutant failed
to express at the same level as AAV-LK03 and, thus, the overall map-
ped reads at the RNA/cDNA level were superior for AAV-LK03
(Figures 3D and 3E).

To complement the NGS data with immunofluorescence analyses,
we fixed and stained the unperfused left lobe of the same animals
with hGAPDH and GS to map human and murine pericentral
hepatocytes.27 As inferred from the NGS data, the double mutant
AAV-LK03-REDH presented a superior transduction profile in
low-repopulated (low RI) hFRG, with the expression of AAV-
LK03-REDH-encoded Cerulean (Figures 4A and 4C) or Venus
(Figures 4B and 4D) co-localizing mainly with the human clusters.
On the other hand, AAV-LK03 expression was mainly reduced to
the periportal area (Figures 4C and 4D). It is worth noting here
that in striking contrast to the expression deficiency observed in
single-stranded transgenes for AAV-LK03 in the murine liver14 we
detected Venus and Cerulean in portal hepatocytes of murine origin,
suggesting that the previously postulated AAV-LK03 deficiency in the
murine liver14 may be driven by specific mechanisms occurring inside
the target cell after entry but prior to single-stranded to double-
stranded genome conversion.

AAV-LK03-REDH can penetrate deeper into the liver lobule than

the parental AAV-LK03

Next, we studied the performance of both prototypical AAV-LK03
and the double mutant (AAV-LK03-REDH) in hFRG mice present-
ing a high level of human repopulation. As depictured schematically
in Figure 5A, we hypothesized that since more human hepatocytes
would be present within the periportal zone, which is amenable to
AAV-LK03 transduction, the performance of AAV-LK03 would
improve in highly repopulated animals when compared with animals
with low RI.

We followed a similar approach to the previous experiment to study
our hypothesis. Specifically, we injected an equimolar mix of vectors
encoding Venus or Cerulean (AAV-LK03-Venus + AAV-LK03-
REDH-Cerulean and AAV-LK03-Cerulean + AAV-LK03-REDH-
Venus at 5 � 1011 vg/capsid) into two highly engrafted hFRGs (Fig-
ure 5B). In contrast to previous studies (Figure 3C), we also performed
single-nucleus transcriptomics-based transduction analysis of the left
lobes by taking advantage of the unique 50-mer DNA barcode placed
immediately before the poly(A) (Figure 5B).
Molecular
As shown in Figures 5C and 5D, AAV-LK03-REDH could still
physically transduce a more significant proportion of the human
hepatocytes (Figures 5C and 5D). Interestingly, AAV-LK03 displayed
a more favorable DNA-to-RNA conversion as observed previously
(Figures 3D and 3E), given that a relatively lower percentage of
DNA reads for AAV-LK03 gave rise to a relatively higher percentage
of cDNA reads. As discussed in more detail below, this phenomenon
could be linked to either faster transduction kinetics for AAV-LK03
or to the existence of a “threshold effect,” a minimal number of copies
per cell required to yield successful functional transduction.

The immunofluorescence study of the liver sections from the same
animals confirmed the trends observed with NGS (Figures 6A and
6B). Interestingly, and in agreement with our hypothesis regarding
the influence of HSPG binding on zonal transduction, even at this
high RI, AAV-LK03 functional transduction was still highly limited
to portal hepatocytes even if those were of murine origin. In contrast,
the HSPG de-targeted variant (AAV-LK03-REDH) functionally
transduced human hepatocytes more efficiently than AAV-LK03.
However, we observed higher transduction of human hepatocytes
at the edges of the human clusters (Figures 6A and 6B).

Analysis of liver lobular AAV transduction with single-nucleus

RNA sequencing

We next wanted to analyze the performance of each capsid with sn-
RNA-seq. To do so, as discussed previously, we extracted and sorted
nuclei from an unperfused snap-frozen fragment of the left lobe of the
same highly engrafted hFRG animals22 (Figure 5B).

Given the differential performance of both vectors in the murine cells
at the cDNA (Figures 5C and 5D) and protein levels (Figures 6A and
6B), we extended the analysis to human and murine hepatocytes. We
identified the cluster corresponding to murine hepatocytes with
PanglaoDB. This web server allows for cell-type exploration and
identification41 (Figure 7A). The murine hepatocyte cluster was char-
acterized by the expression of the murine genes Alb, Cyp2e1, and Ttr
(Figure S8). The murine hepatocytes were particularly useful when
validating the sn-RNA barcode strategy because based on the immu-
nofluorescence results, we expected a clear difference between the
expression of the barcoded transgene packaged in AAV-LK03 and
the matching control transgene packaged in the HSPG de-targeted
AAV-LK03-REDH (Figures 7A and 7B). Figure 7B displays human
and murine clusters transduced with AAV-LK03-Cerulean, showing
that we could obtain Cerulean transcripts in the murine hepatocytes
to a larger extent than we could detect Venus transcripts (packaged in
AAV-LK03-REDH). As expected, when we flipped the capsids and
transgenes, we observed Venus expression mainly in murine hepato-
cytes and restricted Cerulean expression in those cells (Figure 7C).

Once we had validated the sn-RNA barcoded strategy, we focused our
analysis on the transduction profile of each capsid variant in human he-
patocytes (Figures 7D and 7E), with particular focus on their lobular
transduction profile. As expected, based on the immunofluorescence re-
sults, amore significant proportion of portal andmid-zonal hepatocytes
Therapy: Methods & Clinical Development Vol. 28 March 2023 227
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Figure 4. Immunofluorescence analyses of low-engrafted FRG mice transduced with AAV-LK03 and AAV-LK03-REDH vectors encoding for paired Venus

and Cerulean fluorophores

(A and C) Representative immunofluorescence analysis of a humanized FRG (hFRG) mouse liver transduced with AAV-LK03-REDH encoding for Cerulean and AAV-LK03

encoding for Venus. (B and D) Representative immunofluorescence analysis of an hFRG mouse liver transduced with AAV-LK03-REDH encoding for Venus and AAV-LK03

encoding for Cerulean. Pericentral hepatocytes aremarkedwith glutamine synthetase (GS, purple). Human clusters aremarkedwith GAPDH (red). Scale bars, 100 mm (A and

B) and 200 mm (C and D).
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were transducedwithAAVcomparedwith the central hepatocytes.This
was readily observable in the hFRGs injectedwithAAV-LK03 encoding
for Venus (Figure 7E, right column). As shown in Figures 7D and 7E,
the HSPG de-targeted AAV-LK03-REDH transduced a larger propor-
tion of hepatocytes, confirming a generally improved transduction effi-
ciency of AAV-LK03-REDH in this model (Tables S4–S6).

With regard to the transcriptional effects of AAV delivery and cargo
expression in primary human hepatocytes 1 week post injection, we
compared first the mean expression of genes involved in the p53/Akt
228 Molecular Therapy: Methods & Clinical Development Vol. 28 March
signaling pathway in the primary human liver cells (n = 2) used to repo-
pulate the FRGmice (the “pre-engraftment” sample) and in the control
hFRGs that did not receive any AAVs (“engrafted,” n = 2, Figure 7F).
Interestingly, we found Cdkn1a (p21) to be upregulated in the pre-
engraftment samples. This could be linked to the human liver perfusion
strategy utilized to isolate single cells before freezing and distribution.

Given the possibility that because of dropout events42 some nuclei con-
taining AAV transcripts could be scored as untransduced, which could
affect the analysis, we decided to compare the human nuclei with
2023



A B

C D

Figure 5. Comparison of AAV-LK03 and AAV-LK03-REDH in highly engrafted humanized FRG mice

(A) Schematic representation of the proposed transduction model for AAV-LK03 and the HSPG de-targeted AAV-LK03 variants in highly engrafted mice. Although the

amenable area for transduction for AAV-LK03 is hypothesized to remain like that of Figure 3A, more human hepatocytes are expected to randomly fall under the portal area

(blue background) in highly engrafted FRG mice. (B) Schematic representation of the study design comparing AAV-LK03 and AAV-LK03-REDH in highly engrafted mice. (C

and D) In vivo comparison of AAV-LK03 and AAV-LK03-REDH in highly engrafted animals. Normalized percentage of NGS reads mapped to each capsid in human he-

patocytes at the DNA and cDNA are shown (n = 2). In (C), AAV-LK03 was encoded for Venus and AAV-LK03-REDH for Cerulean. The opposite mix was generated for (D).
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detectable AAV transcripts (“transduced”) with true negative nuclei
from the non-injected, engrafted control animal (“engrafted,” Fig-
ure 7G). As shown in Table S7 and Figure 7G, 1 week after injection
we observed significant upregulation ofMdm2 andCdkn1a and a slight
but statistically significant upregulation of Phlda3 and its effectors Bax
andAen, although to a lesser extent, in the transduced nuclei. However,
we did not observe a significant difference in the expression of p53
(TP53) between “transduced” and “engrafted”humanhepatocytenuclei
(Figure 7G and Table S7).

Finally, and given the relevance of the vector immune profile for clin-
ical applications, we tested ten human sera for their reactivity to
Molecular
AAV-LK03 and AAV-LK03-REDH with an enzyme-linked immuno-
sorbent assay (ELISA). Five of the ten (50%) were non-reactive to
AAV-LK03-REDH, while only three (30%) were non-reactive to
AAV-LK03. However, the two sera that were only reactive to AAV-
LK03 showed weak reactivity, and thus potentially a larger sample
size would be required to categorically state that there is any signifi-
cant difference between those two variants with regard to immunore-
activity (Figure S9).

DISCUSSION
Recombinant AAV vectors developed from the natural serotypes
have provided positive therapeutic outcomes for several genetic
Therapy: Methods & Clinical Development Vol. 28 March 2023 229
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Figure 6. Immunofluorescence analyses of highly engrafted FRGmice transduced with AAV-LK03 and AAV-LK03-REDH vectors encoding for paired Venus

and Cerulean fluorophores

(A) Representative immunofluorescence analysis of a humanized FRG (hFRG)mouse liver transduced with AAV-LK03-REDH encoding for Venus and AAV-LK03 encoding for

Cerulean. (B) Representative immunofluorescence analysis of an hFRG mouse liver transduced with AAV-LK03-REDH encoding for Cerulean and AAV-LK03 encoding for

Venus. Pericentral hepatocytes are marked with glutamine synthetase (GS, purple). Human clusters are marked with GAPDH (red). Scale bars, 500 mm (main figures) and

250 mm (magnified insets).
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indications.43 During the past 25 years, a new generation of
engineered AAV vectors has been developed to enhance targeting
specificity, safety, and endurance.43 Until recently, this quest for novel
capsids has mainly been directed at particular organs as a whole.
However, with the advent of sc-RNA-seq, we can now develop and
profile AAV variants across cell types, which is especially important
in organs with complex cell-type compositions such as the liver,44

the retina,45 or the brain.46

Previous studies have also explored single-cell sequencing in AAV
development.44–46 Given the inherent complexity of the xenograft
hFRG model, where both human and murine cell types co-exist in
the murine liver scaffold, we opted for sn-RNA-seq instead of
sc-RNA-seq.22 By snap-freezing the liver tissue and extracting and
sorting the nuclei a posteriori, it is possible to minimize the biases
introduced by collagenase-based cell dissociation, both at the level
of cell-type representation and the level of de novo transcriptional
stress responses.28,29 One caveat when using sn-RNA-seq could be
related to the relatively lower amount of AAV transgene transcripts
present in nuclei than in the cytoplasm. In our case, we detected
AAV transgenes in �9% to �17% of the human nuclei (Tables S3
230 Molecular Therapy: Methods & Clinical Development Vol. 28 March
and S4). These numbers are likely to be an underestimation because
many transcripts are missed in sn-RNA-seq, especially those genes
presenting a lower expression magnitude in comparison. We hypoth-
esize that this effect influences the number of AAV transcripts.42 Stra-
tegies to retain the whole or part of the transcript at the nuclei could
be explored, such as including long non-coding RNA sequences that
promote nuclear enrichment.47 However, the effect of such sequences
on AAV-genome processing and stability would also have to be
considered, adding another level of complexity and uncertainty.

We believe the complementary analyses presented here offer a robust
approach for assessing AAV transduction in complex organs or
models such as the hFRG. De-targeting AAV-LK03 from HSPG
yielded a vector that consistently transduced a larger area of the
chimeric liver in hFRG, as validated by complementary strategies
including NGS (Figure 5), immunofluorescence (Figure 6), and sn-
RNA-seq (Figure 7). We have previously reported the same mecha-
nism for AAV2-based vectors in the hFRG model,16 which is yet
another piece of evidence supporting the findings of the current
study. It is also important to note the striking difference in relative
vector performance between mice presenting low (Figure 4) and
2023
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Figure 7. Single-nucleus RNA-sequencing analysis of human and murine nuclei transduced with barcoded AAV-LK03 and AAV-LK03-REDH vectors

(A) UMAP visualization of single human and murine hepatocyte nuclei. (B and C) Expression of Venus and Cerulean in UMAP space in human and murine nuclei analyzed for

hFRG injected with indicated complementary fluorophores (n = 2 per condition). (D and E) Log-normalized expression of Venus and Cerulean in human hepatocyte nuclei

from hFRG injected with the indicated complementary fluorophores. Identified zonation clusters are indicated in each UMAP plot (top panel). (F) Average log-normalized

expression of genes in human nuclei analyzed pre-engraftment (x axis) and in the non-transduced, engrafted control (y axis). Expression levels ofMdm2 and Cdkn1a, and of

Phlda3 and its effectors Bax, Aen, and TP53, in both samples, are highlighted in blue. (G) Similar analysis as shown in (F), comparing expression in engrafted human nuclei (x

axis) and in AAV-transduced human nuclei (y axis).
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high (Figure 6) RIs. In the former, practically all the human hepato-
cytes could be transduced with AAV-LK03-REDH. This is likely, at
least partially, due to a larger number of vector particles per human
hepatocyte (MOT), given that in highly repopulated mice, AAV-
LK03-REDH transduction was more apparent at the edges of the
human clusters adjacent to the portal area, where the vector first
encountered this cell type. How this effect translates across species
remains to be studied in larger animal models and eventually in the
clinical setting. In addition, different species probably present
different extracellular matrix compositions/HSPG profiles, and thus
a fine-tuning of the methodology could be required to achieve the
maximum functional benefit.

The differential pattern of AAV-mediated transgene expression
across the murine hepatic lobule was first described for AAV8 by
Cunningham and colleagues in 2008.48 From the beginning, it was
postulated that this could be caused by two non-exclusive processes:
preferential vector tropism for specific hepatocytes and promoter
specificity. HSPG-binding vectors such as AAV2, AAV3b, and related
bioengineered variants such as AAV-KP1 and AAV-LK03 display a
marked periportal profile in the hFRG model. Therefore we hypoth-
esize that, in the instance of HSPG-binding capsids, physical restric-
tion of the amenable area for transduction is the primary determinant
of this phenomenon.14,15 In support of our hypothesis, Dane and col-
leagues also reported a clear periportal bias for AAV2 in the murine
liver, where the relative number of vector genomes in the periportal
area was five times higher than that in the perivenous area in female
mice.15 In contrast to HSPG-binding vectors, AAV7, AAV8, AAV9,
and AAVrh10 exhibit a predominantly perivenous pattern in the mu-
rine liver,15 which also correlates with more vector genomes in the
pericentral region of the lobule.48 Bell and colleagues also reported
this pericentral dominance in transgene expression in mice with
AAV8 encoding transgenes under three different promoters, suggest-
ing that transduction zonation is not caused by promoter specificity.49

However, we have recently described wide lobular transduction with
the murine tropic AAV-LK03-265insT-R595G14 encoding for the
ssAAV-LSP1-GFP-BC-WPRE-BGHpA. However, the same vector
packaged with a cassette containing the human cytomegalovirus pro-
moter resulted in a marked pericentral expression profile.14 Given
that the capsid was kept constant, our data suggest that, in some in-
stances, promoters can also have a determining role in differential
transgene expression across the hepatic lobule, in agreement with
the initial postulate by Cunningham et al.48

Interestingly, a predominantly pericentral expression was also found
in dogs injected with AAV8,49 although the same authors found the
pattern reversed in cynomolgus and rhesus macaques, where the
transgene expression was most intense around the portal vein.49

Although themechanism responsible for these differences is currently
unknown, we think it could be influenced by the different affinities of
AAV8 to murine and non-human primate AAVRs.31 It is plausible
that being of non-human primate origin, AAV8 presents a higher af-
finity for the non-human primate AAVR, which could, in turn, shift
its lobular transduction profile to the periportal zone first encoun-
232 Molecular Therapy: Methods & Clinical Development Vol. 28 March
tered by AAVs entering hepatic lobule with the blood. Differences
in matrix proteoglycan compositions between mice and non-human
primates, or even of AAVR distribution across the hepatic lobule,
could also account for these transduction disparities, as has recently
been hypothesized.50

An interesting phenomenon in our study related to transgene expres-
sion was that the double mutant AAV-LK03-REDH (R594E +
D598H) presented reduced functional transduction (RNA output
per DNA input) compared with its parental AAV-LK03. This was
especially noticeable in murine hepatocytes, where although we could
map a larger amount of DNA reads to AAV-LK03-REDH, this
mutant was not functional in murine cells (Figures 3D and 3E). To
a lesser extent, we also detected a loss in functional performance in
human hepatocytes. We hypothesize that this observation could be
explained by at least three possible and not mutually exclusive mech-
anisms. First, we cannot exclude the possibility of the lower RNA
output being related to an unidentified impairment of a post-entry,
but pre-transcription, step. Another intriguing possibility could be
the presence of a minimum required threshold of transgenes per
cell to reach functional transduction, given that the de-targeted
variant physically transduces a larger number of cells but at a lower
average vg count per cell, whereas canonical AAV-LK03 does the
opposite. Finally, given that this comparison is performed at a partic-
ular time point (1 week post injection), it is also possible that
the observed differences reflect differential post-entry kinetics
of the variants. Further studies will be required to better understand
the underlying mechanism.

In summary, we have provided further evidence that fine-tuning the
HSPG attachment profile of AAV vectors can be a powerful tool for
engineering their liver lobular transduction profiles. It is crucial to
note that in some instances, such as when treating metabolic diseases
that affect hepatocytes in specific hepatic zones,51 it might be benefi-
cial to deliberately select a vector presenting a marked periportal or
pericentral profile. In other instances, for example when expressing
therapeutic proteins released by the cells, such as coagulation factors
in the case of hemophilia A or B, a wider vector distribution might
allow reduction of liver damage associated with a toxic level of high
vector copies per cell. Although we performed this proof of concept
in a pre-clinical humanized mouse model, we hypothesize that the
same mechanism could be exploited to generate AAV vectors with
wider lobular transduction in larger animals and, eventually, humans.
Furthermore, similar mechanisms could be explored to improve gene
therapy vectors targeting other organs and tissues, where interactions
with extracellular matrix and HSPG could directly affect vector distri-
butions and, thus, clinical utility.

MATERIALS AND METHODS
Mouse studies and isolation of human hepatocytes by

collagenase perfusion

All animal experimental procedures and care were approved by the
joint Children’s Medical Research Institute (CMRI) and The Chil-
dren’s Hospital at Westmead Animal Care and Ethics Committee.
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Fah�/�Rag2�/�Il2rg�/� (FRG) mice were bred, housed, engrafted,
and monitored as recently described.37 Levels of human cell engraft-
ment were estimated by measuring the presence of human
albumin in peripheral blood, using the human albumin ELISA
quantitation kit (Bethyl Laboratories; #E80-129). To evaluate the
AAV transduction potential, mice were placed on 10% NTBC and
were maintained in this condition until harvest. All hFRG mice
reported in this study were engrafted with hepatocytes from
the same human donor (Caucasian, 15-month-old donor; Lonza;
#HUM181791).

Mice were randomly assigned to experiments and transduced via
intravenous injection (lateral tail vein) with the indicated vector
doses. Mice were euthanized by CO2 inhalation either 1 week after
transduction for barcoded NGS analyses, immunohistochemistry
studies, and sn-RNA-seq. To obtain murine and human single-cell
suspensions from xenografted murine livers, we followed the same
collagenase perfusion procedure as recently described.37 In brief, cells
were labeled with phycoerythrin (PE)-conjugated anti-human-HLA-
ABC (clone W6/32, Invitrogen #12-9983-42; 1:20), biotin-conjugated
anti-mouse-H-2Kb (clone AF6-88.5, BD Pharmigen #553568; 1:100),
and allophycocyanin (APC)-conjugated streptavidin (eBioscience
#17-4317-82; 1:500). Flow cytometry was performed in the Flow
Cytometry Facility, Westmead Institute for Medical Research (West-
mead, NSW, Australia). The data were analyzed using FlowJo 7.6.1
(FlowJo).

To obtain samples from the same animals for immunofluorescence
and sn-RNA-seq analyses, we tightened the left lobe of the studied
FRG livers prior to collagenase perfusion. For sn-RNA-seq experi-
ments we flash-froze �25-mg liver chunks from the left lobe, and
for immunofluorescence analyses we proceeded as indicated in the
corresponding section.

Lentiviral vector packaging

LeGO-Cer2, LeGO-C2, and LeGO-V234 were modified to include the
puromycin resistance gene and were produced by transient transfec-
tion of HEK293T packaging cells, using the third-generation lentiviral
packaging plasmids pRRE and pRSV-Rev.2, and the Env plasmid
VSV-G. Supernatants containing lentiviral particles were concen-
trated using two rounds of ultracentrifugation, and vector particles
were titrated by transduction of HEK293T cells in the presence of
8 mg/mL Polybrene. Gene transfer rates by each LeGO lentiviral
vector were analyzed at 72 h post transduction by flow cytometry.

Isolation of FRG passage 1 human hepatocytes

We followed the same collagenase perfusion procedure as recently
described37 to obtain murine and human single hepatocyte suspen-
sions from xenografted FRG livers. Human hepatocytes were sepa-
rated from mouse with EasySep Mouse Streptavidin RapidSpheres
Isolation Kit (STEMCELL Technologies; #19860). To check the purity
of human hepatocyte fraction, we labeled the cells with PE-conju-
gated anti-human-HLA-ABC, biotin-conjugated anti-mouse-H-
2Kb, and APC-conjugated streptavidin.
Molecular
Culturing conditions and lentiviral transduction of passage 1

human hepatocytes

In vitro culture of P1 human hepatocytes was performed as described
recently.52 In brief, cryopreserved P1 human hepatocytes were
thawed, counted in trypan blue, and plated on a collagen-coated plate
(Gibco; #A1142802) in W10 plating medium (William’s E medium
[WEM], Gibco; #12551032) supplemented with 10% fetal bovine
serum, 1% penicillin/streptomycin (Sigma; #P4333), 1% 200 mM
L-glutamine (Gibco; #25030149), 0.1% 50 mg/mL gentamicin reagent
solution (Gibco; #15710064), and 0.1% ITS (Sigma; I3146). After
overnight incubation in humidified 37�C incubator, hepatocytes
were washed once with WEM and maintained in hepatocyte-defined
medium (Lonza; #185319), supplemented with 1% penicillin/strepto-
mycin, 1% 200 mM L-glutamine, 0.1% 50 mg/mL gentamicin, and
2% dimethyl sulfoxide (Sigma; #D2650); maintenance medium
was changed every second day. Twenty-four hours after seeding,
confluent P1 hepatocytes were transduced with LeGO-Cer2, LeGO-
C2, and LeGO-V2 lentiviral vectors at multiplicity of infection of
0.7 in the presence of 8 mg/mL Polybrene by spinoculation for
30 min at 1,000 � g at 25�C. Five days after lentiviral transduction,
Cerulean, mCherry, and Venus fluorescent protein-expressed hepato-
cytes were selected by addition of puromycin (Gibco; #A1113803) in
maintenance medium to the final concentration of 2 mg/mL. Seventy-
two hours after puromycin selection, hepatocytes were washed with
WEM, incubated for 30 min with Hanks’ balanced salt solution
with 10-min interval washes to loosen tight junctions, and detached
from collagen-coated plates by incubation with TrypLE Select
(10�; Gibco; #A12177-01) for 5 min; after being gently resuspended
in W10 medium, cells were spun at 50 � g, resuspended, counted in
trypan blue, and re-engrafted into an FRG recipient mouse.

ELISA measurement of anti-AAV IgG-specific antibody titer in

human serum

Ten human sera were assayed for reactivity to AAV-LK03 and AAV-
LK03-REDH by ELISA. Ninety-six-well polystyrene ELISA plates
(Nunc; #442404) were coated overnight at 4�C with 50 mL per well
of AAV vector stocks (2.5 � 1010 vg/mL) diluted in coating buffer
(carbonate-bicarbonate buffer, Sigma-Aldrich). Plates were washed
three times with wash buffer (PBS) + 0.05% Tween 20 (Sigma-
Aldrich) and then received 100 mL per well of blocking buffer
(PBS + 5% skim milk + 0.05% Tween 20). Plates were then washed
three times after incubation at room temperature for 2 h in wash
buffer and received 50 mL per well of sera (diluted in blocking buffer
at 1:50, with duplicate wells for each dilution). Plates were incubated
for 2 h at room temperature and washed three times with wash buffer
before receiving 50 mL per well of horseradish peroxidase-conjugated
anti-human Fc-specific IgG (Chemicon AP309P, diluted 1:10,000 in
blocking buffer). Plates were incubated for 1 h at room temperature
and washed four times using wash buffer before receiving 75 mL
per well of 3,30,5,50-tetramethylbenzidine (Sigma-Aldrich). Plates
were incubated in the dark for 30 min at room temperature, and
the reactions were then stopped using 75 mL per well of 1 M sulfuric
acid. The absorbance of each well was measured at 450-nm wave-
length using a VersaMax microplate reader (Molecular Devices).
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Duplicate wells containing no AAV served as background controls.
The mean value for each sample dilution was calculated for wells
with coated vector (foreground) and without coated vector (back-
ground), and the sample was considered reactive if this ratio was >2.0.

Immunofluorescence analysis of humanized FRG mouse livers

Immunofluorescence was performed as described in detail recently
without modifications.37 In brief, mouse livers were fixed with para-
formaldehyde, cryoprotected in sucrose, and frozen in OCT (Tissue-
Tek). Frozen liver sections (5 mm) were permeabilized in ice-cold
methanol followed by room-temperature 0.1% Triton X-100, then
reacted with anti-human GAPDH antibody (Abcam; #ab215227)
and 40,6-diamidino-2-phenylindole (Invitrogen; #D1306) at 0.08 ng/
mL. When indicated in the figure legends, anti-GS (Origene;
#TA500700) was used. For Figure 2A, anti-HAL (Sigma Prestige An-
tibodies; #HPA038547), anti-ASL (Invitrogen; #PA5-22300), anti-
ASS (Invitrogen; #PA5-82740), and anti-CPS1 (Abcam; #ab129076)
antibodies were used as indicated. For Figures 2B and 2D, anti-cyto-
keratin 7 (Abcam; #ab68459) was used. After immunolabeling, the
images were captured and analyzed on an LSM800-Airyscan
microscope using ZEN Black software.

Nuclei isolation

Hepatic nuclei were isolated directly from the commercial Lonza vial
or from flash-frozen liver chunks as described in detail recently22 with
no further modifications.

Single-nucleus RNA library preparation and sequencing

For the construction of sn-RNA-seq libraries, 10x Genomics
Chromium Single Cell 30v3 Reagent Kits were used according to the
manufacturer’s instructions. Libraries were prepared as described
recently,22 with no further modifications.

sn-RNA-seq data processing and analysis

Data were acquired on a NovaSeq6000 instrument in BCL format.
These files were de-multiplexed and converted into FASTQ format
using the bcl2fastq tool in Illumina BaseSpace Sequence Hub.
CellRanger 6.0.0 with “–include-introns” option was used to process
the FASTQ files, using a custom reference built from the human (re-
fdata-gex-GRCh38-2020-A) and mouse (refdata-gex-mm10-2020-A)
10x Genomics references, as well as the AAV transgene barcodes. The
resulting gene-barcode matrices were analyzed using Seurat (version
4.0.5).53 When analyzing only human gene expression, mouse genes
were excluded before creating a Seurat object, and nuclei were
included if they had at least 2,000 but no more than 7,000 genes ex-
pressed, as well as fewer than 0.3% mitochondrial gene expression.

For identification of liver cell types, human gene expression data were
integrated with a pre-processed dataset from Aizarani et al.,13 down-
loaded from the Gene Expression Omnibus (GEO: GSE124395) in
RData format. The gene-barcode matrix for normal human liver cells
was downloaded and processed using the standard Seurat pipeline
(normalization, identification of variable features, scaling, principal
component analysis [PCA], UMAP, identification of neighbors and
234 Molecular Therapy: Methods & Clinical Development Vol. 28 March
clusters). Inspection of the Seurat-defined clusters revealed that cell
types annotated in the GEO data did not always cluster together, so
cell types were assigned to clusters by inspecting the expression of
marker genes for each cell type (identified from both the original
publication and PanglaoDB).41 These cell types were then identified
in the human gene expression data by integrating23 our data
with the Aizarani dataset13 using the FindTransferAnchors and
MapQuery functions.

For identification of zonation in human hepatocytes, the datasets
containing human genes were integrated together using the
SelectIntegrationFeatures, FindIntegrationAnchors, and IntegrateData
functions, followed by the standard Seurat workflow (scaling,
PCA, UMAP, neighbor identification, and clustering). Marker genes
differentially expressed between clusters were identified using the
FindAllMarkers function, using the Wilcoxon rank-sum test, for genes
that were expressed in at least 25% of the cells in each cluster and a log
fold change of at least 0.25 compared with all remaining cells. The
Wilcoxon rank-sum test was also used to compare the differential
expression of genes of interest between clusters or treatments. In
addition, the expression of well-known zonation genes were inspected
in violin and UMAP plots.

For comparison of mouse and human hepatocyte transduction,
mouse genes were retained, and nuclei were included if they had at
least 2,000 but no more than 6,000 genes expressed, and fewer than
0.5% mitochondrial gene expression. Datasets were integrated
together in the same way as described above, before processing using
the standard Seurat workflow. The Wilcoxon rank-sum test was used
to examine the differential expression of genes between clusters and
treatment groups.

DNA and RNA isolation, and cDNA synthesis

Isolation of DNA and RNA, and cDNA synthesis were performed as
described in detail previously18 with no further modifications. In
brief, DNA was extracted using a standard phenol/chloroform proto-
col and RNA with the Direct-Zol kit (Zymogen; #R2062). cDNA
synthesis was carried out with SuperScript IV first-strand synthesis
(Invitrogen), following the manufacturer’s instructions.

Heparin-binding assay

The heparin affinity of the described AAV-LK03 variants was
determined using a 1-mL HiTrap Heparin HP column (Cytiva;
#17040601) on an AKTA pure 25 M2 fast protein liquid chromatog-
raphy system, as described in detail in a previous publication.37

AAV packaging

AAV constructs were packaged into AAV capsids using HEK293 cells
and a helper-virus-free system, as described previously.54 Genomes
were packaged in capsid variants using packaging plasmid constructs
harboring rep genes from AAV2 and a specific capsid. Packaging of
multiple barcoded ss-LSP1-eGFP-BC-WPRE-BGHpA was achieved,
as described recently.16 All vectors/libraries were purified using iodix-
anol gradient ultracentrifugation, as previously described.55 AAV
2023
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preparations were titered using droplet digital PCR (ddPCR; see AAV
titration for details).

AAV transgene constructs

All vectors used in the study contain AAV2 ITR sequences. The AAV
construct pLSP1-eGFP-WPRE-BGHpA, which encodes eGFP under
the transcriptional control of a heterologous promoter containing
one copy of the SERPINA1 (hAAT) promoter and two copies of
the apolipoprotein E enhancer element, has been previously
reported.56 The barcoded versions of this construct include a 6-mer
barcode between eGFP andWPRE.18 The Venus and Cerulean trans-
genes were cloned into a self-complementary, CAG-driven plasmid
(Addgene; #8327940) by substituting eGFP for either transgene en-
coding for each fluorophore. The plasmids encoding for Venus and
Cerulean were kindly provided by Dr. Grant Logan. The barcoded
constructs of these transgenes contain a 50-mer-long barcode be-
tween the phlorophore and the Simian virus 40 (SV40) polyadenyla-
tion tail as indicated below. Venus: 50-GCG AGC CGC CGA TCT
ACT GAG ACA GCG AGC GTT CCA TCG TTC TTT CTT CG-
30; Cerulean: 50- TCA GAG TCC CTC GCA TCG CCT GCG CTC
CCT CCG CAG TTT TCC TTG CGG GG-30.

AAV titration

AAV titration was performed via ddPCR (Bio-Rad) using EvaGreen
Supermix (Bio-Rad; #1864034) and following the manufacturer’s in-
structions. To detect AAV genomes on vectors, GFP primers were
used (GFP-F: 50-TCA AGA TCC GCC ACA ACA TC; GFP-R:
50-TTC TCG TTG GGG TCT TTG CT).

Barcode amplification, NGS, and distribution analysis

For Figure 3B, the 150-bp region surrounding the 6-mer barcode was
amplified with Q5 High-Fidelity DNA Polymerase (NEB; #M0491L)
using BC_F (50-GCT GGA GTT CGT GAC CGC CG) and BC_R
primer (50-CAA CAT AGT TAA GAA TAC CAG TCA ATC TTT
CAC AAA TTT TGT AAT CCA GAG G). For Venus and Cerulean
barcode sequencing, BC-Ven_Cer_F (50-TTC GTG ACC GCC
GCC GGG ATC) and BC-Ven-Cer_R (50-CAC AAA TAA AGC
ATC GAG ATC GCA GGT GAG GCC) were used instead.

NGS library preparations and sequencing using 2 � 150 paired-end
configurations were performed by Genewiz (Suzhou, China) using
an IlluminaMiSeq instrument. A workflowwas written in Snakemake
(5.6)42 to process reads and count barcodes. Paired reads were
merged using BBMerge and then filtered for reads of the expected
length in a second pass through BBDuk, both from BBTools 38.68
(https://sourceforge.net/projects/bbmap/). The merged, filtered fastq
files were passed to a Python (3.7) script that identified barcodes cor-
responding to AAV variants. NGS reads from the DNA and cDNA
populations were normalized to the reads from the pre-injection vec-
tor mix.
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