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Adeno-associated virus (AAV) vectors are widely used in gene
therapy, particularly for liver-targeted treatments. However,
predicting human-specific outcomes, such as transduction ef-
ficiency and hepatotoxicity, remains challenging. Reliable
in vitro models are urgently needed to bridge the gap between
preclinical studies and clinical applications. This study pre-
sents the first comparative evaluation of AAV transduction
across multiple induced pluripotent stem cell (iPSC)-derived
hepatocyte organoid donors, offering a novel platform for as-
sessing vector performance in human liver models. The trans-
duction efficiency and hepatotoxicity of eight AAV serotypes
(AAV1, AAV2, AAV3, AAV4, AAV5, AAV6, AAVS, and
AAV9) were tested in iPSC-derived liver organoids and hepat-
ic cell lines (HepG2 and HepaRG). AAV6 and AAVS exhibited
the highest transduction efficiency in organoids, while AAV4
and AAVS5 were the least effective. Transduction variability
was observed across different donors and cell lines. Notably,
no significant hepatotoxicity, measured by AST (aspartate
aminotransferase) release and viability measurements, was
observed, indicating that AAVs do not induce immediate liver
damage in vitro. This study introduces iPSC-derived
hepatocyte organoids as a novel and effective tool for predict-
ing AAV transduction efficiency and safety, with potential
to enhance the translation of gene therapies to clinical
applications.

INTRODUCTION

Recombinant adeno-associated viral vectors (rAAVs) have become
the main gene delivery method for in vivo gene therapy applications.
In 2012, Glybera was authorized by the European Medicines Agency
(EMA) as the first human gene therapy for the treatment of acute
pancreatitis in patients with lipoprotein lipase deficiency, a rare he-
reditary lipid disease.' To date, seven gene therapy products based on
AAV vectors are authorized on the market: Luxturna (RPE65 muta-
tion-associated retinal dystrophy, based on AAV2),” Zolgensma (pe-
diatrics patients with spinal muscular atrophy, based on AAV9),’
Hemgenix (hemophilia B, based on AAV5)," Elevidys (Duchenne
muscular dystrophy, based on AAVrh74),” Roctavian (hemophilia
A, based on AAV5),° Upstaza (aromatic L-amino acid decarboxylase
deficiency, based on AAV2), and Beqvez (hemophilia B, based on
AAVrh74var).® In addition, there are more than 366 adeno-associ-

ated virus (AAV)-based gene therapy clinical trials ongoing (based
on Gene Therapy Clinical Trials Worldwide database, November
2024).°

Due to its role in human metabolism and some other important
physiologic activities such as digestion, immunity, blood clotting,
or protein synthesis,'”'" the liver has been one of the first target
organs for systemic administration of AAV-mediated gene therapy.
First liver targeting gene therapy studies were conducted in the
context of hemophilia A and B. In both mice and humans, a re-
combinant AAV2 vector expressing human factor IX (hFIX)
demonstrated efficiency for hemophilia B by inducing stable, ther-
apeutic levels of factor IX in plasma after a single infusion.'*"”
Building on these promising results, years of extensive research
and advancements in AAV vector design eventually led to the
approval in 2022 of the first liver-directed gene therapy product,
utilizing an AAV5 vector with a liver-specific promoter, for the
treatment of hemophilia B.

Studies on hemophilia B have revealed notable distinctions in the
responses to AAV-mediated gene therapy between preclinical ani-
mal models and humans. The first clinical trials demonstrated a
transient expression of the transgene product and liver toxicity in
some patients, including activation of capsid-specific T cells and
direct hepatocellular damage.'®'® Interestingly, these issues were
absent in small animal models, as well as non-human primate
models. However, liver toxicity in humans is not solely limited to
T cell responses. Other forms of hepatotoxicity linked to the over-
expression of the transgene disrupting the normal metabolism of
the cells have been reported in animals, as well as acute hepatocel-
lular injury that occurs within the first 3 to 10 days after vector
administration.'®™'” For instance, a study using a self-complemen-
tary AAV8 vector encoding a codon-optimized hFIX (AAV2/8-
LP1-hFIXco) initially showed promising results in 24 non-human
primates, with stable transgene expression and no toxicity.*’
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When administered to six patients, although the vector exhibited
efficiency with long-term hFIX expression, it also led to elevated
serum liver enzymes in two of them who received the highest
dose, potentially being the consequence of a cellular immune
response to the AAV capsid.”’

Furthermore, AAV-mediated therapies not targeting the liver can
also induce liver toxicity, as most AAV serotypes exhibit a strong
natural tropism for this organ. Animal studies have revealed that
AAV liver tropism varies across species.””>* Another study
confirmed species differences in the transduction efficiency of
several AAV serotypes in murine, hamster, and monkey immortal-
ized cell lines.>” Therefore, there is significant lack of translatability
between animal models and humans, highlighting the urgent need
for better models to predict the liver transduction by different
AAVs as well as the safety risk in case of viral uptake of the virus
by the liver even if it is not the targeted organ.

In the pursuit of applying preclinical findings to humans in the
context of AAV, the intricate challenge of tissue-tropism differences
between species is compounded by the complex interplay of the
T cells’ differentiation status and functionality, pre-existing immu-
nity, and biodistribution, contributing to the complexity of inter-
preting research outcomes.”>*” Utilizing a human cell system can
aid in understanding these differences. However, the introduction
of patient-to-patient variability further complicates the analysis of
clinical data, making it challenging to draw conclusions about the
performance of individual vectors. Thus, a reliable in vitro system
for testing AAV toxicity in the liver has not been available.

Aiming to close this critical gap, we assessed in the present study the
transduction efficiency of various AAV serotypes (AAV1, AAV2,
AAV3, AAV4, AAV5, AAV6, AAVS, and AAVY) in a variety of
in vitro human liver models, including hepatic cell lines (HepG2
and HepaRG) and induced pluripotent stem cell (iPSC)-derived liver
organoids. We then assessed direct hepatotoxicity by measuring liver
transaminases and viability of the system after treatment. This work
demonstrates the potential of liver organoids to serve as an efficient
tool to model AAV transduction. It also contributes toward a better
understanding of whether in vitro models such as liver organoids can
serve as a platform for in vivo prediction of AAV hepatotoxicity.

RESULTS

HepG2 and HepaRG are both transduced by AAV 2, 3, 4, 5, 6, 8,
and 9

The most widely known human liver model relies on hepatocyte cell
lines. In this regard, HepG2 and HepaRG were initially utilized to
assess AAV transduction efficiency using AAV2, 3, 4, 5, 6, 8, and
9. Cells were exposed to AAV's encoding GFP (green fluorescent pro-
tein) as reporter transgene at a multiplicity of infection (MOI) of 10°,
and GFP expression was analyzed over 3 days. A preliminary exper-
iment using AAVs at MOI of 10% 10° and 10° demonstrated the
highest transduction at an MOI of 10° (data not shown). First, initi-
ation of GFP expression was observed approximately 4-8 h post-
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treatment (Figures 1A and 1B). The transduction efficiencies varied
according to the AAV serotypes in both cell lines (Figure 1A). Inter-
estingly, HepG2 cells exhibited superior transduction by AAV2
compared to other serotypes, whereas AAV8 and AAV9 displayed
lower transduction rates. In contrast, HepaRG cells demonstrated
highest transduction with AAV6, while AAV2, 8, and 9 showed rela-
tively similar transduction efficiency (Figure 1B). Overall, all tested
serotypes achieved transduction efficiencies exceeding 50% in
HepaRG cells. In HepG2, AAV2, 3, and 6 showed the highest trans-
duction efficiency (68.80%, 69.25%, and 54.45%, respectively),
whereas AAV8 and AAV9 were poorly transduced (13.74% and
25.03%, respectively) (Figure 1C). These findings underscore the
substantial impact of AAV serotypes and model selection to study
AAV transduction.

iPSC-derived hepatocytes form 3D organoids

As primary hepatocytes are known to be difficult to transduce by
AAVs,” we decided to use iPSC-derived hepatocytes in order to
have an in vitro model that could potentially recapitulate inter-donor
variability. To generate the iPSC-derived hepatocyte organoid liver
model, we first optimized the culture conditions to ensure reproduc-
ibility. Our approach, utilizing iPSC-derived hepatocyte organoids,
involved the encapsulation of single cells within Matrigel, yielding
the formation of multiple organoids per well as shown in
Figure 2A. Different cell concentrations were tested to identify the
most effective conditions for organoid formation following a
14-day differentiation period. Notably, we observed the development
of 2D structures at the bottom of the wells, which we considered cells
adhering to the plastic and failing to aggregate into 3D structures. To
overcome this problem, we applied coating with Matrigel of the wells
prior to cell seeding, which effectively prevented formation of 2D
structures, yielding more reproducible organoid
(Figure SI).

structures

We observed that hepatocytes were forming interconnections and
self-organized by day 2 (Figure 2B). On day 7 and day 14, organo-
ids were clearly detectable. To monitor hepatocyte differentiation
throughout the culture period, we assessed the expression of spe-
cific genes associated with hepatocytes and stem cells by reverse
transcription quantitative PCR (RT-qPCR). As expected, the
expression of albumin (ALB) and alpha-1-antitrypsin (AAT; gene
symbol SERPINAI) gradually increased during maturation before
plateauing after day 14 (Figure 2C). Asialoglycoprotein receptor 1
(ASGRI) and asialoglycoprotein receptor 2 (ASGR2), receptors
located at the surface of the hepatocytes, showed stable expression
in pre-differentiated hepatocytes at the outset of the culture.
Concurrently, fetal hepatocyte markers alpha-fetoprotein (AFP)
and leucine-rich repeat-containing G-protein-coupled receptor 6
(LGR6) displayed reduced expression with increasing culture
time. To confirm these findings at the protein level, immunofluo-
rescence staining was done after 14 days of culture (Figure 2D).
Notable expression of key hepatocytes markers, ALB, AAT, and
ASGRI, was observed affirming the differentiation into hepatocytes
(Figure 2D). These results indicates successful establishment of
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Figure 1. Analysis of AAV transduction in cell lines
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(A) Phase-contrast and immunofluorescence images of AAV2 and AAV8 transduction in HepG2 and AAV6 and AAV8 transduction in HepaRG cell lines at day 1 and day 3.
Scale bar, 200 pm. (B) AAV transduction efficiency overtime in percentage for HepG2 or HepaRG during 3 days. Data are expressed as mean (SD) (n = 3). (C) Heatmap
representing the mean of the percentage of AAV-transduced cells 3 days after AAV treatment, for HepG2 and HepaRG.

culture conditions allowing the generation of iPSC-derived hepato-
cyte organoids.

iPSC-derived hepatocyte organoids are transduced by various
AAV serotypes and show donor variability

To verify if the iPSC-derived hepatocyte organoids could serve as
AAV transduction models, first, AAVS8 and AAV9 were tested at
MOI 10% 10 and 10° in two donors. As expected, the number of
GFP-positive organoids was observed to be AAV dose-dependent,
with the highest percentage of GFP-positive organoids obtained
with an MOI of 10° for both AAV8 and AAV9 in donors 1 and 2
(Figure 3A).

Then, iPSC-derived hepatocytes organoids were exposed to AAV?2, 3,
4, 5, 6, 8, and 9 at 10° MOI. GFP expression was analyzed up to
4 weeks. On day 2 after treatment with AAVsata 10° MOL no clear
GFP signal could be detected for any of the serotypes, indicating the

requirement of an initiation period for transduction and GFP
expression as shown for AAV5 and 8 on Figure 3B. From day 14 on-
ward, the GFP signal was clearly visible.

After an initial lagging phase, the GFP expression rapidly reached a
plateau (approximately 7 days post-transduction) (Figure 3C).
Moreover, the GFP signal remained constant until day 28, indicating
prolonged expression in organoids.

As expected, donor heterogeneity was observed, with donor 3
showing approximately 50% lower transduction efficiency across
all tested serotypes. Furthermore, variability in transduction effi-
ciency was evident among serotypes within different donors.
Despite the donor heterogeneity, the trend in serotype transduction
efficacy was consistent across donors. For instance, while AAVS
and AAV9 demonstrated superior transduction in donor 1,
AAV6 surpassed other serotypes in donors 2, 3, and 4
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Figure 2. Establishment and characterization of the iPSC-derived 3D hepatocytes model
(A) Schematic overview of the culture protocol. (B) Phase-contrast images of the culture. Scale bar, 100 pm. (C) RT-gPCR analysis of genes associated with hepatocytes
(ALB, ASGR1, ASGR2, and A1AT), fetal hepatocytes (AFP), and stem cells (Lgr6). Data are expressed as mean (SD) (n = 3, normalized to PPIB). (D) Immunofluorescence

images of hepatocytes markers (ALB, ASGR1, and AAT). Scale bar, 100 pm.

(Figures 3C and 3D). Overall, every AAV serotype tested success-
fully transduced iPSC-derived hepatocyte organoids from all four
donors, with AAV4 and AAVS5 displaying the lowest transduction
efficiency (average among the four donors of 15.23% and 12.94%,
respectively) and AAV2, 6, 8, and 9 showing the highest efficiency
(average among the four donors of 39.62%, 55%, 40.52%, and
41.49%, respectively) (Figure 3D). These results underline the sig-
nificant role of AAV serotypes, donor variability, and viral dose
for the transduction efficiency of iPSC-derived hepatocyte
organoids.

AAVs did not induce direct hepatocellular damage

To determine if those different models could allow evaluation of
AAV-hepatotoxicity, we assessed aspartate
(AST) levels in the different models 2 days post-treatment with
different conditions. HepG2, HepaRG, and the four organoid do-
nors showed a substantial increase in AST levels following treat-
ment with adenovirus or chlorpromazine when compared to their
respective controls (Figure 4A). Adenovirus and chlorpromazine
both can be used as positive controls for liver toxicity, as adeno-
virus induces liver damage through viral replication and immune
responses,”® while chlorpromazine causes hepatotoxicity via oxida-

aminotransferase

tive stress and mitochondrial dysfunction.”° These observations
highlighted that these models can recapitulate direct hepatotoxicity.

Notably, incubation with AAV2, AAVS, and AAV9 did not yield a
significant increase in AST levels at day 2 either in cell lines or in or-
ganoid cultures. These findings collectively suggest that within this
initial phase post-treatment, these AAV serotypes do not induce
AST-related acute liver damage in the liver models under
investigation.

As organoids could be maintained in culture for extended periods
compared to cell lines, more prolonged assessment of AST release
post-treatment was conducted (up to 28 days post-treatment). In
line with previous observations, Figure 4B illustrates AST release
2 days after treatment with adenovirus and chlorpromazine. While
the timing of AST release was consistent across donors, the levels de-
tected were highly variable (between 2 and 10 U/mL). This highlights
donor-specific responses to these hepatotoxic agents. Conversely,
over the 28-day culture period, no significant escalation of AST
release was noted following treatment with various AAV serotypes.
This sustained absence of AST release confirmed the reduced risk
for direct hepatotoxicity with the administered AAVs in this specific
model and time frame.

In parallel with AST measurements, viability of the systems was tested
by measurement of adenosine triphosphate (ATP) levels 72 h post-
treatment of HepG2 and HepaRG and 28 days post-treatment for
the organoids. Figure 4C shows a high decrease of ATP following
chlorpromazine treatment, indicating cell death, on both HepG2
and HepaRG cells. In correlation with previous results, no significant
decrease of ATP was observed following AAV treatments. Similar re-
sults were found on the organoids 28 days after treatment (Figure 4D).

DISCUSSION

Despite the progress made with recombinant AAV vectors, the pre-
cise biodistribution, dissemination, toxicity, and duration of trans-
gene expression of these vectors in the human body following
administration is not fully understood.”’ There have also been
notable differences between outcomes in preclinical studies
including NHPs and human trials, resulting in patients unable to
experience full benefits of the therapy.
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Figure 3. Analysis of the AAV transduction in iPSC-derived hepatocyte organoids

(A) AAV transduction efficiency with different concentrations (MOl 10%, 10°, and 10°) for donor one and two for 9 days. Data are expressed as mean (SD) (n =
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3). (B) Phase-

contrast and immunofluorescence images of AAV5 and AAV8 (MOI 10°) transduction iPSC-derived hepatocyte organoids at day 2, day 14, and day 28. Scale bar, 500 pm.
(C) AAV transduction efficiency at a 108 MOI overtime in percentage for the organoids (4 donors) for 28 days. Data are expressed as mean (SD) (0 = 3). (D) Heatmap
representing the mean of the percentage of GFP-positive organoids 28 days after AAV treatment (MOI 10°) for the four-organoid donors for AAV1 to AAVO.

Preclinical liver models, ranging from immortalized hepatocyte cell
lines, like HepG2, to animal models such as mice and other rodents,
humanized mouse models, non-human primates, organoids, and tis-
sue slice cultures, have been extensively utilized for evaluating the
transduction efficiency and toxicity of AAV vectors. In this study,
we compared the transduction efficiencies in human-relevant
models, employing HepG2 and HepaRG cell lines, along with
iPSC-derived hepatocyte organoids obtained from four distinct do-
nors, for eight AAV serotypes: AAV1, 2, 3,4, 5, 6, 8, and 9.

The most widely known human liver model relies on hepatocyte
cell lines. HepG2, derived from hepatocellular carcinoma, repre-

sents an immortalized cell line capable of self-renewal, widely
accessible for cost-effective experiments. Also derived from hepa-
tocellular carcinoma, HepaRG cells exhibit greater differentiation
into mature hepatocyte-like cells compared to HepG2 but are
more expensive due to their proprietary nature. Our results
demonstrated significant differences in the transduction efficiency
of various AAV serotypes between the two immortalized hepato-
cyte cell lines. Consistent with previous findings, AAV2, 3, and 6
transduced HepG2 cells more effectively than AAV1, 4, 5, 8, and
9.%2 In contrast, all tested serotypes (AAV1, 2, 3, 4, 5, 6, 8, and 9)
exhibited high transduction efficiency in HepaRG cells. The
limited transduction observed in HepG2 cells for certain
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Figure 4. Evaluation of toxicity on the different models

(A) AST release 2 days post-treatment on HepG2, HepaRG, and iPSC-derived organoids. The results were normalized to the respective negative control for each liver model.
Data are expressed as mean (SD) (n = 3). (B) AST release in the supernatant of four donor-derived organoids up to 28 days post-AAV-transduction. The results were

normalized to the donor-matched negative control. Data are expressed as mean (SD) (n =

3). (C) ATP content on HepG2 and HepaRG 72 h after treatments. Data represented

in %, with 100% being the reference value of the negative control +standard deviation (n = 3). (D) ATP content on organoids 28 days after treatments. Data represented in %,

with 100% being the reference value of the negative control + standard deviation (n =

serotypes may not fully reflect viral performance in clinical con-
texts. For instance, AAV8 and AAV5, known for their strong liver
tropism in vivo, has been successfully used in patients with severe
hemophilia B, where it enabled long-term expression of therapeu-
tic factor IX. The more efficient transduction of HepaRG than

6

3).

HepG2 by AAVS8 and AAV5 shown as efficient in clinical tri-
O813 suggests that HepaRG cells may be a better model to reca-
pitulate the transduction clinical outcomes. However, the perfor-
mance of AAV variants in HepaRG cells has been less frequently
explored.

als
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We attempted to transduce primary liver spheroids with various
AAV serotypes, which resulted in limited viral uptake (data not
shown). In contrast, using iPSC-derived hepatocyte organoids, we
observed effective transduction with several AAV serotypes. This
difference could be attributed to the more accessible cellular archi-
tecture of iPSC-derived models, which better mimic certain func-
tional aspects of hepatocytes. Primary liver spheroids, although
physiologically relevant, often present barriers such as limited
permeability or more complex extracellular matrix structures that
may hinder AAV transduction.

iPSC-derived hepatocyte organoids have emerged as a promising
tool to better understand liver-specific functions, develop new ther-
apeutic approaches, and improve the efficiency of screening for po-
tential drug candidates. In addition, iPSCs represent an immortal
source of cells that can be derived from patient samples with specific
genetic backgrounds and diseases, allowing studies on disease mech-
anisms and personalized drug responses. In the gene therapy field,
iPSC-derived hepatocytes have the potential to offer a valuable plat-
form for investigating both the safety and efficacy of AAV-mediated
gene therapy products. In our study, we assessed AAV transduction
efficiency across four distinct donors. Despite the donor variability,
the consistent trend in efficacy was observed across donors. AAV4
and 5 were less efficient to transduce when compared to AAV1, 2,
6, 8, or 9. Notably, AAV2, 8, and 9 are known to well transduce
the liver in humans. Although AAV5 is used in approved liver-tar-
geted gene therapies, its lower efficiency in our study is somewhat
surprising.

Research indicates that the efficiency of AAV transduction can be
influenced by several factors, which may explain the discrepancy
we observed between the different models. One key factor is the
expression level of the AAV receptors and co-receptors in these
models. AAV receptor (AAVR, also known as KIAA0319L) is one
of the primary receptors for various AAV serotypes; studies have
shown that cells with higher AAVR expression tend to exhibit
increased AAV uptake and transduction efficiency.”> Heparan sul-
fate protegoglycans (HSPGs) also serve as key initial binding sites
for some AAV serotypes, notably AAV2.** Further studies have
identified other primary receptors critical for the transduction of
different AAV serotypes.”>*® In addition to primary receptors,
AAV co-receptors significantly enhance transduction efficiency.””**
Variations in AAV transduction efficiency among the iPSC-derived
hepatocyte organoid donors, as well as the differences observed in
the two immortalized cell lines, may be attributed to differences in
the expression of AAV receptors and co-receptors. These variations
warrant further in-depth study of the expression of these different re-
ceptors in the different models. It is also important to note that the
liver models tested included only hepatocytes. The liver is a complex
organ composed of various cell types, including Kupffer cells, stellate
cells, and liver sinusoidal endothelial cells, which might also impact
the transduction of the various serotypes. Finally, it is important to
note that following systemic delivery, AAV distribution is broad,
and several organs can uptake the vector, with varying affinity de-

pending on the serotype, thereby impacting the amount of AAV
reaching the liver. To better account for this parameter, human
chimeric mouse models, such as the xenografted FRG mouse model
or the PiZ-NSG mouse model, might provide more relevant insights.

One of the main concerns associated with AAV-driven gene therapy,
particularly when looking at the liver, is the potential for inducing
toxicity. Liver transaminases, such as AST, are enzymes typically
found in the liver. Elevated levels of these enzymes in the blood-
stream serve as clinical markers of liver damage and have been re-
ported in multiple gene therapy clinical studies.”® Therefore, to
assess the impact of AAV treatment on AST production, we investi-
gated its effects on the two immortalized cell lines and the four iPSC-
derived hepatocyte organoid donors. Our findings revealed that
AAV transduction did not lead to a significant increase in AST levels,
indicating an absence of hepatocellular damage in these models. This
suggests that, under the conditions tested, AAV vectors did not
induce liver toxicity. On the contrary, chlorpromazine and adeno-
virus were used as positive controls for liver toxicity induction and
showed signs of liver transaminase increase. Their toxicity mecha-
nism involves direct hepatocyte damage, which leads to the release
of liver enzymes like AST into the bloodstream or culture superna-
tant, making it detectable in our assessments. Viability measure-
ments were consistent with AST release. As mentioned previously,
the liver is composed of several cell types, each playing a crucial
role in liver function and response to injury. Kupffer cells, for
instance, are liver-resident macrophages that are key players in the
immune response and can significantly influence the outcome of
AAV transduction through their ability to trigger inflammatory re-
sponses.’ Stellate cells are involved in liver fibrosis, whereas sinusoi-
dal endothelial cells contribute to the vascular environment of the
liver. The absence of these cell types in our in vitro models may limit
the ability to fully predict the potential hepatotoxic effects of AAV
vectors in vivo. In addition, the models presented in this study do
not include immune effector cells, which may play a crucial role in
the liver toxicity observed in AAV-mediated gene therapy. To
address this, incorporating peripheral blood mononuclear cells
into the model or utilizing a vascularized liver model with blood
flow would be of interest for further investigation. Therefore, future
studies should include more comprehensive liver models incorpo-
rating these various cell types to better understand the interactions
and potential toxicities that may arise during AAV-mediated gene
therapy in a more physiologically relevant context. Such model can
be achieved with iPSC as they can be differentiated in several cell
types from the same donor.

In conclusion, our study demonstrates a robust and effective trans-
duction of various hepatocyte-based models in vitro by recombinant
AAV vectors, although discrepancies in transduction efficiency were
observed. This study underscores the importance of thoroughly
characterizing and assessing in vitro models for their translatability.
Selecting the appropriate model is crucial, depending on the specific
research question being addressed. Our findings provide valuable
insight into choosing the most relevant model to answer specific
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questions related to AAV transduction efficiency and potential ther-
apeutic applications.

MATERIALS AND METHODS

Cell culture

HepG2 cells were thawed at 37°C for 3 min. Cells were transferred to
a 15 mL falcon tube containing 9 mL of MEM (minimum essential
medium, Gibco, 41090) with 10% FBS (fetal bovine serum; Gibco
16140071). Cells were counted, centrifuged at 125 g for 5 min at
room temperature (RT), and resuspended in culture medium at
the desired concentration. Cells were seeded in a collagen-type-I-
coated flask (Corning, 356484) and cultured for two passages.

NoSpin HepaRG cells (BioPredic International, HPR116NS) were
thawed according to manufacturer’s instructions. Briefly, cells were
thawed at 37°C for 3 min. Cells were resuspended to a volume of
thawing and plating media (Lonza, MHTAP) provided by the certif-
icate of analysis. Then, 100 pL of the cell suspension was seeded to a
Costar 96-well BioCoat plate (Corning, 354407). On day 1, 24 h after
seeding, the media was changed to the maintenance media (Lonza,
MHMET). The media was replaced on days 4 and 6.

Culture iPSC-derived hepatocyte organoids

Human iPSC-derived cells used in this study were obtained from
DefiniGEN (Cambridge, UK), a commercial provider. The cells
were supplied in an anonymized, de-identified format, and therefore,
use of these materials does not require oversight by an Institutional
Review Board, in accordance with institutional and international
ethical guidelines. Wild-type iPSC-derived hepatocytes from four
different donors were sourced from DefiniGEN. Pre-differentiated
cryopreserved cells were delivered at 4-6 million viable cells per
vial and consist of 99% hepatocytes according to the vendor.
DefiniGEN thawing and plating medium (DTM), as well as
DefiniGEN recovery and maintenance medium (DRM) were pre-
pared according to manufacturer’s instructions. A 96-well flat bot-
tom plate (Corning, 3904) was coated with 30 pL Matrigel (Corning,
356231) and incubated for 30 min at 37°C. Cells were thawed at 37°C
for 3 min, transferred into 10 mL DTM, mixed, and counted. Cells
were centrifuged at RT for 5 min at 100 g, the supernatant was
removed, and the cells were resuspended in DRM containing 1 pL/
mL of ROCK inhibitor (Selleckchem, S1049) to the desired concen-
tration to plate 80,000 cells per well. A 2:1 Matrigel:cell suspension
was prepared, and 60 pL of the mix was seeded in the plate. After
1 h of incubation at 37°C and 5% CO,, 100 pL of DRM was added
to each well, and the plate was placed in the incubator. Media ex-
change was performed every 2-3 days, and Matrigel was added on
top weekly with 66 pL of Matrigel in 1 mL of DRM during media
exchange.

Treatments

AAV constructs produced in Sf9 cells through infection with two re-
combinant baculoviruses were sourced from Virovek: AAV1, AAV2,
AAV3, AAV4, AAV5, AAV6, AAVS, and AAVY expressing green
fluorescent protein (GFP) and empty AAV2, AAVS, and AAV9
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were used under a cytomegalovirus (CMV) promoter. Constructs
were purified by two rounds of cesium chloride ultracentrifugations.

Upon reaching approximately 80% confluence, HepG2 cells were de-
tached and seeded at 15,000 cells per well in a Costar 96-well BioCoat
plate (Corning, 4407). After 6 h of incubation to let the cells adhere,
the media was removed, and the cells were subjected to an AAV/
deferoxamine (DFO) cocktail consisting of 100 pL per well of
MEM (Gibco, 41090) with 10% FBS (Gibco 16140071), with
100 pM DFO (Sigma, 9533) to stop the proliferation of the cells
and AAVs to a 10° multiplicity of infection (MOL: ratio of virus to
target cells). Transduction was followed by imaging for 3 days using
the Incucyte S3 (Sartorius, 4647).

After 7 days of culture, media of NoSpin HepaRG was removed, and
the cells were exposed with 100 pL of HepaRG maintenance media
containing AAVs (MOI 10°). Transduction was followed by imaging
for 3 days using the Incucyte S3 (Sartorius, 4647).

After 14 days of differentiation, organoid culture medium was re-
placed by 100 pL of fresh media containing AAVs (MOI 10°). Trans-
duction was followed by imaging for 28 days using Opera Phenix
high-content screening system (PerkinElmer).

The transduction efficiency was calculated as a percentage of GFP-
positive cells over the total number of cells.

As controls and tox inducers, cells were treated with 150 pM chlor-
promazine (Sigma, C8138) or AdV (VectorBuilder, AVF35M
(VB200401-6014bgr)) to a 10> MOL

RT-gPCR

Total RNA extraction was performed using the RNeasy Micro Kit
(QIAGEN, 74004), and 300 ng RNA was transcribed into comple-
mentary DNA (cDNA) using the QuantiTect Reverse Transcription
Kit (QIAGEN, 205311) according to manufacturer’s instructions.
Amplification cycles were performed on QuantStudio 7 Flex Real-
Time PCR System, 384-well (Thermo Fisher Scientific, 4485701) us-
ing TagMan Gene Expression Assays (Applied Biosystems, 4331182;
4448489) and TagMan Fast Advanced MasterMix (Applied Bio-
systems, 4444556).

Primers included ALB (Hs00609411_m1), ASGR1 (Hs01005024_m1),
ASGR2 (Hs00910100_m1), AFP (Hs01040598_m1), AAT (Hs00165475_
m1l), and Lgré (Hs00663887_m1). Probe context sequences are avail-
able in Table S1.

Housekeeper genes included PPIB (peptidylprolyl isomerase B)
(Hs00168719_m1) and B2M (beta-2 microglobulin) (Hs0098
4230_m1).

Immunofluorescence
For immunofluorescence staining, organoids embedded in matrigel
were washed with phosphate-buffered saline (PBS) (—/—), and
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organoids were fixed in 4% paraformaldehyde (Thermo Fisher Sci-
entific, J19943.K2) for 1 h at 4°C. After washing with PBS (—/—)
twice, organoids were permeabilized with 0.2% (v/v) Triton X-100
(Sigma, 9036-19-5) in PBS (—/—) for 1 h at RT. Samples were washed
twice with PBS (—/—). Subsequently, organoids were incubated with
a blocking buffer consisting of 10% (v/v) donkey serum (Sigma,
D9663) and 0.01% (v/v) Triton X-100 in PBS- (—/—) for 4 h at
RT. Samples were washed twice with PBS (—/—). Primary antibodies
were diluted in blocking buffer and incubated on the samples at 4°C
overnight. Organoids were stained for albumin (Cedarlane Labora-
tories, CL2513A, 1:100), ASGR1 (Bio-Techne AG, MAB4394-100,
1:50), and alpha 1-antitrypsin (R&D Systems, MAB1268-100, 1:100).

On the next day, organoids were washed twice with PBS (—/—) and
incubated with the secondary antibody AF488-donkey-anti-mouse
(Thermo Fisher Scientific, A-21202, 1:500) in PBS (—/—) for 1 h at
RT protected from light. Samples were washed twice with PBS
(—/—). Hoechst 33342 (Invitrogen, H3570) was added and incubated
for 10 min at RT protected from light. Samples were washed twice
with PBS (—/—) and imaged using the Opera Phenix high-content
screening system (PerkinElmer).

Aspartate aminotransferase measurements

AST activity in the supernatant of the culture was analyzed with the
Cobas pure ¢ 303 analyzer (Roche Diagnostics International Ltd.,
Rotkreuz, Switzerland). The measurement range for AST assay
with pyridoxal phosphate activation is 5-700 U/L.

Adenosine triphosphate measurements

ATP measurement was performed using the CellTiter-Glo 3D Cell
Viability Assay (Promega, G9681) according to manufacturer’s
instructions.

Image analysis
Image analysis following transduction of GFP-labeled AAVs was
carried out using the Incucyte Live-Cell Analysis System (Sartorius).

Image analysis following transduction of GFP-labeled AAVs was
carried out using the Harmony High-Content Imaging and Analysis
Software (Revvity) and Image].JS to count the number of GFP-pos-
itive organoids and the total number of organoids, respectively.
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