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ROCK inhibition enhanced hepatocyte liver
engraftment by retaining membrane CD59
and attenuating complement activation
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Hepatocyte transplantation can be an effective treatment for
patients with certain liver-based metabolic disorders and liver
injuries. Hepatocytes are usually infused into the portal vein,
from which hepatocytes migrate into the liver and integrate
into the liver parenchyma. However, early cell loss and poor
liver engraftment represent major hurdles to sustaining the
recovery of diseased livers after transplantation. In the present
study, we found that ROCK (Rho-associated kinase) inhibitors
significantly enhanced in vivo hepatocyte engraftment. Mecha-
nistic studies suggested that the isolation of hepatocytes caused
substantial degradation of cell membrane proteins, including
the complement inhibitor CD59, probably due to shear
stress-induced endocytosis. ROCK inhibition by ripasudil, a
clinically used ROCK inhibitor, can protect transplanted
hepatocytes by retaining cell membrane CD59 and blocking
the formation of the membrane attack complex. Knockdown
of CD59 in hepatocytes eliminates ROCK inhibition-enhanced
hepatocyte engraftment. Ripasudil can accelerate liver repopu-
lation of fumarylacetoacetate hydrolase-deficient mice. Our
work reveals a mechanism underlying hepatocyte loss after
transplantation and provides immediate strategies to enhance
hepatocyte engraftment by inhibiting ROCK.
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INTRODUCTION
The liver is a central organ for metabolic homeostasis. Liver disease
accounts for approximately 2 million deaths per year worldwide.1

For end-stage liver diseases, liver transplantation is the only curative
treatment, but its application is limited by an inextricable shortage of
donor organs and the life-long need for immunosuppression. In
addition to organ transplantation, preclinical and clinical studies
have also suggested that hepatocyte transplantation could be another
promising strategy to treat fulminant liver diseases.2–5 Since the first
case of human hepatocyte transplantation for the treatment of liver
cirrhosis in 1992,6 there have been more than 100 clinical studies
published in the literature, and hepatocyte transplantation has shown
good patient tolerance and varying degrees of patient benefit.7–9

Especially for liver metabolic diseases, hepatocyte transplantation
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can achieve rapid improvement of patients’ clinical symptoms and
even long-term disease remission.3 For example, three rounds of he-
patocyte transplants over a 5-month period for a 3.5-year-old girl
with argininosuccinate lyase deficiency led to sustained metabolic
and clinical control stability over a follow-up period of more than 1
year. The proportion of exogenous transplanted hepatocytes in the
liver exceeded 10%.10

The advantage of hepatocyte transplantationover liver organ transplan-
tation is that the surgery is less invasive, and multiple transplantations
can be performed as needed. However, there are also a few major
bottlenecks that impede cell therapy for liver diseases. For example,
hepatocytes used in most clinical research are usually derived from
livers that are not suitable for organ transplantation. The source and
quality of hepatocytes severely limit the application of hepatocyte trans-
plantation.9 Recent progress in generating hepatocytes from stem cells
or expanding hepatocytes is promising to eventually solve this
issue.11–17 Another major limitation of hepatocyte transplantation is
the extremely low efficiency of hepatocyte in vivo engraftment. Soon
after cell infusion, up to 70% of hepatocytes were lost immediately,
probably due to the instant blood-mediated inflammatory reaction
(IBMIR) and activation of coagulationand complementpathways, lead-
ing to subsequent hepatocyte cell death.18–20 The surviving hepatocytes
must migrate across the sinusoidal endothelial cell barrier, squeeze into
liver plates, and establish cell-cell adhesion with host hepatocytes for
successful engraftment. Eventually, only approximately 2%–6% of
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Figure 1. The ROCK inhibitor ripasudil enhances

hepatocyte liver engraftment

(A) C57 mice were transplanted with luciferase-express-

ing hepatocytes. The effects of the ROCK inhibitor ripa-

sudil, nonmuscle myosin II ATPase inhibitor blebbistatin,

b1-integrin agonist pyrintegrin, and Src kinase inhibitor

dasatinib on hepatocyte liver engraftment were analyzed

by bioluminescence imaging on days 3 and 5 after intra-

splenic infusion. (B and C) Quantification of biolumines-

cence imaging of mice on days 3 and 5 after hepatocyte

transplantation. Data are shown as the means ± SEMs

(n = 3). *p < 0.05.
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infused hepatocytes can engraft the recipient liver.21 Therefore, low cell
engraftment needs to be overcome to fully reveal the clinical applica-
tions of hepatocyte transplantation. In the present study, we found
that ROCK (Rho-associated kinase) inhibitors significantly enhanced
in vivo hepatocyte engraftment through rationale-based chemical
screening. Current studies have suggested that the isolation of
hepatocytes causes substantial degradation of cell membrane proteins,
including the complement inhibitor CD59, probably due to shear
stress-induced endocytosis. ROCK inhibition can protect transplanted
hepatocytes by retaining membrane CD59, blocking the formation of
the membrane attack complex and significantly enhancing hepatocyte
engraftment. Our work reveals a mechanism underlying hepatocyte
loss after transplantation and provides immediate strategies to enhance
hepatocyte engraftment by inhibiting ROCK.

RESULTS
ROCK inhibition enhances hepatocyte liver engraftment

Massive cell loss occurring soon after hepatocyte infusion represents a
huge hurdle for cell therapy of liver diseases. Our initial hypothesis is
that liver engraftment of hepatocytes should be improved by
enhancing hepatocyte survival or functions.When isolated fromnaive
tissue, epithelial cells can undergo dissociation-induced apoptosis
(anoikis). For cultured epithelia, including human pluripotent stem
cells, cell dissociation can cause hypercontraction of actomyosin and
subsequent apoptosis due to the disruption of cell-cell interac-
tions.22,23 Previous studies demonstrated that inhibition of ROCK
or its downstream nonmuscle myosin II ATPase dramatically
Mo
improved the survival of dissociated human
pluripotent stem cells and other epithelial cells
by alleviating the hyperactivation of actomy-
osin.22–26 Another study identified a b1-integrin
agonist, pyrintegrin, that can enhance the sur-
vival of human pluripotent stem cells following
enzymatic dissociation by promoting cell extra-
cellular matrix adhesion. The study of our group
also indicated that inhibition of actomyosin
contraction and YAP activation using a small
molecular cocktail, including latrunculin B (an
actin polymerization inhibitor); blebbistatin
(a nonmuscle myosin II ATPase inhibitor);
dasatinib (a Src kinase inhibitor); XAV939
(a tankyrase inhibitor); and LY294002 (a PI3K inhibitor), maintained
the functions of hepatocytes.27 In the present study, we tested the
effects of four compounds, ripasudil (ROCK inhibitor), blebbistatin,
pyrintegrin, and dasatinib, on the liver engraftment of syngeneic hepa-
tocytes. We first used adeno-associated virus (AAV) expressing
luciferase to label hepatocytes of C57 mice (Figure S1). Hepatocytes
expressing luciferase were transplanted into syngeneic C57 mice.
The compounds were administered soon after cell transplantation.
Among the tested compounds, we fortuitously found that the
ROCK inhibitor ripasudil dramatically enhanced hepatocyte liver
engraftment (Figure 1). The daily time course of flux values of trans-
planted hepatocytes with ripasudil treatment was analyzed for 7 days
(Figure S2). We then tested RKI-1447, another highly specific ROCK
inhibitor with a different chemical scaffold from that of ripasudil.
RKI-1447 treatment also significantly enhanced hepatocyte liver
engraftment (Figure S3). We initially assumed that ROCK inhibition
may increase hepatocyte liver engraftment by improving hepatocyte
survival. However, neither ripasudil nor RKI-1447 treatment during
hepatocyte isolation improved the viability of isolated hepatocytes
(Figure S4).

ROCK inhibition blocks complement activation

Given the essential roles of the innate immune system in early
hepatocyte loss after infusion,18 we next analyzed whether ROCK in-
hibition modulated the function of Kupffer cells, the resident macro-
phages of the liver. F4/80 immunostaining was used to reveal Kupffer
cells on liver sections at 3, 6, and 12 h after mTmG hepatocyte
lecular Therapy Vol. 31 No 6 June 2023 1847
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Figure 2. Ripasudil blocked the Kupffer cell

activation after hepatocyte transplantation

(A–F) F4/80 immunostaining of liver sections was used to

reveal Kupffer cells at 3, 6, and 12 h after transplantation of

mTmG hepatocytes. The percentage of hepatocytes colo-

calizedwithKupffer cellswasquantifiedat3,6,and12hafter

transplantation of mTmG hepatocytes. The inset in (C) and

(E) is a higher-magnification view of the area in the red box of

each subpanel. (G) The number of Kupffer cells was quan-

tified and normalized to the hepatocyte number in liver

sections. The scale bars represent 100 mM in (A)–(C). Data

are expressed as the means ± SEMs of three independent

experiments. n.s, no significance. *p < 0.05. **p < 0.01.
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transplantation. At 3 h after cell transplantation, no obvious colocal-
ization was observed between infused tomato-positive hepatocytes
and F4/80-positive Kupffer cells (Figures 2A and 2B). However,
approximately 21.53% and 50.70% of tomato-positive hepatocytes
were colocalized with Kupffer cells at 6 and 12 h after cell transplan-
tation, respectively (Figures 2C–2F). Ripasudil treatment significantly
decreased the colocalization between transplanted hepatocytes and
Kupffer cells to 11.38% at 6 h and 14.49% at 12 h after transplantation
(Figures 2C–2F). In contrast to a previous study,28 we did not find a
significant difference in Kupffer cell number in livers at the studied
time points after hepatocyte transplantation (Figure 2G).

As our data showed that ripasudil promoted hepatocyte liver engraft-
ment by inhibitingKupffer cells,we hypothesized that depletion ofmac-
rophages could compromise the effects of ripasudil. Clodronate lipo-
somes are widely used for the suppression of macrophage functions.
Clodronate-containing liposomes can be preferentially taken up by
macrophages, allowing an effective clodronate concentration threshold
to trigger cell apoptosis.29 Surprisingly, despite the complete clearance
of Kupffer cells in livers by clodronate liposome administration (Fig-
ure 3A), ripasudil treatment still increased hepatocyte engraftment
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(Figures 3B and 3C), indicating an indeterministic
role of Kupffer cells in ripasudil-enhanced
hepatocyte engraftment. These data suggest that
ripasudil may function through a mechanism
upstream of Kupffer cell phagocytosis.

Previous studies suggested the important role of
complement activation in early hepatocyte loss
following transplantation.30 We then analyzed
whether ripasudil could modulate the activation
of the complement system. Using an in vitro
complement activation assay in which isolated
hepatocyteswere incubatedwith freshly prepared
mouse serum, we found that ripasudil treatment
dramatically inhibitedmembrane attack complex
formation on hepatocytes, as displayed by C5b-9
staining (Figure 4A). After incubation with
serum, 33.53% of hepatocytes were positive for
C5b-9 in the control treatment. In contrast,
only 7.13% of hepatocytes were positive for C5b-9 under ripasudil
treatment (Figures 4A and 4B). Then, we stained live cells with Zombie
Red, a fixable fluorescent dye that is nonpermeable, to evaluate the
viability of hepatocytes after serum incubation. Consistently, C5b-9
deposition precisely colocalized with Zombie Red cell viability dye
staining (Figure 4C), indicating cell membrane disruption of C5b-9-
positive hepatocytes. These data suggested that ripasudil treatment
protected hepatocytes by preventing the formation of the pore-forming
membrane attack complex. The phagocytic clearance of transplanted
hepatocytes likely occurred secondarily after this complement attack.

We then tested whether ripasudil could block complement activation
in vivo. Mice were transplanted with mTmG hepatocytes and treated
with ripasudil or vehicle control. Liver tissue was harvested for C5b-9
staining 12 h after transplantation. Ripasudil treatment almost
completely blocked C5b-9 deposition on hepatocytes (Figures 5A and
5B). Approximately 49.62% of hepatocytes were positive for C5b-9 at
12 h after transplantation in control mice. In contrast, only 4.38% of
mTmG hepatocytes were positive for C5-b9 in ripasudil-treated mice
(Figures 5A and 5B). These data further confirmed that ripasudil could
protect hepatocytes from host complement attack.



Figure 3. Depletion of Kupffer cells did not abolish the

effects of ripasudil on hepatocyte liver engraftment

(A)Clodronate liposomeswereused todepleteKupffer cells in

the liver, as revealed by F4/80 immunostaining. (B andC) The

engraftment of hepatocytes in livers after depletion of Kupffer

cells was analyzed by bioluminescence imaging at 3 days

after cell transplantation. The scale bars represent 200 mM in

(A). Data are shown as the means ± SEMs (n = 3). *p < 0.05.
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Ripasudil stabilized the membrane attack complex inhibitor

CD59a on hepatocytes

Next, we focused on the mechanisms by which ripasudil blocks
complement activation. Xu et al. reported that the dissociation of
human pluripotent stem cells by trypsin induced the endocytosis
of cell membrane E-cadherin, which could be blocked by the
ROCK inhibitor thiazovivin.26 Complement activation is tightly
regulated by multiple inhibitors that are integral membrane proteins.
We therefore hypothesized that ROCK inhibition might block
complement activation by maintaining the integrity of cell surface
complement inhibitors. We first used pHrodo Red dextran, a pH-
sensitive fluorescent dextran, to stain live hepatocytes for imaging
of endocytosis. Interestingly, freshly isolated hepatocytes displayed
active endocytosis, which could be inhibited by ripasudil treatment
(Figure S5A). Consistent with a previous study,26 ripasudil treatment
also maintained membrane E-cadherin on hepatocytes, as revealed
by E-cadherin immunostaining (Figure S5B). Western blot assays
further confirmed that hepatocyte extraction caused substantial
loss of E-cadherin protein, which could be rescued by ripasudil treat-
ment (Figure S5C).

Next, we tried to determine which cell surface complement inhibitors
were expressed by hepatocytes. RNA sequencing (RNA-seq) data
(GEO: GSE138158) from our previous study showed that hepatocytes
expressed high levels of the cell surface membrane attack complex
inhibitor CD59a (Figure S6). Other complement inhibitors, including
M

CD46, CD55, CD55b, and CD59b, were ex-
pressed at much lower levels (FPKM < 0.5)
(Figure S6). We therefore focused on CD59a
expression on hepatocytes.

CD59a immunostaining showed very few isolated
hepatocytes (approximately 9.73%) with predom-
inant CD59a membrane localization (Figures 6A
and 6B). However, 58.29% of hepatocytes
displayed strong CD59a membrane localization
under ripasudil treatment. Western blot assays
showed rapid loss of CD59a protein on isolated
hepatocytes, which could be blocked by ripasudil
treatment (Figures 6C and 6D). Puromycin,
but not actinomycin D, blocked the effects of
ripasudil in maintaining E-cadherin and CD59a
protein levels. These data suggest that ROCK
inhibition maintains hepatocyte membrane pro-
tein homeostasis and that this is dependent on protein neosynthesis
(Figure S7). Real-time PCR assays revealed that ripasudil treatment
did not have a significant impact on CD59a mRNA expression (Fig-
ure 6E), suggesting a posttranscriptional mechanism underlying the
downregulation of CD59a protein in isolated hepatocytes. Notably,
the expression of CD59a was not uniform among hepatocytes.
After incubation with mouse serum, the staining of CD59a and
C5b-9 demonstrated a mutually exclusive pattern. Only hepatocytes
with weak cell membrane CD59a expression exhibited C5b-9 deposi-
tion (Figures 6F and 6G). These data were consistent with the
function of CD59a as a membrane attack complex inhibitor and
supported the notion that ripasudil enhanced hepatocyte liver
engraftment by stabilizing cell surface CD59a.

To confirm that ripasudil functions through CD59a, the expression
of CD59a on hepatocytes was knocked down by short hairpin RNA
(shRNA) transduced using an AAV vector. Western blot and real-
time PCR assays confirmed the dramatic downregulation of CD59a
after shRNA transduction, especially by CD59a shRNA2
(Figures 7A–7C). Then, hepatocytes transduced with CD59a shRNA2
were isolated for the in vitro complement activation assay. After
incubation with mouse serum, CD59a knockdown caused a signifi-
cant increase in C5b-9 deposition on hepatocytes, which could no
longer be blocked by ripasudil treatment (Figures 7D and 7E). Consis-
tently, ripasudil treatment did not enhance the liver engraftment of
hepatocytes with diminished expression of CD59a (Figures 7F and
olecular Therapy Vol. 31 No 6 June 2023 1849
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Figure 4. Ripasudil blocked membrane attack

complex formation on hepatocytes after incubation

with mouse serum in vitro

(A) C5b-9 and HNF4a immunostaining of hepatocytes

incubated with fresh mouse serum was used to reveal

the formation of the membrane attack complex. The

inset in (A) is a higher-magnification view of the area in

the red box of each subpanel. (B) C5b-9-positive

hepatocytes were quantified under different treatments.

(C) The viability of hepatocytes after serum incubation

was analyzed by Zombie Red fixable dye staining. The

scale bars represent 50 mM in (A) and (C). Data are

shown as the means ± SEMs of three independent

experiments. **p < 0.01.
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7G) but significantly enhanced the liver engraftment of hepatocytes
transduced with scramble shRNA (Figure S8). These data confirmed
that CD59a was a major complement inhibitor on hepatocytes, and
CD59a knockdown impaired hepatocyte engraftment, which could
not be rescued by ripasudil.

Next, we used pAAV-TBG-CD59a-WPRE to overexpress CD59a in
hepatocytes. Immunostainingandwesternblot assays confirmed theup-
regulation of CD59a in transduced hepatocytes (Figures S9A and S9B).
Then, the hepatocytes frommTmGmice transduced with pAAV-TBG-
Cd59a-WPRE (red hepatocytes) and mTmG mice transduced with
pAAV-TBG-Cre-WPRE (green hepatocytes) were pooled together at a
1:1 ratio (Figures S9C and S9D) and transplanted into wild-type C57
mice. Overexpression of CD59a significantly enhanced hepatocyte
engraftment, and ripasudil treatment did not enhance the liver engraft-
ment of hepatocytes with CD59a overexpression (Figures S9E and S9F).

Ripasudil accelerates liver repopulation of fumarylacetoacetate

hydrolase (Fah)-deficientmice and synergizes with irradiation to

further improve hepatocyte engraftment

Next, we analyzed whether ripasudil could accelerate liver repopulation
of Fah�/� mice after hepatocyte transplantation.31 Fah deficiency
causes tyrosinemia and fatal liver damage. Fah�/� mice can be
maintained by supplying them with 2-(2-nitro-4-trifluoro-
methylbenzoyl)-1,3-cyclo hexanedione (NTBC), an inhibitor of
4-hydroxyphenylpyruvate dioxygenase. Upon NTBC withdrawal,
low-dose hepatocytes (105 cells per mouse, equivalent to approxi-
mately 0.05% of all hepatocytes in a host liver) from wild-type C57
mice were transplanted into Fah�/� mice intrasplenically, and the
mice were treated with ripasudil for the first 3 days. The mice were
analyzed at 2, 3, and 4 weeks. There were significantly more Fah-pos-
itive hepatocyte colonies in ripasudil-treated Fah�/� mice at the
analyzed time points after cell infusion (Figure 8A). The transplanted
1850 Molecular Therapy Vol. 31 No 6 June 2023
cells integrated into the host liver with expression
of the bile canaliculus marker Dpp4 (Figure 8A).
Fah-positive hepatocytes repopulated 0.11% and
0.41%, 0.21% and 0.65%, and 0.52% and 3.96% of
the liver parenchyma at 2, 3, and 4 weeks in the
control and ripasudil-treated recipients, respec-
tively (Figure 8B). Consistently, liver function of Fah�/�mice in the ri-
pasudil-treated group was significantly improved at 4 weeks as revealed
by serum analysis of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) (Figures 8C and 8D). All Fah�/� mice sur-
vived after hepatocyte transplantation. However, the experiments
were terminated at 4 weeks after cell infusion due to the poor condition
of the mice in the control group. To rule out the possibility that ripa-
sudil treatment improved liver function in Fah�/� mice, serum ALT
and AST levels of Fah�/� mock transplant ripasudil-treated mice
and Fah�/� mock transplant vehicle-treated mice in the absence of
NTBC for 4 weeks were analyzed (Figure S10). Ripasudil treatment
had no impact on serum ALT or AST levels.

Liver irradiation has been shown to improve hepatocyte engraftment
and proliferation.32 Preparative hepatic irradiation before hepatocyte
transplantation was applied in human subjects with classical phenylke-
tonuria.33 Irradiation-enhanced engraftment is likely mediated by
temporary disruption of hepatic sinusoidal endothelial cells in the short
term and endows transplanted cells with a proliferative advantage in the
long term. Given the different mechanisms of irradiation and ROCK
inhibition in promotinghepatocyte engraftment, we next testedwhether
ROCK inhibition could synergize with hepatic irradiation in hepatocyte
transplantation. Consistent with a previous study,32 hepatic irradiation
alone dramatically enhanced hepatocyte engraftment in the host liver
(Figure S11). Importantly, ROCK inhibition can synergize with irradia-
tion to further improve hepatocyte engraftment (Figure S11).

DISCUSSION
Hepatocyte transplantation offers a promising alternative to liver
transplantation for end-stage liver diseases. However, poor hepato-
cyte engraftment is a fundamental issue that must be overcome to
reveal its full therapeutic potential. Previous study suggested that
only approximately 2%–6% of infused hepatocytes can engraft the



Figure 5. Ripasudil blocked C5b-9 deposition on

transplanted hepatocytes in vivo

(A) C5b-9 immunostaining of liver sections 12 h after

mTmG hepatocyte transplantation under control or

ripasudil treatment. The inset in (A) is a higher

magnification view of the area in the red box. (B) C5b-

9positive mTmG hepatocytes were quantified under

ripasudil or control treatment. The scale bars represent

100 mM in (A). Data are shown as the means ± SEMs of

three independent experiments. **p < 0.01.
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recipient liver.21 The liver weight of adult 8-to 10-week-old C57BL6
male mice is approximately 1.5 g, and they bear approximately
2 � 108 hepatocytes.34 After infusing 1 � 106 hepatocytes, trans-
planted cells can engraft 0.1%–0.25% of the host liver under ripasudil
treatment in our experiments (Figures 5 and S9), which translates to
approximately 20%–50% cell engraftment after transplantation.

Previous studies have provided compelling evidence that the IBMIR is
responsible for the significant loss of transplanted hepatocytes.35–37

The IBMIR is characterized by activation of the coagulation
and complement cascade systems, by leukocytic infiltration, and by
phagocytosis. However, how the coagulation pathway activates
the complement system is not well defined. Our present work revealed
a mechanism by which the degradation of the cell surface complement
inhibitor CD59, probably due to hyperendocytosis-inducedmembrane
protein internalization, causes complement activation and donor hepa-
tocyte death. The shear stress experienced by hepatocytes during liver
perfusion and cell dissociation may trigger this hyperendocytosis in
isolated hepatocytes. A previous study indicated that fluid shear stress
can induceprofound internalization of cellmembraneproteins through
endocytosis.38,39 This study also indicated that administration of
the ROCK inhibitor ripasudil is a feasible approach to inhibiting
endocytosis and maintaining cell surface protein integrity. As ripasudil
has alreadybeen licensed for treating ocular hypertension andopen-an-
gle glaucoma, it has potential for rapid translation as a therapeutic to
boost hepatocyte transplantation.

However, this study did have some limitations. For example, how
ROCK inhibition blocks the endocytosis of isolated hepatocytes re-
mains unclear. A previous study showed that ROCK2 promotes
CD59 internalization through clathrin-independent endocytosis by
regulating myosin II contractility.40 Whether ripasudil functions
through a similar mechanism needs further investigation. In addition,
whether the isolation procedure causes global hepatocyte membrane
protein endocytosis and degradation remains to be determined.
The present study demonstrated that ROCK inhibition-enhanced
hepatocyte engraftment relies on membrane CD59a. However,
whether inhibition of membrane attack complex (MAC) by CD59a
is the only mechanism in promoting hepatocyte liver engraftment re-
mains to be determined.
Many attempts have been made to improve cell engraftment after liver
infusion. Administration of antiinflammatory agents, e.g., the tumor
necrosis factor a (TNF-a) inhibitors etanercept and thalidomide and
the innate immune modulator a-1 antitrypsin, and blockage of
the coagulant cascade using coagulation inhibitors improved the
engraftment of transplanted hepatocytes.36,37,41–45 In addition, the
survival of transplanted hepatocytes was considerably increased in vivo
by treatment of graft recipientswith hepatic sinusoidal vasodilators46,47

or gadoliniumchloride to deplete Kupffer cells.28 Additionally, precon-
ditioning of the liver through partial hepatectomy,48,49 portal emboli-
zation,50 and irradiation33,51 could enhance cell transplantation by
providing a selective proliferative advantage to the transplanted cells.
It would be interesting to test whether there are synergistic effects
when these approaches are combined with ROCK inhibition.

IBMIR-induced cell damage is not unique to hepatocyte transplanta-
tion. Transplantation of islets of Langerhans and mesenchymal stem
cells has been associated with significant cell loss soon after adminis-
tration,52,53 leading to compromised efficacy. Whether cell isolation-/
dissociation-induced cell surface loss of complement inhibitors was
also involved in the triggering of the IBMIR for these applications
needs to be further investigated.

MATERIALS AND METHODS
Mice

Normal male C57BL/6 mice, aged 8 to 10 weeks, were obtained from
Shanghai SLAC Laboratory Animals (specific-pathogen-free grade).
Fah�/�mice of theC57BL/6 backgroundwere obtained fromShanghai
MODEL organisms andweremaintained by adding 7.5mg/LNTBC to
the drinking water. mTmGmice were ordered from the Jackson Labo-
ratory. All animals were housed in a temperature- and light-controlled
(12-h light/dark cycle) specific pathogen-free (SPF) animal facility. All
animal procedures were performed in accordance with institutional
guidelines.

In vivo AAV infection

Replication-incompetent AAV2/8-CAG-EGFP-T2A-lucifrase (Obio
Technology, Shanghai, China) was used to transduce hepatocytes of
C57BL/6 mice via tail vein injection at 2 � 1011 genome copies of
virus per mouse. To knock down CD59a (NM_007652.5) in
Molecular Therapy Vol. 31 No 6 June 2023 1851
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Figure 6. Ripasudil blocked membrane attack

complex formation by stabilizing membrane CD59a

(A) The expression of CD59a in freshly isolated hepato-

cytes was analyzed by immunostaining after an hour of

treatment with ripasudil or vehicle control. (B) The mem-

brane expression of CD59a was quantified. (C and D) The

expression of CD59a in liver tissue and freshly isolated

hepatocytes was analyzed by western blotting. (E) CD59a

mRNA expression was analyzed by real-time PCR. (F and

G) Costaining of C5b-9 and CD59a was performed on

hepatocytes incubated with mouse serum. C5b-9-

positive hepatocytes are delineated with a thin outline in

(G). The scale bars represent 50 mM in (A), (F), and (G).

Data are shown as the means ± SEMs of three

independent experiments. *p < 0.05, **p < 0.01.
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hepatocytes, shRNA sequences targeting mouse CD59a were cloned
into the pAAV-CMV-Luc2-WPRE-U6-spgRNA vector (Obio Tech-
nology) to generate pAAV-CMV-Luc2-WPRE-U6-CD59a shRNA.
The hairpin sequences used in this study are described in Table S1.
To overexpressCD59a (NM_007652.5), CD59a cDNAwas synthesized
and cloned into pAAV-TBG-MCS-3xFLAG-WPRE to generate pAAV-
TBG-CD59a-WPRE. Replication-incompetent AAV2/8-CMV-Luc2-
WPRE-U6-CD59a shRNA,AAV2/8-CMV-Luc2-WPRE-U6-scramble
shRNA, pAAV-TBG-CD59a-WPRE, and pAAV-TBG-NLS-Cre-
3xFLAG-WPRE packaged and purified by Obio Technology were
administered to 8-week-old C57BL/6 mice through tail vein injection
at 2 � 1011 genome copies of virus per mouse. Mouse hepatocytes
were harvested for analysis 14 days after AAV transduction.

Hepatocyte isolation and transplantation

Mouse primary hepatocytes were isolated by two-step collagenase
perfusion via the portal vein. Primary liver cell suspensions were
centrifuged two times at 50 g for 5 min. The hepatocyte pellet was sus-
pended in serum-free DMEM/F12. Cell viability was measured by the
trypan blue exclusion assay. Hepatocytes were transplanted into
8-week-old wild-type C57mice through splenic injection. Eachmouse
received 200 mL cell suspension containing 1� 106 viable hepatocytes.

For transplantation in irradiation preconditioned mice, normal male
C57BL/6 mice, aged 8 to 10 weeks, were subjected to a single dose of
20 Gy abdominal gamma ray irradiation from a cobalt-60 source.
Irradiation was limited to the upper abdomen of the mouse by
customized 50-mm lead shielding of other parts of the body. Hepato-
cyte transplantation was performed 24 h after irradiation.
1852 Molecular Therapy Vol. 31 No 6 June 2023
In vivo chemical screening

Wild-type mice infused with hepatocytes trans-
duced with AAV2/8-CAG-EGFP-T2A-lucifrase
were used for in vivo screening. The compounds
screened were ripasudil (ROCK inhibitor,
17.3 mg/kg body weight); dasatinib (Src kinase
inhibitor, 25 mg/kg body weight); blebbistatin
(nonmuscle myosin II ATPase inhibitor,
2.5mg/kg bodyweight); and pyrintegrin (b1-in-
tegrin agonist, 10 mg/kg body weight). All chemicals were first
dissolved in DMSO and diluted in 30% 2-hydroxypropyl-b-cyclodex-
trin at a ratio of 1:20 to generate the working solution. All mice
received compounds at the indicated dosage soon after cell transplan-
tation by intraperitoneal injection (working solution or vehicle control
at 10mL/kg body weight). Themice were analyzed by in vivo biolumi-
nescence imaging after luciferin (PerkinElmer) injection (150mg lucif-
erin/kg body weight) at the time points indicated. In subsequent
experiments to analyze the function of ripasudil on hepatocyte
engraftment, ripasudil was administered ondays 0, 1, and 2 after trans-
plantation. All chemicals were obtained from MedChemExpress
except where mentioned.

In vitro assay for complement activation

Mouse blood was collected intracardially. Briefly, mice were eutha-
nized in a carbon dioxide chamber. A 25G needle connected with a
1-mL syringe was inserted into the chest while maintaining a constant
slight negative aspiration pressure. Once all the blood was withdrawn,
the needle was removed from the syringe, and the blood was collected
into a 1.5-mL Eppendorf tube without anticoagulant. The blood was
allowed to clot for 30 min at 4�C before centrifugation at 1,300 RCF
for 15 min. Serum was collected, pooled, and immediately used for
in vitro complement activation assays.

For in vitro complement activation assays, isolated hepatocytes were
cultured in Matrigel-coated 12-well plates at 1 � 105 cells/well using
700 mL DMEM/F12 medium supplemented with N2 and B27, as pre-
viously reported.27 Hepatocytes were cultured for an hour with 4 mM
ripasudil or vehicle control. Then, freshly collected mouse serum



Figure 7. Knockdown of CD59a abolished ripasudil-enhanced hepatocyte liver engraftment

(A) Protein bands of western blot analysis of CD59a expression by hepatocytes after transduction with AAV expressing CD59a shRNA. (B) Gray value analysis of (A). (C) Real-

time PCR analysis of CD59a expression by hepatocytes after transduction with AAV expressing CD59a shRNA. (D) Costaining of C5b-9 and CD59a was performed on

hepatocytes incubated with fresh serum after knock down of CD59a. (E) Quantitative analysis of C5b-9 positive hepatocytes in (D). (F) The liver engraftment of hepatocytes

expressing CD59a shRNA2was analyzed by bioluminescence imaging 3 days after cell transplantation. (G) Quantitative analysis of (F). The scale bars represent 100 mM in (D).

Data are shown as the means ± SEMs of three independent experiments. *p < 0.05, **p < 0.01.
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(300 mL per well) was added to each well. After incubation for another
hour, hepatocytes were fixed in 4% paraformaldehyde for analysis of
the membrane attack complex by C5b-9 staining. Zombie Red fixable
dye staining (BioLegend) was performed according to the manufac-
turer’s instructions.

All tissue culture products were obtained from Invitrogen except
where mentioned.

Immunocytochemistry and histology analysis

For immunocytochemistry analysis, cells were fixed in 4% parafor-
maldehyde for 5 min at 4�C, washed three times with PBST (PBS
containing 0.1% Triton X-100), and incubated in blocking buffer
consisting of PBST with 5% normal donkey serum (Jackson
ImmunoResearch Laboratories) for 30 min at room temperature.
The cells were then incubated with primary antibody overnight at
4�C in blocking buffer. Next, the cells were washed with PBST and
incubated with Alexa Fluor-conjugated secondary antibodies
(Invitrogen, 1,000�) in PBST for 1 h at room temperature. Nuclei
were visualized by DAPI staining (Sigma-Aldrich). Images were
captured using a Nikon Eclipse 50i microscope. Counting of fluores-
cent cells in immunocytochemistry images was performed using
ImageJ software as previously reported.54 The images were converted
to binary images. The staining threshold was implemented manually.
Ten random 100� visual fields were selected to obtain the mean
values for each staining.

For the histology assays, liver tissues were fixed in 4% paraformalde-
hyde overnight at 4�C and embedded in optimal cutting temperature
(OCT) compound. Liver cryostat sections (10 mm) were floated in
PBST, washed three times, and incubated in blocking buffer for
30 min at room temperature. The sections were then incubated
with primary antibody overnight at 4�C in blocking buffer. After
washing with PBST, the sections were incubated with Alexa Fluor-
conjugated secondary antibodies (Invitrogen, 1,000�) in PBST for
1 h at room temperature. Nuclei were visualized by DAPI staining
(Sigma-Aldrich). Images were captured using a Nikon Eclipse
Ti2-U microscope. Quantification of Fah-positive or mTmG hepato-
cytes in the liver was performed in cryostat sections of left liver lobes.
Ten random 100� visual fields from different sections were selected
to obtain the mean value for every mouse (at least three mice at each
time points) by using ImageJ software.
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Figure 8. Ripasudil accelerates liver repopulation of

Fah–/– mice

(A) Dpp4 and Fah costaining of Fah�/� mouse liver sec-

tions 2, 3, and 4 weeks after wild-type hepatocyte trans-

plantation under treatment with ripasudil or vehicle con-

trol. The inset in (A) is a higher-magnification view of the

area in the red box of each image. (B) The percentage of

liver engraftment at 2, 3, and 4 weeks was quantified. (C

and D) Serum analysis of alanine aminotransferase (ALT)

and aspartate aminotransferase (AST) in Fah�/�

mice 4 weeks after hepatocyte transplantation under

treatment with ripasudil or vehicle control. The scale bars

represent 250 mM in (A). Data are shown as the

means ± SEMs. **p < 0.01.
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The antibodies used are shown in Table S2.

RNA extraction and qRT-PCR analysis

RNA was extracted using RNAiso Plus reagents (TaKaRa). Reverse
transcription was performed with 1 mg RNA using PrimeScript RT
Master Mix (TaKaRa). The primers used are shown in Table S3.
qRT-PCR was carried out using PowerUp SYBR Green mixture
(Thermo Fisher Scientific). The expression of CD59a was normalized
to that of GAPDH in all samples.

TRANSPLANTATION OF FAH�/� MICE
Twenty-four Fah�/� mice were divided into two groups. One group
received 1� 105 viable hepatocytes (n = 12) and was intraperitoneally
administered 17.3 mg/kg/day ripasudil soon after cell transplantation
once a day for 3 days. The second group received 1 � 105 viable he-
patocytes (n = 12) and was administered vehicle control intraperito-
neally soon after cell transplantation once a day for 3 days. NTBC was
removed from the drinking water soon after cell transplantation. The
animals were analyzed at 2 (n = 3 for each group), 3 (n = 3 for each
group), and 4 weeks (n = 6 for each group). Six Fah�/�mice receiving
200 mL PBS through splenic injection were used as mock transplanta-
tion controls and were administered vehicle control intraperitoneally
once a day for 3 days.

Quantification and statistical analysis

Statistical analysis was performed using GraphPad Prism 7 software
unless otherwise noted. Statistical significance (p values) was calcu-
lated by unpaired two-tailed Student’s t test. Statistical significance
was denoted as follows: *p < 0.05; **p < 0.01; n.s., not significant.
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