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Development of a Shape-Memory Tube to Prevent

Vascular Stenosis

Yong Cheol Shin, Jung Bok Lee, Dae-Hyun Kim, Taeyoung Kim, Grant Alexander,
Young Min Shin, Ju Young Park, Sewoom Baek, Jeong-Kee Yoon, Yong Jae Lee,
Gyeung Mi Seon, Mi Hee Lee, Mi-Lan Kang, Woo Soon Jang, Jong-Chul Park,
Ho-Wook Jun, YongTae Kim, and Hak-Joon Sung*

Inserting a graft into vessels with different diameters frequently causes
severe damage to the host vessels. Poor flow patency is an unresolved issue
in grafts, particularly those with diameters less than 6 mm, because of vessel
occlusion caused by disturbed blood flow following fast clotting. Herein,
successful patency in the deployment of an =2 mm diameter graft into a
porcine vessel is reported. A new library of property-tunable shape-memory
polymers that prevent vessel damage by expanding the graft diameter
circumferentially upon implantation is presented. The polymers undergo
seven consecutive cycles of strain energy-preserved shape programming.
Moreover, the new graft tube, which features a diffuser shape, minimizes
disturbed flow formation and prevents thrombosis because its surface is
coated with nitric-oxide-releasing peptides. Improved patency in a porcine
vessel for 18 d is demonstrated while occlusive vascular remodeling occurs.

These insights will help advance vascular graft design.

When the diameter of a host vessel reduces below 6 mm, the
physical occlusion of grafts caused by thrombosis becomes
unresolvable.!l  Moreover, grafting a construct frequently
causes disturbed flow, which induces stenosis.l) The diameter
of conventional constructs cannot be customized to fit var-
ious vessel diameters, which results in vascular wall damage

(Figure S1 and Video S1, Supporting
Information). Vessel-damage-free deploy-
ment requires the shape recovery of a
graft through circumferential tube expan-
sion by =40%-50% to fit the host vessel
after insertion (Videos S1-S3, Supporting
Information). Hence, a new class of shape
memory polymer (SMP) library was syn-
thesized through ring opening polym-
erization’! with e-caprolactone (CL) and
glycidyl methacrylate (GMA) monomers
(Figure 1a; Figure S2, Supporting Infor-
mation). Vessel property-matching optimi-
zation necessitated a combinatorial design
strategy® to produce tunable SMP proper-
ties through a series of development steps
(Figure 1b-g). First, the idea of decreasing
the shape recovery temperature, which
was represented by melting temperature
(T), to the body temperature range was validated®! by the dif-
ferential scanning calorimetry (DSC) (Figure 1b). T;, decreased
from the temperature of the base poly(e-caprolactone) (PCL)
to that of our SMPs because crosslinking reduced the crys-
tallinity of PCL. This effect was more dominant compared to
the increase in the tightness of the polymer chains owing to

Dr.Y. C. Shin, Dr. ). B. Lee, Dr. D.-H. Kim, Dr. Y. M. Shin, S. Baek,
Dr. ).-K. Yoon, Y. J. Lee, G. M. Seon, Dr. M. H. Lee, Dr. M.-L. Kang,
Prof. ).-C. Park, Prof. H.-J. Sung

Department of Medical Engineering
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The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.201904476.
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Figure 1. Synthesis and characterizations of x%PCL-y%PGMA copolymer library. a) Synthesis of x%PCL-y%PGMA copolymer (PCL-PGMA) is illustrated,
in which e-caprolactone (CL) and glycidyl methacrylate (GMA) monomers undergo ring opening polymerization. b,c) Differential scanning (DSC)
characterization of PCL and PCL-PGMA copolymer before and after crosslinking b) with regression analysis of correlation between y% PGMA and
post-crosslinking c). d) Melting enthalpy (H,,) and crystallization enthalpy (H,). €) Determination of post-crosslinking y% PGMA as 6% because its
T is close to the body temperature range. f) Determination of post-crosslinking 94%PCL-6%PGMA concentration as 100% (w/v) in the stress—strain
curves (Crosslinking time: 200 s). g) Determination of 94%PCL-6%PGMA crosslinking time as 200 s because of the maximum ultimate tensile strain.

crosslinking, as illustrated previously.’! T, decreased further
from the autocrosslinked state to the temperature of ultraviolet
(UV)-crosslinked SMPs (i.e., before and after crosslinking,
respectively) .

As further validation, when the amount of crosslinking points
[poly(glycidyl methacrylate)% (PGMA%)]® was increased from 4%
to 8%, the corresponding T, and crystallization temperature (T)
values decreased in linear regression patterns (Figure 1c), which
was matched by their enthalpy energies (H,,, and H,) (Figure 1d;
Figure S3a, Supporting Information). The range of T; was typically
lower than T, because polymer crystallization occurred at a tem-
perature lower than T,,,. However, an equal enthalpy energy was
required to alter both the chain integration stages of our SMPs. In
this manner, the SMP composition was determined to be 94%PCL-
6%PGMA because it had a Ty, of 3540 °C, as planned (Figure 1e).
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Next, the polymer concentration was determined to be 100% as its
stress was increased to =2 MPa when the strain was increased to
50% with the lowest viscosity and shear viscosity among the test
concentrations (Figure 1f; Figure S4, Supporting Information).
This matched with the behavior of native blood vessels.” The stress
of the 200% concentration group increased to 4 MPa, which can
damage a target vessel.®l The 50% group was torn at =5% strain
owing to the insufficient concentration-mediated loose integra-
tion of polymers. The crosslinking time was determined as 200 s
because the ultimate tensile strain attained the maximum value
(=100%) at this point. However, it decreased considerably at 250 s
because of the excessive heating by UV irradiation and the conse-
quent recrystallization of the SMP through annealing (Figure 1g).
The follow-up studies used 94%PCL-6%PGMA at 100% concen-
tration after UV crosslinking for 200 s.
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The new class of SMP library was successfully synthesized as
the theoretical molar% values were close to the actual molar%
values, with the expected number- and weight-average molecular
weight (M,, and M, in a polydispersity index range of 1.3-1.6
before crosslinking (Table S1 — Top, Supporting Information).
Then, the test SMPs were crosslinked at the determined condi-
tions (polymer concentration: 100%; crosslinking time: 200 s)
(Figure 1). As the amount of crosslinking points (PGMA%)
increased from 4% to 8%, as evidenced by the decrease in
water contact angles (Figure S3b, Supporting Information),
the Young’s modulus (E), and corresponding maximum stress
(Omay) decreased significantly. This is because the increased
crosslinking degree reduced the polymer crystallinity and con-
sequent stiffness (Table S1 — Middle, Supporting Information).
In contrast, the maximum strain (&,,,) increased to the highest
value (104% * 26%) as the PGMA% increased from 4% to 6%.
This result indicates that 6% crosslinking reduced the polymer
crystallinity with insignificant influence on the crosslinking-
mediated tightening of polymer chains. This is likely to have
promoted polymer chain distensibility. However, as PGMA%
increased further to 8%, crosslinking occurred even in the
noncrystalline phasel® with a more significant influence on
the tightening of polymer chains, thereby decreasing the
maximum strain of 8% PGMA to a level similar to that of 4%
PGMA. These results further support the selection of 94%PCL-
6%PGMA, because deployment into vessels requires sufficient
strain to prevent the disruption of arterial pulsing motion with
negligible degradation within 3 weeks of the critical remodeling
period (Figure S5, Supporting Information).l%

The thermal properties exhibited similar trends before
and after the crosslinking of the test composition groups

www.advmat.de

(Table S1 — Bottom, Supporting Information), indicating that
autocrosslinking before UV exposure increased with PGMA%,
similar to post-UV crosslinking. The increase in the crosslinking
degree with PGMA% reduced the corresponding crystallinity
(X,). Hence, T, the melting enthalpy (AH,,)), T;, and the crystal-
lization enthalpy (AH,) decreased as PGMA% increased. This
phenomenon supports the observations (Figure 1). There were
marginal variations in the extent of decrease in each property.
Overall, the glass transition temperature (Ty) values of the SMP
library were higher than that of PCL (-60 °C) and increased
marginally after crosslinking. This was most likely influenced
by the variations in their M,, and GMA (side chain) availability,
with consequent changes in the chain polarity of polymers
compared to PCL.'! Nonetheless, the negligible changes in
the overall T, values of the test SMPs indicate the preservation
of PCLs thermal properties after PGMA polymerization and
crosslinking.

The highly repeatable nature of shape programming and
recovery for 94%PCL-6%PGMA was demonstrated by applying
~40 kPa of tensile stress (i.e., =5% strain) in stress-controlled
cyclic thermomechanical tensile tests (Figure 2). To preclude
the possibility that a similar response is limited to low strain
conditions, the strain was increased from 4% to 43%. The
remarkable shape recovery of SMP was demonstrated in this
case as well (Figure S6, Supporting Information). Although it
is feasible theoretically for shape programming/recovery to be
repeated until SMPs degrade,['? it is realistically limited owing
to the incremental energy dissipation during shape memory
cycles. Hence, tremendous efforts have been applied to improve
the efficiency of energy storage and thereby, the repeatability
of shape memory cycles.'>!3 The robust maintenance of

c»—
Q60 *
]
5 40
g
E : é_zo
H & 0]
@ £ 2
[
o 0
? 1,0 2 % ,40 ,50 g 70 8? 25 30 37 42(T,)
TeT @ ) (iv) ' Recovery temperature (°C)
Time (min)
b
Cycles 1 2 3 4 5 6 7 Average
R(N) (%) 94.55 95.03 95.15 95.84 95.19 95.26 95.35 95.19 + 0.36
R.(N) (%) 97.53 99.65 100.5 99.95 96.36 96.03 91.39 97.35 + 2.94
R/(1) (%) 97.53 97.27 97.87 97.82 94.28 98.23 89.78 96.11 + 2.86

%*=vs. original strain before subjecting to tensile stress

Figure 2. Shape memory properties of 94%PCL-6%PGMA after crosslinking. a) Stress-controlled thermomechanical cycling of 94%PCL-6%PGMA
starting at 0% tensile strain and 55 °C (T), followed by seven consecutive cycles of i) deformation until a tensile stress of 39 kPa at 55 °C, ii) cooling
down to 0 °C with set tensile stress, iii) decreasing tensile stress to 0 kPa, and iv) increasing temperature from 0 °C to 42 °C. b) Maintenance of
shape recovery [R,(N)] and shape fixity [R¢((N)] in the seven consecutive thermomechanical cycles. c) Time setting (x-axis) to control temperature and
corresponding strain (y-axis) in the first thermomechanical cycle of 94%PCL-6%PGMA (Tp; programming temperature, T;; cooling temperature, Tg;
recovery temperature). d) Determination of 94%PCL-6%PGMA recovery temperature to 42 °C owing to the 100% recovery ratio. *p < 0.05.
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shape fixity (average R¢ > 95%) and shape recovery (average
R, > 96%) during the seven consecutive thermomechanical
cycles (Figure 2a,b; Figure S7, Supporting Information) repre-
sents a major breakthrough in SMP research. Six consecutive
cycles without significant energy loss is the highest perfor-
mance recorded till date, and even the material was a nonim-
plantable composite.l'¥ However, these results were obtained
with =5% strain, while in the case shown in Figure S6 in the
Supporting Information, the SMP sample was replaced with
a new one when the strain level was increased. Therefore, the
same SMP sample was used to verify that the robust shape
recovery was maintained during the seven consecutive cycles
under a higher strain range (14.6%-37.0%) (Figure S7, Sup-
porting Information). The training effect implies that the initial
shape recovery is different from the subsequent shape recovery,
resulting in incremental Ryand R, values from the lower values
of the first cycle as the number of cycles increases, by training.
This effect has been widely reported previously.'*' Although
our first three cycles displayed an incremental pattern in the Ry
and R, values, which is likely to have been owing to the training,
the robust high shape fixity and shape recovery [R{1) = =95%
and R,(1) > 98%] in the first cycle during the seven consecu-
tive thermomechanical cycles (Figure 2a,b) indicates that pre-
training is not necessary for our SMP. Moreover, circumventing
pretraining reduces the residual stress and thereby aids in the
preservation of strain energy for the subsequent cycles.'%]

The temperature-dependent changes in strain% enabled
the programming of the shape memory function following a
specific time frame (Figure 2c). In this manner, strain energy
was stored as a form of heat in the temporary shape. At the
cooling temperature (Tj), there was a 1% increase in strain%
owing to the transition of the crosslinking bond status from
flexible shrink to stiff freezing at 0 °C. This is similar the
role of hydrogen bonding in frozen water.'’} Shape recovery
started 20 min after heating to the recovery temperature (Ty)
and ended within 10 min at Ty, as indicated by the decrease
in strain% to zero. These procedures indicate that the shape
programming of our SMPs is tightly controlled in a time-and-
temperature-dependent manner. Shape recovery occurs rapidly
and fully once the SMP graft is heated above the corresponding
Tn. The temperature-dependent shape recovery efficiency of
our SMPs was examined (Figure 2d). Shape recovery ratios
were less than 30% when the temperature was below T, but
reached almost 100% at the corresponding T,,. This indicated
the precision of recovery temperature setting, which minimizes
unexpected SMP behavior while surgical grafting into vessels.

In our grafting strategy (Figure 3a), an SMP graft was
inserted into amputated vessels with =40%-50% reduced diam-
eter, followed by shape recovery to the host vessel diameter

www.advmat.de

through rapid local heating. This minimized tissue damage
during deployment. Three graft designs (i.e., direct stepped,
chamfer, and diffuser) were examined to minimize disturbed
flow formation (Figure 3b-h).”) Computational fluid dynamics
(CFD) modeling of the pulsatile flow in the coronary artery'®
was performed with the 1 Hz velocity profile of high systolic
and low diastolic peaks (Figure 3b).’ The analysis of the
Z velocity at the systolic peak indicated that the direct stepped
model clearly generated disturbed flow around the outlet posi-
tion, with back flow at the step position (Figure 3c,e). In the
chamfer model, the disturbed flow formation was attenuated
to a certain degree. However, back flow stagnation persisted
around the outlet vessel wall. In contrast, the diffuser model
did not generate disturbed flow. A similar velocity analysis at
the diastolic peak revealed clear formation of disturbed flow
at the inlet vessel wall of the direct stepped model (Figure 3d),
while this disturbed flow formation was not observed in the
chamfer model. Interestingly, attenuated disturbed flow with
stagnation appeared in the inlet vessel wall of the diffuser
model. However, this flow pattern in the inlet vessel is absent
in the coronary artery in vivo.?% The aforementioned velocity
and flow profiles are visualized with heatmap colors (Figure 3e;
Video S4, Supporting Information). These results affirmed the
selection of the diffuser model for minimizing the formation of
disturbed flow while deploying the vascular graft.

To validate the CFD results, three types (linear, direct stepped,
and diffuser) of microfluidic devices were fabricated through 3D
printing,?! followed by an analysis of the fluorescent particle
flow?? and endothelial cell (EC) alignment.?’l The fluorescent
particle tracking of the flow profile verified the minimal for-
mation of disturbed flow within the diffuser model (Figure 3;
Video S5, Supporting Information). This result was supported
by fast Fourier transform analysis;*!l the directions of par-
ticle movement and human umbilical vein endothelial cell
(HUVEC) alignment were the most parallel with the flow
direction (angle = 0°) in the diffuser model (Figure 3g,h). This
validated the promising potential of the diffuser model for min-
imizing stenosis.?’]

Finally, the performance of the diffuser model was examined
in a porcine model. The vascular compatible surface of a con-
struct was coated with nitric oxide (NO)-releasing peptides to
prevent thrombosis, as demonstrated in our previous studies
(Figure S8, Supporting Information).?®) These constructs
were sterilized safely (Figure S9, Supporting Information) and
then grafted into both the cut ends (i.e., flow inlet and outlet
points) of the femoral artery without vessel damage (Figure S10
and Video S1, Supporting Information). Doppler ultra-
sound imaging revealed a minimal flow patency in the direct
stepped model. Meanwhile, the maximum flow patency was

Figure 3. Computer-modeling-based design of SMP vascular graft with experimental validation. a) Schematic illustration of SMP vascular graft with
a diffuser design to minimize disturbed flow formation. b-d) Computational fluid dynamics (CFD) simulation of three designs (i.e., direct stepped,
chamfer, and diffuser) of SMP vascular grafts. b) Pulsatile input flow: pulse from aorta is scaled down for blood flow in coronary artery. c) Comparison of
velocity profile close to the vascular wall among the three graft designs at systolic and d) diastolic peaks. €) Comparison of velocity profile and contour
among the three graft designs through CFD (systolic and diastolic peaks: red boxes 1 and 2, respectively). f) Linear design (control)-like minimiza-
tion of disturbed flow formation in diffuser design was visualized in comparison with direct stepped design when the three designs were generated
in polydimethylsiloxane (PDMS) bioreactors through the flow of red fluorescent microbeads (yellow arrow: flow direction), followed by g) quantitative
profiling of deviation in the flow direction. h) Visualization of the consequent HUVEC alignment, followed by quantitative profiling of deviation in the

cell alignment direction.
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maintained in the diffuser model from day 1 to 18 after deploy-
ment (Figure 4a; Video S6, Supporting Information). This was
supported by the higher flow velocity compared to those of the
normal femoral artery and direct stepped model (Figure 4b). An
angiography assessment affirmed these 18 d results by clearly
visualizing normal-like pulsing blood flow in the diffuser graft.
In contrast, there was almost no flow patency in the direct
stepped group (Figure 4c; Figure S11 and Video S7, Supporting
Information). This result was most likely a result of the occlu-
sive formation of a stenotic lesion through a combination of
thrombosis and inflammatory responses in the proximal (inlet)
and distal (outlet) points of the host femoral artery (Figure 4d,e).
These pathological responses were further evidenced in the
direct stepped graft (in contrast to the normal-like histological
features of the diffuser graft) by the marker expressions of
inflammatory response [cyclooxygenase-2 (COX-2) and vascular
cell adhesion protein-1 (VCAM-1)], EC thrombosis [von Wille-
brand factor (vWF)], and the location of smooth muscle cells
[smooth muscle actin (SMA)] (Figure 4f).

Here, highly tunable SMP properties were generated by
controlling the i) molar ratio during synthesis, ii) polymer con-
centration during construct casting, and iii) crosslinking time
during graft fabrication. As a result, highly promising vascular
grafting performance was demonstrated. This SMP underwent
seven consecutive thermomechanical cycles with the shape
fixity and recovery being maintained. It represents a break-
through in the field of SMP research. The coating, design, and
shape memory function of the present construct demonstrated
significant potential for addressing long-standing vascular graft
design issues. As another key benefit of the SMP property for
vascular tube grafting, the inherited elastic nature of an SMP
tube minimizes hindering cyclic contraction of arteries when
inserted in vivo. Without this function, arterial contraction can
be altered to result in pathological vascular remodeling, as gen-
erally observed in vein-to-artery grafting.

During the 18 d of the SMP construct having been grafted
to a porcine femoral artery, the surface coating with the NO-
releasing peptides prevented thrombosis with normal-like graft
patency. More importantly, the computer-modeling-based dif-
fuser design minimized the formation of disturbed flow. The
SMP function enabled tissue-damage-free and operator-friendly
grafting through shape programming.

An early SMP for biomaterial application, poly(e-
caprolactone)-dimethacrylate (PCL-DMA) was introduced in
2006-2007.127) Although this SMP type provided a key founda-
tion for significant progress during the past decade, the high
shape transition temperature (T; =60 °C, which is beyond the
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point of protein denaturation) has been a significant obstacle
to its application in the human body.>?”) As a part of the accu-
mulated efforts to reduce T; to the body temperature through
new polymer designs,>? we have been developing a T,-tunable
SMP library through copolymerization of PCL and orallyl car-
boxylate e-caprolactone (ACPCL) since 2008. However, its long
and laborious polymerization steps, the low yield (=58%), and
the number of repeatable shape memory cycles being limited
to two have been significant challenges.’! Since then, we have
made significant progress in the development of the present
class of SMP library by copolymerizing GMA into the back-
bone of PCL. This has resulted in i) a wide range of tuning T,
and material properties and ii) the robust preservation of strain
energy during seven consecutive thermomechanical cycles.

To our knowledge, this is the first report on a successful vas-
cular grafting into a host vessel of diameter smaller than 3 mm
achieved through a combination of CFD modeling, microflu-
idic validation with human EC culture, and surface coating
with NO-releasing peptides. It represents unprecedented poten-
tial to address the long-standing issues of present vascular graft
products.

In the future, long-term and y-shape grafting performances
will be investigated in the porcine model. The period in this study
was limited to 18 d because the initial foundation of the essen-
tial stenotic events occurs within 3 weeks.l'% Thus, the prevention
of these events indicates a promising long-term outcome. This
study adds value to the present progress in the development of
vascular constructs by demonstrating the successful performance
of a small vascular graft with a diameter of =2 mm and thereby
validating the urgent need to undertake clinical translation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure 4. Porcine model of vascular patency after grafting SMP tube into femoral artery for 18 d. a) Doppler ultrasound imaging assessment of graft
patency (white dashed line: direct stepped; red solid line: diffuser) with live monitoring of pulsation synchronization in the video (Supporting Infor-
mation). b) Blood flow velocity inside SMP vascular grafts at day 18 after implantation with normalization based on the velocity inside the normal
femoral artery without grafting. c) Angiography assessment of graft patency at day 18 after SMP tube grafting. The grafted femoral artery (left) is
magnified (right), with the high and poor blood flow regions indicated by yellow solid and dashed lines, respectively, and the graft locations indicated
by white (direct stepped) and yellow (diffuser) arrows (F-femur; G-graft location; LEF-left external femoral artery; LIF-left internal femoral artery; REF-
right external femoral artery; RIF-right internal femoral artery). d,e) Cross-section of haematoxylin and eosin (H&E) d) and Movat staining images e)
of harvested femoral arteries at day 18 after grafting of SMP test tubes, followed by quantitative analysis of patency structural factors (EEL-external
elastic laminar; I-inflammation; T-thrombosis; IEL-internal elastic lamina; L-lumen; R-reticular fiber; S-smooth muscle). f) Immunostaining images and
quantitative analysis of marker protein expression: inflammatory response [cyclooxygenase-2 (COX-2), vascular cell adhesion protein-1 (VCAM-1)], EC

thrombosis [von Willebrand factor (vVWF)], and smooth muscle cell [smooth muscle actin (SMA)]. *p < 0.05 and
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Proton beam radiotherapy vs. radiofrequency ablation for recurrent
hepatocellular carcinoma: A randomized phase III trial
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Background & Aims: Proton beam radiotherapy (PBT) has
recently been applied to treat hepatocellular carcinoma (HCC);
however, there is no randomized controlled trial-based evidence
on its safety and efficacy. We compared the outcomes of PBT and
radiofrequency ablation (RFA) in patients with recurrent/residual
HCC (rHCC) in a phase III non-inferiority trial.

Methods: Patients with rHCC (size <3 c¢m, number <2) were
randomly assigned to receive PBT or RFA according to Child-Pugh
score and tumor stage. After randomization, if the assigned
treatment was technically infeasible, crossover was allowed. The
primary endpoint was 2-year local progression-free survival
(LPFS), with a non-inferiority margin of 15% in the per-protocol
(PP) population; a complementary analysis was performed in
the intention-to-treat (ITT) population (NCT01963429).

Results: The ITT population comprised 144 patients receiving
either PBT (n = 72) or RFA (n = 72). Six patients switched from the
PBT arm to the RFA arm and 19 patients switched from the RFA
arm to the PBT arm. In the PP population, the 2-year LPFS rate
with PBT (n = 80) vs. RFA (n = 56) was 94.8% vs. 83.9%, a differ-
ence of 10.9 percentage points (90% CI 1.8-20.0; p <0.001); in the
ITT population, the 2-year LPFS rate with PBT vs. RFA was 92.8%
vs. 83.2%, a difference of 9.6 percentage points (90% CI 0.7-18.4; p
<0.001), meeting the criteria for non-inferiority. The 3- and 4-
year LPFS rates for PBT were also non-inferior to those for RFA.
The most common adverse events were radiation pneumonitis
(32.5%) and decreased leukocyte counts (23.8%) for PBT and
increased alanine aminotransferase levels (96.4%) and abdominal
pain (30.4%) for RFA. No Grade 4 adverse events or mortality
were noted.

Conclusions: PBT showed LPFS values that were non-inferior to
those for RFA; in addition, PBT was tolerable and safe.

Clinical trial number: #NCT01963429 (ClinicalTrials.gov).

Lay summary: Radiofrequency ablation is the standard of care
for patients with small hepatocellular carcinoma in whom

Keywords: Hepatocellular carcinoma; Radiofrequency ablation: proton beam ther-
apy; local progression-free survival; Randomised controlled trial.
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surgery is not feasible. This study is the first phase Il randomized
controlled trial to evaluate the clinical outcomes of proton beam
radiotherapy vs. radiofrequency ablation in patients with recur-
rent small HCC. Our findings show that this new technique is not
inferior and can be applied safely in patients with small recur-
rent hepatocellular carcinoma.

© 2020 European Association for the Study of the Liver. Published by
Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Primary liver cancer, including hepatocellular carcinoma (HCC),
is the fifth most commonly observed cancer worldwide. HCC-
related prognoses remain poor owing to the presence of under-
lying chronic liver disease, late diagnosis, and frequent
recurrence or progression after treatment."” The initial treat-
ment modality for HCC is generally based on tumor stage,
underlying liver function, and performance.>~ Surgical resection
is considered the best treatment for HCC, but for small HCC cases,
in which resection is not feasible, radiofrequency ablation (RFA)
is recommended; RFA is also the primary recommendation for
tumors smaller than 2 cm.>* The recurrence rate of HCC after
resection or RFA is significant. In the case of local recurrence,
despite the lack of sufficient evidence, the treatment method is
generally selected according to the first-line treatment
principle.**

Proton beam radiotherapy (PBT) is a type of radiation therapy
that has been proven to be effective as a primary treatment for
ocular tumor and prostatic cancer.>” PBT has recently been
applied to HCC treatment, and its safety and local control effects
have been reported in various studies.®*"' A previous phase II
study in HCC patients demonstrated the safety and promising
outcomes associated with PBT.*'"'> However, as there is no
strong randomized controlled trial (RCT)-based evidence on PBT,
it is not generally recommended for HCC treatment. Therefore,
we conducted an RCT to evaluate and compare the local efficacy
and clinical outcomes of PBT and RFA in patients with recurrent
or residual HCC (rHCC).

Patients and methods

Study population

This phase III investigator-initiated, randomized, single-center,
open-label clinical trial was performed at the National Cancer
Center (NCC), Goyang, Republic of Korea. The eligibility criteria
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for this study were as follows: HCC diagnosis was confirmed
either histologically or clinically according to the Korean Liver
Cancer Study Group and NCC Korea guidelines'*'*; presence of
recurrent or residual HCC lesions without vascular invasion after
other treatment; the largest diameter and number of target le-
sion(s) were <3 cm and <2, respectively; no history of prior
radiotherapy to targeted lesion(s); no evidence of extrahepatic
metastasis; Child-Pugh score <7 without uncontrolled ascites;
Eastern Cooperative Oncology Group performance status <2; age
>18 years; adequate bone marrow (white blood cell count
>2,000/ul, platelet count >50,000/pl, and hemoglobin level >7.5
g/dl) and liver function (total bilirubin level <3.0 mg/dl, and
aspartate aminotransferase and alanine aminotransferase level
<5.0x the upper limit of normal). All patients were unresectable
or unwilling to undergo resection. All patients provided written
informed consent before enrollment (supplementary infor-
mation; study protocol). This study was approved by the NCC
institutional review board and complied with the Declaration of
Helsinki and Good Clinical Practice guideline.

Study design and treatment

Eligible patients were randomly assigned (1:1) to the PBT arm or
RFA arm with stratification according to the Child-Pugh classifi-
cation (A vs. B7) and tumor stage (American Joint Committee on
Cancer [AJCC] 7™ edition stage I-II vs. III). After randomization to
each treatment arm, if the assigned method was not technically
feasible, the patients were allowed to be treated with the other
method. Patients and all investigators were unmasked to the
treatment assignment (supplementary information; study
protocol).

RFA was performed percutaneously using a monopolar water-
cooling electrode system (Covidien-Medtronic, Minneapolis, MN,
USA; and STARmed, Goyang, Korea) under ultrasound or CT
guidance. The number of electrodes for single or multiple elec-
trodes and overlapping RFA procedures were determined by the
tumor size. RFA was performed under local anesthesia with
intravenous analgesia or monitored anesthesia care. During RFA
procedures, the output power was initially set at 50W and
gradually increased from 90W to 200W, where it was main-
tained until the impedance reached a maximum value. Cold sa-
line was infused into the electrode lumen using the pump to
keep the tip temperature below 20°C. RFA procedures were
continued until the entire tumor and border area sizes greater
than 5 mm were included in the detected target lesion(s) on
ultrasound or CT. Immediately after RFA, contrast-enhanced dy-
namic liver CT was conducted, and the results were carefully
reviewed by the radiologist for the assessment of the technical
success and procedure-related complications. If the level of
ablation was considered insufficient, additional RFA was
repeated during the same hospital stay.

PBT was performed using 230 MeV passively scattered proton
beams (Proteus 235; lon Beam Applications, S.A., Louvain-la-
Neuve, Belgium). A contrast-enhanced four-dimensional CT
scan was obtained in each patient. The internal target volume
(ITV) was calculated as the sum of the gross tumor volumes in
each CT image during the gated (exhalation) phases (30% of the
total respiratory cycle). The planning target volumes (PTVs) were
defined as the ITVs plus 5-7 mm margins in all directions. The
prescribed dose to the PTV was 66 Gray equivalent (GyE) in 10
fractions, 5 fractions per week.'>'® All patients was asked to fast
for at least 4 hours before PBT at each treatment, and radiation
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was delivered under gated phases with a respiratory-gated
technique.

Planned clinical, laboratory, and tumor assessment via
contrast-enhanced multiphasic CT or MRI was performed within
2 weeks before each treatment, at the first month after the
completion of RFA or PBT, every 3 months for the following 2
years, and every 6 months thereafter. Clinical and laboratory
tests were performed before discharge after RFA treatment and
during PBT treatment every week.

Outcomes and assessments
The primary endpoint was 2-year local progression-free survival
(LPFS), defined as the time from the commencement date of each
intervention to the date of local progression, and it was censored
at the date of the last follow-up when the patients had no evi-
dence of local progression. The secondary endpoints were
progression-free survival (PFS), defined as time from the
commencement date of each treatment to the date of local,
intrahepatic or distant progression or death from any cause;
overall survival (0S), defined as time from the commencement
date of each treatment to date of death from any cause; and
safety, defined as the presentation of adverse events (AEs)
related to the treatments that were assessed according to the
Common Terminology Criteria for Adverse Events version 3.0.
Tumor assessment including size and response, and the evalua-
tion of disease progression were conducted by 2 radiologists (Y-
HK and JHL), and reviewed by an independent radiologist (MJK)
according to RECIST version 1.1."7

Local progression was defined as the presence of regrowth or
new tumor growth within 1 cm from the margin of the ablative
zone in RFA or 1 cm from the margin of the PTV in PBT,
respectively. Intrahepatic progression was defined as the
regrowth of a previously treated non-target tumor or new tumor
growth within the liver, except for local progression.

Statistical analysis
Efficacy was assessed in all the randomized patients (intention-
to-treat [ITT] population) and patients treated per the protocol
(per-protocol [PP] population), and safety was assessed in the PP
population. Since this RCT had a non-inferiority crossover design,
the analysis of the PP population was given priority, and the ITT
analysis was performed complementarily.'® Previous studies re-
ported 2-year LPFS rates of 62.5-96.8% for RFA'> and
54.6-96.0% for PBT®!°-121 in treatment-naive or rHCC (Tables S1
and S2). Because there was no LPFS data for RFA vs. placebo, this
study was designed with reference to a previous RCT of RFA vs.
percutaneous ethanol injection (PEI) in patients with HCCs <3
cm?®; the difference of 2-year LRFS rate between RFA vs. PEI was
20%. We assumed that PBT could be more effective than PEI; the
non-inferiority margin was calculated as 15%. A total of 144 pa-
tients (72 patients per arm) were required for the achievement of
a power of 80%, a type I error level of 5%, and a follow-up loss
rate of 5%. The primary endpoint, 2-year LPFS, was tested for
non-inferiority with a margin of 15% - preferentially in the PP
population and complementarily in ITT population - and its
critical value was evaluated using the Com-Nougue approach?®
calculating the Z-statistic with standard error estimated by
Greenwood's formula.

Differences in the incidence of AEs between the arms
were evaluated using the 32 test and Fisher's exact test.
Survival outcomes and hazard ratios (HRs) were estimated
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Table 1. Patients' characteristics between the proton beam radiotherapy and radiofrequency ablation arms.

Intention-to-treat population

Per-protocol population

Characteristics PBT (n = 72) RFA (n = 72) p value PBT (n = 80) RFA (n = 56) p value

Sex
Male 61 (84.7) 59 (81.9) 0.655" 69 (86.3) 45 (80.4) 0.358*
Female 11 (15.3) 13 (18.1) 11 (13.8) 11 (19.6)

Age, years

Median (range) 60 (46-78) 61.5 (40-82) 0.351* 61 (40-82) 61 (44-77) 0.974"
<60 33(45.8) 28 (38.9) 0.399° 34 (42.5) 23 (41.1) 0.868"
260 39 (54.2) 44 (61.1) 46 (57.5) 33(58.9)

ECOG PS
0 65 (90.3) 67 (93.1) 0.547* 73 (91.3) 51 (91.1) 1.000"
1 7(9.7) 5(6.9) 7(8.8) 5 (8.9)

Etiology
HBV 61 (84.7) 60 (83.3) 0.820° 67 (83.8) 47 (83.9) 0.978
Others 11 (15.3) 12 (16.7) 13 (16.3) 9(16.1)

Child-Pugh classification
A 70 (97.2) 70 (97.2) 1.000" 77 (96.3) 55 (98.2) 0.643"
B7 2(2.8) 2(2.8) 3(3.8) 1(18)

AFP, ng/ml”* 4.9 (0.7-411.8) 5.1 (1.4-963.6) 0.984" 51 (0.7-411.8) 5.1 (1.5-963.6) 0.804"
<10 49 (68.1) 49 (68.1) 1.000" 57 (71.3) 36 (64.3) 0.390"
>10 23 (31.9) 23 (31.9) 23(28.8) 20 (35.7)

Tumor size, cm” 1.2 (1.0-2.5) 1.2 (1.0-2.9) 0.439; 1.2 (1.0-2.9) 12 (1.0-2.2) 0.956"
<2 63 (88.7) 65 (90.3) 0.763" 68 (86.1) 52(92.9) 0.217*
>2 8 (11.3) 7 (9.7) 11 (13.9) 4(71)

No. of treated lesion(s)

1 67 (93.1) 66 (91.7) 0.754" 75 (93.8) 54 (96.4) 0.700"
2 5 (6.9) 6(8.3) 5(6.3) 2 (3.6)

AJCC stage
I 20 (27.8) 20 (27.8) 1.000" 21 (26.3) 18 (32.1) 0.476"
11 50 (69.4) 50 (69.4) 58 (72.5) 36 (64.3)

i 2(2.8) 2(2.8) 1(1.3) 2(3.6)

mUICC stage
I 15 (20.8) 16 (22.2) 0.693" 16 (20.0) 14 (25.0) 0.868"
1l 24 (33.3) 30 (41.7) 30 (37.5) 21 (37.5)
itk 32 (44.4) 25 (34.7) 33 (41.3) 20 (35.7)

IVA 1(14) 1(14) 1(1.3) 1(18)

BCLC stage
0 4(5.6) 5 (6.9) 0.908" 5(6.3) 4(71) 0.988"
A 39 (54.2) 38 (52.8) 43 (53.8) 31 (55.4)

B 24 (33.3) 26 (36.1) 28 (35.0) 18 (32.1)
C 5 (6.9) 3(4.2) 4(5.0) 3 (54)

Diagnosis
Pathologic 22 (30.6) 28 (38.9) 0.294" 23 (28.8) 22 (39.3) 0.199"
Imaging-based 50 (69.4) 44 (61.1) 57 (71.3) 34 (60.7)

Pre-Tx to target site(s)

No 41 (56.9) 33 (45.8) 0.182° 42 (52.5) 30 (53.6) 0.902*
Yes 31 (431) 39 (54.2) 38 (47.5) 26 (46.4)

TACE 29 (40.3) 35 (48.6) 37 (46.3) 21 (37.5)

RFA 1(14) 3(42) 0(0.0) 4(71)

TACE + RFA 1(14) 1(1.4) 1(13) 1(1.8)

Pre-Tx to non-target site(s)

No 3(4.2) 4(5.6) 1.000" 4 (5.0) 3(5.4) 1.000"
Yes 69 (95.8) 68 (94.4) 76 (95.0) 53 (94.6)

AFP, o-fetoprotein; AJCC stage, American Joint Committee on Cancer stage; BCLC stage, Barcelona Clinic Liver Cancer stage; ECOG PS, Eastern Cooperative Oncology Group
performance status; mUICC stage, modified International Union Against Cancer stage; PBT, proton beam radiotherapy; RFA, radiofrequency ablation; TACE, transarterial

chemoembolization; Tx, treatment.

#Continuous variables presented as median (range).
*Pearson'’s Chi-square test.

TFisher's exact test.

*Wilcoxon rank-sum test.

using the Kaplan-Meier method and a Cox proportional
hazard model, respectively. A p value <0.05 was considered
statistically significant, and all statistical tests were per-
formed using SAS software (version 9.4; SAS Institute Inc.,
Cary, NC, USA) and R software (version 3.6.2; R Project for
Statistical Computing).
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Results
Patients
Of the 154 patients assessed for eligibility between December
2013 and December 2017, 144 were randomly assigned to the
PBT arm (n = 72) and RFA arm (n = 72), and they comprised the
ITT population (Fig. 1). The last patient completed the trial on
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154 Patients assessed for eligibility

10 Excluded

3 Did not meet inclusion criteria
7 Did not provide informed consent

‘ 144 Randomized |

72 Assigned to RFA
(T 50 Received RFA as assigned
T - 19 Received PBT because RFA was not feasible
3 Received TACE because neither PBT/RFA were feasible

~—t+— 6 Received RFA because PBT was not feasible

72 Assigned to PBT
T 61 Received PBT as assigned

1 Received TACE because neither PBT/RFA were feasible

1 Received RFA plus TACE because PBT was not feasible

1 Received liver transplantation because neither PBT/RFA were
feasible

1 Received RFA after withdrawal of informed consent

1 Withdrew informed consent

‘ 72 Included in intent-to-treat analysis ‘

‘ 72 Included in intent-to-treat analysis ‘

“ 56 Included in per-protocol analysis ‘#

j 80 Included in per-protocol analysis ‘

Fig. 1. CONSORT diagram. PBT, proton beam radiotherapy; RFA, radiofrequency ablation; TACE, transarterial chemoembolization.

January 2020. In the PBT arm, due to the proximity of the
gastrointestinal organ to the targeted tumor(s) (n = 9) or with-
drawal of informed consent (n = 2), finally 6 (8.3%) patients
crossed over to the RFA arm and 5 patients received another
treatment. In the RFA arm, due to the presence of a non-
echogenic tumor, inadequate electrode path or the proximity of
major vessels and bile ducts to the targeted tumor(s) (n = 22), 19
(26.4%) patients crossed over to the PBT arm and 3 received
another treatment (Fig. 1). Thus, the PP population comprised 80
patients in the PBT arm and 56 patients in the RFA arm. The rate
of crossover to the other arm due to technical infeasibility was
significantly higher in the RFA arm (26.4%) than the PBT arm
(8.3%) (p = 0.004). The median follow-up duration was 51.6
months (90% CI 45.6-59.5) (IQR 39.3-67.8) in the PBT arm and
50.7 months (90% CI 45.8-57.7) (IQR 41.4-67.4) in the RFA arm.
Between both arms, the baseline characteristics of the ITT pop-
ulation were well-balanced (Tables 1 and S3).

Outcomes

In the PP population, for all patients (n = 136), the 2-year LPFS
rate associated with PBT vs. RFA was 94.8% vs. 83.9% (difference
of 10.9%; 90% CI 1.8-20.0), and for all target lesions (n = 143), the
corresponding values were 95.1% vs. 84.4%, respectively. In the
ITT population, for all patients, the 2-year LPFS rate associated
with PBT vs. RFA was 92.8% vs. 83.2% (difference of 9.6%; 90% CI
0.7-18.4), and for all target lesions, the corresponding values
were 93.3% vs. 83.2%, respectively; both analyses met the criteria
for non-inferiority (Table 2, Fig. 2). The HRs of LPFS between the
PBT and RFA arms for all target lesions and all patients were not
significantly different (p >0.05 each) (Fig. 3A-D). The lower
boundary of the CI of the differences (PBT minus RFA) in the
2-year LPFS did not include the non-inferiority margin of -15%
(Fig. 2); thus, the non-inferiority of PBT in terms of LPFS was
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declared. In addition, in the PP population, for all patients, the 3-
and 4-year LPFS rates were 88.3% (79.9-93.3%) and 85.8%
(76.3-91.7%) in the PBT arm and 77.6% (66.4-85.5%) and 77.6%
(66.4-85.5%) in the RFA arm, respectively, and the differences in
the 3- and 4-year LPFS rates between the 2 arms were 10.7%
(-0.8 to 22.1%) and 8.2% (-3.9 to 21.2%), respectively (Table 2,
Fig. 2). The median PFS values in the PBT arm were 13.4 months
(90% CI 10.32-16.76) and 13.4 months (90% CI 7.69-16.76), and
those in the RFA arm were 13.6 months (90% CI 9.03-21.72) and
13.7 months (90% CI 9.86-18.89) in the PP and ITT populations,
respectively. In the PP and ITT populations, the 2-year PFS rates
were 28.7% and 31.9% in the PBT arm, and 37.5% and 31.9% in the
RFA arm, respectively (Table 2); the HRs of the 2-year PFS rate
between the PBT and RFA arms were not different (HR 1.10; 95%
C1 0.76-1.59; HR 0.99; 95% CI 0.70-1.33, respectively) (Fig. 3E-F).
The 3- and 4-year PFS rates were 20.9% and 15.6% in the PBT arm,
and 23.1% and 13.8% in RFA arm, respectively, in the PP popula-
tion (Table 2).

The median OS value was not reached in both arms and
both populations. In the PP and ITT populations, the 2-year OS
rates were 88.8% and 91.7% in the PBT arm, and 92.9% and 90.3% in
the RFA arm, respectively (Table 2); the HRs of the OS rate between
the PBT and RFA arms were not different (HR 1.19; 95% C1 0.62-2.27;
HR 1.07; 95% CI 0.58-1.98, respectively) (Fig. 3G-H). The 3- and
4-year OS rates were 79.0% and 74.0%, respectively, in the PBT arm
and 87.2% and 78.0%, respectively, in the RFA arm in the PP popu-
lation (Table 2).

In the PP population, the best tumor responses in the PBT arm
and RFA arm for all target lesions (n = 155) were complete
response (CR) in 71 patients (83.5%) and 56 patients (96.6%);
partial response in 6 patients (7.1%) and 1 patient (1.7%); stable
disease in 8 patients (9.4%) and 1 patient (1.7%); and progressive
disease in no patient, respectively (p = 0.063) (Fig. S1). Median
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Table 2. Local progression-free survival, progression-free survival and overall survival in the proton beam radiotherapy and radiofrequency ablation arms
in the per-protocol and intention-to-treat populations.

N PBT RFA Hazard ratio p value®
Per-protocol population
LPFS (for all target lesions), % (90% CI) 143
2 year 95.1 (89.1-97.8) 84.4 (74.6-90.7) 0.51 (0.26-1.03) 0.114
3 year 88.9 (80.9-93.7) 78.3 (67.3-86.0)
4 year 86.5 (77.4-92.1) 78.3 (67.3-86.0)
LPFS (for all patients), % (90% CI) 136
2 year 94.8 (88.5-97.7) 83.9 (73.8-90.4) 0.52 (0.26-1.05) 0123
3 year 88.3 (79.9-93.3) 77.6 (66.4-85.5)
4 year 85.8 (76.3-91.7) 77.6 (66.4-85.5)
PFS (for all patients), % (95% CI) 136
2 year 28.7 (19.3-38.9) 37.5 (25.0-49.9) 1.10 (0.76-1.59) 0.623
3 year 20.9 (12.7-30.5) 23.1 (13.1-34.8)
4 year 15.6 (8.3-25.0) 13.8 (6.0-24.9)
OS (for all patients), % (95% CI) 136
2 year 88.8 (79.5-94.0) 92.9 (82.1-97.3) 119 (0.62-2.27) 0.600
3 year 79.0 (67.9-86.6) 872 (74.9-93.7)
4 year 74.0 (62.1-82.7) 78.0 (63.6-87.3)
Intention-to-treat population
LPFS (for all target lesions), % (90% CI) 155
2 year 93.3 (86.5-96.7) 83.2 (74.7-89.0) 0.68 (0.37-1.26) 0.306
3 year 86.8 (78.2-92.2) 78.4 (69.1-85.2)
4 year 84.3 (74.7-90.5) 78.4 (69.1-85.2)
LPFS (for all patients),% (90% CI) 144
2 year 92.8 (85.6-96.5) 83.2 (74.4-89.2) 0.73 (0.39-1.38) 0.419
3 year 85.8 (76.5-91.6) 78.3 (68.6-85.3)
4 year 83.0 (72.6-89.7) 78.3 (68.6-85.3)
PFS (for all patients), % (95% CI) 144
2 year 31.9 (21.6-42.8) 31.9 (21.6-42.8) 0.99 (0.70-1.41) 0.958
3 year 26.3 (16.8-36.8) 17.9 (10.1-27.6)
4 year 18.7 (10.2-29.1) 12.6 (5.9-21.8)
OS (for all patients), % (95% CI) 144
2 year 91.7 (82.4-96.2) 90.3 (80.7-95.2) 1.07 (0.58-1.98) 0.821
3 year 80.8 (69.2-88.4) 86.0 (69.2-88.4)
4 year 754 (62.8-84.2) 77.0 (64.5-85.6)

LPFS, local progression-free survival; OS, overall survival; PBT, proton beam radiotherapy; PFS, progression-free survival; RFA, radiofrequency ablation.
*Cox proportional hazards model.

Difference (PBT-RFA), % Difference (90% Cl) p value for
PP population (90% Cl) Non-inferiority

i .

2 year 10.9 (1.8-20.0) i <0.001
1
i .

3 year 10.7 (-0.8-22.1) - <0.001
1
i -

4 year 8.2(-3.9-20.2) H 0.001
i

ITT population :

i
1 —_— ‘

2 year 9.6 (0.7-18.4) H <0.001
i .
1 v

3 year 7.5(-3.5-18.5) H <0.001
: &-
| *

4 year 4.7 (-7.0-16.5) ! 0.003
1

T T T T T T J

20 -15 -10 -5 0 5 10 15 20 25

RFA better PBT better
Fig. 2. Forest plots of local progression-free survival in all patients. p value was calculated for the hypothesis of non-inferiority with a non-inferiority margin

of -15.0%. A 1-sided p value <0.05 was considered statistically significant (Cox-proportional hazard model). ITT, intention-to-treat; PBT, proton beam radio-
therapy; PP, per-protocol; RFA, radiofrequency ablation.
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Fig. 3. Survival curves in the PP population and ITT population. (A) LPFS curves for all target lesions in the PP population. (B) LPFS curves in the ITT population.
(C) LPFS curves for all patients in the PP population. (D) LPFS curves for all patients in the ITT population. (E) PFS curves in the PP population. (F) PFS curves in the
ITT population. (G) OS curves in the PP population. (H) OS curves in the ITT population. Kaplan-Meier method and a Cox proportional hazard model was used. HR,
hazard ratio; ITT, intention-to-treat; LPFS, local progression-free survival; OS, overall survival; PFS, progression-free survival; PBT, proton beam radiotherapy; PP,

per-protocol; RFA, radiofrequency ablation.

time to the best tumor response was 4.4 months (range 1-13) in
the PBT arm and 1 month (range 0.8-1.2) in the RFA arm (p
<0.001). In the PP population, of the 80 patients in the PBT group,
65 (81.3%) had disease progression and 24 (30%) died from dis-
ease progression (n = 21), an unknown cause (n = 1), chronic
renal failure (n = 1), and pneumonia (n = 1) unrelated to the
treatment. Cumulative local, intrahepatic and extrahepatic
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progression were observed in 10 (12.5%), 65 (81.3%), and 10 pa-
tients (12.5%), respectively (Fig. S2). Of the 56 patients in the RFA
group, 42 (82.1%) had disease progression and 15 (26.8%) died
from disease progression unrelated to the treatment. Cumulative
local, intrahepatic and extrahepatic progression occurred in 13
(23.2%), 41 (73.2%), and 11 patients (19.6%), respectively (Fig. S2).
After disease progression development, subsequent treatment
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Table 3. Adverse events after proton beam radiotherapy and radiofrequency ablation.

PBT (n = 80), n (%)

RFA (n = 56), n (%)

CTCAE grade Grade 1 Grade 2 Grade 3 Grade 4 Grade 1 Grade 2 Grade 3 Grade 4 p value
WBC increase 0(0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1(1.8) 0(0.0) 0(0.0) 0(0.0) 0.412
WBC decrease 18 (22.5) 1(13) 0(0.0) 0(0.0) 9(16.1) 0(0.0) 0(0.0) 0(0.0) 0.569"
PLT decrease 15 (18.8) 0(0.0) 0(0.0) 0(0.0) 16 (28.6) 0(0.0) 0(0.0) 0(0.0) 0.179*
ALT/AST increase 10 (12.5) 3(3.8) 0(0.0) 0(0.0)  14(25.0) 32 (57.1) 8 (14.3) 0(0.0)  <0.001"
Albumin decrease 5(6.3) 0(0.0) 0(0.0) 0(0.0) 3(5.4) 0(0.0) 0(0.0) 0(0.0) 1.000"
Bilirubin increase 8 (10.0) 0(0.0) 0(0.0) 0(0.0) 8 (14.3) 0(0.0) 0(0.0) 0(0.0) 0.445
Fever 0(0.0) 0(0.0) 0(0.0) 0(0.0) 5(8.9) 1(1.8) 0(0.0) 0(0.0) 0.004"
Pain 0(0.0) 1(13) 0(0.0) 0(0.0) 10 (17.9) 7 (12.5) 0(0.0) 0(0.0)  <0.001"
Nausea 0(0.0) 1(13) 0(0.0) 0(0.0) 5(8.9) 1(1.8) 0(0.0) 0(0.0) 0.0117
Bleeding 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 1(1.8) 0(0.0) 0.412"
Dermatitis 14 (17.5) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0.001"*
Radiation pneumonitis 26 (32.5) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0 (0.0) 0(0.0) 0(0.0) <0.001*
Ascites 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) -
Upper gastrointestinal ulcer 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) -
No. of patients with > Grade 3 AEs 0(0.0) 9 (16.1) <0.001"
Change of Child-Pugh score -1 0 +1 +2 -1 0 +1 +2 0.049
2 (2.5) 72 (90.0) 6 (7.5) 0(0) 0(0) 45 (804) 11 (19.6) 0(0)

AE, adverse event; ALT, alanine aminotransferase; AST, aspartate aminotransferase; PBT, proton beam radiotherapy; PLT, platelet; RFA, radiofrequency ablation; WBC, white

blood cell.
*Chi-square test.
TFisher's exact test.

was performed; there was no significant difference between the
PBT and RFA arms (p >0.05) (Table S4).

Safety

In the PP population, the incidence rates of leukopenia, throm-
bocytopenia, hyperbilirubinemia and hypoalbuminemia were
similar in both arms (p >0.05 each) (Table 3). The incidences of
elevated alanine aminotransferase levels were higher in the RFA
arm than the PBT arm (grade 1, 25% vs. 12.5%; grade 2, 57.1% vs.
3.8%; and grade 3, 14.3% vs. 0%; p <0.001), and those of increased
Child-Pugh score were higher in the RFA arm than the PBT arm
(1-point decrease, 0% vs. 2.5%; no change, 80.4% vs. 90%; 1-point
increase, 19.6% vs. 7.5%; p = 0.049). The incidence of dermatitis
and radiation pneumonitis were higher in the PBT group than the
RFA group (grade 1, 17.5% vs. 0%, p <0.001; and grade 1, 32.5% vs.
0%, p <0.001, respectively). The incidence of radiation pneumo-
nitis is relatively high, but all were asymptomatic, radiographic
changes (grade 1). Although grade 3 AEs occurred more
frequently in the RFA group than the PBT group (16.1% vs. 0%, p
<0.001), these toxicities were transient and all patients recov-
ered. The RFA arm showed no major biliary and pulmonary AEs,
except for 1 (1.8%) patient who had bleeding in the inferior
phrenic artery after RFA that was controlled by embolization. The
median length of hospital stay in the RFA arm was 3.1 days
(range 2-8), and the median out-patient clinic duration in the
PBT arm was 12.7 days (p <0.001). In both arms, treatment-
related late hepatic failure and death without evidence of dis-
ease progression and/or subsequent treatment were not
observed.

Discussion

This study demonstrated that PBT yielded LPFS values that were
comparable to those obtained on RFA in patients with rHCC.
Although the rate of crossover to other treatments after
randomization was relatively high in both arms, PBT showed
consistently non-inferior values, in terms of LPFS, to RFA in both
the ITT and PP analyses. Despite crossover, patient characteristics
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between both arms in ITT and PP population were not signifi-
cantly different (Table 1). In confirmatory trials with a superi-
ority design, the ITT set is usually used in the primary analysis.
However, in non-inferiority, crossover clinical trials, such as the
present one, the analysis of the PP population was given priority
and ITT analysis was performed complementarily.'® Until the
planning of this study, we lacked sufficient evidence for the
application of PBT as a first-line treatment, so we performed this
RCT with PBT as a second-line treatment in patients with rHCC.
Because a non-inferiority trial is a research method that is
selected when the treatment to be studied is considered to be
equivalent and to be complementary to the standard treatment
(for cases of technical infeasibility). We assumed that PBT had an
equivalent effect on local control and could be applied as com-
plementary to RFA treatment. Thus, we selected a non-inferiority
crossover trial for this study. Additionally, selecting patients
eligible for both therapies could have excluded the majority of
real-world patients who may benefit from either treatment; this
study compared the outcomes of PBT vs. RFA for tumors with the
same tumor conditions.

RFA is frequently not feasible for HCC lesion(s) due to their
invisibility under ultrasound guidance and limited accessibility
of the tumor location.”” In the present study, RFA was not
feasible in 30.6% (22 of 72) of the patients in the RFA arm. Of
these patients, PBT was feasible in 86.4% (19 of 22) of the pa-
tients and not feasible in 13.6% (3 of 22) patients due to prox-
imity to the gastrointestinal organs (Fig. 1). In the PBT arm, PBT
was not feasible in 15.3% (11 of 72) of the patients due to the
technical infeasibility of PBT (12.5% [9/72]) and withdrawal of
informed consent (2.7% [2/72]). Of the patients showing infea-
sibility to PBT, RFA was feasible in 66.7% (6 of 9) of the patients
and infeasible in 33.3% (3 of 9). The rate of crossover to the other
treatment due to technical infeasibility was significantly higher
in RFA than PBT (19/72 [26.4%] vs. 6/72 [8.3%], p <0.05); owing to
the single-institution nature of this study and the fact that RFA
was conducted by an expert with more than 10 years of expe-
rience, PBT showed better feasibility than RFA. RFA is generally
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limited by echogenicity, sub-phrenic location and proximity
of vascular and biliary structures and PBT can be limited by
the proximity of tumor(s) to radiosensitive gastrointestinal
structures. Conversely, RFA is relatively not limited by proximity
to gastrointestinal structures and PBT is relatively not limited by
echogenicity, sub-phrenic location, and proximity of vascular
and biliary structures. These findings suggested that RFA and PBT
could be used in a complementary approach by cross-covering
the technical infeasibility of each arm. However, 3 patients
from each arm received another treatment because neither PBT
nor RFA were feasible after randomization (Fig. 1); this is a
limitation of study design.

RFA, as a first-line treatment for small HCC, has shown
excellent outcomes, with 2- or 3-year LPFS rates of
70.2-96.8%.20-22-2>28-29 pg 3 second-line treatment for rHCC, it
has shown a 2-year LPFS rate of 62.5-68.5%.°"! Although this
study enrolled rHCC patients and 46.4% (26 of 56) of the patients
in the RFA arm had a history of other local treatments for target
lesions (Table 1), RFA showed comparable outcomes with 2- and
3-year LPFS rates of 83.9% and 77.6%, respectively, similar to
previous reports.?>?12>31 Other studies with PBT showed out-
comes with 2- or 3-year LPFS rates of 71.4-96% in patients with
HCC.8-1%1215 In this study, 47.5% (38 of 80) of the patients in the
PBT arm had a history of prior local treatment for target lesions,
and despite the inclusion of a broader PTV than that used in
other studies, PBT showed comparable outcomes, with 2- and 3-
year LPFS rates of 94.8% and 88.3%, respectively, similar to pre-
vious reports.

On comparing the LPFS, PFS, and OS values, we observed
different patterns in the PP and ITT populations (Fig. 2). Although
there was no statistical difference (Table 1), the subtle discrep-
ancies in the patients' characteristics between the 2 populations
may contribute to these outcome differences; after crossover, the
proportion of patients with tumor sizes > 2 cm decreased (PBT
13.9% vs. RFA 7.1%) and that of patients with AJCC stage I disease
increased (PBT 26.3% vs. RFA 32.1%) in the RFA arm (Table 1).
These results are considered to be limitations associated with the
crossover trial design. However, PBT and RFA yielded OS rates
that were similar to those observed for RFA in randomized trials
comparing the efficacy of RFA and surgical resection in early
HCC.>?>73 Although the non-inferiority of PBT compared to RFA
was not shown in terms of the 2-year PFS as well as 3- and
4-year OS in the PP analysis (Fig. 2), the HRs in the PFS and OS
between RFA and PBT were consistently not significant in both
the ITT and PP analyses (p >0.05 each) (Fig. 3E-H). In the best
tumor response evaluation, there was a lag in local control with
PBT, unlike RFA, so the median time to the best tumor response
was 4.4 months (range 1-13). The CR of the PBT arm was only
83.5%, because the criterion was RECIST. If it were based on
modified RECIST, it would be possible to obtain a higher CR rate
(Fig. S1).

This study has several limitations. First, the primary outcome
measure was 2-year LPFS, rather than PFS or OS. As frequent
intrahepatic recurrence is a biological characteristic of HCC,
which results in subsequent treatments that may affect survival
outcomes,’® the most important goal of locoregional therapy
such as RFA and PBT is local control, including LPFS. Considering
the presence of a moderate correlation between PFS or time to
progression and OS in advanced HCC,>” LPFS was used as the
primary outcome measure in this RCT. Second, this study had a
single-center design and predominantly included patients with
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chronic hepatitis B; in order for our results to be generalizable,
further studies must be conducted across other institutions
including patients with various etiologies. Only a percutaneous
RFA with ultrasound or CT guidance (the most popular method in
real-world practice) was performed in this study. However,
laparoscopic RFA and/or multi-bipolar RFA with real-time ultra-
sound/CT or ultrasound/MRI fusion image navigation can
improve the feasibility and outcomes of RFA.***%° During study
design, due to a lack of LPFS data on RFA vs. placebo, we assumed
a non-inferiority margin of 15% based on the RCT data of RFA vs.
PEL*® This margin seems to be relatively wide, but the lower
boundary of CI of actual differences (PBT minus RFA) of 2-, 3-,
and 4-year LPFS in the PP population was within - 5%. Lastly, PBT
entails high costs and exclusive equipment, so our results cannot
be applied to all patients with HCC.

In conclusion, this prospective randomized study demon-
strated that PBT is associated with LPFS rates that are compa-
rable to those observed for RFA in patients with rHCC with <2
tumor(s) of <3 cm. PBT was also tolerable and safe, consistent
with the known profile. The associated good feasibility and
comparable clinical outcomes suggest that PBT may be a prom-
ising treatment option for small HCC.
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SUMMARY

DNA base editors and prime editing technology enable therapeutic in situ correction of disease-causing al-
leles. These techniques could have broad applications for ex vivo editing of cells prior to transplantation in a
range of diseases, but it is critical that the target population is efficiently modified and engrafts into the host.
Chemically derived hepatic progenitors (CdHs) are a multipotent population capable of robust engraftment
and hepatocyte differentiation. Here we reprogrammed hepatocytes from a mouse model of hereditary tyro-
sinemia type 1 (HT1) into expandable CdHs and successfully corrected the disease-causing mutation using
both adenine base editors (ABEs) and prime editors (PEs). ABE- and PE-corrected CdHs repopulated the liver
with fumarylacetoacetate hydrolase-positive cells and dramatically increased survival of mutant HT1 mice.
These results demonstrate the feasibility of precise gene editing in transplantable cell populations for poten-

tial treatment of genetic liver disease.

INTRODUCTION

Hereditary tyrosinemia type 1 (HT1), an autosomal recessive dis-
order caused by a deficiency in fumarylacetoacetase (FAH), re-
sults in liver failure due to the accumulation of toxic metabolites
from the tyrosine metabolic pathway and can lead to hepatocel-
lular carcinoma (HCC) (Chinsky et al., 2017; Nobili et al., 2010).
Although 2-[2-nitro-4-trifluoromethylbenzoyl]-1,3-cyclohexane-
dione (NTBC) is used therapeutically, it does not treat the funda-
mental HT1 deficiency. Moreover, some patients lack NTBC
sensitivity, and a risk for HCC remains during therapy (van Ginkel
et al., 2019). Previously, several groups tried gene therapy ap-
proaches involving virus-mediated delivery of full-length Fah
complementary DNA (cDNA) into the liver in HT1 (Fah~/~) model
mice (Grompe et al., 1998; Overturf et al., 1997). However, these
strategies have potential limitations: the exogenous gene, unaf-
fected by the native chromatin structure of the endogenous lo-
cus, will be constitutively expressed, at levels that differ from
that of the endogenous gene, and there is a possibility of inser-
tional mutagenesis as a result of viral vector integration into the
host genome.

sisH TI19 @l sloIxtelsty

In a different strategy, CRISPR-mediated therapeutic editing
approaches have been applied to alter a second gene in the dis-
ease pathway, thereby lessening the effects of the Fah mutation.
Pankowicz et al. (2016) showed that in HT1 model mice, Cas9
nuclease-mediated disruption of the hydroxyphenylpyruvate di-
oxygenase (Hpd) gene, which has a role in the second step of
tyrosine catabolism, alleviated the disease symptoms such
that the mice exhibited a benign HT3 phenotype. Using a similar
strategy, Rossidis et al. (2018) used a cytosine base editor,
instead of Cas9, to disrupt the Hpd gene by inducing a prema-
ture termination codon in the middle of the gene. Both experi-
ments involved the direct delivery of CRISPR-associated tools
via lentivirus or adeno-associated virus (AAV); that is, they repre-
sent in vivo gene editing strategies. Thus, their clinical applica-
tion would involve potential challenges such as safety issues
associated with viral delivery and the possibility of insertional
mutagenesis caused by integration of the viral vectors. Recently,
Song et al. (2020) demonstrated successful base conversion of
the Fah gene mutation via hydrodynamic tail vein injection of
adenine base editors (ABEs), which mediate A-to-G conversion,
with a non-viral delivery system. However, although the in vivo
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editing strategy is advantageous, it is difficult to control the
transfection dosage of CRISPR-associated tools and to select
corrected cells by excluding cells containing undesired muta-
tions or CRISPR-mediated off-target effects, which may be a po-
tential limitation to clinical applications.

Alternatively, ex vivo gene editing strategies can bypass the
potential drawbacks of in vivo strategies; the concentration of
CRISPR-associated tools can be easily tuned, and gene-cor-
rected cells and cells validated to be free of off-target effects
can be selected to increase efficiency and safety, respectively.
Furthermore, recipients would not be exposed to CRISPR effec-
tors, which may circumvent pre-existing immunological re-
sponses in humans (Crudele and Chamberlain, 2018). To date,
a few studies have explored ex vivo gene editing strategies for
applications in HT1 model mice and porcine, but most trials
used primary hepatocytes (PHs) as the source cell for gene
correction and transplantation (Hickey et al., 2016; VanLith
et al., 2018). Because PHs cannot proliferate and maintain their
function in an in vitro environment, after transplantation the cor-
rected cells became engrafted with low efficiency and caused
short-term gene rescue effects. In addition, lentiviral vectors or
AAVs were used for CRISPR delivery because of the low trans-
fection efficiency in PHs, raising the possibility of virus-associ-
ated safety issues. Instead of PHs, differentiable cells such as
embryonic stem cells (ESCs) (Basma et al., 2009; Rambhatla
et al., 2003), induced pluripotent stem cells (Chen et al., 2012;
Sullivan et al., 2010), mesenchymal stem cells (Banas et al.,
2007; Lee et al., 2004), and direct converted cells (Huang
et al., 2014; Sekiya and Suzuki, 2011) can alternatively be used
as sources of cells for transplantation. However, those cells
are associated with potential challenges for clinical applications,
such as low differentiation efficiency, incomplete function of
differentiated cells compared with primary cells (Song et al.,
2009; Wu and Tao, 2012), immune rejection (Rong et al., 2014),
risk for tumorigenesis (Lee et al., 2013; Miura et al., 2009), use
of viral vectors (Huang et al., 2014; Yu et al., 2007), and ethical
issues in the case of ESCs (Zacharias et al., 2011).

As an alternative, we and another group recently developed
chemically derived hepatic progenitors (CdHs) from primary hu-
man (Kim et al., 2019b) or mouse (Katsuda et al., 2017) hepato-
cytes. CdHs have the capacity for rapid proliferation after
reprogramming, can be stably cultured over ten passages,
exhibit adequate differentiation into hepatocytes and biliary
epithelial cells, and can repopulate the liver in model disease
mice after transplantation. Here, we generated mouse CdHs
(mCdHs) from HT1 mouse hepatocytes by the addition of rele-
vant chemical compounds and used the cells for ex vivo gene
editing therapy. We corrected the Fah gene mutation using
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ABEs or prime editors (PEs) (Anzalone et al., 2019), which were
transfected into the cells through electroporation, a non-viral
method. In particular, PEs are capable of inducing all types of
substitutions (i.e., transversion and transition mutations) as
well as insertion and deletion (indel) mutations, which cannot
be achieved by conventional base editors. The corrected
mCdHs were transplanted into the liver of HT1 model mice,
and the transplanted mice survived even after NTBC withdrawal,
indicating that our ex vivo gene editing strategy could be a suit-
able and reliable tool for clinical applications in hereditary liver
diseases.

RESULTS

Generation and characterization of CdHs from HT1 mice
(HT1-mCdHs)

To generate mCdHs from HT1 model mice, we examined
whether the previous protocol used for human hepatocyte re-
programming could also be applied to PHs from mice (HT1-
mPHs). To this end, we treated the HT1-mPHs with one growth
factor and two chemical compounds (referred to as HAC),
namely, hepatocyte growth factor (HGF), A83-01 (TGF-f inhibi-
tor), and CHIR99021 (GSK-3 inhibitor) (Figure 1A). Interestingly,
we found that HAC-treated HT1-mPHs exhibited a small epithe-
lial cell morphology 3 days after treatment and that the cell pop-
ulations expanded to cover the dishes after 8 days (Figure 1B).
We confirmed that those proliferating cells expressed hepatic
stem- or progenitor-specific markers, including Krt19, Sox9,
and Afp (Figures 1B, S1A, and S1B); thus, we defined the cells
as CdHs from HT1 mice (HT1-mCdHs).

We further investigated the characteristics of HT1-mCdHs us-
ing RNA sequencing (RNA-seq). Hierarchical clustering analysis
of gene expression data revealed that transcriptome-wide gene
expression patterns of HT1-mCdHs were substantially different
from those of HT1-mPHs, especially the expression of cell cy-
cle-related genes, which was highly elevated in HT1-mCdHs
(Figures S1C and S1D). Gene set enrichment analysis (GSEA)
also indicated a clear enrichment of gene sets associated with
the cell cycle and stem cells in HT1-mCdHs (Figure S1E). On
the other hand, the HT1-mCdHs showed no significant differ-
ences in gene expression levels or proliferation capacity
compared with CdHs from a wild-type C57BL/6N mouse (WT-
mCdHs) (Figures S1A and S1F). In addition, the HT1-mCdHs
were passaged stably 23 times, through which transcriptome-
wide gene expression levels were maintained, indicating that
these cells function as a stable cell line that could produce
gene-corrected clones (Figures 1C and S1G). We further
compared the HT1-mCdHs with chemically induced liver

Figure 1. Generation and characterization of HT1-mCdHs

(A) Schematic diagram of the reprogramming method used to generate chemically derived hepatic progenitors from the HT1 mouse.
(B) Freshly isolated HT1 mouse primary hepatocytes (PHs) were cultured in reprogramming medium for 8 days in the absence or presence of HAC. Immuno-
fluorescence staining of hepatic progenitor markers Krt19 (green) and Sox9 (red) is shown. Nuclei were counterstained with Hoechst 33342. Scale bars, 100

and 50 pm.

(C) Hierarchical cluster analysis of 2,999 differentially expressed gene profiles (>2-fold changes and p < 0.05) in early (passage 3 [p3]) and late (p23) stage HT1-
mCdH and HT1-mCdH-Hep cultures, as well as HT1-mPH cultures (n = 3). Red and green represent higher and lower gene expression levels, respectively.

(D) Characteristics of HT1-mCdHs after culture under hepatic differentiation conditions, when they exhibit a mature hepatocyte phenotype. Bright-field, ICG
uptake, PAS staining, and immunofluorescence staining for mature hepatocyte-specific markers are shown. Nuclei were counterstained with Hoechst 33342.

Scale bars, 100 and 50 pm.
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Figure 2. Gene editing in HT1-mCdHs with various ABE and PE
systems

(A) Schematic of the gene editing procedure used to correct the pathogenic
mutation in HT1-mCdHs.

(B) Schematic diagrams of ABEmax-, NG-ABEmax-, and NG-ABE8e-encod-
ing plasmid constructs.

(C) Design of pegRNA1 and nicking sgRNA1b, which were used for A-to-G
conversion of the pathogenic mutation (shown in red) in the Fah gene in
this study.

(D) Heatmap visualizing A-to-G conversion rates analyzed by high-throughput
sequencing. Brown arrows indicate the target sites, and PAM sequences are
underlined.

progenitors (CLiPs), which were previously constructed by
another group (Katsuda et al., 2017). We found that both CLiPs
and CdHs were stably converted into hepatic progenitors by
day 7, and the expression levels of progenitor marker genes
were comparable (Figures STH and S1l).

Bipotent differentiation capacity of HT1-mCdHs

Hepatic progenitor cells have the capacity to differentiate into
both mature hepatic cells and cholangiocytes. To examine the dif-
ferentiation capacities of HT1-mCdHs, we first cultured them un-
der hepatic differentiation conditions. We found that the hepato-
cyte-like cells differentiated from HT1-mCdHs (HT1-mCdH-
Heps) had acquired both a mature hepatocyte morphology and
mature hepatic characteristics, as shown by analysis of indocya-
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nine green (ICG) uptake and periodic acid-Schiff (PAS) staining
(Figure 1D). Immunofluorescence staining showed that mature
hepatocyte-specific markers, including albumin (ALB), Hnf4a,
Krt18, and Asgpr1, were expressed after hepatic differentiation
(Figure 1D), indicating that the mCdHs can re-differentiate into
mature hepatocytes under the proper conditions. These charac-
teristics were confirmed using quantitative real-time PCR (see
Mendeley Dataset 1A at Mendeley Data: https://doi.org/10.
17632/rféwscfvhw.1). RNA-seq data showed that global gene
expression patterns in HT1-mCdHs were largely altered after dif-
ferentiation (HT1-mCdH-Heps) (Figure 1C), and GSEA and Blue-
Pink O’ Gram confirmed that HT1-mCdH-Heps showed a strong
induction of liver- and hepatocyte-specific gene expression, in
contrast to HT1-mCdHs, consistent with a less differentiated
phenotype in this cell type (Mendeley Datasets 1B and 1C). In
addition, the altered patterns in HT1-mCdH-Heps exhibited a
close relationship to that of HT1-mPHs (Figure 1C), supporting
the hepatocyte differentiation ability of HT1-mCdHs. We
observed that even in passage 23 (p23), HT1-mCdHs could differ-
entiate into mature hepatocytes; we also confirmed that the
global gene expression patterns of HT1-mCdH-Heps in p23
were substantially similar to that of HT1-mCdH-Heps in passage
3 (p3). We further conducted another experiment, involving three-
dimensional culture methods, in which we induced HT1-mCdHs
to differentiate into cholangiocytes. The resulting differentiated
cells (HT1-mCdH-Chols) formed characteristic tubular-like struc-
tures (Mendeley Dataset 1D) and expressed higher levels of the
cholangiocytic-specific markers Krt19, Cftr, Ae2, and Aqpr1
than did HT1-mCdHs (Mendeley Dataset 1E). Taken together,
these results show that we successfully established HT1-mCdHs
that have a bipotent capacity to differentiate into both hepato-
cytes and cholangiocytes.

Adenine base editing and prime editing for correcting a
Fah mutation in HT1-mCdHs

We next sought to establish a precise gene correction strategy
for the HT1-mCdHs. The HT1 model mouse has a G > A point
mutation at the 3’ end of Fah exon 8 that causes exon 8 skipping
during the splicing process, resulting in production of non-func-
tional Fah enzyme (Figure 2A). As a means of correcting the path-
ogenic mutation in HT1-mCdHs, we tested both ABEs (Figure 2B)
and PEs (Figure 2C). We first designed a single-guide RNA
(sgRNA) for use with a previously developed version of ABE,
ABEmax, which recognizes an NGG protospacer adjacent motif
(PAM) (Koblan et al., 2018). In this approach, the point mutation
was positioned near but not in the editing window (fourth to sev-
enth). We transfected the ABEmax-encoding plasmid together
with the sgRNA-encoding plasmid into the HT1-mCdHs via elec-
troporation; 3 days later, base editing outcomes in bulk cell pop-
ulations were assessed using high-throughput sequencing. The
results showed that the adenosine at the position at which the
change was desired (A9) underwent base conversion with an
average efficiency of 2.4%, whereas a bystander A (A6) was
more efficiently converted, with an average efficiency of 29.3%
(Figures 2B, 2D, S2A, and S2B), which is an expected result
because ABEmax more readily edits the sixth versus the ninth
position. With the aim of reducing the frequency of this bystander
base conversion, we tested a version of ABEmax that recognizes
an NG PAM (NG-ABEmax) (Jeong et al., 2019; Nishimasu et al.,
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Figure 3. Therapeutic effects of HT1-mCdHs-ABE lines in HT1 model mice

(A) Isolation of clonal cell lines containing the corrected Fah gene. ABE-treated HT1-mCdHs were seeded into a 96-well plate (one cell per well), and two cell lines
were selected (HT1-mCdHs-ABE#1 and -ABE#2). HT1-mCdHs-ABE#1 cells were again seeded into a 96-well plate, to obtain HT1-mCdHs-ABE#1-1. The base
editing efficiency in each cell line was determined using high-throughput sequencing.

(B) Sequences at the target site and the proportion of each sequence in a HT1-mCdHs-ABE bulk population and in HT1-mCdHs-ABE#1, HT1-mCdHs-ABE#2,
and HT1-mCdHs-ABE#1-1 lines assessed using high-throughput sequencing. The wild-type (WT) sequence is underlined, the pathogenic mutation is shown in
red, the edited sequences in blue, and the PAM sequence in green.
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2018) but found that the desired adenosine (now A3) was rarely
converted (0.2%) (Figures 2B, 2D, S2A, and S2B). To increase
the editing efficiency, we then adopted a recently developed
ABE variant (ABE8e), which has faster deamination kinetics;
we used a version of ABE8e that recognizes an NG PAM (NG-
ABES8e) (Richter et al., 2020). When the HT1-mCdHs were
treated with NG-ABES8e, the conversion rates of the adenosine
at the desired position (A3) were substantially improved, to an
average of 9.2%, and bystander As (A6 and A7) in intron sites
were also converted at high rates (12.4% and 11% on average)
(Figures 2B, 2D, S2A, and S2B).

Finally, we tested PEs to see if we could achieve highly precise
base conversion without any bystander effects. A third prime ed-
iting system (PE3 or PE3b) requires a prime editing guide RNA
(pegRNA) together with an additional nicking sgRNA. The
pegRNA consists of guide RNA spacer sequences as well as a
reverse transcription template (RTT) and a primer binding site
(Figure 2C). To optimize PE3 editing activity, we designed two
different PE targets and tested various pegRNAs, which con-
tained a 15 nt RTT combined with primer binding sites of different
lengths ranging from 9 to 15 nt (Figures S2C-S2F). Additionally,
we designed two nicking sgRNAs for each pegRNA so that we
could use both PE3 and PE3b. Ultimately, we selected pegRNA1
with 11 nt length of prime binding site and nicking sgRNA1b,
which together resulted in the highest editing rate (average
2.3%) without any bystander effects (Figures 2D and S2F). Taken
together, our results show that we have established various
ABE- and PE-based mutation correction strategies in
HT1-mCdHs.

Isolation of corrected HT1-mCdHs-ABE lines and
examination of ABE-mediated genome-wide off-target
effects

For further experiments, we first used ABEmax-treated HT1-
mCdHs. To isolate clonal cell lines that contain the corrected
Fah gene, we diluted the bulk population of ABE-treated cells
and determined whether the corrected sequence was present
in each resulting clonal cell line using high-throughput
sequencing (Table S1). Among the Fah corrected clonal cell
lines, we selected two lines showing high editing efficiencies,
named HT1-mCdHs-ABE#1 and HT1-mCdHs-ABE#2 (Fig-
ure 3A). Notably, each cell line was associated with at least
four different sequence patterns at the site of interest (Figure 3B).
To exclude the possibility that these lines were not clonal, we
diluted the HT1-mCdHs-ABE#1 cell population again to isolate
single cells and determined the presence of the corrected
sequence in each clonal cell line using high-throughput
sequencing (Table S1). We consistently observed that all result-
ing clones had at least four different sequence patterns,
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suggesting that the HT1-mCdHs might be polyploid, similar to
PHs. Previous studies revealed the polyploidy feature of hepato-
cytes in adult mammals and reported that about 90% of the
entire hepatic cell population in rodents was polyploid (Duncan
et al., 2010; Wilkinson et al., 2019). We confirmed the polyploid
nature of the HT1-mCdHs using flow cytometry analysis (see
Mendeley Dataset 2A at Mendeley Data: https://doi.org/10.
17632/zxxb72tkxk.1). When we isolated diploid (2c) HT1-
mCdHs and cultivated them for 14 days, we found that their
ploidy distribution shifted to tetraploid (4c) or octaploid (8c), as
seen in the original population (Mendeley Dataset 2B).

From the second set of clones, we selected the cell line
(named HT1-mCdHs-ABE#1-1) with the highest frequency of
the desired corrected sequence (13.1%) (Figure 3B). To examine
ABEmax-mediated genome-wide off-target effects in HT1-
mCdHs-ABE#1-1, we performed restriction Endonuclease V
(EndoV) enzyme coupled Digenome-seq (Kim et al., 2019a), a
method for identifying in vitro off-target cleavage sites, which
indicated that such cells have eleven in vitro cleavage sites,
including the on-target site (Table S2). In addition, we deter-
mined ten potential off-target sites in silico using Cas-OFFinder
software (Bae et al., 2014; Hwang et al., 2021) (Table S2).
Then, we performed high-throughput sequencing for each site
in HT1-mCdHs-ABE#1-1 and found no significant off-target ed-
iting compared with the control (HT1-mCdHs) (Figure S3).

Ex vivo therapeutic transplantation of cells from the
corrected HT1-mCdHs-ABE#1-1 line into the livers of
HT1 mice

We next tested whether the corrected mCdHs would exhibit a
reliable repopulation capacity, and thus therapeutic potential,
in HT1 mice. We performed intrasplenic transplantation of the
partially corrected HT1-mCdHs-ABE#1-1 line, which was
confirmed to lack significant off-target effects, into HT1 mice.
Seven days before transplantation, NTBC was withdrawn from
the drinking water of nine HT1 mice so that liver damage would
be induced, thereby facilitating transplantation of the HT1-
mCdHs-ABE#1-1 cells (Figure 3C). Phosphate-buffered saline
(PBS) and HT1-mCdHs cells were used as negative controls,
and PHs from wild-type mice (WT-mPHs) were used as a positive
control. We emphasize that we did not use any chemical com-
pounds such as retrorsine to enhance the cell transplantation ef-
ficiency. Furthermore, NTBC was completely withdrawn after
90 days. After transplantation, mice from the PBS injected (five
mice) and HT1-mCdHs treated (five mice) groups rapidly died;
all mice were dead by day 90 (Figure 3D). Furthermore, all ani-
mals (five mice) in the WT-mPHs treated group died at about
120 days. Under our experimental conditions (i.e., no retrorsine
and complete withdrawal of NTBC), we found that the mice in

(C) Scheme of HT1-mCdHs-ABE transplantation into the HT1 mouse model.

(D) Kaplan-Meier survival curves of HT1 mice with or without cell transplantation. Shown are results for the negative control (PBS injected, five mice), HT1-mCdHs
(five mice), HT1-mCdHs-ABE#1 (four mice), HT1-mCdHs-ABE#2 (seven mice), HT1-mCdHs-ABE#1-1 (nine mice), and WT-mPHs (five mice). NTBC was
completely withdrawn at day 90.

(E) Serum levels of AST, ALT, total bilirubin, and ALB in the negative control and in the HT1-mCdHs, HT1-mCdHs-ABE#1, HT1-mCdHs-ABE#2, HT1-mCdHs-
ABE#1-1, and WT-mPHs groups. The p value was calculated using the log-rank test. ***p < 0.001.

(F) Immunohistochemical staining of Fah in the liver at day 40, 130, and 180 after transplantation of HT1-mCdHs-ABE#1-1. Scale bars, 500 um.

(G) Frequency of the converted nucleotide (G) in HT1-mCdHs-ABE#1-1 cells and liver tissue from HT1 mice at day 180 after transplantation with HT1-mCdHs-
ABE#1-1. The position of the target site (A9) is counted from the 5" end of the target sequence.
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the WT-mPH-treated group often also failed to survive, similar to
results from previous studies (Cheng et al., 2019; Huang et al.,
2014; Karnezis et al., 2001; Michailidis et al., 2020). However,
to our surprise, two mice from the HT1-mCdHs-ABE#1-1 treated
group (nine mice in total) survived for more than 180 days, indi-
cating a fundamental treatment-induced improvement of HT1
disease in the absence of NTBC. In the case of the mice that sur-
vived for more than 180 days, levels of serum biomarkers
including aspartate transaminase (AST), alanine transaminase
(ALT), total bilirubin (T.BIL), and ALB, showed that liver damage
was significantly decreased after transplantation of HT1-
mCdHs-ABE#1-1 cells (Figure 3E).

To confirm the repopulation capacity of HT1-mCdHs-ABE#1-
1 cells, we examined Fah-positive cell populations in the mice
from the HT1-mCdHs-ABE#1-1 transplanted group after 40
(n = 1), 130 (n = 3), and 180 (n = 3) days. Fah-positive cell
populations were found around the portal triads at 40 days after
transplantation (Figure 3F). After 130 days, the area occupied by
Fah-positive cells had increased to about 15% of the liver slice,
and further increased to almost 50% at 180 days, and these cells
showed a morphology that differed from that of the original
mPHs (Figure 3F). On the other hand, the Fah-positive cells
were observed in about 5.1% area of the liver slice from the
WT-mPHs transplanted group at 110 days, indicating the low
therapeutic effect of WT-mPHs on HT1 mice (Figure S4A). To
further determine in vivo hepatic differentiation capacity of
HT1-mCdHs-ABE#1-1 cells, we measured mRNA expression
levels of mature hepatocyte-specific markers from the re-iso-
lated cells of a HT1-mCdHs-ABE#1-1 transplanted mouse liver
at 180 days. Interestingly, the results showed that the gene
expression levels in the re-isolated cells were much similar to
those in HT1 mouse liver (Figure S4B), suggesting a relevant
in vivo hepatocyte differentiation ability of mCdHs.

Furthermore, it is notable that the frequency of G at the target
site (A9) had been largely maintained through day 180 in the
livers of HT1-mCdHs-ABE#1-1 treated mice, whereas the fre-
quency of G at a bystander site (A6) had decreased substantially
(from 21.6% to 0.4%) (Figure 3G), indicating that cells containing
the corrected alleles became dominant in the liver during cell
duplication, similar to observations in previous studies (Song
et al., 2020). Conversion of A6 to G will lead an amino acid mu-
tation (serine to glycine, S235G) near the FAH enzyme active
site (D233, K234), which would impede FAH enzyme function;
thus, cells possessing an A6 substitution might be eliminated
during NTBC withdrawal in vivo. In the transplantation experi-
ments, we observed that two of the nine mice in the HT1-
mCdHs-ABE#1-1 transplantation group and one of the five in
the WT-mPHs transplantation group developed HCC. To inves-
tigate whether the hepatocarcinogenesis was mediated by the
transplanted HT1-mCdHs-ABE#1-1 cells, we conducted
sequencing analysis for cells in the HCC section. We did not
observe the corrected sequences in these cells, suggesting
that these HCCs were generated naturally (Figures S4C-S4E),
similar to findings from a previous study that reported that HT1
model mice developed HCC when NTBC was absent or present
at low concentration (Buitrago-Molina et al., 2013).

To investigate the reproducibility of our ex vivo gene editing
strategy, we repeated the experiments with other corrected
mCdHs lines, HT1-mCdHs-ABE#1, and HT1-mCdHs-ABE#2

LigtaIojsttzal HI19 3l SH0ITeIeHs

¢ CellP’ress

(Figure 3B). We confirmed that the mice in the HT1-mCdHs-
ABE#1 (four mice) and HT1-mCdHs-ABE#2 (seven mice) treated
groups also survived for more than 130 days under NTBC with-
drawal conditions (Figure 3D). In addition, levels of markers that
indicate liver damage were decreased (Figure 3E). Likewise,
Fah-positive cell populations in these two groups were observed
to show similar patterns as those in the HT1-mCdHs-ABE#1-1
transplanted group (Figures S4F and S4G), although the fre-
quency of sequences in which the mutation had been corrected
was lower than in the HT1-mCdHs-ABE#1-1 group. These re-
sults indicate that our ex vivo gene editing strategy is a reliable
and solid approach for HT1 disease treatment in mice.

EXx vivo therapeutic transplantation of a corrected HT1-
mCdHs-PE3b cell population into the livers of HT1 mice
After the experiments with the HT1-mCdHs-ABE lines, we next
sought to use HT1-mCdHs-PE3Db cells, in which the disease mu-
tation was corrected by PE3b, for ex vivo therapeutic transplan-
tation. In this case, we decided to use a bulk cell population,
instead of isolated clonal cell lines, because the bulk population
of cells showed a sufficient editing efficiency (average 2.3%) and
lacked bystander effects (Figures 2D and S2F). Similar to the
above experiments, NTBC was withdrawn from the drinking wa-
ter 7 days before transplantation to induce liver damage to facil-
itate cell transplantation (Figure 4A). Additionally, NTBC was
completely withdrawn at day 60, and PBS-injected mice were
used as negative controls. As expected, PBS-injected mice (9
mice) died rapidly, before 90 days. However, it is notable that 7
mice from the HT1-mCdHs-PE3b transplanted group (13 mice)
survived for more than 160 days, indicating that HT1-mCdHs-
PE3b cells also fundamentally treat HT1 disease in the absence
of NTBC (Figure 4B). In the case of the mice that survived for
more than 140 days, levels of the serum biomarkers AST, ALT,
T.BIL, and ALB showed that liver damage was significantly
decreased in the HT1-mCdHs-PE3b transplanted group
compared with the control group, indicating recovery from liver
injury (Figure 4C). Using the immunohistochemistry assay, we
observed the Fah-positive cell population in HT1-mCdHs-PE3b
transplanted liver after 140 days and confirmed the repopulation
capacity of HT1-mCdHs-PE3b cells (Figure 4D), whereas Fah-
positive cell populations were not observed in the PBS injected
group. In addition, similar to the HT1-mCdHs-ABE#1-1 trans-
planted mice, the frequency of the edited nucleotide was
increased in livers of HT1-mCdHs-PE3b transplanted mice
(from 2.5% to 34.3%) (Figure 4E). Taken together, these results
suggest that a PE-mediated ex vivo gene editing strategy is
also feasible.

DISCUSSION

Human genetic disorders are often associated with severe path-
ological phenotypes, but few curative therapies are available. In
this study, we successfully generated mCdHs from HT1 mice
and corrected the pathogenic Fah gene mutation in these cells
using both base editing and prime editing tools that were deliv-
ered via a non-viral, electroporation method. Furthermore, we
demonstrated that the corrected mCdH population would
expand in the liver after transplantation, allowing the mice to sur-
vive even under NTBC withdrawal conditions. Our ex vivo gene
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Figure 4. Therapeutic effects of a bulk population of HT1-mCdHs-PE3b cells in HT1 model mice

(A) Scheme of HT1-mCdHs-PE3b transplantation into the HT1 mouse model.

(B) Kaplan-Meier survival curves of HT1 mice with or without cell transplantation. Shown are results for the negative control (PBS injected, 9 mice) and HT1-
mCdHs-PE3b (13 mice). NTBC was completely withdrawn at day 60. The p value was calculated using the log-rank test. **p = 0.008.
(C) Serum levels of AST, ALT, total bilirubin, and ALB in the negative control, HT1-mCdHs-PE3b, and WT-mPHs groups. Data were analyzed using the t test ("p <

0.05, **p < 0.01, and ***p < 0.001).

(D) Immunohistochemical staining of Fah in the liver at day 80 and 140 after transplantation of PBS and HT1-mCdHs-PE3b, respectively. Scale bars, 500 pm.
(E) Frequency of the edited nucleotide in HT1-mCdHs-PE3b cells and liver tissue from HT1 mice at day 140 after transplantation with HT1-mCdHs-PE3b.

editing strategy, involving base correction in mCdHs, has several
important advantages compared with previous strategies: (1)
Exogenous genetic factors, which can cause unexpected ge-
netic changes, are not required for the induction of hepatic pro-
genitors from PHs. (2) We can assess the mutation correction
rates and genome-wide off-target effects in the cells with a
high degree of accuracy prior to transplantation, so we can
select a cell line in which base correction is more efficient and
that exhibits negligible off-target effects. (3) The gene editing
efficiency is less critical than that in in vivo gene correction stra-
tegies because corrected cells can be enriched in vitro, and non-
viral delivery of CRISPR tools is easily accomplished.

For our ex vivo gene editing strategy, we aimed to conduct the
experiments through the safest method to ensure the possibility
of further clinical applications. Therefore, we did not perform
hepatectomy or inject retrorsine before the cell transplantation
to improve liver regeneration, in contrast with other studies
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(Basma et al., 2009; Nagamoto et al., 2016; Sekiya and Suzuki,
2011; Unzu et al., 2019). Previous studies reported that the repo-
pulation rate of transplanted cells such as PHs in mouse liver was
significantly decreased in the absence of retrorsine treatment
(Dahlke et al., 2003; Laconi et al., 1998; Michailidis et al.,
2020). In addition, other studies have reported that in the
absence of NTBC, HT1 mice transplanted with PHs showed a
survival rate of less than 20%-30% within 60 days after trans-
plantation (Huang et al., 2014; Karnezis et al., 2001; Zhang
et al., 2018). Consistently, our results showed that the HT1-
mPHs group did not completely recover, and none of these
mice survived more than 120 days. Notably, however, the trans-
planted HT1-mCdHs, in which the disease-associated mutation
was corrected via ABE or PE3b, stably repopulated the liver in
HT1 mice without prior hepatectomy or retrorsine, and under
the complete NTBC withdrawal condition. We interpret that it is
mainly because of the high in vivo repopulation capacity of
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mCdHs and conclude that CdHs can be a reliable alternative as a
liver cell resource in regenerative medicine research, in terms of
safety and effectiveness for clinical applications.

In this study, we established various gene correction strate-
gies in mCdHs that involved several gene editing systems,
including the canonical ABE that recognizes an NGG PAM (i.e.,
ABEmax), an ABE that recognizes an NG PAM (i.e., NG-
ABE8e), and prime editing (i.e., PE3 or PE3b). We first demon-
strated ex vivo therapeutic treatment with clonal cell lines
derived from a population of ABEmax-treated mCdHs, showing
that mice transplanted with such corrected cells survived under
a condition of complete NTBC withdrawal. We next transplanted
a bulk population of PE3b-treated mCdHs, which similarly
improved HT1 symptoms. If gene-corrected cells by PE3b are
further used instead of the bulk population, the therapeutic effect
may be enhanced. To the best of our knowledge, our study is the
first example of PE-mediated HT1 treatment. Our study high-
lights various pros and cons of ABEs and PEs. Although ABEs
show high base conversion efficiency, they have a limited editing
window and exhibit bystander base editing. When we used NG-
ABEmax rather than ABEmax, the Fah mutation could be posi-
tioned within the editing activity window, but the efficiency
decreased substantially. To overcome this limitation, we further
tested NG-ABE8e and found that it showed higher editing fre-
quencies than NG-ABEmax (9.2% versus 0.2%, respectively)
(Figure 2D). Although NG-ABE8e also induced bystander muta-
tions, they were located in Fah intron sites. On the other hand,
although PEs did not induce detectable bystander mutations,
these systems are associated with a relatively laborious optimi-
zation process. PE3 commonly generated undesired indel muta-
tions (frequency 3%-7%), whereas PE3b caused a much lower
frequency of indel mutations (<1%) (Figure S2F).

In summary, considering the high repopulation capacity of
mCdHs and the precise editing activity of ABEs and PEs, our
novel ex vivo therapeutic editing strategy opens a new avenue
for treating not only HT1 disease but other genetic diseases
that affect the liver. Small molecule-mediated cellular reprog-
ramming and gene correction techniques provide the potential
for new clinical applications in various cell types.

Limitations of study

In this study, we established chemically derived progenitor cells
from HT1 mice and corrected the disease-causing mutation us-
ing both ABEs and PEs. ABEs enabled efficient base correction,
but they also converted bystander bases. PEs could precisely
correct the disease-causing mutation, but their editing efficiency
was lower than that of ABEs. In addition, although ABE- and PE-
corrected HT1-mCdHs showed therapeutic effects in HT1 model
mice, we could not obtain a cell line in which all mutant alleles
were corrected, because of the polyploid nature of HT1-mCdHs.
We also found that under our experimental conditions (i.e., in the
absence of retrorsine and NTBC), HT1 mice transplanted with
WT-mPHs did not survive more than 120 days, whereas HT1-
mCdHs-ABEs or HT1-mCdHs-PEs transplanted mice were
frequently alive. This finding might be inconsistent with previous
studies (Cheng et al., 2019; Huang et al., 2014; Karnezis et al.,
2001) showing that WT-mPH-transplanted mice had survived
until 100 days, although they all showed decreased tendencies
of survival rates.
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Antibodies

Mouse anti-Cytokeratin 19

Rabbit anti-SOX9

Goat anti-Albumin

Mouse anti-E Cadherin

Rabbit anti-EpCAM

Mouse anti-CD44

Rabbit anti-AFP

Rabbit anti-HNF-4alpha

Mouse anti-Cytokeratin 18

Rabbit anti-ASGPR1

Rabbit anti-FAH

Donkey anti-Goat, Alexa Fluor 488
Goat anti-Mouse, Alexa Fluor 488
Donkey anti-Rabbit, Alexa Fluor 594

Santa Cruz Biotechnology
Abcam

Abcam

Abcam

Abcam

Cell Signaling Technology
Invitrogen

Santa Cruz Biotechnology
Abcam

Invitrogen

Yecuris

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# sc-376126; RRID:AB_10988034
Cat# ab185966; RRID:AB_2728660
Cat# ab19194; RRID:AB_777886
Cat# ab76055; RRID:AB_1310159
Cat# ab32392; RRID:AB_732181
Cat# 5640; RRID:AB_10547133

Cat# PA5-21004; RRID:AB_11157055
Cat# sc-8987; RRID:AB_2116913
Cat# ab668; RRID:AB_305647

Cat# PA5-32030; RRID:AB_2549503

Cat# 20-0034

Cat# A-11055; RRID:AB_2534102
Cat# A-11001; RRID:AB_2534069
Cat# A-21207; RRID:AB_141637

Chemicals, peptides, and recombinant proteins

Tris-EDTA Sigma-Aldrich Cat# T9285
Collagenase Worthington Biochemical Cat# LK002066
Percoll Sigma-Aldrich Cat# 17-5445-02
William’s Medium E GIBCO Cat# A12176-01
DMEM/F-12 GIBCO Cat# 10565-018
FBS GIBCO Cat# 16000-044
Insulin-Transferrin-selenium GIBCO Cat# 51500056
Dexamethasone Sigma-Aldrich Cat# D1756
Nicotinamide Sigma-Aldrich Cat# N3376
B-mercaptoethanol Sigma-Aldrich Cat# M3148
Penicillin/streptomycin GIBCO Cat# 15070-063
EGF Peprotech Cat# 315-09
HGF Peprotech Cat# 100-39H
A83-01 Sigma-Aldrich Cat# SMLO788
CHIR99021 Sigma-Aldrich Cat# SML1046
TrypLE Express Enzyme GIBCO Cat# 12563029
Oncostatin M Prospec Cat# cyt-231
Matrigel Corning Cat# 356230
Collagen Type | GIBCO Cat# A10483-01
Indocyanine green Sigma-Aldrich Cat# 1340009
critical commercial assay

Dako REAL EnVision Detection System Dako Cat# K500711
qPCR PreMix Dyne Bio Cat# DYRT1202
PAS stain kit Abcam Cat# ab150680
P3 Primary Cell 4D-Nucleofector X Kit Lonza Cat# V4XP-3032
Neon Transfection System 10 pL Kit Invitrogen Cat# MPK1096

SUN-PCR blend

Expin PCR SV mini

MiniSeq Mid Output Reagent Cartridge
DNeasy Blood & Tissue Kit

Sun Genetics
GeneAll
lllumina
QIAGEN

SG-PT02
Cat# 103-102
FC-420-1004
Cat# 69504
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Deposited data

high-throughput sequencing data, This study https://www.ncbi.nim.nih.gov/sra

identifier: PRUNA655370 and

PRJNA717639

Mendeley dataset 1 This study https://doi.org/10.17632/rféwscfvhw.1

Mendeley dataset 2 This study https://doi.org/10.17632/zxxb72tkxk.1

Experimental models: Organisms/strains

Mouse: Fah™/~ From Hyoungbum (Henry) Kim Gift

Mouse: C57BL/6N Orient N/A

Oligonucleotides

Primers for qRT-PCR; see Table S3 This paper N/A

Oligos for sgRNA, pegRNA, and ngRNA This paper N/A

plasmid cloning; see Table S4

Oligos for sgRNA in vitro transcription; see This paper N/A

Table S4

Primers for high-throughput sequencing; This paper N/A

see Table S3

Recombinant DNA

pRG2 Addgene Addgene: 104174

pUB-pegRNA-GG-accepto Addgene Addgene: 132777

pCMV-ABEmax Addgene Addgene: 112095

pCMV-PE2 Addgene Addgene: 132775

NG-ABE8e Addgene Addgene: 138491

Software and algorithms

GraphPad Prism 7 GraphPad Software Version 7.04

ZEN 2.3 (blue edition) Zeiss Version 2.3.64.0

Leica TCS SP5 Leica https://www.leica-microsystems.com/
products/confocal-microscopes/p/leica-
tcs-sp5/

FUJI DRI-CHEM Fuiji film NX700i

Cas-analyzer Park et al., 2017 http://www.rgenome.net/cas-analyzer/

BE-analyzer Hwang et al., 2018 http://www.rgenome.net/be-analyzer/

PE-analyzer http://www.rgenome.net/pe-analyzer/

Cas-OFFinder Bae et al., 2014 http://www.rgenome.net/cas-offinder/

Cluster3.0 Eisen lab http://eisenlab.org/

GSEA Subramanian et al., 2005 https://www.gsea-msigdb.org/gsea/
index.jsp

Adobe illustrator Adobe https://www.adobe.com/products/

illustrator.html

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sangsu
Bae (sangsubae@hanyang.ac.kr).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.
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Data and code availability

High-throughput sequencing and RNA-seq data have been deposited in the NCBI Sequence Read Archive database (SRA; https://www.
ncbi.nim.nih.gov/sra) under accession numbers PRINA655370 and PRJNA717639. Additional supplementary figures have been
deposited to Mendeley Data as follows: https://doi.org/10.17632/rf6wscfvhw.1 (Dataset 1) and https://doi.org/10.17632/zxxb72tkxk.
1 (Dataset 2)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

HT1 mice were a gift from Hyoungbum (Henry) Kim. Experiments were performed on 6-8-week-old male and female mice. The mice
were housed and cared for under specific pathogen-free conditions in accordance with the Principles of Laboratory Animal Care and
the Guide for the Use of Laboratory Animals of HYU Industry-University Cooperation Foundation regulations (2018-0196A). Liver
damage was induced in HT1 mice by withdrawal of NTBC for 1 week.

Isolation of primary hepatocytes and cell culture

To isolate Fah ™~ mouse primary hepatocytes, livers in HT1 mice were perfused through the portal vein with solution A (0.19 g/L
EDTA (Sigma-Aldrich), 8 g/L NaCl, 0.4 g/L KCI, 0.078 g/L NaH,PO4-2H,0, 0.151 g/L Na,HPO4-12H,0, and 0.19 g/L HEPES) for
5 min at 37°C, followed by solution B (0.3 g/L collagenase (Worthington Biochemical), 0.56 g/L CaCls, 8 g/L NaCl, 0.4 g/L KCI, 0.078
g/L NaH,P0O4-2H,0, 0.151 g/L Na,HPO4-12H,0, and 0.19 g/L HEPES) for 8 min at 37°C. Viable primary hepatocytes were ob-
tained by isodensity centrifugation in Percoll solution (GE Healthcare). Isolated Fah™~ mouse primary hepatocytes were seeded
in a collagen-coated dish at 2,000 cells/cm?. Cells were then cultured in William’s E medium (GIBCO) in a humidified atmosphere
containing 5% CO, at 37°C.

For generating chemically derived hepatic progenitors from the HT1 primary hepatocytes, 1 day after seeding the medium was
changed to reprogramming medium [DMEM/F-12 medium containing 1% fetal bovine serum (FBS) (GIBCO), 1% insulin-transferrin-se-
lenium (GIBCO), 0.1 uM dexamethasone (Sigma-Aldrich), 10 mM nicotinamide (Sigma-Aldrich), 50 uM B-mercaptoethanol (Sigma-Al-
drich), 1% penicillin/streptomycin (GIBCO), 20 ng/mL epidermal growth factor (Peprotech), 20 ng/mL hepatocyte growth factor (Pepro-
tech), 4 uM A83-01 (Sigma-Aldrich), and 3 uM CHIR99021 (Sigma-Aldrich)]. The reprogramming medium was changed every couple of
days. Every 4 to 6 days, the cells were passaged by first dissociating them from the plates by treatment with 1X TrypLE Express Enzyme
(GIBCO), diluting the released cells into fresh medium at a ratio of 1:4, and plating them in fresh collagen-coated dishes. After base edit-
ing, the bulk population of cells was diluted and seeded into 96-well plates so that single cell-derived clones could be picked.

For hepatic differentiation, HT1-mCdHs were seeded on collagen-coated dishes at 1,000 cells/cm?. After a 1-day incubation, the
medium was changed to differentiation medium consisted of the reprogramming medium supplemented with 20 ng/mL oncostatin M
(Prospec) and 10 uM dexamethasone; the medium was changed every two days thereafter. After 6 days, the cells were covered with
Matrigel (Corning) diluted with differentiation medium at a 1:7 ratio and cultured 2 more days.

For cholangiocytic differentiation, HT1-mCdHs were harvested by treatment with 1X TrypLE Express Enzyme and resuspended at
a density of 1 x 10° cells/well in 6-well plates in DMEM/F-12 medium containing 10% FBS and 20 ng/mL hepatocyte growth factor
[designated cholangiocyte differentiation medium (CDM)]. The CDM was mixed on ice with an equal volume of collagen type | (pH 7.0)
and incubated for 30 min at 37°C for solidifying. Then, the cells were overlaid with mixtures consisted of CDM and collagen and
cultured for 7 days. The medium was changed every two days.

To conduct comparison studies with CLiPs, mPHs were isolated by the methods described above and cultured with YAC-contain-
ing medium manufactured by Katsuda et al. (2017). CLiPs were cultured for 7 days and harvested for RT-qPCR analysis.

METHOD DETAILS

Immunostaining

For immunocytochemistry, the cells were fixed in 4% paraformaldehyde at 4°C overnight. The fixed cells were washed in PBS and
then treated with PBS containing 0.2% Triton X-100 for 10 min at room temperature. Next, cells were treated with blocking solution
consisting of 1% bovine serum albumin, 22.52 ng/mL glycine, and 0.1% Tween 20 in PBS for 1 hr at room temperature, after which
the cells were incubated with primary antibodies diluted in blocking solution at 4°C overnight. After washing, the primary antibodies
were detected using Alexa Fluor 488- or 594-conjugated secondary antibodies (Thermo Fisher Scientific). Nuclei were counter-
stained with Hoechst 33342 (1:10,000, Molecular Probes). Primary antibodies used in this study are listed in the Key Resources Table.
Stained cells were visualized under a TCS SP5 confocal microscope (Leica).

For immunohistochemistry, liver tissue samples were fixed in 10% formalin and embedded in paraffin. Sections were subjected to
immunohistochemical staining, which was performed using a Dako REAL EnVision Detection System (Dako). Anti-FAH antibody (Ye-
curis, 20-0034) was used as the primary antibody and nuclei were counterstained with hematoxylin. Stained tissues were viewed
under a Virtual Microscope Axio Scan.Z1 (Zelss).
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Isolation of mRNA and RT-PCR analysis

Total RNAs were isolated using Trizol Reagent (GIBCO) and RNeasy FFPE Kit (QIAGEN). Then, 1 ng RNA samples were reverse tran-
scribed using a Transcriptor First Strand cDNA Synthesis Kit (Roche). RT-PCR was performed using a CFX Connect Real-Time PCR
Detection system (Bio-Rad); each reaction contained 10 pL of gPCR PreMix (Dyne Bio), 1 uL of cDNA, and oligonucleotide primers.
Reactions were analyzed in triplicate for each gene. The PCR cycles consisted of 40 cycles of 95°C for 20 s followed by 60°C for 40 s.
Melting curves and melting peak data were obtained to characterize the PCR products. The primer sequences are listed in Table S3.

Library preparation and transcriptome sequencing

Total RNA concentrations were calculated using Quant-IT RiboGreen (Invitrogen, USA), and integrity values were accessed by the
TapeStation RNA ScreenTape (Agilent Technologies, USA). Only high-quality RNA with an integrity number greater than 7.0 was used
for library construction. A library was independently prepared with 1 pg of total RNA for each sample using an lllumina TruSeq
Stranded mRNA Sample Prep Kit (lllumina, Inc., San Diego, CA, USA). The initial step of library preparation involved purifying
poly-A containing mRNA molecules with poly-T-attached magnetic beads. After this step, the purified mMRNA was fragmented
into small pieces using divalent cations under elevated temperature. The cleaved mRNA fragments were copied into first strand
cDNA using SuperScript Il reverse transcriptase (Invitrogen) and random primers, and the reverse complement strand of the
cDNA was synthesized using DNA polymerase |, RNase H, and dUTP. These cDNA fragments then underwent an end repair process,
which included the addition of a single ‘A’ base and adaptor ligation. After these steps, the final cDNA libraries were created, purified,
and enriched with PCR. The libraries were quantified using KAPA Library Quantification kits for the lllumina Sequencing platforms
according to the gPCR Quantification Protocol Guide (Kapa Biosystems, USA) and qualified by the TapeStation D1000 ScreenTape
(Agilent Technologies). Indexed libraries were then paired-end sequenced with lllumina HiSeq 2500 (lllumina, Inc.) at Macrogen,
Inc. (Korea).

Bioinformatic analysis
The standard lllumina pipeline and real-time analysis tools were employed for the processing of raw images, base calling, and gen-
eration of FASTQ data from paired-end RNA-sequencing data. The 100 bp X 2 read sequences were preprocessed using Sickle
(V1.38, https://github.com/najoshi/sickle) to trim poor quality sub sequences, and then aligned to the hg19 human reference genome
(UCSC data from lllumina iGenomes, https://support.illumina.com/sequencing/sequencing_software/igenome.html) using RSEM
(v1.2.31) with STAR (v2.5.2b) alignment software. The expression level of a transcript was measured as the score of transcripts
per million kilobases for easier comparison of the proportion of reads that mapped to a gene in each sample. Clustering analysis
was performed using Cluster3.0 (http://eisenlab.org/) and heatmap (v3.3.2, https://www.r-project.org).

Gene set enrichment analysis (GSEA) scores were generated for gene sets in the C5 and C8.bp datasets. Normalized enrichment
scores and p-values were calculated using GSEA software (https://www.gsea-msigdb.org/gsea/index.jsp).

Calculation of the doubling time
HT1-mCdHs were seeded at a density of 1 x 10 cells/well onto collagen-coated 6-well plates. Cell numbers were determined on day
3 and 7. The doubling time was calculated using the following formula:

Doubling Time = duration = log (2)/[log(Final Concentration) — log(Initial Concentration)]

as described at https://www.doubling-time.com/compute.php

PAS staining and detection of ICG uptake

To detect glycogen, cells were stained with PAS reagent using a PAS staining kit (Abcam) in the presence or absence of diastase
(Sigma) as recommended by the supplier. To detect ICG (Dongindang Pharmaceutical) uptake, cells were incubated in medium con-
taining 1 mg/mL of ICG for 30 min at 37°C and examined under a phase-contrast microscope.

Construction of sgRNA- and pegRNA-expressing plasmids

To construct sgRNA-expressing plasmids, complementary oligos representing the target sequences were annealed and cloned into
pRG2 (Addgene #104174). To construct pegRNA-expressing plasmids, complementary oligos representing the target sequences,
sgRNA scaffold, and 3’ extensions were annealed and cloned into pU6-pegRNA-GG-acceptor (Addgene #132777). The oligos are
listed in Table S4.

Transfection of HT1-mCdHs

Electroporation was performed using an Amaxa 4-D device (Lonza) or a Neon Transfection System (Thermo Fisher). For the Amaxa 4-
D device, a P3 Primary Cell 4D-Nucleofector X Kit (program EX-147) was used. 200,000 HT1-mCdHs were electroporated with 750 ng
of ABEmax-encoding plasmid (Addgene, #112095) and 250 ng of sgRNA-encoding plasmid. Using the Neon Transfection System,
100,000 HT1-mCdHs were transfected with 900 ng of PE2-encoding plasmid (Addgene #132775), 300 ng of pegRNA-encoding
plasmid, and 83 ng of nicking sgRNA- encoding plasmid or 900 ng of NG-ABE-encoding plasmid (NG-ABE8e, Addgene #138491)
and 250 ng of sgRNA-encoding plasmid with the following parameters: voltage, 1,200; width, 50 ms; number, 1. The NG-ABE-
max-encoding plasmid was constructed in our lab based on the appropriate backbone plasmids (Addgene # 112095).
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The transfected cells were cultured in reprogramming medium for 3 days. Three days after transfection, the cells were harvested
using TrypLE Express Enzyme followed by centrifugation in preparation for freezing and high-throughput sequencing. For freezing,
the cells were resuspended in reprogramming medium containing 10% DMSO and stored at —80°C. For high-throughput
sequencing, the cell pellet was resuspended in 100 pl of Proteinase K extraction buffer [40 mM Tris-HCI (pH 8.0) (Sigma), 1%
Tween-20 (Sigma), 0.2 mM EDTA (Sigma), 10 mg of proteinase K, 0.2% nonidet P-40 (VWR Life Science)], incubated at 60°C for
15 min, and heated to 98°C for 5 min.

High-throughput sequencing

ABE and PE target sites were amplified from extracted genomic DNA using SUN-PCR blend (Sun Genetics). The PCR products were
purified using Expin PCR SV mini (GeneAll) and sequenced using a MiniSeq Sequencing System (lllumina). The results were analyzed
using Cas-Analyzer (http://www.rgenome.net/cas-analyzer/) (Park et al., 2017), BE-Analyzer (http://www.rgenome.net/be-analyzer/)
(Hwang et al., 2018), and PE-analyzer (http://www.rgenome.net/pe-analyzer/). The primers are listed in Table S3.

Endonuclease V-coupled Digenome-seq

Genomic DNA was extracted from HT1-mCdHs using a DNeasy Blood & Tissue Kit (QIAGEN). 8 g of the genomic DNA was incu-
bated with 32 pug of ABE pre-incubated with 24 ng of in vitro transcribed sgRNA at room temperature for 5 min, after which 300 pL of
2X BF buffer (Biosesang) was added and the reaction volume brought to 600 pL. That mixture was incubated at 37°C for 16 h. After
RNase A (50 png/mL, Thermo Scientific) treatment at 37°C for 15 min, the ABE-treated genomic DNA was purified using a DNeasy
Blood & Tissue Kit (QIAGEN). 3 ug of the purified DNA was digested with 8 units of Endo V (New England Biolabs) in a 200 pL reaction
at 37°C for 2 h. EndoV recognizes inosine and cleaves the second phosphodiester bond 3’ to inosine, resulting in double strand
breaks in vitro. The genomic DNA was then purified using a DNeasy Blood & Tissue Kit (QIAGEN). Whole genome sequencing
was performed with 1 pg of the digested DNA and intact genomic DNA as a negative control using a HiSeq X Ten Sequencer (lllumina)
at Macrogen (South Korea).

In vitro transcription of sgRNAs

To generate a template for in vitro transcription, a forward oligo containing a T7 RNA polymerase promoter and the target sequence
and a reverse oligo containing a guide RNA scaffold were purchased from Macrogen (South Korea) and extended using Phusion DNA
polymerase (Thermo Scientific). The extended DNA products were purified using Expin PCR SV mini (GeneAll) and transcribed by T7
RNA polymerase (New England Biolabs). After incubation at 37 °C for 16 h, DNA templates were degraded with DNase | (New England
Biolabs), and the RNA products were purified with Expin PCR SV mini (GeneAll). The oligos are listed in Table S4.

Transplantation

Seven days before cell transplantation into mice, NTBC was withdrawn from the drinking water. 1 x 10° cells in 100 pL PBS were
transplanted into the inferior pole of the spleen. NTBC was transiently given every 3 days when mice reached 80% of their original
weight. NTBC was completely withdrawn from the drinking water at days 90 and 60 for HT1-mCdHs-ABE and -PE3b transplanted
mice, respectively. After transplantation, serum was collected for biomarker analysis. Serum was diluted at a ratio of 1:4 to
obtain means.

Analysis of ploidy

HT1 mPHs, mCdHs, and mCdHs-ABE cells were dissociated from plates by trypsinization and then incubated with 15 pg/mL of
Hoechst 33342 and 5 uM of reserpine for 30 min at 37°C. Cell ploidy was analyzed with a FACS Aria Il (Beckman coulter) as described
by Duncan et al. (2010).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Doubling time experiments and gRT-PCR were performed in triple biological replicates. Quantitative data are presented as means +
standard deviations (SDs) with inferential statistics (p values). Survival was analyzed as a Kaplan-Meier curve using GraphPad Prism
7 (GraphPad). Statistical significance was evaluated by two-tailed t tests with significances set at * p < 0.05, **p < 0.01, and
***p < 0.001.
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Infection and Inducible Resistance.
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mGIuR5 in the Nucleus Accumbens is Critical for Promoting Resilience to Chronic Stress.
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Tofacitinib versus Methotrexate in Rheumatoid Arthritis.
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Clonal evolution of glioblastoma under therapy. Nature Genetics,2016;48(7):768-76.

In vivo high-throughput profiling of crisPr-cpf1 activity.
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Prenatal maternal distress affects atopic dermatitis in offspring mediated by oxidative
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Nigral dopaminergic PAK4 prevents neurodegeneration in rat models of Parkinson's disease.
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Effect of Escitalopram vs Placebo Treatment for Depression on Long-term Cardiac
Outcomes in Patients With Acute Coronary Syndrome A Randomized Clinical Trial.
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Cografting astrocytes improves cell therapeutic outcomes in a Parkinson’s
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Association of Blood Pressure Classification in Korean Young Adults According to the 2017
American College of Cardiology/American Heart Association Guidelines With Subsequent
Cardiovascular Disease Events (JAMA, 2018;320(17):1783-1792)
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Activated Leukocyte Cell Adhesion Molecule Stimulates the T-Cell Response in Allergic Asthma
(Am J Respir Crit Care Med, 2018;197(8):994-1008)
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Drp1-Zip1 Interaction Regulates Mitochondrial Quality Surveillance System
(Molecular cell, 73. 2. 364-376, 2019)

Effect of Ticagrelor Monotherapy vs Ticagrelor With Aspirin on Major Bleeding and
Cardiovascular Events in Patients With Acute Coronary Syndrome:
The TICO Randomized Clinical Trial (JAMA, 323(23), 2407-2416, 2020)
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Precise Detection of Low-Level Somatic Mutation in Resected Epilepsy Brain Tissue
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Assessment of Inflammation in Pulmonary Artery Hypertension by 68 Ga-Mannosylated
Human Serum Albumin (Am J Respir Crit Care Med, 201, 1, 95-106, 2020)
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