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Abstract

In this chapter, we describe a protocol for differentiation of human induced pluripotent stem
cells (iPSCs) into hepatocyte-like-cells (HLCs) and their transduction with a lentivirus for
gene transfer. Here, we engineer them to express the human sodium iodide symporter, which
can be exploited as a radionuclide reporter gene, thereby enabling these cells to be tracked in
vivo by Single-Photon Emission Computed Tomography (SPECT) or Positron Emission
Tomography (PET) imaging. Differentiation of HLCs from iPSCs involves three steps:
induction of iPSCs to definitive endoderm, differentiation to a hepatic progenitor cell
population, and maturation of immature HLCs. Once proliferation of hepatic progenitors has
ceased and an immature HL.C population is generated, lentiviral transduction can be
performed. The immature hepatic gene expression profile/moerphology at the stage of
transduction will be compatible with further maturation following transgene expression either
in vitro or in vivo, with expression of the transgene‘retained. We detail how transgenic cells
can be imaged in vivo. Whilst we provided protocol for the NIS reporter gene, the cell
engineering aspects of this protocohare'transferable for use with other (reporter) genes if

desired.
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1. Introduction

1.1. hiPSCs as an alternative source of hepatocytes for cell therapy

Since the first allogeneic adult hepatocytes were transplanted in 1997 (1) the potential
advantages of hepatocyte transplants (HTx) have contributed to the maintained interest in its
long-term potential as an alternative therapy to whole organ transplant. In particular, the
reduced invasiveness of HTx and retention of the native liver architecture aréumportant
advantages. The latter specifically provides an insurance in the event ofigraftfailure or
immune rejection, as well as retains the potential for spontaneous t€generation. This is an
advantage in instances of acute liver failure where the liversef'some patients may go on to
fully regenerate, providing they can survive the initial fulminant course (2). Despite
maintained interest in HTx, as with whole organ(transplant, wider application is circumvented
by donor availability. Given that primary hepatocytes are isolated from adult livers rejected
for transplant available hepatocytes gambe limited in both quantity and quality due to the
sources available. Additionally, whilst in vivo within their native liver niche hepatocytes
exhibit regenerative capaeity, éx vivo their differentiated function and proliferative ability
rapidly diminishespficeessitating HTx following fresh isolation or use of rapidly
cryopreserved\iepatocytes (3). Cryopreservation, though considerably optimised in recent
years and an advantage to allow repeat infusions from the same donor, detrimentally impacts
cell viability, metabolic function, albumin production and attachment (4—6). These factors all
highlight the significant need for alternative sources of hepatocytes suitable for transplant,
along with a means of improving post-transplant cell survival, in order for this promising

therapeutic approach to benefit more patients in the future.



One potential substitute source is the use of stem cell-derived hepatocytes, with human
induced pluripotent stem cell (hiPSC)-derived hepatocyte-like-cells (HLCs) showing
particular promise. Like their predecessor, human embryonic stem cells (hESCs), hiPSCs
have unlimited self-renewal ability and can differentiate into cells of all three germ layers
(mesoderm, ectoderm, and endoderm) by recapitulation of embryonic developmental
signalling pathways for the cell type of interest. The ability for hiPSCs to self-renew means
that they can be harnessed to produce a potentially unlimited supply of hepatocyte-like cells
(HLCs), making them a promising alternative source to primary hepatocyteSsWhilst hiPSCs
and hESCs can be differentiated into HLCs following the same proto¢olsy(7), hiPSCs present
fewer ethical concerns. Despite the existence of procedures for HES€ line generation without
the destruction of embryos (8) the majority of hESC linés\ar¢ obtained from either the inner
cell mass or epiblast of surplus blastocysts (an earlys=stage embryo) produced for the purposes
of in vitro fertilisation (9). This results in destruction of the blastocyst, making hiPSCs a
preferable pluripotent stem cell source. HUCsifferentiated from hiPSCs could also act as an
autologous cell therapy offering alow_immune rejection risk, as they can be reprogrammed
using a patient’s own somatie cells. Even where hiPSCs are considered for use as an
allogeneic alternatiye to'hESCs, they can be generated from donors whose genetic

characteristics andvhealth records are well-established.

Differentiation of pluripotent stem cells (PSCs) towards the hepatic lineage has been
performed using both PSC aggregates and monolayer culture approaches for initial fate
induction. PSC aggregates are used to form embryoid bodies (EBs) which are subsequently
differentiated following addition of growth factor, cytokines and small molecule cocktails

(10). To date, EB protocols suffer from inefficient and low levels of differentiation as well as



spontaneous differentiation, yielding impure cultures encompassing cells of other lineages

(11-13).

Conversely, monolayer cultures which utilise a sequential, stepwise introduction of
appropriate growth factors/cytokines/small molecules ensure all PSCs are evenly and
consistently exposed to the differentiation inducing cocktail. These have been widely used to
reproducibly yield HLCs with high levels of purity using a three-step differentiation process,
first differentiating cells towards definitive endoderm, then stimulating cells*to‘differentiate
along the hepatic pathway producing an intermediate highly proliferativeshepatic progenitor
population before subsequently yielding a monolayer of immature HLCs which go on to
develop a characteristic polyhedral morphology as they fhature. Immature HLCs can be
dissociated for further in vitro maturation either oneollagen-I coated plates, within 3D

scaffolds or in co-cultures or transplanted in »iyot

1.2. The three-step process for,generating HLCs

HLC differentiation protocels focus on recapitulating the Nodal and Wnt/B-catenin signalling
events that occur duting embryonic development. Nodal, a member of the transforming
growth factor beta (TGFP) superfamily, stimulates transcription of a host of target genes
involved in initiation of endodermal development (the germ layer from which the liver
derives) (14). Mimicking of this signalling process in vitro is habitually achieved through
addition of Activin A (a Nodal analogue) to culture media for the first few days of PSC
differentiation. Studies have shown that Wnt/B-catenin signalling is also critical for endoderm
formation as well as a multitude of developmental intracellular signalling transduction

cascades (14—16). To recapitulate activation of Wnt/B-catenin signalling pathways



differentiation protocols usually rely on addition of Wnt3a or the small molecule CHIR99021
to culture media during the early stages of differentiation. CHIR99021 enables Wnt/B-catenin
signalling by selectively inhibiting glycogen synthase kinase 33 (GSK3[). GSK3p ordinarily
forms part of the B-catenin destruction complex, so inhibiting its activity prevents
degradation of B-catenin thereby facilitating sustained B-catenin transport into the nucleus
and ensuring downstream signalling (77). Wnt signalling functions upstream of GSK3f by
binding to its cell-surface receptor, Frizzled, and its coreceptor low density lipoprotein
receptor protein 5/6 (LRP5/6). Receptor-binding activates the Dishevelled family proteins,
which recruit axin to the plasma membrane thereby also inhibiting asgembly of the B-catenin
destruction complex, facilitating sustained -catenin translocation into the nucleus (74). Both
use of Wnt3a and CHIR99021 are considered to effectively enable Wnt/B-catenin signalling
in HLC differentiation protocols, although CHIR99021 comes at the advantage of lower cost

relative to Wnt3a.

During gastrulation, after triggering development of definitive endoderm, modulation of
Nodal and Wnt signalling regulates endodermal tube patterning (18). The mesoderm lineage
cells, cardiac mesoderm (€M) and septum transversum mesenchyme (STM), adjacent to the
endodermal tube stimulate further patterning producing the foregut, midgut and hindgut
domains. Theportion of the foregut that develops into the liver bud borders the CM and
STM, as a result of growth factor secretions by these bordering mesoderm populations
[fibroblast growth factors (FGFs) by CMs and bone morphogenic proteins (BMPs) by STM
(18-20)] the adjacent foregut cells become committed to the hepatic lineage (18—20). As
such, most differentiation protocols incorporate FGFs and BMPs into culture media during
step 2, yielding an immature hepatocyte progenitor population representative of embryonic
hepatoblast cells that colonise the liver bud, these cells are capable of high levels of cell

expansion and proliferation.



In the developing liver, haematopoietic cells that migrate into the liver bud produce
oncostatin M (OSM), an interleukin-6 family cytokine (21). This has been shown to play an
important role in inducing hepatocyte specific functions including upregulating albumin
expression, synthesis of lipids and glycogen, ammonia clearance and detoxification (22, 23).
Hepatocyte growth factor (HGF) also stimulates expression of mature hepatocyte marker
genes and glycogen accumulation, in a manner that involves activation of signalling
pathways distinct from OSM (22, 24). As such, PSC differentiation protoeolstypically
incorporate either or both OSM and HGF within the media culture €ocktail to induce

maturation of hepatic progenitors in step 3.

HLC:s yielded from differentiation protocols diffes hetably across research groups as a result
of variations between PSC lines and cultureconditions, including differences in basal
medium, extracellular matrices (ECMs),used for culturing cells and selection of growth
factors and their timepoints for intfoduction. This makes efforts to improve factors such as
engraftment following transplant in vivo difficult to compare between studies as results are
confounded by variations in HLC quality. The protocol presented here follows the 3 step
differentiation, process (Figure 1) and has been demonstrated to work for a number of PSC
lines (25, 26) although some adaptation may be required for new PSC lines (e.g. initial
colony seeding density may require optimisation). Tips for optimisation of new lines are

included in the Notes section.

1.3 Use of radionuclide reporter genes for HL.C tracking in vivo



To track transplanted HLCs non-invasively in real-time in vivo a signal specific for the
administered HLCs which distinguishes them from their in vivo environment and can be
captured by a suitable imaging modality must be generated. To achieve this, cells can either
be directly or indirectly labelled (27). Directly labelling cells in vitro involves using a
contrast agent, such as nanoparticles, near infrared dyes or radiolabelled antibodies which are
taken up by the cells through normal cellular processes (e.g. phagocytosis, via internalising
receptors or assisted by e.g. transfection agents etc). Whilst easily achieved direct cell
labelling is disadvantaged by events which may be of functional interest, for'tgdeking viable
HLCs. For example, dilution of the contrast agent if transplanted cellsproliferate will result
in diminished signal contrast over time per individual cell, despite asurviving cell population
remaining present, as the contrast agent will be distributéd amengst progeny cells. Moreover,
there is a possibility that the wrong object is visualized. ¥or example, cells directly labelled in
vitro with paramagnetic particles to facilitate magnetic resonance imaging (MRI) in vivo can
die after transplantation with the nanopartieles becoming phagocytosed by macrophages,
therefore the particle-based labelgwould remain present and be detected by MRI, albeit now
reporting on the macrophages rather than HLCs (28). Finally, as direct labelling agents often
rely on passive diffusion, eyen if cells are not dying or proliferating, the label may diffuse out

of cells over time #u vivo, limiting the observation time.

The limitations associated with direct cell labelling are why for medium to long term cell
tracking studies indirect cell labelling through the use of reporter genes is the preferred
strategy (29). Indirect labelling requires cells to be genetically engineered to ectopically
express a reporter gene, rendering them different from the surrounding cells in vivo. Reporter
gene constructs normally integrate permanently into cells and pair a promoter/enhancer

sequence to a reporter gene. Following translation of the reporter protein cells can be detected



either directly (e.g. in optical fluorescence imaging) or following the administration of an
imaging probe capable of interacting with the reporter protein and subsequently accumulating
signal within the transgenic cell population (such as a radiolabelled substrate). As imaging
reporter genes tend to be driven by constitutive promoters, these strategies facilitate detection
of only cells with intact transcriptional machinery, so the imaged signal correlates with the
viable cell population. This process can be performed on multiple occasions, allowing cells to
be tracked longitudinally, with progeny cells resulting from proliferation also capable of

being tracked.

Radionuclide imaging relies on the concept that after administrationof radiolabelled
compounds to animals they enter the circulation and aretzangported to organs around the
body. The radiolabelled elements are then absorbedsspecifically at anatomical sites with
affinity for the administered compound and ate¢ rétained at that location for a sufficient time

to allow for recording of a good contrastimage (for more in-depth information see (29)).

The protocol detailed here uses the human sodium iodide symporter (hNIS) as a radionuclide
reporter gene. hNIS can take up a range of radioisotopes in the form of anionic substrates.
Notably, this includes.radioisotopes compatible with both PET and SPECT imaging. The
radiotracers suitable for use with hNIS are widely available, making them easily accessible
for serial imaging studies. Additionally, these radiotracers often do not require complex
radiochemistry, with some routinely used in the clinic for medical imaging, meaning their
metabolic and clearance properties have been well documented(30). As an endogenous
human protein expressed in only limited tissues, hNIS can enable good contrast imaging.
Given that those limited tissues with endogenous mouse NIS expression (e.g. salivary glands,

stomach, thyroid) are not regions of interest for HLC transplants any background radiotracer



uptake is unlikely to interfere with longitudinal HLC tracking. Furthermore, as a human
protein (with homology with rat and mouse NIS) it has not been reported to stimulate host
immune responses in humans (or rats or mice) (31, 32). Other reporter genes, including
radionuclide reporter genes could also be utilised, the advantages and disadvantages of which

have been comprehensively reviewed elsewhere (29, 33).

Fruhwirth et al have shown that as low as 1000 hNIS expressing cancer cellsy(within a cell
mass/pellet of 10° cells) are capable of detection (34, 35). Such low detgctiofilimits suggest
radionuclide-afforded hNIS based imaging is a very well-suited modality for detection of
small populations of surviving cells, as may be the case with,transplanted HLCs as well as for
detection of any potential ‘off-target’ populations that'@ecumulate elsewhere. Whilst the
highest resolution in vivo images in rodents can be achieved by preclinical radionuclide
imaging approaches utilising reporter genes sugh as hNIS-mGFP, the protocol detailed here is
compatible with alternative transgene reporter constructs. Alternatives could for example be
optical reporters (36), which at theexpense of imaging depth, 3D information or resolution

(depending on the specific modality) may turn out to be easier accessible or cheaper to use.

1.4 Choice of lentiviral genetic engineering for iPSC-derived progeny

The majority of preclinical studies tracking stem cells or their differentiated progeny have
used a lentivirus for transfer of the reporter gene (29). Lentiviruses have a number of
properties that make them favourable in this respect. Firstly, they are able to efficiently
deliver a large payload of genetic material enabling compatibility with even very large

reporter constructs, which may, in addition to the reporter gene, include genes for selection of



successfully transduced cells (e.g. fluorescent reporters for flow cytometric sorting or
antibiotic resistance genes) (37). In contrast to other retroviruses, lentiviruses are capable of
infection and pro-viral integration of both dividing and non-dividing cells (38, 39), so
integration of the construct into the genome can yield stable expression of the reporter protein
whether transduction is at the hiPSC, progenitor (e.g. hepatoblast) or mature differentiated
cell (HLC) stage. Coupled with these benefits is the limitation that reporter integration is
more or less distributed randomly within the genome, although typically at sites actively
being transcribed (40). This runs the risk of insertional mutagenesis, includifg encogenic
transformation, and it is unknown whether errant integration will impéct hiPSC ability to
differentiate successfully along the hepatic lineage. Furthermorehinysome cases reporter gene
expression has been reported to reduce following long-térm prepagation of replicating cells
as a result of epigenetic silencing (41, 42). This is Obviously a disadvantage for any
longitudinal imaging strategy or differentiating stem cell populations, as it would result in
reduced imaging signal over time, thus lifniting the applicability of earlier quantification.
Silencing can be attenuated by treating eells with DNA methyltransferase inhibitors (41, 42),
however as DNA methylation plays a critical role in the pluripotency of PSCs and their
ability to differentiate to\different germ layers the requirement for such treatments should be
avoided where possible (43). One means to overcome, at least partially, issues of transgene

silencing is thechoice of the promoter.

Here, we detail a lentiviral transduction approach to enable expression of the hNIS fused to
monomeric green fluorescent protein (WNIS-mGFP) in HLCs. Use of a fusion protein enables
transduction efficiency to easily be assessed by flow cytometry and/or fluorescence imaging.
HiPSCs are first differentiated into immature HLCs before transduction once they are already

committed to the hepatic lineage, but are likely to have limited residual proliferative ability in



vitro (minimising the possibility of downstream reporter silencing). Following transduction,
cells are dissociated and reseeded for further maturation on a variety of extracellular matrices,
within 3D-scaffolds, co-culture formats, or transplanted immediately in vivo. Given that cells
have already undergone significant differentiation, the reporter gene expression is considered
to have a limited impact on cell phenotype or function and hNIS-mGFP expression has been

shown to be retained for at least 100 days in HLCs in vitro (26).

2. Materials

2.1. Plasmid production

1. Luria Broth (LB) agar antibiotic selection plates: Add"l.5vg of agar per 100 mL of LB
and autoclave. Allow liquid to cool to room teétperature and then add antibiotics to
the solution to a final concentration of 100pg/mL ampicillin or 50pug/mL kanamycin
depending on the resistance gene of the plasmid to be spread on the plate. Pour or
pipette into non-tissue culture treated petri dishes so that the depth of liquid is at least
Icm (between 12-15mL per‘dish). Leave to set at room temperature. Plates can either
be used immediately or.8ealed with parafilm and stored upside down at 4°C for up to
2 months.

2. Superfi@©ptimal broth with Catabolite repression (SOC) media: add 0.5% (w/v) yeast
extract, 2% (w/v) tryptone, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl,,10 mM
MgSOs4 in deionised H20 and autoclave. Allow to cool before adding 20 mM
Glucose, sterilise through a 0.22um filter. Store at 4°C for up to two months or freeze
as aliquots at -20°C for long term storage.

3. Glycerol stock solution: Add pure glycerol (>99% v/v) to an equal volume of
endotoxin free distilled H>O in an autoclave-able bottle and autoclave. Store at room

temperature.



4. Bacterial plate incubator set to 37°C, 5% CO>

5. Shaking bacteria incubator with temperature control, set to 37°C, 5% CO-

6. Spectrophotometer (e.g. SPECTROstar Nano, BMG LABTECH)

7. Chemically competent E.Coli suitable for transforming plasmids with direct repeats

(such as lentiviral vectors) such as Stbl3 (New England Biolabs) or similar

8. Plasmid DNA maxiprep kit (Qiagen)

2.2. Virus production

. 25kD Linear polyethylenimine (PEI) stock solution (final geneetitration 1pug/pL):
dissolve 100 mg of powder in 100 mL of endotoxin fiee dH>O that has been heated to
~80°C. Allow solution to cool to room temperattige and then neutralise to pH 7.0 with
hydrochloric acid (HCI) by stirring and slowly-adding dropwise. Typically, the solution
will be basic and will require adjusging with HCI first, sodium hydroxide can also be used
to adjust the pH to 7.0 if it becomes too acidic. Re-check the pH after allowing the
solution 10 minutes to mix=to ensure no drift has occurred. Sterile filter the solution in a
tissue culture hood«(0:22um) and store at -20°C or -80°C in aliquots of 0.5-1mL. Working

stocks can bekept“at 4°C for up to 2 months.

. Basal media for HEK 293T cell culture: Dulbecco’s Modified Eagle’s Medium with 1g/L
of glucose supplemented with 10% (v/v) fetal bovine serum (FBS, Apollo Scientific),
penicillin (100 IU/mL) and streptomycin (0.1mg/mL) (Sigma) and 2mM L-glutamine

(Sigma).

. For large batch virus production: Millicell HY 5-layer T1000 cell culture flask

(MerckMillipore) and Millicell HY 3-layer T600 cell culture flask (MerckMillipore)



2.3. Maintenance and differentiation of iPSCs to HLCs

2.3.1. Tissue culture incubator conditions

1.

For maintenance of hiPSC colonies: Normoxic tissue culture incubator- 5% COa,

37°C, humidified

2. For hepatic differentiation under hypoxic conditions: Hypoxic tissue culture incubator-

5% CO2 with variable Oxygen control set to 5%, 37°C, humidified

2.3.2. Preparation of coated well plates and dishes

I.

Vitronectin coated wells for routine iPSC passagetand maintenance: Add 500-700uL
of Vitronectin XF solution (STEMCEDBL Teéhnologies), prepared as a 10 pg/mL
solution in PBS to the number of wellsSntended for cell seeding in a 6-well plate.
Agitate the plate and ensute.the ¢ntire surface of the wells are covered and leave for 1
hour at room temperattire or seal with parafilm and store at 4°C for up to 2 weeks.
Aspirate Vitrongctinjlayer immediately prior to adding passaged hiPSC colonies. Do

not wash the.well with PBS.

. Mouse embryonic fibroblast (MEF) media: Advanced DMEM F12 supplemented with

10% FBS, 2mM L-glutamine, 0.1mM B-mercaptoethanol and 100IU

penicillin/streptomycin.

0.1% gelatin solution: Dissolve gelatin powder in endotoxin-free H>O (0.5g in 500mL

autoclaved milliQ water is sufficient purity). Either use a stir bar and heat plate to



enable the gelatin to dissolve or autoclave the solution. Allow to cool to room

temperature and then filter the solution through a 0.22pum pore.

Gelatin coated well plates or 10cm dishes for iPSC differentiation: To coat
wells/dishes add a sufficient volume of 0.1% gelatin solution to cover the surface area
and incubate at room temperature for 1 hour (6mL for a 10cm dish and 1.5-2mL for a
well of a 6 well plate). Aspirate gelatin solution and replace with mouse embryonic
fibroblast (MEF) media by pipetting the media gently at the edges of theswell/dish.
Incubate in the normoxic cell culture incubator overnight to alldow'the incorporation of
proteins into the gelatin. Plates can be kept in the normoXi¢ incubator for up to 2
weeks until required providing there is sufficient thediayfor the plate/wells not to dry
out (top up as needed with MEF media). When ready to seed cells aspirate the MEF

media immediately prior to addition ofithelcell suspension. Do not wash the well/plate.

Collagen-I coated wells forimmature HLC maturation: Prepare a 0.01M acetic acid
solution by dilution ofracetic acid glacial in PBS. Dilute rat tail collagen Type I
solution to a concentration of 0.1mg/mL. Coat wells with a sufficient volume to cover
the surface arcasand agitate as necessary to ensure an even distribution of the collagen
layer. Seal the plate with parafilm and leave at 4°C overnight. Wash wells once with

PBS prior to cell seeding.

. For passaging of hiPSC colonies: Gentle Cell Dissociation Reagent (STEMCELL

Technologies)

. For lifting immature HLCs from gelatin coated wells/plates: TrypLE Express (1%

solution, ThermoFisher)



2.3.3. Growth factors for differentiation

1% BSA/PBS stock solution: Dissolve 0.5g of BSA in 50mL PBS, this can be aided
by leaving on a tube roller for up to an hour. Sterilize using a 0.22um filter. For a
0.1% BSA/PBS solution dilute 1/10 with sterile PBS. For a 0.01% BSA/PBS solution
dilute 1% stock 1/100 with sterile 1X PBS. Aliquots of 1%, 0.1% and 0.01%

BSA/PBS can be stored at -20°C.

10pg/mL Oncostatin-M stock solution: Dissolve 50pgnSmL (10ug in ImL) 0.01%

BSA solution. Prepare 100uL aliquots and store at «20°C.

50mM Ly294002 stock solution: Dissolve Smg in 325uL DMSO. Prepare 50pL

aliquots and store at -20°C.

50ug/mL HGF stock 'sotution: Dissolve 50pug in ImL 0.01% BSA solution. Prepare

100uL aliquots and‘store at -20°C.

. 3mM CHIR99021 stock solution: Dissolve Smg in 3.32uL. DMSO. Prepare 50uL

aliquots and store at -20°C.

. ROCK inhibitor (10mM Y-27632) stock solution: Dissolve 2mg in 600uL BioXtra

Water. Prepare 100puL aliquots and store at -20°C.



7. 10pg/mL BMP4 stock solution: Reconstitute 10pg in ImL 0.1% BSA solution.

Prepare 200uL aliquots, and store at -20°C.

8. 100pg/mL Activin A stock solution: Reconstitute 100png in ImL 0.1%BSA solution.

Prepare 50uL aliquots, and store at -20°C.

9. 100png/mL FGF2 stock solution: Reconstitute 100pug in 1mL 0.1% BSA solution.

Prepare 50puL aliquots, and store at -20°C.

2.3.4. hiPSC and HLC differentiation media

. For maintenance of hiPSCs prior to differentiation:\Essential 8 (E8) media (Gibco)

. For Day 1(D1) and D2 of differentiation: Es§ential 6 (E6) media (Gibco)

. Progenitor cell basal media (D3-D8): RPMI-1640 (Gibco) supplemented with 1%
Penstrep, 2% MEM Non-Essential Amino Acids (MEM NEAA, 100x, Gibco) and 1x
B27 supplement (50%, Gibco)

. Hepatocyte maturatighnhedia (D9 onwards): Hepato-ZYME serum free media (Gibco)
supplemented withN % Penstrep, 2mM L-Glutamine, 2% MEM NEAA, 2% Chemically
Defined Liptdsconcentrate (Gibco), 1% Insulin-Transferrin-Selenium (ITS) (Gibco),

10ng/mL Oncostatin-M (R&D Systems), 50ng/mL HGF (Peprotech)

2.4. HLC transplantation and in vivo imaging
. In vivo imaging substrate (see Note 1)
. For radionuclide imaging: Gamma counter (e.g. 1282 Compugamma, LKB-Wallac,

Australia), Preclinical NanoSPECT/CT or NanoPET/CT (e.g. Mediso Medical Imaging



System, Budapest, Hungary), radionuclide dose calibrator (e.g. Capintec), animal heating

chamber and heat pad/mat.

3. Surgical kit including: blunt-ended and tissue scissors, serrated and tissue forceps,

haemostatic gauze, cotton buds, sutures, sterile PBS, analgesic (e.g. carprofen),

isofluorane, 29-31 gauge insulin syringes, surgical gloves and gown.

3. Methods

3.1.1.

3.1. Preparation of plasmid stocks

Transformation of plasmid DNA into E.Coli

. Equilibrate the water bath to 42°C.

Ensure the SOC media is brought to'room temperature.

Preheat the shaking incubatorto 37°C.

Thaw one vial of competent stbl3 cells on ice for each plasmid to be transformed
Pipette up t0"100ng of each diluted plasmid directly into the vial of competent cells
and mix by stirring gently with the pipette tip (see Note 2). Do not mix cells by
pipetting.

Incubate the vials of DNA/bacterial mix on ice for 30 minutes.

Bring the ice box with the incubating vials to the water bath and heat-shock the
bacteria by incubating the vials for 30 seconds at 42°C (without shaking).
Immediately place the vials back on ice for 2 minutes.

Add 250uL of room temperature SOC medium to each vial.



10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

3.1.2.

Shake the vials horizontally at 37°C for 1 hour at 225 rpm in a shaking/rotating
incubator (see Note 3).

Whilst the vials are shaking, incubate the antibiotic selection plates at 37°C for 1 hour
slightly open in the bacterial incubator.

Spread 10-100uL from each transformation vial onto LB plates containing their
appropriate selection antibiotic using a sterile bacterial spreader (see Note 4).

Incubate selection plates for 12-20 hours at 37°C in a bacterial incubator.

Inspect the plates the next day and identify 1-3 well isolated, colonies suitable for
inoculating liquid cultures.

Add the appropriate selection antibiotic to room temperature.LB.

For each plasmid maxiprep to be undertakefiytransfer 300mL of the antibiotic
inoculated LB to an autoclaved flat-bottomeéd S00mL conical flask (see Note 5)

Pick colonies and transfer to preparedyflasks of LB selection media.

Label flasks with the strain of bactefia, date and plasmid identifier and seal loosely
with a foam plug/foil.

Transfer conical flagks to the pre-heated shaking/rotating incubator and shake at

225rpm, 37°C for, 16-20 hours.

Isolation of plasmid DNA from liquid cultures

. Prepare a glycerol stock of successfully grown bacterial cultures by mixing 250uL

glycerol stock solution 1:1 with the bacterial culture in a cryovial.

Label the vial and store at -80°C for use in future preps.



3. Transfer the remaining liquid broth to sterile 50mL falcon tubes and centrifuge at
6000g, 4°C for 15 mins (see Note 6).

4. Discard supernatant and store bacterial pellets on ice (or freeze at -20°C until ready
for isolation).

5. Isolate DNA from the bacterial pellets using the maxi prep column purification kit

and dissolve the DNA pellet in DNAse, RNAse, endotoxin free H>O.

3.2. Lentiviral particle production

A schematic demonstrating the steps in seeding multi-layered tissue culture flasks, alongside

a flowchart summary of the steps for lenfwitakparticle production are depicted in Figure 2.

3.2.1. HEK293T multi-layer+flask preparation for lentiviral particle production

Subculture engighCells for the intended size of lentivirus in advance. If producing a large
batch of lentivirus (e.g. in multiple T1000 multilayer flasks) then 293T cells will need to be
expanded notably in advance. If incubator space is at a premium this can be achieved by

expanding cells using T600 (3-layer) flasks (see Note 7).



. Prepare a 293T cell suspension according to the cell number and culture media volumes

in Table 1, and pipette into the multi-layered flask. Avoid foaming/bubbles by directing
the liquid stream along the inner surface of the flask.

After adding the cell suspension ensure medium is evenly distributed between layers by
positioning the multi-layered flask vertically upon a flat surface (Figure 2A.1). To
redistribute the suspension more evenly first position the flask with the top layer facing
towards the user (Figure 2A.2), then tilt the flask clockwise 45° to divide the liquid
evenly between each of the layers (this position can also be maintainedfor transporting
the flask to the incubator, Figure 2A.3).

While maintaining the tilted position, carefully lay the flask flaty(on a shelf of the
incubator, Figure 2A.4). Then gently agitate the flask\baCk and forth and left-to-right to
evenly spread cells across the surfaces of each layer,whilst avoiding spilling media
between layers. If seeding multiple multitayef flasks, the agitation step can be performed

once flasks are stacked. Incubate at 372C,%% CO; for ~20 hours.

3.2.2. Lentiviral paxtiele production from pre-seeded multi-layer flasks by PEI

1.

transfection
Prior to transfection bring all reagents to room temperature. In a sterile tube dilute total
plasmid DNA (pg) in serum-free (SF) DMEM (volume of SF-media is 10% of final
volume in culture vessel) using constructs at a 4:3:1 ratio of transgene (hNIS-mGFP or
similar): viral packaging (pA8.91): viral envelope (pVSV-G), as shown in Table 2 (see

Note 8).



10.

Add PEI to the diluted DNA and mix immediately by vortexing or pipetting. The volume
of PEI used is based on a 3:1 ratio of PEI (ug):total DNA (ug), see Table 2 for
calculations for each culture vessel size.

Incubate DNA/PEI solution for 15 minutes at room temperature, then add DNA: PEI
complex to complete media (see Note 9 and 10).

Aspirate media from pre-seeded HEK293T flasks and subsequently add the

media/DNA/PEI solution being careful not to dislodge the cells.

. Return the flask to the incubator and incubate at 37°C, 5% CO; for 24 hiourss

After 24-hours aspirate transfection media and replace with the v@luthe of complete

culture media indicated in Table 1 (see Note 11).
24-hours after medium change collect the crude viral'sup€atant. Filter viral media
through a 0.45um filter to remove dead cells and debris.

To concentrate the viral particles centrifuge filtered supernatant at 10,000g, 6°C for 16
hours (see Note 12).

Discard the supernatant and earefully resuspend the pellet in PBS by gentle pipetting,
OptiMEM or complete media of the cell type intended for transduction downstream (see
Note 13). Resuspension volume can be 1/10 of crude viral media volume for a
10x concentratedssolution or 1/100 for a 100x concentrated solution.

Aliquot thefresuspended viral particles in cryovials and freeze at -80°C. Multiple freeze
thaw cycles should be avoided as the titre reduces 10-15% percent each time, aliquot

volumes should be made up accounting for this.

3.2.3. Quantification of viral titre

1.

Seed 2x10° HepG2 or 293T cells per well in a 24-well plate and leave to adhere overnight

(see Note 14).



16-18 hours after cell seeding serially dilute an aliquot of the concentrated virus in culture
media using an appropriate dilution range to a final volume of 200uL per dilution (e.g.
1/10, 1/50, 1/100, 1/500, 1/1000, 1/5000, 1/10000 would capture the requisite information
of a 100x concentrated stock).
. Aspirate media from the seeded cells, wash each well once with PBS and add diluted viral
media to each well.
24h post-transduction using complete media top up the volume in each well to 500pL.
. 48-72h post infection discard all viral supernatant according to local rul€s, wash wells
three times with PBS and lift and collect cells from each dilution.Resuspend cells in
FACS buffer and add an appropriate live dead stain (e.g. DARI ‘o Hoechst).
. Acquire live cells on a flow cytometer to assess the firoportion of cells successfully
transduced (here, hNIS-mGFP).
. Calculate viral titre by the following equation

Titre (Transducing Units/mil)={(F x Cn)/V} x DF
wherein F = GFP" cell frequencysas/determined by flow cytometry (or
immunofluorescence), Cn = seeded cell number, V = viral inoculum volume and DF =
dilution factor. Results of viral dilutions yielding GFP expression in the linear range

(1-20%) should besaveraged to calculate the titre.

3.3. Maintenance and passaging of hiPSCs
1. Aspirate spent media.
2. Wash cells once with 2mL sterile PBS.
3. Add 500uL Gentle Cell Dissociation Reagent per well and transfer to cell culture
incubator (5% CO., 37°C) for 3 minutes.

4. Aspirate Gentle Cell solution (see Note 15).



10.

11.

12.

Pipette ImL E8 media directly onto colonies using a P1000 pipette, the force of the
media ejection will aid colonies to lift off the well in small clumps (see Note 16).
Collect the media from step 5 in a sterile 15mL falcon tube and repeat, directing the
stream at remaining colonies, particularly large colonies.

Repeat step 6, being sure to rinse the whole surface of the well (see Note 16)

If reseeding for hiPSC line maintenance, then plating smaller colonies is desired.
Smaller colonies can be produced during dissociation by pipetting mediated
mechanical disruption. Larger colonies will sink to the bottom of th€*tube, collect this
in the pipette tip and pipette back into the tube between 2-6 tifies\depending on the
size of the clumps.

Reseed colony suspension at a dilution between 1410¢nd 1/40 in a fresh vitronectin
coated well of a 6-well well plate, top up with E8.to a final volume of 1.5mL. Return
plated cells to the cell culture incubator and/agitate the plate to ensure the colonies are
evenly distributed across the well{

Refresh E8 medium dailyy(see Note 17 and 18).

If reseeding onto gelatin plates in preparation for differentiation, then larger colonies
than those used for maintenance are desired (see Figure 3). If very large colonies are
observed, we'tecommend disaggregating them mechanically as these will not
differentiate efficiently otherwise. Depending on confluence of the well at passaging,
one well of a 6 well plate is sufficient for approximately two 10cm dishes (or 6 wells
of a 6-well plate).

hiPSCs seeded onto gelatin plates for differentiation should be placed in a hypoxic
cell culture incubator (5% (v/v) O2, 5% (v/v) CO2, 37°C, humidified) and allowed to
acclimatise to the new matrix for 2-3 days with E8 media refreshed daily prior to

induction of differentiation.



3.4. Differentiation of hiPSCs to HLCs and lentiviral transduction for in vivo

tracking

Micrographs demonstrating the expected changes in the cell morphology and confluence of

the culture dish for each step of differentiation are shown in Figure 3 as a guide.

3.4.1.

Induction of endodermal differentiation

. Prepare day 1 differentiation media by addition of Activin A, BMP4, CHIR99021,

FGF2 and LY294002 to E6 media to the final concentrations indicated in Table 3 (see
Note 19).

Aspirate E§ media, replenish with day,d miedia, being careful to add the media slowly
to the edge of the well/dish to enstire no holes are made in the gelatin layer and the
colonies are not disturbed. Return the dish/plate to the hypoxic incubator.

24 hours later, prepare day 2 differentiation media by addition of Activin A, BMP4,
FGF2 and LY294002'to E6 media to the final concentrations indicated in Table 3.
Observe the eulture dish down the microscope, cells should be visibly expanding from
the colofies.

Aspirate day 1 media, replenish with day 2 media, adding media slowly to the edge of

the well/dish. Return the dish/plate to the hypoxic incubator.

3.4.2. Hepatic progenitor cell differentiation

1.

On day 3 of differentiation prepare a stock of day 3-8 progenitor cell basal media.



Prepare day 3 differentiation media by adding Activin A and FGF2 to an aliquot of
the progenitor cell basal media to the final concentrations indicated in Table 3.
Store remaining progenitor cell basal media at 4°C.

Aspirate day 2 media, replenish with day 3 media, adding media slowly to the edge of
the well/dish. Return the dish/plate to the hypoxic incubator (see Note 20).

24 hours later prepare differentiation media by bringing an aliquot of progenitor cell
basal media to room temperature and adding Activin A to a final concentration of
50ng/mL.

Aspirate media and replenish with differentiation media prepafedsin step 5, adding
media slowly to the edge of the well/dish. Return the dish/plate to the hypoxic
incubator.

Repeat steps 5 and 6 for days 5-8 (see Note21).

3.4.3. Maturation of hepatic progenitors

1.

On day 9 of differentiation.prepare a stock of hepatic maturation media by
supplementing Hepato-ZYME SFM as indicated in Table 3. Store at 4°C.

Bring fully supplemented hepatic maturation media to room temperature, do not warm
prepared media in a water bath at 37°C as this will degrade the supplements before the
HLCs can benefit from them.

Aspirate day 8 media and replenish with fully supplemented hepatic maturation
media, adding media slowly to the edge of the well/dish. Return the dish/plate to the
hypoxic incubator.

Replenish hepatic maturation media every other day until day 18 of differentiation
when a characteristic polyhedral morphology should be visible in the culture

monolayer under the microscope (Figure 3, see Note 22).



3.4.5. Lentiviral transduction of HLCs

1.

2.

10.

11.

12.

13.

Ensure to keep aside at least one dish of cells as a non-transduced control.

Calculate the total volume of concentrated viral stock solution needed for an MOI of
5-10 for the number of dishes/wells intended for transduction using the equation:
Cell number x MOI (5) = pfu (or TU/mL) needed (see Note 23).

Thaw the viral stock solution on wet ice.

Dilute thawed viral particles into a sufficient volume of hepatocyte fhaturation media
for the number of dishes intended for transduction (3 mL viral'media per 10 cm dish).

Keep viral-media solution room temperature to avoid cold shock to the cells.

. Aspirate spent media from HLCs.

Wash cells twice with PBS and aspirate washes.

Add viral media dropwise to the dish(es)€nsuring the whole surface is covered.
Gently swirl the dish to ensure an(eveni viral media layer covers the cells.

Leave the dish(es) to incubate,at room temperature in the tissue culture hood for 15
min.

Add 1.5mL complete hepatocyte maturation media to each dish and transfer cells to
the hypoxie,iheubator to incubate overnight.

16-24 hours later top up dishes with 1.5mL complete hepatocyte maturation media
and return cells to the hypoxic cell culture incubator.

48 hours after viral transduction, check cells under a fluorescence microscope by
comparing them to untransduced control cells to confirm success of transgene
expression.

Cells can now either be a) pre-labelled with radiotracer prior to lifting from the

culture dish and transplanting in vivo for immediate in vivo imaging (see 0 and 3.5),



b) passaged for further in vitro maturation either by seeding onto collagen-I coated
dishes or within scaffolds or as part of a co-culture for later transplant or ¢)
transplanted in vivo, for subsequent in vivo imaging facilitated by radiotracer

administration i/v to the animal, post cell transplant (see 3.6.1).

3.4.6. Passaging of immature transgenic HLCs

1. Wash dishes twice with PBS and aspirate.

2. Add 6mL/dish of 1x TrypLE Express and incubate the plate.at'37°C for up to 20
minutes.

3. Check the dish under a bright field/phase contrast microscope, cells should be
visibly lifting off the plate. Tap the plate gently if needed to encourage lifting.

4. Collect the cell suspension in a sterile<50mL tube and using a 10mL pipette,
pipette up and down 3x to disso¢iate any clumps of cells.

5. Add an equal volume of Hepato-ZYME to the tube to quench the reaction.

6. Pass the re-suspended cells through a 70pum cell strainer into a fresh sterile 5S0mL
tube.

7. Centrifugethe cells for 3 minutes at 300xg, 4°C.

8. Aspimsate’the supernatant being careful not to disturb the pellet.

9. Resuspend the cells in complete hepatocyte maturation media and count.

10. Cells can now be analysed for transduction efficiency by flow cytometry,
transplanted in vivo or reseeded 3.5x10° cells per well on collagen-I coated 12-

well plates for further maturation (typically up to day 35) (see Note 24).



3.5. Radiolabelling traceable HLCs in vitro for in vivo transplantation
3.5.1. Testing reporter gene function of HLCs in vitro

1. Prepare a radiotracer stock solution of 100kBg/mL [*™Tc]TcO4™ and note the time.

2. Aspirate media from HLCs.

3. Wash cells with PBS™ (6mL/10cm dish) and aspirate.

4. Add 3mL radiotracer stock solution per dish of hNIS-mGFP" HLCs or untransduced
control HLCs and incubate plates in the hypoxic incubator for 30mins.

5. Collect supernatant containing residual radioactivity into a 50mL faleen-tube and
label for y-counting later.

6. Wash dishes twice with SmL PBS, collecting each washoéut i a labelled tube for -
counting later.

7. Passage cells from the dish as described in 05 collecting all washouts and count the
cells with a haemocytometer.

8. Centrifuge radiolabelled cell suspension at 300xg, 3 minutes, 4°C.

9. Collect supernatant in a labelled tube and resuspend HLCs for transplant in sterile
PBS, store on ice untit required. Once transplanted into mice proceed to 0 (skip

radiotracer administration steps 5 and 6).

3.5.2. Calculating radiotracer uptake in pre-labelled/transplanted HLCs
1. Make up a spare stock of radiolabelled HLCs in a 1.5mL from cells not intended for
transplantation. Note cell number and use as a non-transplanted imaging phantom and
y-counter cell control.
2. Use radiotracer stock solution to prepare calibration standards (e.g. of 0, 1, 3, 10, 30

and 70kBq if using [**™Tc]TcOy") in labelled 1.5mL tubes.



3. vy-count cell stock and collected washouts and supernatants from in vitro labelling
steps.
4. Quantify uptake of radiotracer in cells by y-counting collected supernatant, washouts

and cells using the following equation (see Note 25):

Cell uptake (% total radioactivity measured) =

activity in collected cells (CPM)
( activity in collected cells (CPM)+activity in PBS wash 1 (CPM)+ )

x 100

activity in PBS wash 2 (PM)+ activity in washouts from cell passaging (CPM)
+ activity in collected supernatants (CPM)

5. Normalise results to dissociated cell number per dish tesaceount for variations

between dishes/batches of differentiation in future‘experiments as shown in Figure 4.

3.6. Tracking transplanted HLCs\ir*vivo by nanoSPECT/CT imaging

In vivo imaging and ex vivo organ biodistribution analyses of transgene expressing HLCs
should always be compared to eithetsham mice or mice transplanted with untransduced
HLC:s to ensure detected signdls can clearly be attributed to the transplanted cell population.
For details relating tofashievable contrast by radionuclide reporter gene imaging, we refer to
(27, 29). We furtherirecommend validation of the radionuclide reporter gene function prior to
using the cells in vivo (see in vitro radiotracer uptake assay in 3.5.1 and quantification in
3.5.2). To monitor HLC biodistribution immediately after administration, they can also be
pre-labelled with radiotracers similar to the functional reporter assay in 3.5.1, whereby
tracking information depends on the radioisotope half-life and the radiotracer efflux kinetics
from the cells (see example in (26)). Figure 5 shows hNIS-mGFP" HLCs that were
intrahepatically administered and imaged after 24h following systemic injection of the hNIS

radiotracer [?™Tc]TcOx4"; corresponding protocol steps are 3.6.1,3.6.2 and 3.6.3. A sham



mouse which has not been transplanted with transgenic HLCs is used as a control to indicate
organs with endogenous radiotracer uptake, and demonstrating that background-free liver

imaging is feasible.

3.6.1 Intraliver HLC transplantation

The surgical procedures detailed here involve HLC injection directly into the left liver lobe
following its externalisation from the abdominal cavity; here, this choice was based on
similar procedures from the liver cancer arena in which this procedures 1s\one’option to
establish tumours preclinically (e.g. see (44)). This model is advantageeus for downstream
analyses as in addition to examining the whole liver to corrobdrate”in vivo imaging results by
ex vivo biodistribution analyses (3.6.4), the injected lebe can be easily examined
histologically for cell survival in the first instance.Many other procedures for
hepatocyte/HLC transplantation are also apprepriate e.g. transplantation: on the surface of the
liver/under the liver capsule (45, 46), via intrasplenic (47, 48) or intraportal injection (49, 50)
or ectopically such as under the kidaey capsule or at mesenteric sites (51). Selecting the
appropriate transplantationfotite will depend on the strain of the mouse, whether liver injury
has been induced prief te cell transplant and the tracking goals and experimental expectations

with respect te.cell survival/engraftment/expansion.

3.6.1.1 Preparation

1. Autoclave the surgery kit and have sterile PBS or saline prepared.

2. Set up the bio-safety class I cabinet in readiness for performing surgery by sterilising all
surfaces with 70% ethanol and arranging the surgical area with the heat pad and
anaesthetic tubing/nose cone orientated in a comfortable position. All surgical tools

should be placed on sterilised surfaces (e.g. autoclaved metal trays). Perform all



10.

11.

12.

procedures within the cabinet, especially where immunocompromised mice such as NSGs
are used.

Weigh mice prior to the surgery. Those weighing >20g and at least 12 weeks old are
suitable and will usually recover well from the prolonged period of anaesthesia required
for the combined processes of surgery and in vivo radionlucide imaging.

Closely shave the mouse abdominal region with clippers removing all hair from the
region to undergo surgery (ideally perform this step away from the surgical area).
Transfer the shaved mouse to an induction chamber and anaesthetise with,iseflurane in O,
initially at 3% (v/v) with a flow rate of 1.0-1.5 L/min before redu¢ingto 1.5-2.0% once
the mouse is induced.

Monitor for pedal reflex absence to confirm sufficiefitanaesthesia and adjust if necessary.
Transfer the anaesthetised mouse to the surgerysheating pad within the biosafety cabinet,
maintaining anaesthesia with a nose cone'supply and position the mouse so the ventral
portion is facing up.

Apply Lacrilube liberally to animaleyes to prevent damage or dryness during
anaesthesia.

Sterilise the exposed,abdominal skin by wiping with 70% ethanol-soaked sterile cotton
swabs and disinfect with an antimicrobial surgical scrub.

Inject an appropriate analgesic (e.g. carprofen) subcutaneously.

Position surgical drapes across the operating region of the abdomen and cut an
appropriate window to expose the surgical area.

If necessary, resuspend your cell suspension at this point to your desired concentration in
1.5mL tubes, ensuring the final volume of cells and PBS is <50ul and draw entire volume

into a 29-gauge insulin syringe (see Note 26).



3.6.1.2 Surgery and cell injection

1. Grasp and elevate the skin just below the sternum and parallel to the rib cage with

forceps, then using straight surgical scissors cut a transverse incision of roughly 1cm.

2. In the incised region carefully separate the skin from the abdominal muscle layer with
blunt-ended scissors. If necessary, moisten the exposed intradermal region with sterile

cotton buds soaked in PBS to avoid tissues becoming dry.

3. Using tissue forceps, elevate the exposed peritoneal layer and just belowsthexiphoid

make a transverse incision through the peritoneal layer.

4. To exteriorise the left liver lobe, use two PBS moistened cotton'buds placed at the
abdominal and diaphragm sides of the incision and gently-apply sliding pressure to lift the

lobe out through the incision (see Note 27).

5. Insert the needle of the syringe into theJobe ‘and slowly depress the piston of the syringe,
gradually injecting the entire cellsuspension volume into the exposed liver lobe whilst

keeping the syringe stable,throughout.

6. Gently press sterile PBS*moistened cotton buds to the site of injection and remove the
needle slowly fram‘the liver lobe to avoid bleeding or cell loss, whilst maintaining the
pressure fromthe buds throughout. If bleeding occurs apply a small tab of absorbable
haemostatic gauze to the site of bleeding and continue to apply pressure with the cotton

buds until the bleeding ceases.

7. Using sterile PBS-moistened cotton buds, press the liver lobe back into the peritoneal

cavity.

8. Close the peritoneal incision using continuous 5-0 sutures and moisten the peritoneal

layer with PBS.



9. Close the skin wound using interrupted 5-0 sutures (see Note 28).

10. Administer 500ul of sterile PBS by subcutaneous injection to prevent dehydration.

3.6.2

Animal preparation for radionuclide imaging and radiotracer administration

In instances of repeat imaging (i.e. where not imaging immediately following surgery as

outlined in 3.6.1) first perform steps 1-5. Where the mouse is already anaesthetised and you

are imaging/administering radiotracer directly following surgery and cell trafi§plantation skip

to step 6.

1. Prewarm mice in a heating chamber for 20 minutes.

2. Transfer mice to an induction chamber and anaesthetise,with isoflurane in O> at 1.5-
2.0 % (v/v) with a flow rate of 1.0-1.5 L/min.

3. Monitor for pedal reflex absence to confirm'sufficient anaesthesia.

4. Transfer the anaesthetised mouse to'a heating pad, maintaining anaesthesia with a
nose cone supply (see Note 29):

5. Apply Lacrilube liberally t@ animal eyes to prevent dryness during anaesthesia.

6. Dilute [*™Tc]TcQOg4in sterile saline to produce a stock with 30MBq/100pl.

7. Draw 100ple of the [**™Tc]TcO4™ solution into a 29-31 gauge syringe, being careful to
ensure,there’are no air bubbles.

8. Measure the radioactivity in the syringe using a y-counter, record the activity and
time.

9. Administer all 100ul of the [**™Tc]TcO4™ solution into the pre-warmed tail vein.

10. Measure residual radioactivity in the syringe using the y-counter, record the activity
and time. The difference between the syringe radioactivity values before and after
intravenous injection is the injected dose (ID).

11. Set a timer for 45-minutes (see Note 30).



3.6.3 Imaging by nanoSPECT/CT

1.

Ensure nanoSPECT/CT scanner is equipped with Imm collimators and has been
recently calibrated.

Pre-warm scanner mouse bed and switch on anaesthetic and O> supply.

Transfer the mouse to the nanoSPECT/CT bed, confirm anaesthetic supply and
maintained depth by absence of pedal reflex.

Position the mouse prone and setup animal monitoring deyices (€.g. temperature and
breathing probes).

30-minutes after tracer administration perfornii€I\sean using image acquisition
settings of 55 kVp tube voltage, 1200 ms,exposure time in 360 projections, ensuring
the whole body of the mouse is captiifedwithin the imaging window.

45-mins after tracer administration'commence SPECT scan with a 30min acquisition
time (see Note 31).

Following image aequisition and reconstruction either a) Transfer animals back to the
warming chamber with water and food available ad /ibitum and monitor to ensure the
animdlweegains full consciousness and recovers fully from anaesthesia. Subsequently
transfer them to a maintenance unit until future imaging sessions, or b) if this is the
terminal imaging session, note the time and proceed to animal euthanasia and

dissection for ex vivo biodistribution analyses (see 3.6.4).

3.6.4 Ex vivo confirmation of in vivo tracking data

1.

Transfer the euthanised mouse to a S0mL tube and measure total activity in the

carcass using a y-counter. Record the value and time.



2. Perform cardiac puncture and collect blood into a pre-weighed 1.5mL tube.

3. Perform dissection collecting the following organs into pre-weighed tubes: liver,
stomach, spleen, kidneys, lungs, heart, small and large intestines as well as thyroid
and salivary glands combined.

4. Transfer remaining carcass back to the S0mL tube, remove the tail and measure the
remaining activity using the y-counter. Record the value and time.

5. Measure the radioactivity in the tail using the y-counter. Record the value and time
(see Note 32).

6. Weigh all collected organs and blood and note details in a spreadsheet/table.

7. Immerse organs in fixative of choice for downstream histological analyses (e.g.
optimal cutting temperature medium for cryo-cutting,.or formalin for subsequent
paraffin-embedding etc).

8. Prepare radiotracer calibration standards of0, 1, 3, 10, 30 and 70kBq from residual
radiotracer stock.

9. Use a y-counter to measutesthe-radioactivity of harvested organs alongside the
calibration standards{Record the time of measurement (see Note 33).

10. Present datasas-standard uptake value (SUV) or %ID/g (see Note 34).

11. Dispense,with+all collected organs not required for downstream analyses following

local radioactive waste management rules.

4. Notes

1. Any radionuclide reporter gene requires a matching radiotracer. For hNIS-mGFP,

suitable matching radiotracers include Tc-99m-pertechnetate ([**™Tc]TcOx") for



SPECT/CT imaging or ['®F]BF4 for PET/CT imaging. [*™Tc]TcO4" is usually
generator-produced (52) and frequently available from hospital radiopharmacies.
['®F]BF4 requires cyclotron-produced '®F and can be synthesized at specific activity
by the fluorine exchange method (35, 53). Radiotracers should ideally be used within
two half-lives.

The volume of the plasmid solution must not exceed 1/10 of the volume of the
bacteria suspension.

. We recommend 45-60min for vectors carrying the kanamycin resistancesmarker,
while 15-30min is sufficient for those with the ampicillin resistaniee marker.

The volume to add to the plate depends on expected efficieney of transformation, the
goal is to have well isolated colonies the next day(rather than a ‘lawn’ of bacteria or
very few rare colonies) that can be easily piekedNf one is uncertain, multiple plates
can be used and different volumes of thie‘ineubated media spread on each plate.

. For plasmids with only a few coléniesSuccessfully grown a ‘starter culture’ can be
performed ahead of this step to_increase the chances of successful liquid culture
growth. Transfer the picked colony to 5-10mL of antibiotic-containing LB in a 50mL
falcon tube and shake for 8-16 hours at 225rpm, 37°C with the lid of the tube
loosened to.enable sufficient aeration. Once this ‘day culture’ becomes cloudy
indicatifig successful bacterial growth, transfer an aliquot to a larger culture vessel
containing more fresh selection media and incubate overnight (‘overnight culture’;
max dilution 1/300 recommended).

. Ensure to not overload the columns for DNA isolation by adhering to the
manufacturers’ recommendations, whereby 100mL of a culture with ODggo~3 is a

good starting point.



7.

10.

1.

In general, aim for between /4 to !/3 confluence of the 293T cells at the point of
plasmid transfection to allow sufficient space for expansion. Do not use HEK293T
cells beyond passage 15 and avoid growing to confluency during general
maintenance.

Batch-to-batch variation when preparing the PEI working stock can occur. When the
transgene plasmid encodes a fluorescent protein one can optimise the ratio of
DNA:PEI by transfecting HEK293T cells with a range of ratios and monitoring the
percentage of fluorescent positive cells 48-hours post-transfection by fluerescence
microscopy or flow cytometry.

HEK293T transfection using calcium phosphate (CaPOz)is‘ahother common
approach for production of lentiviral particles, hdwever direct comparisons in our
hands demonstrated linear PEI yields highemtitres and it is a simpler method for
lentivirus production.

The medium for transfection or when the media is changed 24-hours post-transfection
must not be cold as this will ¢ause thermal shock and the HEK293T cells will shrink
and detach. Medium must also be added slowly and gently. Care should be taken to
ensure that the flaskyis sitting perfectly flat in the incubator with a layer of media
across eachyofithe cell layers.

Whilst it may seem counterintuitive to change the media after 24h, as some viral
particles could have already been produced by the HEK293T cells in this time, as the
cells are still proliferating this media change supports their continued growth,
minimises the number of dead cells, and cell waste products in the media which

ultimately leads to a higher titre.



12.

13.

14.

15.

16.

Depending on the centrifuges available, either autoclaved 450mL centrifuge buckets
for large batches of lentivirus or 50mL ultracentrifuge tubes can be used, ideally with
a swinging bucket rotor for maximal particle recovery.

Unlike with centrifugation of bacteria or mammalian cells, a pellet of lentiviral
particles may not be (easily) visible by eye, especially if producing small batches. If a
pellet is not observed, as long as the medium was removed carefully, resuspend as
planned and test the obtained concentrated particles by transduction of cells.

Viral titre is commonly estimated by transducing HEK293T cells (gf*ether easy to
transduce cells such as HT1080) with serial dilutions of viral stock. However,
HEK293T cells are one of the easiest immortalised cell line$\fo transduce and
therefore often this practice is not a good estimatéwlién comparing to intended target
cells. Here, we recommend using the hepatig,celNine HepG2 for titration of viral
stocks intended for HLC transduction‘as this gives a more representative titre without
the costly process of differentiatidg’HECs solely for the purposes of titration. The
most important factor when selecting a cell type for titrating virus is to be consistent
so that downstream experiments remain comparable. It is noteworthy, that alternative
methods exist, which do not rely on actual infection of target cells but instead count
viral particlesvor antigens expressed on viral particles (e.g. HIV-1 p24 determination
by ELISA). The latter methods are not recommended for the purpose of this protocol.
At this point individual cells within colonies may be more easily discerned under a
microscope and the edges of the colonies have begun to shrink or lift from the well
surface. Some cells may be aspirated with the gentle cell solution during this step, but
these will be differentiated cells from colony edges that release easily.

All colonies should have been lifted from the well by this point, if one finds colonies

are hard to lift during this step an additional PBS wash step can be added before
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addition of gentle cell solution. Incubation time with gentle cell solution can be
increased, by up to 30 seconds to 1 minute, too.

Once a week a double feed can be performed (where twice the usual volume of ES
media is added and no media change occurs the next day), however, this should be
done within a day or two of passaging before the colonies have expanded too much as
the waste products in the media are likely to cause spontaneous differentiation, and
more of these will be released by a greater number of cells as the colonies begin to
expand. For best results daily medium replenishment is advised.

hiPSCs should be passaged as whole colonies approximately ¢very 4 days (based on
colony size and morphology). Aim to passage before cells begin to differentiate once
they begin to lose their tightly packed morphology, or' when colonies start to merge
and fill the whole well. Thawed hiPSCs should be maintained for at least 2 weeks and
undergo 3 passages before differentiationéo’produce the most mature HLCs.

Media should be prepared fresh. Thawed growth factors and small molecules can be
stored at 4°C for up to one.moenth but for best results aliquots that can be used within
1 to 2 weeks after thawing are advised.

Tissue hypoxia plays an important role in the regulation of (normal) mammalian
embryogenesissand stem cell differentiation and studies in vertebrates have shown
that thedeveloping liver bud expresses hypoxia inducible factors prior to foetal
circulation initiation (54), suggesting transient exposure to a hypoxic environment is
important in early hepatoblast expansion and delamination. Hypoxic culture
conditions have been shown to enhance expression of endodermal and hepatic
differentiation from PSCs in vitro leading to an improved hepatic phenotype and
function(55, 56). It may not be critical to maintain differentiation in a hypoxic

incubator beyond the progenitor cell stage, but this should be individually tested for
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any hiPSC lines; in particular, whether transfer to normoxia impacts subsequent HLC
maturity.

Cells will be undergoing massive proliferation during this stage of differentiation and
should expand to fill the entire culture dish with a confluent layer of cells (see

Figure 3). It is normal due to the high levels of proliferation during these steps to
observe under the microscope and aspirate many dead/floating cells with each media
change.

Speed of differentiation and morphologies may vary depending on the hiPSC line
used. Some hiPSC lines are inherently better at differentiatingfowards the hepatic
lineage and thus a more pronounced polyhedral morphologywill be seen in the
culture dish (57, 58).

As a guide, with the line in this protocol, anaverage of 2x10° cells per 10cm diameter
dish can be expected.

Optimal cell seeding density per well'and the day of peak HLC maturity may vary
between hiPSC lines andshould be optimised for any new lines.

If multiple 10cm diameter dishes have been labelled, the liquid volume of all
washout/passaging stéps may be quite large and suitable vessels for the y-counter may
not exist; instead triplicate sample volumes (500uL or ImL recommended) from each
step cani be aliquotted and measured in 1.5mL tubes, an average taken from the
triplicates and the counts per minute (CPM) from the average value multiplied to
reflect the total liquid volume.

Ideally you want the HLCs in the syringe for the minimum amount of time prior to
transplant to reduce the risk of cells sticking to the walls of the syringe, therefore do
not draw the suspension up into the syringe until you are almost ready to transplant.

Store on wet ice in 1.5mL tubes in the interim. If surgical complications delay
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injection after preparation of the syringe gently continuously rotate the syringe
between your thumb and forefinger to reduce cells sticking to the syringe walls until
injection can be performed.

If your incision is too small to exteriorise the lobe you can stretch it slightly with
blunt ended scissors, but try to keep it as small as is practical so that the incision holds
the exteriorised lobe in place for cell injection. Similarly, if the incision is too wide
suture it slightly closed before continuing, to ensure the lobe can be held exteriorised
unaided.

Some groups prefer to use metal wound clips to close the skin(given this is a speedier
and easier method, however these clips will be present irithe.preclinical CT scan
adjacent to the region of interest, thus for the purposesjof obtaining clean images it is
worth taking the additional time to close théiskinMayer by suturing.

If vessels in the mouse tail are not sufficiéntly dilated to enable easy intravenous
injection, direct an infrared light lamp¥rom safe distance at the mouse to warm the
animal tail further and enequrage dilation.

This period for radiotracer tissue uptake is based on previous studies that have
indicated good léyels of tracer clearance from circulation within this time frame (35).
Longer acquisition times might improve signal-to-background. However, keeping
imaging times and therein the times animals are under anaesthesia shorter is
preferable; ultimately this is guided by animal welfare considerations and regulations.
Residual radioactivity detected in the tail indicates misinjection of radiotracer. It does
not contribute to the injected dose and can be subtracted during later analyses.
However, misinjections should be avoided.

If samples are too hot for accurate detection by the y-counter, wait for 1-2 half-lives.



34. SUV = [activity (organ)/mass (organ)] + [activity (whole mouse)/mass (whole

mouse].



Acknowledgements

The authors were supported by Guy's and St Thomas' Charity (PhD studentship to CAH), the
United Kingdom Regenerative Medicine Platform (CAH), and Cancer Research UK via a
Multidisciplinary Project Award (C48390/A21153) to G.O.F. Furthermore, the authors are
supported by the National Institute for Health Research (NIHR) Biomedical Research Centre
based at Guy's and St Thomas' NHS Foundation Trust and King’s College London. The
views expressed are those of the authors and not necessarily those of the NHS, the NIHR, or

the DoH.



References

10.

Strom SC, Fisher RA, Thompson MT, et al (1997) Hepatocyte Transplantation As a
Bridge To Orthotopic Liver Transplantation in Terminal Liver Failure. Transplantation

63:559-569

Samuel D, Saliba F, and Ichai P (2015) Changing outcomes in acute liver failure: Can

we transplant only the ones who really need it? Liver Transplant 21:S36—-S38

Runge D, Michalopoulos G, Strom S, et al (2000) Recent advances inthuman

hepatocyte culture systems. Biochem Biophys Res Commun 27451%3

Terry C, Mitry RR, Lehec SC, et al (2005) The Effects of Cryopreservation on Human
Hepatocytes Obtained From Different Sources of Liver, Tissue. Cell Transplant

14:585-594

Terry C, Dhawan A, Mitry R, et al (2006 )Cuyopreservation of isolated human

hepatocytes for transplantation: State of the art. Cryobiology 53:149-159

Terry C, Dhawan A, Mitr§iRRy.et al (2010) Optimization of the cryopreservation and
thawing protocol for htiman hepatocytes for use in cell transplantation. Liver

Transplant 16:229-237

CaiJ, Zhae Y, Liu Y, et al (2007) Directed differentiation of human embryonic stem

cells into’ functional hepatic cells. 45:1229-1239

Chung Y, Klimanskaya I, Becker S, et al (2008) Human embryonic stem cell lines

generated without embryo destruction. Cell Stem Cell 2:113-7

Thomson JA, Itskovitz-Eldor J, Shapiro SS, et al (1998) Embryonic stem cell lines

derived from human blastocysts. Science 282:1145-7

Schwartz RE, Linehan JL, Painschab MS, et al (2005) Defined Conditions for



1.

12.

13.

14.

15.

16.

17.

18.

19.

Development of Functional Hepatic Cells from Human Embryonic Stem Cells. Stem

Cells Dev 14:643—-655

Greenhough S, Bradburn H, Gardner J, et al (2013) Development of an Embryoid
Body-Based Screening Strategy for Assessing the Hepatocyte Differentiation Potential

of Human Embryonic Stem Cells Following Single-Cell Dissociation. Cell Reprogram

15:9-14

Asahina K, Fujimori H, Shimizu-Saito K, et al (2004) Expression of the liver-specific
gene Cyp7al reveals hepatic differentiation in embryoid bodies detived from mouse

embryonic stem cells. Genes to Cells 9:1297-1308

Carpenedo RL, Seaman SA, and McDevitt TC (2010) Microsphere size effects on
embryoid body incorporation and embryonic stem.cell differentiation. J Biomed Mater

Res - Part A 94:466-475

Payne C, King J, and Hay D (2011).The Role of Activin/Nodal and Wnt Signaling in

Endoderm Formation, Elsevief Ine:

Hay DC, Fletcher J, Payne C, et al (2008) Highly efficient differentiation of hESCs to
functional hepati¢ endoederm requires ActivinA and Wnt3a signaling. Proc Natl Acad

Sci 105:12301-6

Engert S; Burtscher I, Liao WP, et al (2013) Wnt/B-catenin signalling regulates Sox17
expression and is essential for organizer and endoderm formation in the mouse.

Development 140:3128-38

Tran FH and Zheng JJ (2017) Modulating the wnt signaling pathway with small

molecules. Protein Sci 26:650—-661
Zorn AM (2008) Liver development, Harvard Stem Cell Institute

Si-Tayeb K, Lemaigre FP, and Duncan SA (2010) Organogenesis and Development of



20.

21.

22.

23.

24.

25.

26.

27.

28.

the Liver. Dev Cell 18:175-189

Rossi JM, Dunn NR, Hogan BL, et al (2001) Distinct mesodermal signals, including
BMPs from the septum transversum mesenchyme, are required in combination for

hepatogenesis from the endoderm. Genes Dev 15:1998-2009

Miyajima A, Kinoshita T, Tanaka M, et al (2000) Role of Oncostatin M in

hematopoiesis and liver development. Cytokine Growth Factor Rev 11:177-183

Kamiya A, Kinoshita T, and Miyajima A (2001) Oncostatin M and hepatocyte growth

factor induce hepatic maturation via distinct signaling pathways. FEBS Lett 492:90-94

Kamiya A, Kinoshita T, Ito Y, et al (1999) Fetal liver develepment requires a
paracrine action of oncostatin M through the gp130 signal transducer. EMBO J

18:2127-2136

Kitade M, Factor VM, Andersen JB, et,al\(2013) Specific fate decisions in adult

hepatic progenitor cells driven by MET-and EGFR signaling. Genes Dev 27:1706—17

Blackford SJ, Ng SS, Segal\dM,.ét al (2019) Validation of a library of cGMP-
compliant human pluripotent stem cell lines for use in liver therapy. Stem Cells Transl

Med 8:124-137

Ashmore-Hartris C, Blackford SJ, Grimsdell B, et al (2019) Reporter gene-engineering
of human induced pluripotent stem cells during differentiation renders in vivo

traceable hepatocyte-like cells accessible. Stem Cell Res 41

Iafrate M and Fruhwirth GO (2020) How Non-invasive in vivo Cell Tracking Supports

the Development and Translation of Cancer Immunotherapies. Front Physiol 11:154

Li Z, Suzuki Y, Huang M, et al (2008) Comparison of Reporter Gene and Iron Particle
Labeling for Tracking Fate of Human Embryonic Stem Cells and Differentiated

Endothelial Cells in Living Subjects. Stem Cells 26:864—873



29.

30.

31.

32.

33.

34.

35.

36.

37.

Ashmore-Harris C, Iafrate M, Saleem A, et al (2020), Non-invasive Reporter Gene

Imaging of Cell Therapies, including T Cells and Stem Cells

Chung JK (2002) Sodium iodide symporter: Its role in nuclear medicine. J Nucl Med

43:1188-1200

Portulano C, Paroder-Belenitsky M, and Carrasco N (2014) The Na+/I- Symporter

(NIS): Mechanism and medical impact. Endocr Rev 35:106—-149

Nicola JP, Basquin C, Portulano C, et al (2009) The Na+/I- symporterymediates active

iodide uptake in the intestine. AJP Cell Physiol 296:C654-C662

Yaghoubi SS, Campbell DO, Radu CG, et al (2012) Positron emission tomography
reporter genes and reporter probes: gene and cell therapysapplications. Theranostics

2:374-91

Fruhwirth GO, Diocou S, Blower PJ, etal(2014) A Whole-Body Dual-Modality
Radionuclide Optical Strategy for Preclinical Imaging of Metastasis and
Heterogeneous TreatmentResponse in Different Microenvironments. J Nucl Med

55:686—-694

Diocou S, Valpe A, Jauregui-Osoro M, et al (2017) [18F]tetrafluoroborate-PET/CT
enables sensitive tumor and metastasis in vivo imaging in a sodium iodide symporter-

expressing tumor model. Sci Rep 7:1-13

Volpe A, Kurtys E, and Fruhwirth GO (2018) Cousins at work: How combining
medical with optical imaging enhances in vivo cell tracking. Int J Biochem Cell Biol

102:40-50

White M, Whittaker R, Gandara C, et al (2017) A Guide to Approaching Regulatory
Considerations for Lentiviral-Mediated Gene Therapies. Hum Gene Ther Methods

28:163-176



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Naldini L, Blémer U, Gallay P, et al (1996) In vivo gene delivery and stable

transduction of nondividing cells by a lentiviral vector. Science (80-) 272:263-267

Miller DG, Adam MA, and Miller AD (1990) Gene transfer by retrovirus vectors
occurs only in cells that are actively replicating at the time of infection. Mol Cell Biol

10:4239-4242

Wang GP, Ciuffi A, Leipzig J, et al (2007) HIV integration site selection: analysis by
massively parallel pyrosequencing reveals association with epigenetic modifications.

Genome Res 17:1186-94

Krishnan M, Park JM, Cao F, et al (2006) Effects of epigenetieyimiodulation on reporter

gene expression: implications for stem cell imaging. EASEB J 20:106—108

Kim YH, Lee DS, Kang JH, et al (2005) Reyersingthe silencing of reporter

sodium/iodide symporter transgene for stém cell tracking. J Nucl Med 46:305-11

Bar S and Benvenisty N (2019) Epigenetic aberrations in human pluripotent stem cells.

EMBO J 38:1-18

Frentzas S, Simoneau(E, Bridgeman VL, et al (2016) Vessel co-option mediates
resistance to anti-angiogenic therapy in liver metastases. Nat Med 2016 2211 22:1294—

1302

Bruns H,'’Kneser U, Holzhiiter S, et al (2005) Injectable liver: A novel approach using
fibrin gel as a matrix for culture and intrahepatic transplantation of hepatocytes. Tissue

Eng 11:1718-1726

Nagamoto Y, Takayama K, Ohashi K, et al (2016) Transplantation of a human iPSC-
derived hepatocyte sheet increases survival in mice with acute liver failure. J Hepatol

64:1068—-1075

Das B, Bhattacharjee J, Preeti, et al (2018) Intrasplenic Transplantation of Hepatocytes



48.

49.

50.

51.

52.

53.

54.

55.

After Partial Hepatectomy in NOD.SCID Mice. J Vis Exp 2018:56018

Nagamoto Y, Takayama K, Tashiro K, et al (2015) Efficient engraftmentof human iPS
cell-derived hepatocyte-like cells in uPA/SCID mice by overexpression of FNK, a Bcl-

xLmutant gene. Cell Transplant 24:1-44

Weber A, Groyer-Picard M-T, Franco D, et al (2009) Hepatocyte transplantation in

animal models. Liver Transplant 15:7—14

Luciani A, Parouchev A, Smirnov P, et al (2007) In vivo imaging of ttansplanted
hepatocytes with a 1.5-T clinical MRI system—initial experienceringnice. Eur Radiol

2007 181 18:59-69

Takebe T, Zhang R-R, Koike H, et al (2014) Generation‘of a vascularized and
functional human liver from an iPSC-derived organibud transplant. Nat Protoc 9:396—

409

lii ML, Kirschner AS, Hofte CE, etal\@'975) Generator-produced *™TcO4™: carrier

free? J Nucl Med 16:639-641

Jauregui-Osoro M, Sufiassee K, Weeks AJ, et al (2010) Synthesis and biological
evaluation of.[ L§E]tetrafluoroborate: A PET imaging agent for thyroid disease and
reporter gene, imaging of the sodium/iodide symporter. Eur J Nucl Med Mol Imaging

37:2108%2116

TY L, CF C, HY C, et al (2014) Hypoxia-inducible factor 2 alpha is essential for
hepatic outgrowth and functions via the regulation of legl transcription in the zebrafish

embryo. PLoS One 9

Katsuda T, Teratani T, Chowdhury MM, et al (2013) Hypoxia efficiently induces
differentiation of mouse embryonic stem cells into endodermal and hepatic progenitor

cells. Biochem Eng J 74:95-101



56.

57.

58.

Ayabe H, Anada T, Kamoya T, et al (2018) Optimal Hypoxia Regulates Human iPSC-
Derived Liver Bud Differentiation through Intercellular TGFB Signaling. Stem Cell

Reports 11:306-316

Kajiwara M, Aoi T, Okita K, et al (2012) Donor-dependent variations in hepatic
differentiation from human-induced pluripotent stem cells. Proc Natl Acad Sci U S A

109:12538

Osafune K, Caron L, Borowiak M, et al (2008) Marked differences in differentiation
propensity among human embryonic stem cell lines. Nat Biotechnel 2008 263 26:313—

315



Figures

Definitive Hepatic Maturation of
endoderm  progenitors HLCs

Figure 1. Scheme depicting the typical 3-step process (@e‘d in protocols



Seed 293T cells for
B expansion in T75s or T600s

D1: Seed 293Ts for plasmid transfection
and leave to adhere overnight

.

D2: Prepare DNA:PEI solution,
remove complete media from
flasks and replace with
DNA:PEI supplemented media

v

D3: Refresh media

¥

D4: Harvest viral supernatant, filter
and concentrate viral particles by
overnight centrifugation

\

D5: Resuspend concentrated
particles and freeze aliquots
for future use

Figure 2. Lentiviral particle production schematics. | (A) Diagram demonstrating the steps
(numbered 1 to 4) necessary to evenly distribute media and cell suspensions in multi-layered
tissue culture flasks (B) Simplified flowchart demonstrating steps in the production of

lentiviral particles. Parts of this Figure were produced using biorender.com



GFP fluorescence

Figure 3. Micrographs@cting changes in cell morphology during differentiation of
hiPSC colonies %E\q%

nuclear-to-cy%m ratio and prominent nucleoli (day 0/D0). On D1 and D2, cells expand

hiPSC colonies are initially tightly packed, displaying a high

rapidly from the colonies following induction of endoderm differentiation and on D3 and D4
hepatic endoderm expands rapidly. The high levels of proliferation mean one will find many
floating dead cells are removed with each media change; this hepatoblast population will
ultimately create a confluent monolayer in the dish but cells will remain small and irregularly
shaped at this stage. On D5-D8, hepatic progenitors continue to proliferate with the number

of dead/floating cells being removed with each media change gradually reducing as cells



increase in size. On D9-D18 and following the switch to maturation media, proliferation
ceases and a polyhedral monolayer of immature HLCs with high cytoplasm-to-nuclear ratio is
gradually visible. On D20 and following lentiviral transduction, hNIS-mGFP reporter gene
expression can be confirmed by fluorescence microscopy while cells exhibit a polyhedral
morphology indicative of immature hepatocytes suitable for further maturation in vitro or in

vivo. Scale bars are 100pm (D0-D6 and D14-D20) and 250pum (D10 and 12).
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Figure 4. VeRc;tion of hNIS-mGFP function. | /n vitro uptake of the NIS radiotracer
[*MTc]TcO4 is indicative of correct hNIS-mGFP reporter function. HLCs transduced to
express hNIS-mGFP were passaged onto collagen-I coated plates and matured for a further
two weeks in vitro. Subsequently, cells were incubated with [*™Tc]TcO4~ and cellular uptake
was measured by y-counting of the dissociated cells. Results are expressed relative to
untransduced control HLCs. The hNIS co-substrate perchlorate served as a specificity

control. N =3 biological replicates corresponding to independent differentiation and



transductions (with triplicate wells assayed per biological sample). Results were analysed by
one-way ANOVA with Tukey's multiple comparison correction ** p<0.01, ns p> 0.05, error

bars are SD.
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Figure 5. Non-
invasive in vivo imaging of hNIS-mGFP* HLCs by SPECT/CT. | (Top) Experimental
scheme. HLCs were transduced to express hNIS-mGFP and transplanted intrahepatically. 24
hours later 30MBq of [**™Tc¢]TcO4 was administered intravenously to anaesthetised mice. 45
min after radiotracer administration, SPECT imaging was performed to investigate HLC
survival. This 45-minute period is necessary to obtain good contrast. During this time, CT

scans were taken while animals were already under anaesthesia. (Bottom) SPECT maximum



intensity projections (MIP) are overlaid with CT images that provide anatomical context. A
sham mouse, which underwent all procedures (but ‘transplanted” with PBS alone) was
imaged under the same conditions. Background radiotracer uptake in both mice due to organs
with endogenous mouse NIS expression can be seen (i.e. thyroid/salivary glands (T/SG),
stomach (S) and lacrimal glands (L)). The green arrow indicates the administered hNIS-
mGFP" HLC located in the liver, which were administered 24h earlier. Enlarged areas to the
right indicate a MIP of a volume of interest including the liver lobes in which HLCs/vehicle
were injected. The encircled signals in the liver (green dotted line) indicaterthe'WNIS-mGFP*
HLCs. Notably, no signals stem from the liver lobes of the sham mouS§e tnder these

conditions.



Table Captions

Table 1. Cell seeding number and culture volumes for production of lentiviral particles

dependent on size of culture vessel

Table 2. Plasmid DNA and PEI concentrations for lentiviral particle production dependent on

culture vessel size

Table 3. Basal culture media supplements for HLC differentiation defined by day of

differentiation



Tables

Table 1

Size of culture vessel

T25 | T75 | T175 T600 | T1000
Number of cells to seed [x109] 1.5 4.5 10.5 36 60
Volume of culture media for seeding [mL] 5 20 45 150 250
Volume of complete culture media for transfection [mL] | 4.5 13.5 31.5 108 180
Volume of serum free media for transfection [mL] 0.5 1.5 3.5 12 20




Table 2

Size of culture vessel

T25 T75 T175 T600 T1000
hNIS-mGFP (transgene) 3.8 11.3 26.3 90 150
Plasmid
pA891 | 2.8 8.4 19.8 67.5 112
DNA [ug]
pVSV-G | 0.94 2.8 6.6 22.5 37.5
Total | 7.5 22.5 52.5 180 300
Volume of PEI (1pg/ul)) needed [pL] 22.5 67.5 158 540 900




Table 3

Day of differentiation | Supplements/growth factors added (final concentration, source)

100ng/mL Activin A, 10ng/mL BMP4, 3uM CHIR99021, 80ng/mL FGF2, 10pM

D1
LY294002.
100ng/mL Activin A (), 10ng/mL BMP4, 80ng/mL FGF2, 10uM LY294002.
P This medium has the same composition as D1 except CHIR99021 is omitted.
1% Penstrep, B27, 2% MEM non-essential amino acids (MEM NEAA), 100ng/mL
- Activin A, 80ng/mL FGF2.
D4-D8 (daily) 1% Penstrep, B27, 2% MEM NEAA, 50ng/mL Activin A.

Hepatocyte maturation | 1% Penstrep, 2mM L-Glutamine, 2% MEM NEAA, 2% Chemically Defined Lipid
media: D9 onwards concentrate, 1% Insulin-Transferrin-Selenium (I'TS))10ng/mL Oncostatin-M,

(every other day) 50ng/mL HGF .




