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Gene editing enables non-invasive in vivo PET
imaging of human induced pluripotent stem
cell-derived liver bud organoids
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Human induced pluripotent stem cell (hiPSC)-derived liver cell
therapies such as hepatocyte-like cells and liver organoids could
provide unlimited therapeutic cells for clinical transplantation,
but an inadequate understanding of their in vivo fate impedes
translation. Whole body in vivo imaging could enable moni-
toring of transplanted cell survival and/or expansion non-inva-
sively over time, permitting robust comparisons between
emerging therapies to identify those most effective. The human
sodium iodide symporter (hNIS) is a radionuclide reporter
gene facilitating whole body in vivo cell tracking by positron
emission tomography (PET). We gene-edited a clinical Good
Manufacturing Practice-compliant hiPSC line at the AAVS1
safe harbor locus enabling constitutive expression of a hNIS-
monomeric(m)GFP fusion reporter in hiPSCs and their differ-
entiated progeny. We confirmed reporter integration did not
impact pluripotency or differentiation capacity, and radio-
tracer uptake capacity was retained post-differentiation. In vivo
trackable liver bud (LB) organoids were generated from trace-
able hNIS fused to monomeric GFP (hNIS-mGFP)-hiPSCs and
transplanted into healthy and liver-injured mice. LB were
imaged quantitatively by 18FBF4

�-PET with imaging results
confirmed histologically. We report, for the first time, hNIS-
mGFP-hiPSC progeny retain differentiated function and PET
trackability in vivo using LB. In vivo monitoring could accel-
erate regenerative cell therapy development by identifying effi-
cacious candidate cells, successful engraftment/survival strate-
gies and addressing safety concerns.
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INTRODUCTION
Mortality from liver disease continues to rise despite extensive
research.1 Orthotopic liver transplantation (OLT) remains the only
definitive treatment for acute, end-stage, and metabolic liver disease,
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yet patient need for liver transplants consistently exceeds the avail-
ability of donor organs. As a result, many patients die each year while
on the waiting list for a suitable transplant, or are removed from it due
to deterioration of their condition.2–4 Consequently, alternatives to
OLT are urgently needed to expand treatment capacity. Hepatocyte
transplants (HTxs)5,6 are currently a promising alternative to OLT,
with more than 100 patients already treated worldwide.6 Many
HTx patients have been successfully bridged to OLT or made a full
recovery without the need for OLT.7 Although promising, HTx has
notable caveats, including variable cell engraftment and often only
transient graft survival. This is partly explained by limited primary
hepatocyte quality. While hepatocytes comprise up to 80% of the liver
volume and cell population,8 sourcing is constrained to donor livers
that were rejected for OLT; thus, the cells are mostly isolated from
aged donors, livers with steatosis, livers with an aberrant anatomy,
or those having undergone prolonged ischemia, all of which nega-
tively impact on hepatocyte quality.9 The self-renewal capacity of hu-
man pluripotent stem cells (hPSCs) and their ability to differentiate
into a range of prospective cell types, including hepatocyte-like cells
(HLCs), hepatic progenitors, and liver organoids, has led to wide-
spread investigation into their potential to produce an unlimited sup-
ply of high-quality liver cell therapies to act as an alternative source to
primary hepatocytes. However, considerable variations in hPSC dif-
ferentiation protocols,10 transplantation niches (e.g., ectopic or ortho-
topic sites, splenic or intraportal delivery), and optimal cell delivery
formats (single cell suspensions, organoids, hepatocyte sheets, etc.)
make identifying which emerging therapies may be the most
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promising upon translation difficult. Additionally, like primary cell
HTx, hiPSC-derived liver cell therapies suffer from poor initial
engraftment and graft transience (assumed to be due to immune
mediated cell destruction over time). Systematic investigations aimed
at tackling therapeutic challenges, e.g., approaches that enable the
quantification of engraftment and cell survival in real time, longitudi-
nally in the same subject are essential to address these translational
bottlenecks.

Whole body in vivo imaging can facilitate direct monitoring of cell
survival and/or expansion non-invasively, thereby enabling compar-
isons and benchmarking between various emerging therapeutic ap-
proaches. Positron emission tomography (PET) is currently best
placed for this purpose, offering the highest sensitivity of the available
clinically compatible imaging modalities as well as absolute signal
quantification and 3D data at depth.11 To generate contrast, cells of
interest need to be labeled, whereby indirect cell labeling exploiting
a radionuclide reporter gene is best suited for this application.12 To
ensure immunocompatibility, a host reporter gene is required. The
human sodium iodide symporter (hNIS) is a very promising candi-
date for this purpose, because liver tissues are free from any endoge-
nous hNIS expression and its corresponding radionuclide imaging
probes, e.g., F-18-tetrafluoroborate (18FBF4

�, for PET) and
Tc-99m-pertechnetate ([99mTc]TcO4

�, for single photon emission
computed tomography [SPECT]) are excreted exclusively via the
renal system.11 hNIS-afforded in vivo cell tracking has been success-
fully demonstrated for diverse cell types including immune cells,13,14

cancer cells,15–17 and various stem cells,11,18,19 with homologous an-
imal NIS variants also used for tracking myoblasts20,21 and hPSCs.22

We previously demonstrated that lentiviral transduction-afforded
expression of hNIS fused to monomeric GFP (hNIS-mGFP) enabled
human induced pluripotent stem cell (hiPSC)-derived HLC tracking
in vivo by SPECT/CT imaging with no detectable impact on the he-
patic phenotype.23 This dual reporter approach also enables linked
whole body imaging data to ex vivo microscopy; however, this study
was limited in the ability to track only HLCs, as transduction of pro-
genitor cells resulted in downstream reporter silencing.

Furthermore, adopting a virus-based approach for producing suffi-
cient transgenic HLCs for large-scale studies, e.g., transplant optimi-
zation studies, is very resource and labor intensive particularly as sub-
stantial quantities of high-titer lentiviral particles are required to
transduce sufficient differentiated HLCs; bulk viral vector production
remains a major constraint in cell therapy engineering.24 Moreover,
the near-random integration feature of viral cell engineering is risky
and can cause integration at harmful sites, necessitating elaborate
and expensive quality control procedures. Additionally, hiPSCs are
difficult to transduce, with transgenes prone to epigenetic silencing-
mediated loss of expression over time, similar to progenitor cell trans-
duction.25 Gene editing represents a favorable alternative to viral
transduction.26 Reporter transgenes are directly integrated into
hiPSCs at a known location within the genome, ensuring consistent
reporter expression in all daughter hiPSCs and differentiated prog-
eny, without requiring cell transduction. The adeno-associated virus
2 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2
integration site 1 (AAVS1) locus situated within intron 1 of the pro-
tein phosphatase 1 regulatory subunit 12C (PPP1R12C) gene is
considered a desirable locus for transgene incorporation due to flank-
ing insulator elements shielding transgenes from inactivation or
transactivation,27 making it particularly suitable for use in hiPSC
modification. While transgene expression may impact PPP1R12C
expression, adverse effects due toAAVS1 disruption have not been re-
ported28,29 and thus it is considered a safe harbor locus. In fact, several
groups have reported successful transgene incorporation into AAVS1
in hiPSCs, with expression retained after both long-term culture and
differentiation to cells of multiple germ layers.29–32

Here, we used transcription activator-like effector nuclease (TALEN)
gene editing to incorporate the hNIS-mGFP dual-modality reporter
gene into the AAVS1 safe harbor locus of a cGMP-compliant hiPSC
line.We verified that AAVS1-hNIS-mGFP hiPSCs retain their plurip-
otency potential and capacity to differentiate into functional HLCs
in vitro while retaining expression and function of the hNIS-mGFP
reporter. Subsequently, we differentiated our AAVS1-hNIS-mGFP
hiPSCs using an established protocol to produce multilineage liver
buds (LBs), given that this candidate cell therapy approach has previ-
ously demonstrated capacity for long-term survival in vivo.33 We
transplanted the reporter expressing LBs into the kidney capsules of
healthy and liver injured mice and tracked their survival in vivo by
repeat PET imaging. Imaging results were confirmed by histology
and analysis of mouse sera for presence of human albumin.

RESULTS
Gene editing and quality control of hNIS-mGFP-expressing

hiPSCs

To deliver hNIS-mGFP into the AAVS1 locus we exploited TALEN-
mediated recombination. We generated a transgene construct with
homology arms for AAVS1, AAVS1-CAG-hNIS-mGFP (see mate-
rials and methods, Figure S1), and confirmed its identity by Sanger
sequencing. To establish hNIS-mGFP expressing hiPSCs, the
CGT10 hiPSC line was passaged onto vitronectin, with additional pi-
petting-mediated mechanical disruption to achieve small colonies
suitable for transfection.10,23,34 hiPSC colonies were co-transfected
24 h later with the AAVS1-CAG-hNIS-mGFP donor plasmid and
the hAAVS1-TALEN left and right homology arm plasmid pair. After
48 h, live cell fluorescence microscopy identified distinct hNIS-mGFP
expressing hiPSCs (Figure S2A). Crucially, hiPSC colonies seemed to
maintain their pluripotent state as tightly compacted colonies with
well-defined borders. Puromycin selection (PuroR driven from
PPP1R12C promoter) (Figure S2B) was used for initial selection fol-
lowed by fluorescence-activated cell sorting for hNIS-mGFP-positive
cells. After expansion of polyclonal hNIS-mGFP+ hiPSCs, we
extracted genomic DNA for PCR screening and Sanger sequencing
to confirm correct transgene insertion (Figure S2C). The TALEN-ed-
iting constructs generated for this study (Figure S1) used starting ma-
terial from a previously published construct which has been success-
fully used to edit both hiPSCs and hESCs at the AAVS1 to incorporate
a reporter transgene,35 thus demonstrating that this editing strategy
can be independently reproduced via different laboratories interested
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Figure 1. hNIS-mGFP reporter integration into the AAVS1 locus of CGT10 hiPSC did not impair pluripotency marker expression

(A) CGT10.hNIS-mGFP or CGT10 colonies were seeded onto vitronectin-coated black 96-well plates, maintained for 3–5 days, fixed and immunostained for OCT4, SOX2, or

cMYC before imaging. Representative fluorescence micrographs from n = 3 independent immunostaining experiments are shown; scale bars, 100 mm. Immunostaining was

quantified by MFI (see materials and methods) and was performed on n > 50,000 cells per well (with triplicate wells per independent experiment); data points in quantification

(legend continued on next page)
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in a range of reporter approaches. To demonstrate the reproducibility
of this approach to deliver the whole hNIS-mGFP cassette into the
AAVS1 locus for constitutive reporter expression in a hepatic context,
we applied a similar process to that described for generating our
CGT10.hNIS-mGFP transgenic hiPSC line to additionally edit
HepG2 cells. HepG2 is an immortalized human liver cancer cell
line that is commonly used as a control for pre-clinical studies of
hepatic cell therapies due to its differentiated hepatic characteristics.
HepG2-AAVS1-CAG-hNIS-mGFP cells were generated by co-trans-
fection of the TALEN plasmids (Figure S3A) and antibiotic selection
in the samemanner as CGT10-hNIS-mGFP hiPSCs and characteriza-
tion of polyclonal hNIS-mGFP+ HepG2s yielded similar results
(Figure S3).

Next, we analyzed our CGT10.hNIS-mGFP hiPSC line for potential
off-target mutations caused by TALEN mediated gene editing. Hock-
emeyer et al.31 have comprehensively analyzed sites with sequence
similarity to the AAVS1-TALEN targeting site and reported that
this AAVS1-TALEN pair has limited off-target mutations. The off-
target site (OTS) identified as OTS10 was shown to have a higher inci-
dence of mutation, and screening of this site has been used in other
studies to assess the integrity of hiPSCs and hESCs genetically modi-
fied at the AAVS1 locus.35 We opted for the same assessment with
PCR amplification of OTS10 performed for both the CGT10.hNIS-
mGFP line and unedited CGT10 hiPSCs. DNA fragments compared
by electrophoresis showed the same expected size of OTS10, 167 bp
(Figure S2D). Sanger sequencing of gel-purified PCR products
showed nomutation in the transgenic hiPSCs relative to parental, un-
edited cells, indicating whether off-target mutations of functional sig-
nificance were present in the CGT10.hNIS-mGFP line as a result of
gene editing these were likely to be rare, given none were detected
at the site with the highest likely incidence by Sanger sequencing (Fig-
ure S2E). Analysis of parental HepG2 cells at OTS10 relative to trans-
genic AAVS1-CAG-hNIS-mGFPHepG2s showed comparable results
to hiPSCs (Figures S3D and S3E).

To detect incidences of rare off-target mutations, a higher resolution
analysis of OTS10, along with two additional off-target sites OTS3
and OTS16 with sequence similarity to the TALEN pair (selected
based on the original SELEX screen31) was performed via targeted
deep sequencing. Genomic DNA of CGT10.hNIS-mGFP and uned-
ited CGT10 hiPSCs were amplified via PCR with primers for the
off-target regions (Table S2). DNA fragments compared by electro-
phoresis showed the same expected sizes for both parental and edited
hiPSCs (OTS3, 221 bp; OTS10, 232 bp; OTS16, 201 bp; including Il-
lumina adaptor sequences) (Figure S4). Next-generation sequencing
was performed on DNA from gel extracted bands. Trimmed, quality
control-filtered reads from parental and edited cells were aligned to
the expected human genome reference sequence for the respective
panels to the right represent independent experiments. (B) Total RNA was extracted from

quantified by qPCR (DCt method with sample threshold cycle [Ct] values normaliz

(quadruplicate technical replicates per experiment). Statistical analyses by two-tailed

between CGT10.hNIS-mGFP and CGT10 cells. All error bars shown are SD.
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off-target regions. Results demonstrated a small number of rare
indels (totaling <1%–5% of aligned reads) (Table S4). In the case of
OTS10 these rare mutants were not previously detected by Sanger
sequencing. While these results are higher than reported by Hocke-
meyer et al.31 for the same binding sites, they incorporate sequencing
analysis of a larger region both upstream and downstream of the
TALEN binding sites than previously assessed. Notably, indel rates
were comparable between parental and edited cells for each site rela-
tive to the human reference sequence suggesting that a limited pro-
portion of indels detected in CGT10.hNIS-mGFP hiPSCs relate to
non-homologous end-joining. Introduction of mutagenic damage
during PCR/DNA extraction protocols when preparing samples for
indel/variant screening is also known to account for the majority of
the erroneous identification of variants with low to moderate
(1–5%) frequency.36 Comparable results for the same OTSs between
parental HepG2s and AAVS1-CAG-hNIS-mGFP HepG2s were also
seen (Figure S4 and Table S4). Overall, this high-resolution OTS anal-
ysis highlights the suitability of this approach for reporter gene inte-
gration during pre-clinical cell therapy development, but emphasizes
the need for substantial deep sequencing where gene editing ap-
proaches are used in development of hiPSC lines suitable for clinical
off-the-shelf clinical use.

CGT10.hNIS-mGFP hiPSCs retain pluripotency potential and

hepatic maturation capacity

While we previously demonstrated that lentivirus-mediated hNIS-
mGFP expression did not impair the hepatic phenotype in HLCs,23

it was necessary here to assess whether CGT10.hNIS-mGFP hiPSCs
retained the hepatic differentiation potential of unedited, parental
CGT10 hiPSCs. Therefore, we explored three avenues to assess
HLC differentiation potential: (1) expression of pluripotency
markers in hiPSCs, (2) analysis of intermediate hepatic progenitor
cell mRNA expression, and (3) phenotypic and functional analysis
of mature HLCs.

To assess expression of pluripotency markers, parental and
CGT10.hNIS-mGFP hiPSCs were immunostained for octamer-bind-
ing transcription factor 4 (OCT4), sex determining region Y-box 2
(SOX2), and c-Myc (MYC) (Figure 1A). Immunostaining micro-
graphs were segmented to define nuclear regions and mean fluores-
cence intensities (MFI) of the nuclear region in each cell were deter-
mined and reported as average MFI for all nuclei above background
for each well (Figure 1A). The MFI showed no overall difference in
pluripotencymarker expression compared with parental CGT10 cells.
To verify immunostaining results, total RNA was extracted from
hiPSCs across the same three passages and mRNA expression of these
pluripotency markers analyzed by qPCR. Results support the findings
from immunostaining, showing no significant difference in mRNA
expression between gene-edited and parental hiPSCs (Figure 1B),
the same hiPSC batches as in (A) andOCT4, SOX2, and cMYCmRNA expression

ed to the housekeeping gene b-actin [ACTB]); n = 3 independent experiments

Student’s t-test showed no difference in mean MFI or gene expression (p > 0.05)
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suggesting that expression of the hNIS-mGFP transgene does not
impact on pluripotency marker expression.

To assess the impact of reporter expression on hepatic differentiation
capacity, parental CGT10 and CGT10.hNIS-mGFP cells were differ-
entiated in parallel and subjected to phenotypic and functional ana-
lyses. We assessed hepatic lineage specification of HLC progenitor
cells by examining expression of four established surrogate genes
known to be either critical to hepatic specification or expressed highly
in fetal (rather than adult) hepatocytes; these were Forkhead Box A2,
a-fetoprotein, T-box3, and hepatocyte nuclear factor (HNF) 1b. Re-
sults showed heterogeneity in expression of these hepatic progenitor
marker genes between independent batches of differentiation, but
with no overall difference observed between CGT10 parental and
CGT10.hNIS-mGFP cells on day 13 after initiation of differentiation.
This demonstrated comparative levels of differentiation proceeding to
this point in both lines (Figure 2A).

Finally, the phenotypes of mature HLCs differentiated from either
CGT10.hNIS-mGFP or unedited CGT10 were compared. We
passaged hepatic progenitors onto collagen I at day 13 and matured
them until day 33 when we analyzed their mature hepatocyte marker
expression, first, by immunostaining for HNF4a, albumin, and cyto-
keratin-18 (CK18), and second, by qPCR analysis for the same
markers. Resultant fluorescence micrographs (Figure 2B, left) showed
cells from both lines had the expected polyhedral morphology of
mature HLCs and expressed the markers as expected. Quantification
(see materials and methods) revealed some variation in average
expression between batches of differentiation (as seen in the progen-
itors), but no significant difference in MFI or percentage of positively
stained cells between HLCs derived from unedited CGT10 and
CGT10.hNIS-mGFP cells (Figure 2B, right). To verify immunostain-
ing results, total RNA was extracted from cells collected from
matched differentiations and marker expression analyzed by qPCR
(Figure 2C). While variation in marker expression was also observed
between independent differentiation batches in this analysis there was
no difference in average expression between HLCs derived from
parental and reporter expressing hiPSCs. Furthermore, we analyzed
albumin secretion by differentiating HLCs, whereby we found a trend
toward increased albumin secretion as maturation progressed, but
importantly, without significant differences in the concentration of
secreted albumin between parental and reporter expressing HLCs
Figure 2. Integration of hNIS-mGFP into the AAVS1 locus results in CGT10 hiP

(A) Progenitor cells at day 13 of differentiation (D13) were collected, total RNA extracted a

Box A2 (FOXA2), a-fetoprotein (AFP), T-box3 (TBX3), and HNF factor 1b (HNF1B); result

from n = 4 independent biological replicates (each with three technical repeats). Studen

D13 progenitors were passaged onto collagen-I coated plates for further maturation to

albumin, CK18, or HNF4A, and imaged. Representative fluorescence micrographs fro

Immunostaining was quantified by MFI and proportion of positively stained cells (see ma

per independent experiment); error bars ± SEM. (C) HLC D33 qPCR analysis as in (A) bu

experiment); statistics as in (A). (D) Mean albumin secretion into culture media during

technical replicates per experiment) results showed no difference at indicated differentia

controlled for false discovery by two-stage step-up method of Benjamini, Krieger an

(:,-,C,⬣).
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(Figure 2D). These data suggested that, while there were batch-to-
batch variations in maturity, a known challenge in PSC-derived cell
therapy translation, a high proportion of mature cells was consistently
obtained with each differentiation irrespective of reporter expression.
Comparable hepatic phenotypes were also demonstrated in trans-
genic AAVS1-hNIS-mGFP and parental HepG2s, supporting these
conclusions (Figure S5).

Reporter subunits are functional in CGT10.hNIS-mGFP hiPSCs

and CGT10.hNIS-mGFP HLCs

We confirmed the expression and function of the mGFP portion of
our dual-mode reporter in both gene edited hiPSC and subsequently
differentiated HLCs (Figures 1A and 2B). Function of the radionu-
clide reporter portion, hNIS, relies on correct plasma membrane
insertion to enable substrate transport into cells. To validate this in
mature hNIS-mGFP+ HLCs, we first verified hepatic functional matu-
rity, and then performed radiotracer uptake assays with the hNIS sub-
strate [99mTc]TcO4

�. Hepatic maturity as per cytochrome P450 3A4
(CYP3A4) enzyme activity showed variations in average CY3A4 ac-
tivity between independent differentiation batches suggesting varia-
tion in the maturity of the HLCs, but with no significant differences
in enzymatic activity between HLCs derived from parental CGT10
and CGT10.hNIS-mGFP cells, thereby demonstrating differentiation
in both lines was comparable (Figure 3A, left). This was supported by
CYP3A4 mRNA qPCR analysis of the same cells (Figure 3A). We also
used qPCR to assess hNIS expression in the gene-edited hiPSC cells
and mature HLCs (Figure 3B). [99mTc]TcO4

� uptake assays showed
that both hNIS-mGFP+ hiPSCs and differentiated hNIS-mGFP+

HLCs readily took up [99mTc]TcO4
�, and that this radiotracer

uptake was sensitive to the competitive substrate perchlorate (Fig-
ure 3C), thereby demonstrating uptake to be hNIS specific. These
results were again supported by analogous findings for hNIS expres-
sion and radiotracer uptake capacity in hNIS-mGFP HepG2s
(Figures S6A and S6B). Greater radiotracer uptake per cell was
observed in transgenic HLCs relative to transgenic hiPSCs (Fig-
ure 3C), and we attributed this to the larger size of HLCs compared
hiPSCs (Figure 3D). The latter results, together with fluorescence mi-
croscopy data (Figures 1A and 2B) and representative flow cytometry
data (Figure 3E), demonstrated that our hNIS-mGFP dual-mode re-
porter was fully functional in both reporter gene-engineered hiPSCs
and mature HLCs (as well as in transgenic HepG2s) (Figures S5
and S6C).
SCs that retain differentiation capacity

nd mRNA expression analyzed by qPCR for the hepatic progenitor genes Forkhead

s are normalized to the housekeeping gene b-actin (ACTB; cf.Methods). Results are

t’s t-test indicated no difference in mean expression (p > 0.05; error bars ± SD). (B)

D33 HLCs. HLCs were fixed, immunostained for mature hepatocyte markers, i.e.,

m n = 3 independent immunostaining experiments are shown; scale bars 100 mm.

terials and methods) and performed on n > 25,000 cells per well (with triplicate wells

t for markers of (B); n = 3 independent experiments (triplicate technical replicates per

HLC maturation analyzed by ELISA; n = 3 independent differentiations (triplicate

tion time points (p > 0.05; multiple Student’s t-test for each different time point and

d Yekutieli); error bars are SD. Symbols indicate different differentiation batches
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Figure 3. Verification of hNIS-mGFP expression and

function in hiPSCs and functionally mature HLCs

(A, left) CYP3A4 enzyme activity of mature HLCs (D33)

and (A, right) CYP3A4 gene expression analysis by

qPCR. Results show the average of N = 3 independent

differentiations (triplicate technical replicates per

differentiation); Student’s t-test indicated no difference

in mean expression (p > 0.05; error bars are SD) for

both (A) and (B). (B) hNIS gene expression analysis by

qPCR. Results show the average of n = 3 independent

biological replicates (triplicate technical replicates each);

error bars represent SD. The Student’s t-test was used

to determine statistical significance. (C) hNIS-mGFP

function quantified by [99mTc]TcO4
� uptake is shown in

indicated cells either expressing hNIS-mGFP due to

gene editing or in parental unedited cells. The hNIS co-

substrate perchlorate (ClO4
�) served as a [99mTc]TcO4

�

uptake specificity control in reporter expressing

cells. n = 4 (for hiPSC) or n = 3 (for HLC) biological

replicates (triplicate technical replicates for each

biological sample); error bars SD and statistical

significance determined by one-way ANOVA with

Tukey’s multiple comparison correction. (D) Violin

plot demonstrating the difference in cell size in hiPSCs

versus HLCs in 2D in vitro culture, pooled data

from n = 3 independent biological replicates

(differentiations/passages) are shown (>100 cells per

differentiation stage analyzed). Statistical significance

determined by Mann-Whitney test. Orange dotted

lines represent median and quartiles. (E) Representative

flow cytometry histograms showing reporter

expression distribution within a polyclonal population

comparing CGT10 with CGT10.hNIS-mGFP hiPSC and

subsequently differentiated HLCs with GFP+% indicated

within histogram plot.
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Generation of traceable multilineage LB organoids from

CGT10.hNIS-mGFP hiPSC

Multilineage LB organoids are intended for use in clinical trials to
treat congenital liver disorders, they can be manufactured at
scale,33 and differentiated via GMP compatible protocols using
chemically defined and animal origin-free media.37 This renders
LB an ideal candidate approach to demonstrate the in vivo
tracking potential of differentiated cell types derived from our
CGT10.hNIS-mGFP hiPSC. We used the established protocol
for generation of all-iPSC-derived LB organoids as previously re-
ported,33 aiming to recapitulate the morphogenetic and signaling
processes of early liver organogenesis to produce mature LB
capable of vascularization. We independently differentiated three
progenitor cell populations in 2D from hiPSCs, i.e., hepatic endo-
dermal (HE) cells, septum transverse mesenchymal (STM) cells,
and endothelial progenitor cells, each of which had adopted the
expected morphology 10 days after the start of separate differen-
tiation (Figure S7). Their identities were confirmed by qPCR and
flow cytometry using appropriate vascular, mesenchymal, and he-
patic specified endodermal markers (Figure S8) and subsequently
the three donor-matched populations were combined and cells
Molecu
self-condensed overnight to form LB in vitro (Figure S9A). LB ex-
hibited an initially tightly packed structure following 24 h of co-
culture, with less sharply defined edges becoming evident over
time as well as a progressive increase in the average area covered
by individual LB (Figure S9B), demonstrating continued prolifer-
ation. Expression of hNIS-mGFP was maintained throughout LB
expansion and maturation (Figure S9A) and analysis of LB
mRNA expression in vitro up to day 18 of co-culture suggested
increasing hepatic maturity relative to HE (Figure S9C),
which was supported functionally by their increasing human
albumin secretion into culture media (Figure S9D). Additionally,
analysis of mesenchymal and endothelial markers after in vitro
culture confirmed retained presence of these supporting cell
populations (Figures S9E and S9F). The presence of hepatic and
endothelial cell populations within LBs was also demonstrated
by immunostaining of LB for hepatic (albumin, CK18) and endo-
thelial markers (VE-cadherin, CD31) (Figure S10). Together, LB
characterization results were in line with expectations based
on previous hiPSC lines capable of consistent functional
hepatic differentiation in 2D and being capable of forming func-
tional LBs.33,38
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Figure 4. Repeat PET imaging of subrenally transplanted hNIS-mGFP+ LBs

in a healthy mouse

(A) Experimental scheme of the pilot experiment to determine LB in vivo detection by

PET in a healthy NOD-SCID mouse. CGT10.hNIS-mGFP+ cells were differentiated

into three lineages as monocultures, then mixed in vitro and condensed to form LBs

(see materials andmethods and Figure S7). LBs were transplanted into the subrenal

capsule and subsequently, animals were in vivo imaged using the PET radiotracer

18FBF4
� to detect NIS-expressing LBs and tissues as indicated. (B and C) PET

imaging of naive control and hNIS-mGFP+ LB-transplanted mice at FUD2 (B) and

FUD8 (C) after LB transplantation. Sagittal and coronal sections are shown. In

pseudocolors to the left and right, respectively, relevant organs with high radiotracer

uptake are shown as 3D volumetric renderings after Otsu-afforded thresholding to

enable segmentation. Segmented regions correspond to regions of endogenous

mouse NIS expression and uptake including lacrimal glands (LG; sepia), thyroid and

salivary glands (T/S; cyan), the stomach (St; yellow) as well as the bladder (B; red)

representing not endogenous NIS expression but the renal radiotracer excretion

route. In the hNIS-mGFP+ LB-transplanted animals, a clear signal in the kidney

region onto which the LBs were transplanted is visible (green circle; K; magenta) at
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In vivo imaging of CGT10.hNIS-mGFP-derived multi-lineage LB

in healthy mice

We chose the subrenal capsule as an established anatomical cell trans-
plant niche suitable for evaluating feasibility of LB in vivo imaging by
PET because it offers a pocket within which transplanted cell thera-
pies are spatially confined, allowing for straightforward verification
of surviving grafts and subsequent ex vivo histological evaluation
complementing in vivo imaging data. CGT10.hNIS-mGFP-derived
LB were subrenally transplanted into an immunocompromised
non-obese diabetic mouse (NOD-SCID), as they were previously re-
ported to facilitate high levels of human cell engraftment without
rejection.39 Two days after LB transplantation (follow-up day 2
[FUD2]), 18FBF4

�-afforded NIS-PET imaging was performed, with
a naive NOD SCID mouse used as an imaging control (Figure 4).
PET imaging demonstrated expected radiotracer uptake in organs
not relevant to LB transplantation as a result of known endogenous
murine NIS expression in these organs/tissues, including in the
lacrimal glands, salivary glands, thyroid, and stomach.40 Radiotracer
excretion also resulted in bladder signals; however, we could also un-
equivocally detect signal in the kidney after radiotracer administra-
tion demonstrating LBs were both detectable and viable, which was
confirmed through the absence of signals in kidneys in the naive an-
imal. Re-imaging the same animals on FUD8 after transplantation
(FUD8) (Figure 4C) demonstrated continued survival of the LB. Im-
age quantification between imaging sessions (via standardized uptake
value [SUV]) revealed comparable radiotracer uptake in the kidney
containing LB (SUV[FUD2] = 2.69 vs. SUV[FUD8] = 2.52). To vali-
date that the hepatic cells in the LB were functional, we analyzed
mouse serum collected on FUD 8 and found 10.6 ng/mL human
albumin, supporting the PET imaging finding that LB remained
viable. These data demonstrated feasibility to in vivo PET track
CGT10.hNIS-mGFP-derived multi-lineage LB and showed their sur-
vival in this model.

The potential to track CGT10-hNIS-mGFP derived LBs by PET

imaging in liver-injured mice

Next, we aimed to demonstrate the utility of the CGT10-hNIS-mGFP
line for determining the in vivo survival of hiPSC-derived LB in a pre-
clinical liver injury model. Therefore, we used subrenal capsule trans-
plantation of LB into the TK-NOGmouse, which expresses the herpes
simplex virus 1 thymidine kinase (HSV1-tk) driven by the mouse al-
bumin enhancer/promoter (mAlb En/Pro; Figure 5A) within the liver
of the highly immunodeficient NOGmouse.41 Administration of gan-
ciclovir (GCV) to TK-NOG mice therefore enables targeted ablation
of their HSV1-tk-expressing hepatocytes resulting in liver injury. Af-
ter murine injury induction, we transplanted freshly prepared LBs
(1 day after co-culture, rather than following an extended in vitro
maturation period (as in Figure 4A), to ensure engraftment at the
point when LB retain maximal proliferative potential, thereby
both timepoints demonstrating feasibility of imaging/tracking as well as the pres-

ence of viable hNIS-mGFP+ LB. (D) SUV quantified from in vivo PET images in

(B and C) for the indicated organs after segmentation.
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Figure 5. Repeat PET imaging of subrenally

transplanted hNIS-mGFP+ LBs in TK-NOG mice

(A) Experimental scheme of experiments to determine

repeat LB in vivo detection by PET in liver injured TK-NOG

mice. CGT10.hNIS-mGFP+ cells were differentiated into

three lineages as monocultures, then mixed in vitro and

condensed to form LBs (see materials and methods and

Figure S7). TK-NOG mice were pre-treated with GCV 5

and 7 days before LB transplant to induce liver injury.

Subsequently, LBs were transplanted into subrenal

capsules and animals were PET imaged in vivo as

indicated. (B and C) PET imaging of naive control and

hNIS-mGFP+ LB-transplanted mice at FUD5 (B) and

FUD18 (C) after LB transplantation. Representative

sagittal and coronal sections are shown. Pseudocolors

are relevant organs with high radiotracer uptake

shown as 3D volumetric renderings after Otsu-afforded

thresholding enabled segmentation. Segmented regions

correspond to endogenous mouse NIS expression and

uptake including lacrimal glands (LG; sepia), thyroid

and salivary glands (T/S; cyan), the stomach (St; yellow)

as well as the bladder (B; red) representing not

endogenous NIS expression but the renal radiotracer

excretion route. In the hNIS-mGFP+ LB transplanted

animals, a clear signal in the kidney region where LBs

were transplanted is visible (green circle; K; magenta) at

both timepoints demonstrating feasibility of imaging/

tracking and the presence of viable hNIS-mGFP+ LBs.

(D) SUVs quantified from in vivo PET images in (C) for the

indicated organs after segmentation, n = 2 mice per

group, error bars represent SEM. (E) OTSU thresholded

volumetric quantification of in vivo PET signals from

kidneys of animals transplanted with traceable LBs error

bars represent SEM.
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enabling in vivo LB maturation (Figure 5A). To support comparisons
in serum albumin concentration between experiments in Figures 4
and 5, the same differentiation endpoint was kept as a terminal imag-
ing time point and experimental endpoint. PET imaging showed sig-
nals in the LB transplanted kidney (SUV = 1.2 ± 0.2; radioactive signal
volume rendering: 84.2 ± 27.2 mm3) on FUD5 (Figure 5B), which
were absent in the naive control TK-NOG (which had also been sub-
jected to GCV-induced liver injury). On FUD18, we re-imaged the
Molecular Therapy: Methods
animals (Figure 5C), with results clearly indi-
cating transplanted LB survival up to this
time point with radioactivity signals within kid-
neys detected (SUV = 2.4 ± 0.3) (Figure 5D)
also permitting volume rendering (63.2 ±

25.3 mm3) (Figure 5E). Detected human albu-
min in the serum of mice at sacrifice ranged
from zero (naive mice) to clearly detectable
amounts in LB transplanted TK-NOG mice
(10.8 ± 0.1 ng/mL and 37.9 ± 0.9 ng/mL),
with the results being comparable with those
measured in the NOD-SCID LB transplanted
mouse without liver injury (Figure 4). Upon
harvesting, a prominent graft was visible in
the subrenal capsule (Figure 6A), and tissue was subsequently fixed
for immunostaining. LB from the same transplantation batch were
maintained in vitro throughout the duration of the in vivo experiment
and immunostained alongside LB-transplanted kidney sections (har-
vested on FUD18). Both ex vivo (Figure 6B) and in vitro (Figures 6C
and 6D) LB showed comparable staining of human endothelial
markers (VE-cadherin/CD144 and CD31) and human mature hepat-
ic markers (albumin and CK18). Cells positively stained for human
& Clinical Development Vol. 33 March 2025 9
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Figure 6. Comparative immunostaining of ex vivo harvested and in vitro cultured LB

(A) Example of harvested kidney (18 days after hNIS-GFP+ LB transplantation; cf. Figure 5). The green encircled areas are visibly different due to LB transplantation. (B)

Histology and immunostaining with antibodies raised against indicated antigens (anti-human: CD144, albumin, CD31, and CK18) and a nuclear stain to visualize cells (DAPI).

Pseudocolors in the merged image use colors indicated in individual image descriptors. The border of the LB-transplanted area is indicated with a dashed line. Top and

bottom rows represent adjacent sections from the same harvested kidney as in (A). (C) Brightfield and fluorescence widefield microscopy (GFP channel) of living hNIS-GFP+

LB in its culture dish. (D) Immunostaining of LB as in (B); rows represent adjacent sections from the same fixed LB population.

Molecular Therapy: Methods & Clinical Development
VE-cadherin and human CD31, both in vitro and in vivo, and demon-
strated a morphology representative of a vascular network within the
surrounding hepatic cell populations. The batch of in vitro cultured
LB was additionally subjected to qPCR analysis for the same markers
supporting immunostaining results (Figure S9). Together, the in vivo
imaging data, the ex vivo serum-based albumin determinations, and
the corresponding histology alongside the immunostaining and
qPCR data from in vitro cultured LB from the same batch, demon-
strate that hNIS-GFP+ LB retained their differentiated status
throughout the whole in vivo experiment including in vivo matura-
tion within the toxic microenvironment of this liver injury model.
Moreover, our data reveal that providing sufficient initial LB engraft-
ment and survival differentiated hepatic function is retained.

DISCUSSION
Primary HTxs have demonstrated promise for clinical use as an alter-
native or bridging therapy for OLT; however, wider implementation
has been hampered by availability of high-quality primary hepato-
cytes and therapeutic transience. PSC-derived liver cell therapies offer
10 Molecular Therapy: Methods & Clinical Development Vol. 33 March
the potential to provide an unlimited alternative source of high-qual-
ity cells. The high cost of developing PSC therapies acts as the main
factor hindering their clinical translation.42 Methods for assessing
the safe and effective delivery of the cells to the disease/injury site,
ensuring effective cell engraftment and/or function at the injury site
and preventing immunogenic host responses, which may reduce effi-
cacy or result in graft transience are also increasingly vital to address
translational bottlenecks. If administered cells can be non-invasively
monitored over time, many of the pre-clinical development bottle-
necks can be tackled. In vivo imaging can reduce animal cohort sizes
and costs by monitoring the same animals over time, which is signif-
icant for pre-clinical therapy development. Combining imaging with
repeat serum sample collection and complementary endpoint histo-
logical data will enhance the power of safety studies. Longitudinal im-
aging will also allow outstanding challenges, such as identifying the
window in which graft loss/failure might occur or determining
whether novel cell formats (e.g., organoids33 or hepatocyte sheets43)
are more effective than more traditional single-cell approaches to
be addressed. For clinical translation and in vivo monitoring of
2025
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administered cell products, one means to tackle these challenges is the
integration of a clinically compatible imaging reporter to facilitate
longitudinal, non-invasive, and quantitative whole body in vivo imag-
ing of transplanted cells.

Here, we have demonstrated that the incorporation of a radionuclide
reporter gene within the AAVS1 safe harbor locus of a cGMP
compliant hiPSC line (Figures S1 and S2) using TALEN gene editing.
To facilitate pre-clinical research, we used our previously established
dual-mode radionuclide-fluorescence hNIS-mGFP reporter, how-
ever, omission of the mGFP moiety would render the approach clin-
ically compatible, too. Notably, the corresponding NIS radiotracers,
e.g., [99mTc]TcO4

� for SPECT imaging (radioisotope half-life [tH] =
6.0 h) or 18FBF4

� for PET imaging (tH = 1.8 h)44–46 have already
been clinically translated and are either in routine clinical use or
readily accessible at PET centers, respectively. Few previous studies
have incorporated radionuclide reporter cassettes into hPSCs using
a gene editing approach to enable non-invasive cell tracking
in vivo.19,47 In studies where this approach has been adopted, in vivo
radionuclide imaging was restricted to monitoring transplanted PSC
teratoma growth without transplanting and monitoring in vitro
differentiated PSC-derived cell populations.19 Moreover, these au-
thors used the radiotracer iodide-124, limiting repeat imaging oppor-
tunities (due to the long tH of 4.26 days) and causing long intervals
between repeat-imaging sessions (normally at least 5� tH are needed);
the latter is necessary to allow previously administered radiotracer to
decay and thereby enable sensitive repeat-imaging, which is a prereq-
uisite for cell therapy tracking.

Our CGT10.hNIS-mGFP hiPSC line enabled pre-clinical tracking of
its differentiated progeny. To our knowledge, this study is the first to
modify a cGMP-compatible hiPSC line at the AAVS1 locus to incor-
porate the hNIS-mGFP fusion reporter gene cassette for pre-clinical
research, demonstrate differentiation and function of these transgenic
cells toward the hepatic lineage following reporter integration, as well
as image them longitudinally by PET. Our work here adds an addi-
tional dimension to the use of hNIS (alone or as a hNIS-fluorescent
protein fusion reporter for pre-clinical research) in that it validates
its suitability for hiPSCs and a differentiated downstream multi-line-
age cell therapy model. Our in vitro characterization results showed
that the reporter does not impact hiPSC pluripotency potential (Fig-
ure 1). Additionally, maturation proceeded as expected through an
extended hepatic differentiation protocol (Figure 2). These data are
in line with our previous findings, where mature CGT10 HLCs ex-
pressing lentivirally transduced hNIS-mGFP showed no difference
in albumin or HNF4a expression relative to untransduced controls.23

Both parts of the reporter fusion also retained functionality after dif-
ferentiation (Figure 3), which was particularly important for the
radionuclide reporter portion (hNIS) that requires correct integration
into the plasma membrane for function.48 Importantly, the radio-
tracer uptake per cell of CGT10.hNIS-mGFP derived HLCs was
highly consistent across independent differentiations (with a range
of only 17.4 mBq between independent uptake assays and mean ±

SEM of 95.86 ± 5.75 mBq), this is beneficial compared with our
Molecu
previous work using lentiviral transduction mediated hNIS-mGFP
expression where, although uptake was higher (due to multiple
copy numbers per cell), it was alsomuchmore variable (as each differ-
entiated batch of cells was transduced at the immature HLC stage of
differentiation). The uptake range per HLC due to lentiviral transduc-
tion mediated hNIS-mGFP expression spanned 520.2 mBq across in-
dependent uptake assays/transduction batches, with a mean ± SEM of
1,085 ± 161.2 mBq.23 The gene editing approach therefore offers the
substantial advantage of facilitating comparisons between in vivo ex-
periments (e.g., comparing quantification of average engraftment) in
a more straightforward and replicable manner. Given that significant
variability in initial engraftment of HTx remains one of the major
hurdles for wider utilization of this therapeutic approach, consistent
tracer uptake per cell to enable quantitative, real-time high-resolution
in vivo tracking is a valuable step forward for this methodology. Over-
all, our findings in the CGT10.hNIS-mGFP hiPSC line are supported
by others using AAVS1 gene edited transgenic PSCs, who have
demonstrated retention of their reporter gene (e.g., fluorescent pro-
teins such as GFP) across multiple passages as well as following differ-
entiation to mature functional cell types, suggesting that incorpora-
tion of transgenes at this locus is generally compatible with retained
pluripotency and differentiation capacity.19,20,29–32,35,47,49

To highlight the versatility and potential benefits of this reporter gene
integration approach we used the gene-edited hiPSC line to enable a
candidate liver cell therapy model (LB)33,37 to be tracked non-inva-
sively in vivo. In our previous study, wherein hNIS-mGFP+ HLCs
were intrahepatically transplanted, we were able to detect viable
hNIS-mGFP+ cells after 24 h, but not at later timepoints due to
lack of engraftment.23 Consequently, we adopted here a different
model, namely transplantation of hNIS-mGFP+ LB into the kidney
capsules of either healthy NOD-SCID mice (to demonstrate in vivo
detectability by PET imaging) (Figure 4) or liver injured TK-NOG
mice (Figure 5). In both cases, we were able to demonstrate the in vivo
tracking potential by repeat PET imaging, notably up to 18 days after
transplantation of LBs in the liver injury model. hNIS-mGFP+ LB
transplanted kidneys of NOD-SCID and TK-NOG mice showed a
consistently higher SUV (SUV of 1.2–6) than naive control mice
and same-animal control (not transplanted) kidneys (SUV of 0). En-
grafted LBs demonstrated retention of their differentiated cell pheno-
type after transplantation, evident by the presence of human albumin
in mouse sera and as determined by the relevant markers via immu-
nostaining (Figure 6).

The presented data on the CGT10.hNIS-mGFP cell line are proof of
principle for gene editing and downstream characterization of hiPSCs
when rendering them in vivo traceable by expression of an imaging
reporter from a safe-harbor locus. We also provided an application
example of hiPSC differentiation in the context of liver cell therapies,
further demonstrating multi-lineage differentiation capabilities to be
retained without notable impact of the engineered imaging reporter
on expected phenotypes. As off-the-shelf PSC therapies approach
more mainstream (pre-)clinical realisations,50–52 our approach and,
more generally the need for use of constitutive imaging reporters,
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 11
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are evident requirements in the toolkit required to overcome bottle-
necks in therapy development and translation to the clinics. Our
work specifically unlocks the longitudinal assessments of bio-
distribution, engraftment, and long-term survival of a variety of
hiPSC-derived cell types, which is of significant interest to the wider
cell therapy and regenerative medicine field because of its ability to
help overcome safety concerns and support therapymonitoring needs
during clinical translation.
MATERIALS AND METHODS
Reagents

Unless otherwise stated, reagents, standard chemicals, and plastic-
ware was from either Millipore, Thermo Fisher Scientific, VWR,
Nunc, Sarstedt, or TPP. [99mTc]TcO4

� was generator eluted and sup-
plied by Guy’s and St. Thomas’Hospital Radiopharmacy (King’s Col-
lege) and used within two half-lives. 18FBF4

� was supplied by the
Department of Radiology, Yokohama City University Hospital and
was synthetized by the fluorine exchange method as described previ-
ously16 including radiotracer quality control by high-performance
liquid chromatography.
Cell culture

Human embryonic kidney 293T cells (HEK293T; ATCC) were
cultured in DMEM with 1 g/L of glucose supplemented with 10%
(v/v) fetal bovine serum, penicillin (100 IU/mL) and streptomycin
(0.1 mg/mL), and 2 mM L-glutamine. Cells were incubated at 37�C
in a humidified atmosphere containing 5% (v/v) CO2.

Human iPSC colonies from the cGMP-derived CGT-RCiB-10
(working cell bank) hiPSC line (CGT10; from Cell and Gene Therapy
Catapult) as well as its modified line, CGT-RCiB-10-AAVS1-CAG-
hNIS-mGFP as generated in this work (CGT10-hNIS-mGFP) were
maintained and differentiated as previously described.10,23,34
Generation of constructs necessary for TALEN-mediated gene

editing

Building on the AAVS1-CAG>hrGFP plasmid (Addgene #52344, gift
from Dr Barcellos-Machado35), we replaced hrGFP with hNIS-mGFP
to generate the AAVS1-CAG>hNIS-mGFP plasmid (see Figure S1).
Therefore, hNIS-mGFP was amplified by PCR with flanking HpaI
and ClaI restriction sites from the template plasmid pLNT
SFFV>hNIS-mGFP(A206K)15; PCR primers were:

HpaI_hNIS forward: AAAGTTAACCACCATGGAGGCCGTGGAG
ACCG and

mGFP_ClaI reverse: CCCCCCATCGATTTACTTGTACAGCTCG
TCC.

Generated DNA was subcloned into pCR-Blunt (ZeroBlunt PCR
cloning kit; Thermo Fisher Scientific), bacterially amplified, digested
with HpaI and ClaI), and subcloned into the AAVS1-CAG>hrGFP
backbone after hrGFP removal (using HincII and ClaI). Clones
12 Molecular Therapy: Methods & Clinical Development Vol. 33 March
were bacterially amplified, screened (via digest with EcoRI), and cor-
rect clones confirmed by Sanger DNA sequencing.

Transient transfection of AAVS1 CAG>hNIS-mGFP to verify

reporter gene expression

We seeded 2� 105 HEK293T cells/well in a 12-well plate 24 h before
transfection and washed twice with PBS. We mixed 1 mg AAVS1
CAG>hNIS-mGFP plasmid DNA with 3 mg linear 25 kD polyethyle-
neimine in 50 mL serum-free DMEM, incubated for 15 min at room
temperature (RT), and the mix then added dropwise to HEK293T
cells in 0.5 mL complete DMEM. At 48 h after transfection, live cell
fluorescence microscopy (EVOS AMEFC4300 equipped with filter
cubes appropriate for GFP) revealed transgene expression.

TALEN gene editing of hiPSCs

A previously published hiPSC lipofectamine transfection protocol
was adapted for compatibility with our feeder-free culture platform.53

CGT10 hiPSC colonies were seeded at low density as small colonies
onto vitronectin-coated 12-well plates and incubated for 24 h. We
used 0.4 mg hAAVS1 TALEN-Left and 0.4 mg hAAVS1 TALEN-
Right plasmids (Addgene #52341 and #52342, respectively, gift
fromDr Barcellos-Machado) together with 1 mg AAVS1-CAG>hNIS-
mGFP donor plasmid (in 50 mL OptiMEM with 2 mL Lipofectamine
Stem Transfection Reagent (Thermo Fisher Scientific), incubated at
RT for 15 min and supplemented with E8 medium (Gibco) for trans-
fecting CGT10 cells per well. We added 200 mL E8 medium to each
well and CGT10 cells were kept under normal culture conditions
for 5 h and then 500 mL E8 medium was added. The medium was
exchanged 24 h later for fresh E8 medium. Duplicate transfections
were performed, and un-transfected wells were kept as growth/
toxicity controls. Live cell fluorescence microscopy was used 48 h af-
ter transfection to identify GFP expression within colonies (Leica DM
IL inverted microscope with Leica DFC3000G camera and filter cube
appropriate for GFP). Transgene-positive cells were selected with pu-
romycin-supplemented E8 medium; wherein medium was replaced
daily with increasing puromycin concentration (0.5–1.0 mg/mL)
over 5 days of culture.

Analysis of gene-edited cells

Genomic DNA (gDNA) from parental CGT10 hiPSCs or CGT10-
hNIS-mGFP hiPSCs was isolated (Qiagen QIAmp DNAmini kit) ac-
cording to manufacturer’s instructions. To confirm correct transgene
insertion into the PPP1R12C locus, we used analytic PCR with
primers targeting either the AAVS1 locus and a portion of the trans-
gene, or regions within hNIS (Table S1). For preliminary analysis of
potential nucleotide insertion/deletion events or transgene integra-
tion at genomic locations outside of the AAVS1 target locus (i.e.,
OTS), PCR was performed using primers targeting the top-
ranked OTS based on SELEX-derived base frequency matrices, as
described previously (OTS10, OTS10-forward, and OTS10-reverse
primers).31,35 Subsequently, three of the top-ranked OTSs (OTS3,
OTS10, and OTS16) were subjected to targeted deep-sequencing to
gain a higher resolution understanding of any potential rare indel
events. PCR reactions were performed with gDNA to amplify the
2025
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OTSs of interest with Illumina partial adapters incorporated 5’
(Table S2). For PCR, Q5 High-Fidelity DNA polymerase (NEB)
was used in a final volume of 25 mL with primers at final concentra-
tions of 0.5 mM each and 100 ng of template gDNA per reaction, un-
less otherwise indicated. The thermocycling protocol used is detailed
in Table S3. PCR products supplemented with Gel Loading Dye were
separated on 0.8% agarose gels in TAE buffer, using SYBR Safe DNA
Gel stain (1 mL dye/10 mL gel). DNA from bands of the expected sizes
(i.e., approximately 1 kb for hNIS transgene expression analyses and
approximately 167 bp for initial OTS10 OTS analyses) were isolated
from gels using the Wizard SV Gel and PCR Clean-Up System
(Promega) according to manufacturer’s instructions. To confirm
nucleotide sequences for correct transgene insertion and preliminary
OTS analysis, extracted DNA was sent for Sanger Sequencing
(GENEWIZ) using the same primers as PCR reactions. For targeted
deep sequencing, extracted DNA of the expected sizes (OTS3,
221 bp; OTS10, 232 bp; OTS16, 201 bp) underwent next generation
amplicon sequencing in 2 � 250 bp configuration (15,000–63,000
reads per sample, Illumina MiSeq) contracted out to GENEWIZ/
Azenta (Amplicon-EZ service).

Phenotyping of 2D-cultured HLCs and hiPSCs by

immunofluorescence

For HLC analysis, day 13 immature cells were seeded onto collagen-I
pre-coated black mClear 96-well plates (Greiner) at a density of
7 � 104 cells/well to ensure a confluent monolayer formed. HLCs
were subsequently cultured/matured under standard conditions
until day 33 of the differentiation. For hiPSC staining, mClear
96-well plates were pre-coated with vitronectin and hiPSCs passaged
as small colonies and maintained under standard culture conditions
for 3–5 days (dependent on colony size).

Cells were washed once in PBS then fixed in 4% PFA for 15 min at RT
and then washed three times with PBS for 5 min. For nuclear staining,
cells were permeabilized by 0.5% Triton X-100 (v/v) in PBS for
10 min, washed thrice with PBS (5 min each) and blocked for
20 min at RT with PBS containing 1% BSA, 3% donkey serum, and
0.1% Triton X-100 prior. Cells were incubation with indicated pri-
mary antibodies for 1 h at RT. For HLC staining, goat anti-human al-
bumin (A80-129A, Bethyl Laboratories, 10 mg/mL), rabbit anti-hu-
man HNF4a (clone EPR3648/ab92378, Abcam, 1.48 mg/mL),
mouse anti-human CK18 (clone DC10/ab7797, Abcam, 10 mg/mL)
was used. For hiPSC staining, mouse anti-human OCT-3/4 (Sc-
5279 (C-10), Santa Cruz Biotechnology, 2 mg/mL), goat anti-SOX2
(AF2018, R&D Systems, 2 mg/mL), and rabbit anti-C-Myc (Sc-764
(N-262), Santa Cruz Biotechnology, 2 mg/mL) was used. Cells were
then washed thrice in PBS (5 min each) and incubated with appro-
priate secondary antibodies for 40 min at RT; secondary antibodies
were fluorophore-conjugated and raised against goat (AlexaFluor-
647-conjugated), mouse (Alexa Fluor 647), rabbit (Alexa Fluor
647), and rabbit (Alexa Fluor 568) (all from Thermo Fisher Scientific
and used 3 mg/mL; host for all was donkey). Cells were again washed
thrice with PBS (5vmin each) and their nuclei stained with NucBlue
(Life Technologies; dilution 1:25 in PBS). Images were acquired using
Molecu
a PerkinElmer Operetta or PerkinElmer Operetta CLS automated
high content microscope using 10, 20, or 40� objectives contingent
on cell size and with fluorescence filters appropriate for the dyes used.

To determine the MFI or the proportion of cells expressing a protein
of interest in acquired fluorescence micrographs, Harmony software
(v4.1 or 4.8, PerkinElmer) was used to set up appropriate image anal-
ysis pipelines. Representative pipelines for analysis of nuclear (hiPSC
staining using antibodies targeting OCT4) and cytoplasmic staining
(HLC staining of albumin) are depicted in Figures S12 and S13.
The same analysis pipelines and parameters were used for all tech-
nical and biological replicates quantifying staining of the indicated
antigen. Analysis was of triplicate/quadruplicate technical replicate
wells per biological replicate, with results reported for triplicate inde-
pendent biological replicates.

Generation of multilineage LBs

Three distinct progenitor cell populations were differentiated from
the CGT10>hNIS-mGFP hiPSC line in parallel for 10 days in 2D us-
ing the previously reported protocol33; these were HE, endothelial cell
progenitors, and STM cells. LBs were produced by co-culturing
these progenitor cells in micropore plates as described previously33

(see Figures S7 and S11 for graphical schemes).

Assessment of LB area

To assess LB growth over time, the 2D area of collected LBs was
measured using the IN-Cell Analyzer 2000 system (GE Healthcare).
Overlapping fields of view from whole-well scanned brightfield im-
ages were stitched together using the IN-Cell Developer Toolbox soft-
ware (GE Healthcare). LB areas were determined using the particle
analysis function of Fiji ImageJ software (version 1.51n). Briefly, re-
corded 16-bit images were converted to binary masks, processed to
remove debris and objects crossing the image borders (by adjusting
size thresholds), and subjected to the ’watershed’ function to delineate
neighboring LBs. Subsequently, LB area was assessed using analyze
particles (Analyze>Analyze particles). Reported area data for each
well of LB was pooled in Prism Software v7 (GraphPad Inc.) to pro-
duce a frequency distribution graph for different timepoints.

Fixation and embedding of in vitro maintained LB

LBs maintained in vitro were fixed at a matched time point to sub-re-
nally transplanted LBs. Fixation and embedding aimed to maintain
organoid structures for staining by minimizing mechanical disrup-
tion through adaptation of a previously detailed method.54

Briefly, LB were transferred from culture plates into 1.5-mL tubes by
manual pipetting and allowed to sink by gravity. Culture media was
aspirated. LB were washed with 1mL PBS and gravity-pelleted before
PBS aspiration. Subsequently, LB were fixed in 4% PFA for 15 min
and washed thrice in PBS (10 min/wash). LB were resuspended in
30% sucrose solution at 4�C overnight. The sucrose solution was aspi-
rated and LB were suspended in 300 mL pre-warmed gelatin/sucrose
solution (7.5%/10%, respectively, in PBS, 37�C). Tubes were incu-
bated at 37�C for 15 min to allow equilibration and gravity pelleting.
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 13
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Gelatin/sucrose blocks were prepared by coating plastic embedding
cassettes with gelatin/sucrose solution and incubating on wet ice to
enable solidification. Equilibrated LB were pipetted as high-density
droplets (approximately 20 mL each) onto the prepared blocks and
incubated on wet ice until solidified. Warm gelatin solution was
applied to the cassette until LB were submerged in a thin layer,
then incubated further on wet ice until solidified. Blocks were frozen
by suspension in liquid nitrogen vapor and stored at �80�C ahead of
cryo-sectioning.

Fixation and embedding of subrenally transplanted LB

Isolated kidneys were washed once in PBS and then immersed in 4%
PFA for 16 h at 4�C. To maintain structural integrity during
freezing, kidneys were dehydrated at 4�C by the following steps:
5% sucrose solution (1h), 15% sucrose solution (overnight), 30% su-
crose solution (overnight). Kidneys were bisected (lateral border to-
ward concave center of kidney) to maximize the number of sections
across the capsule, and then embedded in optimal cutting tempera-
ture medium (OCT; VWR) within plastic embedding cassettes.
Blocks were frozen by suspension in liquid nitrogen vapor and
stored at �80�C.

LB immunofluorescence microscopy

We cryo-sectioned 20-mm sections (in vitro cultured organoid gelatin
blocks) or 7 mm sections (OCT kidney blocks) and adhered then onto
MAS-coated slides (Matsunami). Embedding agents were removed
from sections by either incubation of slides in PBS at 37�C for
20 min (gelatin blocks) or washing slides thrice in PBS for 5 min
each (OCT blocks). LB were generously encircled with a hydrophobic
delimiting pen. Blocking buffer (Protein Block Serum-Free ready-to-
use, Dako) was applied to LB and sections incubated at RT for 2 h
with slides subsequently washed three times with 0.05% Tween 20
in PBS (PBST). Staining included the following primary antibodies
raised against the indicated antigens: human CD31 (Dako, M0823;
host mouse); human CK8/18 (Progen, GP11; host guinea pig); human
VE-Cadherin (R&D Systems, AF938; host goat); and human albumin
(Sigma, A3293; host rabbit). Antibodies were prepared as 1:200 dilu-
tions in PBST and sections incubated overnight at 4�C. Sections were
washed thrice for 5min in PBST and incubated at RT for 40 min with
the following fluorophore-conjugated secondary antibodies: goat
(Alexa Fluor 555; host donkey), rabbit (Alexa Fluor 647; host
donkey), guinea pig (Alexa Fluor 647; host goat), and mouse (Alexa
Fluor 555; goat) (all from Thermo Fisher Scientific, staining concen-
tration 3.75 mg/mL). After staining, sections were washed thrice for
5 min in PBST and mounted with coverslips using Apathy’s
Mounting Media containing 1 mg/mL DAPI for nuclear staining.
Samples were imaged using an Axio Imager.M1 microscope (Carl
Zeiss) equipped with appropriate filter cubes to detect GFP, Alexa
Fluor 555, and Alexa Fluor 647.

Animals and surgical procedures

Generally, mice were maintained under sterile conditions according
to the Yokohama City University institutional guidelines for the use
of laboratory animals with sterile food and water available ad libitum.
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Mice were kept in individually ventilated plastic cages with environ-
mental enrichment and bedding material. Cages were held in dedi-
cated, licensed air-conditioned animal rooms, under light/dark cycles
lasting 12 h. Maximum cage occupancy was five animals and fresh ca-
ges were supplied weekly.

Surgical procedures for subrenal transplantation were performed
as previously described.55 For in vivo PET imaging experiments,
animals were randomly assigned as naive imaging control (no
transplant) or experimental animals, wherein LB were transplanted
into the left subrenal capsules. The initial pilot to verify trackabil-
ity was performed using 8- to 12-week-old female non-obese dia-
betic NOD/Shi-Scid Jic mice (NOD-SCID, Sankyo Lab, Tsukuba/
Japan). For the liver injury model, 8-week-old male NOD.Cg-
Prkdcscid Il2rgtm1SugTg(Alb-UL23)7-2/ShiJic (TK-NOG,41 CLEA
Japan) mice were administered 50 mg/kg GCV (dissolved in
PBS) by intraperitoneal injection 7 days and 5 days before subrenal
LB transplantation; control animals also received GCV. GCV is
not ordinarily toxic to human or mouse tissues, but in the TK-
NOG mouse the herpes simplex virus type 1 thymidine kinase
(HSV1-tk) transgene is expressed under the mouse albumin
enhancer/promoter (mAlb/En/Pro); therefore, GCV administra-
tion results in tissue-specific ablation of transgenic liver paren-
chymal cells. To confirm liver damage, blood serum levels of
aspartate aminotransferase (AST) and alanine transaminase
(ALT) were measured before LB transplantation using an auto-
matic biochemical analyzer and DRI-CHEM 700V slides
(FujiFilm Corporation, Japan) appropriate for AST and ALT anal-
ysis according to manufacturer’s instructions. Activity levels were
confirmed to be within the expected range relative to mouse
weight for the dosing regimen used (600–800 IU/L AST, 1100–
1300 IU/L ALT).41 Humane endpoints for the study were indicated
by weight loss, persistent hunched posture, and jaundice. Cohort
sizes were selected to be sufficiently conclusive for proof-of-prin-
ciple studies focused on the detectability of in vivo traceable cells,
and with minimizing animal use in mind.

Human albumin ELISA

The concentration of secreted human albumin in collected cell culture
media or mouse sera was assessed using the Human Albumin Quan-
titation Set (Bethyl Laboratories) according to manufacturer’s
instructions.

RNA extraction and cDNA synthesis

RNA was extracted using the RNeasy MiniKit (Qiagen) according to
manufacturer’s instructions. RNA concentration and purity of iso-
lated RNA was determined with a NanoDrop spectrophotometer.
Samples with a 260/280 ratio of R1.8, indicative of good
quality RNA, were used for complementary DNA (cDNA) synthesis.
cDNA was synthesized by reverse transcription using the SuperScript
VILO cDNA Synthesis Kit (Invitrogen, hiPSCs and HLCs) or the
High-Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, LBs and LB progenitors) according to manufacturer’s
instructions.
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Real-time qPCR

Analysis of mRNA expression of hepatic and pluripotency genes was
assessed by qPCR using the iTaq Universal SYBR Green Supermix
(Bio-Rad) or the Thunderbird SYBR qPCRmaster mix (Toyobo). Cy-
cle reactions were performed with a CFX384 Real-Time PCR System
(Bio-Rad) or LightCycler 480 Instrument II Real-time PCR System
(Roche) according to the conditions listed in Table S3. Gene-specific
primers and probes used are detailed in Table S5. Technical replicates
of sample threshold cycle (Ct) values were normalized to the human
b-actin (ACTB) housekeeping gene or the eukaryotic 18S rRNA
Endogenous Control reference (Applied Biosystems). Quantification
for each independent experiment was by the 2�DCt method, where
DCt = meanCt

target gene-meanCt
housekeeping gene, thereby reporting

the expression as relative to the internal control for all independent
samples (allowing variation in expression between experiments to
be reflected in results). Mean expression and SD relative to the house-
keeping gene for triplicate biological replicates is detailed unless
otherwise specified.

In vivo imaging

Non-invasive PET imaging to detect NIS-expressing cells/tissues was
performed on anesthetized mice (isoflurane, 1.5%–2.0% [v/v] in
pure O2) using 5MBq 18FBF4

� (administered intravenously in
100 mL PBS) essentially according to protocols described previously.56

For animal PET scanning, an Inveon scanner (Siemens) equipped
with Inveon Acquisition Workplace 1.5 Service Pack 1 and a 400–
6,600 keVp window was used. Static PET scans were acquired for
30 min followed by 15-min transmission scans to enable attenuation
correction. PET data were reconstructed using a 3D Ordered Subset
Expectation Maximization (3DOSEM)-based iterative algorithm57

with corrections for attenuation, detector dead time, and radioisotope
decay. Images were processed including quantitative analysis using
VivoQuant software v3.5 (inviCRO). Volume rendering was per-
formed using VivoQuant’s 3D implementation of Otsu’s thresholding
method58 to separate signals from the background. The total activity
in the whole animal (excluding the tail) at the time of radiotracer
administration was defined as the injected dose. Radioactivity in
each region of interest was quantified using VivoQuant and expressed
as standardised uptake value (SUV).

Statistics

Statistical analyses were performed using Prism software v7
(GraphPad). For the determination of statistical significance using
p values, the significance level a was set to 0.05. Details are specified
within text and figure legends.
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