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Abstract
Small-for-size syndrome (SFSS) has a poor prognosis due to excessive shear stress and 
sinusoidal microcirculatory disturbances in the acute phase after living-donor liver 
transplantation (LDLT). Multilineage-differentiating stress enduring (Muse) cells are 
reparative stem cells found in various tissues and currently under clinical trials. These 
cells selectively home to damaged sites via the sphingosine-1-phosphate (S1P)–S1P 
receptor 2 system and repair damaged tissue by pleiotropic effects, including tissue 
protection and damaged/apoptotic cell replacement by differentiating into tissue-con-
stituent cells. The effects of intravenously administered human bone marrow-Muse 
cells and -mesenchymal stem cells (MSCs) (4 × 105) on liver sinusoidal endothelial cells 
(LSECs) were examined in a rat SFSS model without immunosuppression. Compared 
with MSCs, Muse cells intensively homed to the grafted liver, distributed to the sinu-
soids and vessels, and delivered improved blood chemistry and Ki-67(+) proliferative 
hepatocytes and -LSECs within 3 days. Tissue clearing and three-dimensional imaging 
by multiphoton laser confocal microscopy revealed maintenance of the sinusoid conti-
nuity, organization, and surface area, as well as decreased sinusoid interruption in the 
Muse group. Small-interfering RNA-induced knockdown of hepatocyte growth factor 
and vascular endothelial growth factor-A impaired the protective effect of Muse cells 
on LSECs. Intravenous injection of Muse cells might be a feasible approach for LDLT 
with less recipient burden.
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1  |  INTRODUC TION

In living-donor liver transplantation (LDLT), the graft should be as 
small as possible for the donor, but as large as possible for the re-
cipient.1-4 Small-for-size syndrome (SFSS) in LDLT, a multifactorial 
disease caused by both donor and recipient factors, has a poor post-
operative prognosis mainly due to sinusoidal microcirculatory dis-
turbances after portal reflow.5 Prophylactic measures against SFSS 
are represented by portosystemic shunts, splenectomy to modulate 
portal pressure, splenic arterial ligation/embolization, somatostatin 
and its analogs, and larger graft selection based on the graft-to-re-
cipient weight ratio (GRWR), but no effective treatments have been 
established.6-11 In rats with SFSS, treatment with stem cells such as 
mesenchymal stem cells (MSCs) and adipose-derived stem cells is 
reported to be effective.12-14

Liver regeneration is a remarkable physiologic reaction after LDLT, 
hepatectomy, and liver injury, promoted by various signaling pathways 
involving extracellular matrix remodeling, metabolites, tumor necrosis 
factor-α, interleukin-6, and bile acids.15-19 In SFSS, liver sinusoidal en-
dothelial cells (LSECs) are injured by shear stress after portal reflow. 
Shear stress is, in a sense, a necessary trigger for inducing smaller 
grafts to regenerate their original volume in the early stages of liver 
regeneration.20-23 While moderate shear stress beneficially affects 
LSECs and liver regeneration, excessive shear stress disturbs liver 
regeneration.24 Serious vascular endothelial damage during the early 
postoperative period negatively affects graft survival and prognosis. If 
an effective and easily accessible treatment for sinusoidal microcircu-
latory disturbances can be established, smaller grafts can regenerate 
after transplantation, allowing for reduced graft volume with a high 
graft survival rate. This may contribute to decrease the donor short-
age, extend donor adaptation, and reduce the donor burden.

Multilineage-differentiating stress enduring (Muse) cells are 
non-tumorigenic endogenous pluripotent-like stem cells, identified 
as cells positive for the pluripotent stem cell surface marker stage 
specific embryonic antigen (SSEA)-3, present in the bone marrow 
(BM), peripheral blood, and connective tissues of organs.25-28 They 
can also be harvested from cultured MSCs as several percent of the 
total cell population.29,30 Muse cells have several unique properties: 
(1) intravenously injected Muse cells recognize damaged tissue and 
selectively accumulate at the site of damage because they express 
the sphingosine-1-phosphate (S1P) receptor 2, which recognizes the 
S1P produced by damaged/apoptotic cells; and (2) after selective 
homing to the damaged site, Muse cells replace damaged/apoptotic 
cells by spontaneous differentiation into the damaged/apoptotic cell 
type, and contribute to tissue repair.31 In murine models of fulminant 
hepatitis, hepatectomy, and cirrhosis, intravenously injected human 
Muse cells spontaneously differentiate into liver components, such 

as hepatocytes, sinusoidal endothelium, bile duct epithelium, and 
Kupffer cells, after homing to the damaged liver.32,33

Besides tissue repair effects, Muse cells have other beneficial 
effects, such as neovascularization, immunomodulation, trophic-, 
anti-apoptotic-, and anti-fibrotic effects.33-35 Furthermore, allogene-
ic-Muse cells escape host immunorejection after intravenous admin-
istration and survive in the host tissue as differentiated cells for over 
6 months, even without immunosuppressive treatment.31 This abil-
ity is partly explained by the expression of human leukocyte antigen 
(HLA)-G, a histocompatibility antigen that mediates immune tolerance 
in the placenta.31 In fact, intravenously administered allogeneic-Muse 
cells have been applied to clinical trials under the approval of regula-
tory authorities for acute myocardial infarction, stroke, epidermolysis 
bullosa, spinal cord injury, and neonatal hypoxic-ischemic encephalop-
athy without HLA matching or long-term immunosuppressants.36,37

In the present study, we created a rat model of LDLT with an ex-
tra-small graft to partially mimic clinical SFSS, and human Muse cells 
were intravenously administered soon after transplantation with-
out immunosuppression. Human BM-MSCs were used as a control 
because MSCs contain Muse cells and their effectiveness in SFSS 
was previously evaluated in rats.12-14 In clinical LDLT, the prognosis 
of the grafted liver is significantly affected by portal hypertension 
for 4 days after transplantation.38 In rat partial liver transplanta-
tion, liver regeneration begins immediately after portal reflow, with 
the production of regenerative factors diminishing by day 7 after 
transplantation.39,40 Therefore, our study focused on evaluating the 
3 days after Muse cell administration.

2  |  MATERIAL S AND METHODS

2.1  |  Preparation of human BM-MSCs and Muse 
cells

Human BM-MSCs were purchased from Lonza (Cat. # PT-2501). 
SSEA-3(+) human Muse cells were collected from human BM-MSCs 
as SSEA-3(+) by magnetic-activated cell sorting as described.35,41,42 
Collected cells were cultured overnight to exclude dead cells, and 
then suspended in cryopreservation solution (Cat. # ZR638, Zenoaq) 
and stored at −80°C until use.

2.2  |  Rat extra-small partial liver 
transplantation model

Male Lewis rats, weighing 270–300 g, aged 10–13-week-old were 
purchased from Japan SLC, Inc. All experiments were conducted 

K E Y W O R D S
animal models: murine, basic (laboratory) research/science, cellular transplantation (non-islet), 
donors and donation: living, liver transplantation/hepatology, liver transplantation: living 
donor, regenerative medicine, stem cells, tissue injury and repair
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according to the Guide for the Care and Use of Laboratory Animals 
prepared by the National Academy of Sciences and published by the 
National Institutes of Health. The study was approved by the Animal 
Care and Use Committee of Tohoku University.

Extra-small partial liver transplantation was performed accord-
ing to the cuff method for portal vein reconstruction with re-arteri-
alization.39,43-45 The 20% liver graft comprised the superior right lobe 
and inferior right lobe. The details are provided in the Supplemental 
Methods. Portal pressure was directly measured using a saline ma-
nometer after all reconstruction.

Animals received an injection of cells suspended in 2 ml saline via 
the penile vein within 2.5 h after portal reflow because reconstruc-
tion of the infrahepatic inferior vena cava, artery, and biliary duct 
required ~2.5 h, and because cells freshly recovered from cryopres-
ervation were considered preferable for injection.

2.3  |  Animal groups

Operated rats were divided into five groups, receiving either saline 
(vehicle group), 0.4 million BM-MSCs (MSC-0.4M group), 5 million 
BM-MSCs (MSC-5M group), 0.4 million Muse cells (Muse group), or 
0.4 million hepatocyte growth factor (HGF)/vascular endothelial 
growth factor A (VEGFA)-knocked down-Muse cells (HGF/VEGF-
KD-Muse group). The intact group comprised naïve animals that did 
not undergo any procedures. Portal pressure was measured in ani-
mals that underwent whole liver transplantation.

Ten animals were used for GRWR, indocyanine green (ICG) test, 
blood biochemistry and terminal deoxynucleotidyl transferase de-
oxyuridine triphosphate nick-end labeling (TUNEL) staining, and five 
animals were used for portal flow pressure measurement, evaluat-
ing the dose dependency of Muse cells, in vivo dynamics of Akaluc-
labeled cells, sinusoidal imaging, and immunohistochemistry.

2.4  |  ICG test and blood biochemistry

The ICG test was performed as described previously.46 The data for 
the intact group are not shown in the figures because the values dif-
fered greatly from those of the experimental groups. Blood samples 
were analyzed by DRI-CHEM 7000V (Fujifilm) at day 3.

2.5  |  In vivo dynamics of intravenously 
injected cells

BM-MSCs were infected with Akaluc/pcDNA3 lentivirus,47 and then 
SSEA-3(+)-Muse and SSEA-3(−)-MSCs (named “non-Muse cells”) 
were separated by fluorescence-activated cell sorting. After separa-
tion, the Akaluc-labeled Muse and non-Muse cells were mixed at a 
ratio of 7:3 to mimic the ratio of Muse cells in the Muse group.

At day 3, the rats were administered 1 mg AkaLumine-HCl 
(6.6 mM, Cat. #035-22991, FUJIFILM Wako Pure Chemical 

Corporation) in distilled water. Each organ was removed and im-
mersed in 500 µM AkaLumine-HCl in normal saline, and evaluated 
using an IVIS Spectrum CT in vivo imaging system (Perkin Elmer).

2.6  |  Tissue clearing and sinusoidal imaging

At day 3, rats were administered 1 mg/ml Texas Red-labeled dex-
tran dissolved in phosphate-buffered saline (Cat. #D1864, Thermo 
Fisher) at 1 mg/100 g body weight via the penile vein. Texas Red-
dextran is lysine fixable, and thus the signal remained in the ves-
sel after fixation. Five minutes later, the graft liver was removed, 
fixed by 4% paraformaldehyde, subjected to tissue clearing and was 
observed under multiphoton laser confocal microscopy (A1 MP+, 
Nikon) to obtain three-dimensional (3D) images.

Detailed methods are provided in the Supplemental Methods.

3  |  RESULTS

3.1  |  Study condition for intravenous 
administration of human Muse cells

The mean percent of Muse cells in BM-MSCs was 6.3 ± 1.7% (Figure 
S1). Magnetic-activated cell sorting yielded 73.0 ± 2.7% Muse cells, 
similar to previous reports (Figure S1).35,41,42 Isolated Muse cells with 
a Muse cell ratio less than 70% were not used in the experiments.

Extra-small partial liver transplantation was performed in rats as 
shown in Figure 1A. A representative liver graft after anastomosis 
is shown in Figure 1B. Approximately 5.26% of the rats died within 
48 h after surgery, whereas the survival rate beyond 48 h was 100%. 
Mortality did not differ among the experimental groups within 48 h. 
Rats with biliary complications were excluded.

Portal pressure did not differ between the hepatic 
(16.38 ± 1.12 cm H2O) and enteral (16.32 ± 1.15 cm H2O; p = .94) sides 
of the portal cuff. When the whole liver was transplanted, however, 
the portal pressure on the hepatic side was 10.58 ± 1.01 cm H2O, 
which was significantly lower than that in the 20% liver transplanta-
tion (p < .001). At day 3, the patency of the reconstructed portal vein 
and hepatic artery was visually confirmed in all rats. Biliary compli-
cations were not detected in the analyzed rats.

To determine the optimal dose of Muse cells for intravenous in-
jection, an ICG test was performed. While human Muse cells were 
injected to rat models, none of the animals underwent immunosup-
pression in the following experiments.

The ICG-plasma disappearance rate (PDR) of intact rats was 
0.21 ± 0.02 and that of the vehicle group was 0.033 ± 0.009. The 
ICG-PDR of groups injected with 1 × 105, 2 × 105, and 4 × 105 Muse 
cells was 0.032 ± 0.012, 0.055 ± 0.021, and 0.068 ± 0.018, respec-
tively. The ICG-PDR differed significantly between the 1 × 105- and 
4 × 105-Muse cell groups (p = .0095), and between the vehicle and 
4 × 105-Muse cell groups (p = .012; Figure 1C). Although there was 
no significant difference between 2 × 105 and 4 × 105 Muse cells 
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(p = .54), we decided to inject 4 × 105 Muse cells as the “Muse group” 
in the following experiments because the ICG-PDR of 4 × 105 Muse 
cells was better than that of 2 × 105 Muse cells (Figure 1C).

Because the Muse group received 4 × 105 cells, the same number 
of human BM-MSCs was injected for the MSC group (“MSC-0.4M 
group”). We also used another MSC group that received 5 × 106 
BM-MSCs (“MSC-5M group”); this group received MSCs containing 
the same number of Muse cells as the Muse group. As mentioned 

above, the purity of the Muse cell population after isolation by mag-
netic-activated cell sorting was ~73%. Therefore, the 4 × 105-Muse 
cell population used for the Muse group contained ~3 × 105 pure 
Muse cells. Because the proportion of Muse cells in MSCs is ~6.3%, 
5 × 106 MSCs contain ~3 × 105 Muse cells.

At 3 days after cell injection, the size and appearance of the grafted 
livers did not differ among the four groups (Figure 1D). The GRWR also 
did not differ significantly among the four groups (Figure 1E).

F I G U R E  1  Experimental outline and dose-dependency test by ICG. (A) Schema and time course of the experiments. Volume reduction 
was performed in the donor whole liver. A 20% liver graft composed from the SRL and IRL was transplanted to the recipient after removing 
the recipient's whole liver. (B) Representative liver graft image and a contour-traced image after anastomosis. (C) To determine the best 
dose of Muse cells for intravenous injection, an ICG plasma clearance test was performed in the vehicle and 1 × 105, 2 × 105, and 4 × 105 
Muse cell groups (n = 5/group). Mean ICG-PDR in intact rats was 0.21 ± 0.02. (D) Representative images of liver grafts before and 3 days 
after cell injection in each group. Sizes and appearance of the liver grafts did not differ significantly. (E) GRWR did not differ significantly 
among the four groups (n = 10/group). *p < .05, and **p < .01. A, hepatic artery; B, bile duct; GRWR, graft-to-recipient weight ratio; ICG, 
indocyanine green; IHIVC, infrahepatic inferior vena cava; IRL, inferior right lobe; LTx, liver transplantation; MSC, mesenchymal stem cell; 
Muse, Multilineage-differentiating stress enduring; P, portal vein; PDR, plasma disappearance rate; SHIVC, suprahepatic inferior vena cava; 
SRL, superior right lobe 
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3.2  |  ICG-PDR

The ICG-PDR, an indicator of dynamic liver function, was 
0.036 ± 0.010 in the vehicle group, 0.042 ± 0.011 in the MSC-0.4M 
group, 0.047 ± 0.020 in the MSC-5M group, and 0.068 ± 0.018 in 
the Muse group (Figure 2A). ICG-PDR was significantly different be-
tween the Muse and MSC-5M groups (p = .0262), Muse and MSC-
0.4M groups (p = .0033), and Muse and vehicle groups (p = .0003), 
with the highest recovery of ICG-PDR in the Muse group. ICG-PDR 
was not significantly different between the vehicle and MSC-0.4M 
(p = .84) or MSC-5M (p = .38) groups, or between the MSC-0.4M and 
MSC-5M groups (p = .86).

3.3  |  Blood biochemistry analysis

The Muse group had significantly lower aspartate transaminase 
(AST, p = .0356) and alanine transaminase (ALT, p = .0395) levels 
than the vehicle group (Figure 2B). While the Muse group tended 
to have lower ammonia, γ-glutamyl transpeptidase, and total bili-
rubin values, and a higher albumin value compared with the ve-
hicle, MSC-0.4M, and MSC-5M groups, these parameters did not 
differ significantly among the four groups (Figure 2B). Notably, 
the values of these parameters in the MSC-0.4M and MSC-5M 
groups were similar with no significant differences between them 
(Figure 2B).

Because the MSC-0.4M and MSC-5M groups had approxi-
mately the same values and showed no significant difference in 
ICG-PDR and blood biochemistry, the MSC-0.4M group was se-
lected as representative of the two MSC groups in the following 
experiments.

3.4  |  In vivo dynamics of intravenously injected 
Akaluc-Muse cells and -MSCs

In the Muse group, the Akaluc signal was detected in the liver graft 
at 3 days after administration, while it was under the detection 
limit in the other organs, except the lung, which was the first capil-
lary trap after intravenous injection (Figure 3A). In the MSC-0.4M 
group, significantly less Akaluc signal was detected in the grafted 

liver compared with the Muse group and except for the lung, the 
Akaluc signal was under the detection limit in the other organs 
(Figure 3B).

F I G U R E  2  The ICG-PDR and blood biochemistry analysis. 
(A) ICG-PDR after vehicle, MSC-0.4M, MSC-5M, and Muse cell 
administration (n = 10/group). The Muse cell group exhibited the 
highest ICG-PDR recovery. (B) Blood biochemistry analysis (n = 5 
for intact rats, n = 10/group for the other four groups). Statistical 
analysis was performed among the vehicle, MSC-0.4M, MSC-
5M, and Muse groups. *p < .05, **p < .01, and ***p < .001. ALB, 
albumin; ALP, alkaline phosphatase; ALT, alanine transaminase; 
AST, aspartate transaminase; ICG-PDR, indocyanine green plasma 
disappearance rate; Muse, multilineage-differentiating stress 
enduring NH3, ammonia; T-Bil, total bilirubin; γ-GTP, γ-glutamyl 
transpeptidase 
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F I G U R E  3  In vivo dynamics of intravenously injected Muse cells and MSCs. (A) Three days after intravenous administration, the Akaluc 
signal was detected predominantly in the liver graft in the Muse group while it was weaker in the MSC group (n = 5/group). (B) In the 
other organs, except for the lung (the first capillary trap after intravenous injection), the Akaluc signal was under the detection limit. (C) 
Representative images of STEM121, a human-specific cytoplasmic marker, at 3 days after intravenous administration. Blue shows DAPI 
signals (nuclear counterstain) and green shows STEM121 signals. (D) STEM121 was detectable in the liver graft of both the Muse and 
MSC-0.4M groups with significantly higher levels in the Muse group than in the MSC-0.4M group. MSCs were mainly detected in sinusoids 
while Muse cells were detected in both sinusoids and larger vessels. Bars: 50 µm, n = 5/group, *p < .05, **p < .01, and ***p < .001. DAPI, 
4′,6-diamidino-2-phenylindole; MSCs, mesenchymal stem cells; Muse, multilineage-differentiating stress enduring; STEM121, human-
specific cytoplasmic marker 
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In immunohistochemistry, STEM121, a human-specific cyto-
plasmic marker, was detectable in the liver grafts of the Muse and 
MSC-0.4M groups, but the frequency was significantly higher in 

the Muse group (6.80 ± 1.79 cells/mm2) than in the MSC-0.4M 
group (0.60 ± 0.33 cells/mm2; p < .001; Figure 3C,D). Notably, 
STEM121(+) cells were detected in the sinusoids and larger vessels 

F I G U R E  4  Liver sinusoidal images obtained from cleared liver tissues. (A) Example of a cleared liver in the vehicle group. (B) 3D frames 
of movies and 2D-images exported from the 3D images at every 50-μm Z-axis level (n = 5/group). Compared with sinusoids in the intact 
group, those in the vehicle and MSC-0.4M groups were irregularly organized and interrupted. Sinusoids in the Muse group, however, were 
continuous, similar to those in the intact group. The size of the rectangle in the 3D images is X: 795.5 µm × Y: 795.5 µm × Z: 200.6 µm. 
Bars in (A): 10 mm, bars in (B): 100 µm. 2D, two-dimensional; 3D, three-dimensional; MSC, mesenchymal stem cell; Muse, multilineage-
differentiating stress enduring 
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in the Muse group, but only in the sinusoids in the MSC-0.4 group 
(Figure 3C).

These findings suggested that Muse cells homed to and incorpo-
rated into the grafted liver more efficiently than MSCs within 3 days 
after administration.

3.5  |  Evaluation of the sinusoid protection effect

The 3D images of the sinusoids were obtained from each group at 
3 days. Because the dextran was injected intravenously, the liver si-
nusoids were selectively depicted. Figure 4A shows an example of 
a cleared liver in the vehicle group. Figure 4B shows 3D frames of 
movies (Movie S2A, C, E, G) and 2D images exported from the 3D 
images at every 50-μm Z-axis level. Compared with the sinusoids in 
the intact group, those in the vehicle and MSC-0.4M groups were 
irregularly organized and interrupted. Sinusoids in the Muse group, 
however, were continuous, similar to those in the intact group 
(Figure 4B).

The detailed organization of the sinusoids was further analyzed 
using the Gaussian Blur 3D, Median Filter 3D, and 3D Objects 
Counter plug-ins for ImageJ. Each continuous sinusoid was col-
ored a distinct color by Glasbey-on-dark processing (Movie S2B, 
D, F, H). Continuous sinusoids were more abundant in the liver in 
the intact and Muse groups, whereas the majority of sinusoids in 
the vehicle and MSC-0.4M group liver grafts were discontinuous 
(Figure 5A).

The ratio of the total liver sinusoidal volume per unit volume 
was significantly higher in the Muse group (6.35 ± 0.28%) than in 
the vehicle (3.16 ± 0.88%; p < .0001) and MSC-0.4M (3.29 ± 0.38%; 
p < .0001) groups (Figure 5B). Notably, there was no significant 
difference between the Muse and intact groups (6.16 ± 0.10%, 
p = .9313; Figure 5B).

The mean continuous sinusoidal volume within one field of view 
was significantly higher in the Muse group (164 113 ± 23 081 µm3) 
than in the intact (77 392 ± 17 156 µm3; p < .0001), vehi-
cle (35 578 ± 26 961 µm3; p < .0001), and MSC-0.4M groups 
(35 134 ± 7204 µm3; p < .0001; Figure 5C).

The mean continuous sinusoid surface area, namely the lumi-
nal surface area of the sinusoids, was also significantly higher in 
the Muse group (77 860 ± 17 299 µm2) compared with the intact 

(42 003 ± 5712 µm2; p = .0004), vehicle (17 369 ± 10 579 µm2; 
p < .0001), and the MSC-0.4M groups (18 098 ± 3605 µm2; p < .0001; 
Figure 5D).

The number of interrupted sinusoids was significantly lower in 
the Muse group (135 ± 30) than in the vehicle (289 ± 53; p = .0001) 
and MSC-0.4M (311 ± 55; p < .0001) groups. The Muse and intact 
(176 ± 17) groups were not significantly different (p = .44), while the 
number of interrupted sinusoids was significantly higher in the MSC-
0.4M (p = .0006) and vehicle groups (p = .0030) than in the intact 
group (Figure 5E).

3.6  |  Immunohistochemistry for LSECs and Ki-67

Immunohistochemistry for lymphatic vessel endothelial hyaluronan 
receptor 1 (lyve-1), a surface marker for LSECs, revealed that the 
percent positive area was significantly higher in the Muse group 
(4.13 ± 0.22%) compared with the vehicle (2.19 ± 0.39%; p < .001) 
and MSC-0.4M (2.30 ± 0.11%; p < .001) groups (Figure 6A,D), but did 
not differ significantly between the Muse and intact (4.00 ± 0.22%) 
groups (p = .87; Figure 6D).

The Ki-67 positivity, indicating proliferative activity in hepato-
cytes, was significantly greater in the Muse group (56.51 ± 4.07%) 
than in the vehicle (46.21 ± 1.04%, p < .001) and MSC-0.4M groups 
(48.28 ± 1.45%; p < .001; Figure 6B,E).

The hepatic sinusoidal endothelial cells antibody (SE-1) is an-
other surface marker for LSECs. SE-1 and Ki-67 double-positivity, 
indicating proliferating LSECs, was significantly higher in the Muse 
group (26.2 ± 3.5%) than in the vehicle (16.3 ± 1.2%, p < .001) and 
MSC-0.4M groups (18.5 ± 2.3%; p = .0011, Figure 6C,F).

3.7  |  The LSEC protection effects of HGF/VEGF-
KD-Muse cells

HGF and VEGFA are involved in LSEC protection.48 The gene ex-
pression level of HGF and VEGFA was substantially higher in Muse 
cells than in MSCs; HGF was 2.84 ± 0.051 times higher (p < .001) and 
VEGFA was 2.08 ± 0.055 times higher (p < .001) in Muse cells than in 
MSCs in quantitative polymerase chain reaction (qPCR) (Figure 7A). 
We then estimated how these factors contribute to the protective 

F I G U R E  5  Evaluation of the sinusoid protection effect. (A) Glasbey-on-dark processing was used to color each continuous sinusoid with 
a distinct color to clarify the detailed organization of the sinusoids. Continuous sinusoids were more abundant in the liver of the intact and 
Muse groups, while the majority of sinusoids in the liver grafts were discontinuous in the vehicle and MSC-0.4M groups. (B) The ratio of 
the total liver sinusoidal volume per unit volume was higher in the Muse group than in the vehicle and MSC-0.4M groups (n = 5/group). The 
difference between the Muse and intact groups was not significantly different. (C) The mean continuous sinusoidal volume within one field 
of view was significantly higher in the Muse group than in the intact, vehicle, and MSC-0.4M groups (n = 5/group). (D) The mean continuous 
sinusoid surface area, namely the luminal surface area of the sinusoids, was also significantly higher in the Muse group compared with the 
intact, vehicle, and MSC-0.4M groups (n = 5/group). (E) The number of interrupted sinusoids was significantly lower in the Muse group than 
in the vehicle and MSC-0.4M groups (n = 5/group). There was no significant difference between the Muse and intact groups. The size of 
the rectangle in the 3D images is X: 795.5 µm × Y: 795.5 µm × Z: 200.6 µm. Bars: 100 µm, *p < .05, **p < .01, and ***p < .001. 2D, two-
dimensional; 3D, three-dimensional; MSC, mesenchymal stem cell; Muse, multilineage-differentiating stress enduring 
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F I G U R E  6  Immunohistochemistry staining of LSECs and Ki-67. Representative images of (A) lyve-1, a surface marker for LSECs, (B) 
Ki-67, and (C) double staining of SE-1 (another surface marker for LSECs)/Ki-67, in each group. SE-1 and Ki-67 are stained with red and 
green, respectively in (C). (D) Statistical analysis revealed that the percent area positive for lyve-1 was significantly higher in the Muse group 
compared with the vehicle and MSC-0.4M groups. No significant difference was detected between the Muse and intact groups (10 fields/
case, n = 5/group). (E) The percent of Ki-67(+) in hepatocytes, indicating proliferation activity, was significantly greater in the Muse group 
than in the vehicle and in the MSC-0.4M groups (5 fields/case, n = 5/group). (F) The SE-1 and Ki-67 double-positive ratio of LSECs, indicating 
proliferating LSECs, was significantly higher in the Muse group than in the vehicle and in the MSC-0.4M groups (10 fields/case, n = 5/
group). Bars: 100 µm, *p < .05, **p < .01, and ***p < .001. Ki-67, cellular proliferation marker; LSECs, liver sinusoidal endothelial cells; lyve-1, 
lymphatic vessel endothelial hyaluronan receptor 1; MSC, mesenchymal stem cell; Muse, multilineage-differentiating stress enduring; SE-1, 
hepatic sinusoidal endothelial cells 
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effect of Muse cells on LSECs by co-transfecting HGF- and VEGFA-
small interfering RNA (siRNA; HGF/VEGF-KD-Muse cells). HGF 
and VEGFA levels in HGF/VEGF-KD-Muse cells were decreased to 
0.072 ± 0.002 (HGF, p < .001) and 0.25 ± 0.004 (VEGFA, p < .001) 
times of those of naïve Muse cells (Figure 7B).

We then evaluated the ICG-PDR for the Muse and HGF/
VEGF-KD-Muse groups at 3 days after injection of the cells. The 
HGF/VEGF-KD-Muse group had a significantly lower ICG-PDR 
(0.044 ± 0.016) than the Muse group (0.068 ± 0.018, p = .0045; 
Figure 7C).

The 3D images of sinusoids in the HGF/VEGF-KD-Muse group 
(Figure 7D, Movie S2I,J) were compared with those in the Muse 
group (Figures 4B and 5A, Movie S2G,H). The sinusoidal continu-
ity observed in the Muse group was largely impaired in the HGF/
VEGF-KD-Muse group (Figure 7D). In the HGF/VEGF-KD-Muse 
group, the total liver sinusoidal volume rate (3.51 ± 0.87%), the 
mean continuous sinusoidal volume (31 755 ± 13 817 µm3), and 
the mean continuous sinusoid surface area (16 622 ± 3831 µm2) 
were significantly decreased (p = .0001, <.0001, and <.0001, 
respectively), compared with the Muse group (Figure 7E), and 
the values approximated those in the vehicle and MSC groups 
(Figure 5B–D). In contrast, the number of interrupted sinusoids 
in the HGF/VEGF-KD-Muse group was 299 ± 30, which was sig-
nificantly higher than that in the Muse group (135 ± 30, p < .0001; 
Figure 7E).

The percent area positive for lyve-1 was lower in the HGF/VEGF-
KD-Muse group (1.21 ± 0.06%) than in the Muse group (p < .001; 
Figures 6D and 7F,G). The number of Ki-67(+) hepatocytes was sig-
nificantly lower in the HGF/VEGF-KD-Muse group (36.60 ± 3.13%) 
than in the Muse group (p < .001; Figures 6E and 7F, H). The SE-1 
and Ki-67 double-positive ratio was significantly lower in the 
HGF/VEGF-KD-Muse group (18.9 ± 1.5%) than in the Muse group 
(p = .0028; Figures 6F and 7F, I).

3.8  |  TUNEL staining

The TUNEL-positive cell ratio (1 ~ 2-positive cells/field) in the intact, 
vehicle, MSC-0.4M, and Muse groups did not differ significantly 
among the groups at day 3 (Figure S3).

4  |  DISCUSSION

In human LDLT, the liver graft must be 30%–40% of the standard 
liver volume. Although our model corresponded to only 20% of 
the whole liver volume, the survival rate was high at day 7 without 
postoperative support. Furthermore, the liver graft volume was 
very small, and the shear stress of the LSECs was more severe 
than that in rat liver transplant models with larger graft sizes. 
Therefore, the model we used was not identical to clinical SFSS 
but may mimic the pathology of sinusoidal dysfunction after liver 
transplantation.

Human Muse cells preferentially accumulated to the grafted 
liver after intravenous injection, and delivered LSEC protection as 
represented by well-organized sinusoid continuity compared with 
the vehicle and MSC-0.4M groups. Concomitantly, the indicators 
of liver function, ICG-PDR, AST, and ALT, were improved, and the 
amount of Ki-67(+)-hepatocytes and -LSECs, suggesting prolifer-
ating hepatocytes and LSECs, was higher in the Muse group. Thus, 
the grafted liver was suggested to be less damaged in the Muse 
group than in the other two groups. These beneficial effects were 
abolished when HGF and VEGFA expression was knocked down in 
the Muse cells, suggesting a role for these two factors in the LSEC 
protection effect of Muse cells. Compared with MSCs, Muse cells 
expressed higher HGF and VEGFA levels and intensively homed 
to the grafted liver after intravenous injection, where they might 
have successfully delivered HGF and VEGFA to the LSEC in the 
grafted liver.

In the Muse group, the sinusoid patency and continuity were 
improved and the amount of LSECs assessed by lyve-1 immunos-
taining was higher than that in the vehicle and MSC-0.4M groups. 
Furthermore, Muse cells appeared to accelerate the proliferation of 
both hepatocytes and LSECs.

Notably, both the mean continuous sinusoidal volume and 
mean surface area were higher in the Muse group than in the in-
tact group. The sinusoids of the intact liver appeared thinner and 
less continuous than those in the Muse group, which might be 
explained by the enlargement and extension of the grafted liver 
due to portal hypertension, leading to sinusoidal expansion in the 
Muse group.

The MSC-5M group contained the same absolute number of 
Muse cells as the Muse group. Despite the same number of Muse 
cells, the MSC-5M group had a significantly lower ICG-PDR than 
the Muse group. In addition, the Muse group exhibited signifi-
cantly better recovery of AST and ALT than the vehicle group, but 
these beneficial effects were not observed in the MSC-5M group. 
In fact, the accumulation of Akaluc-MSCs was lower than that of 
Muse cells in the grafted liver after intravenous injection, and 
expression of HGF and VEGFA was lower than that in the Muse 
group. The majority of MSCs comprise a non-Muse population, 
and thus the beneficial effects delivered by a small subpopulation 
of Muse cells were likely diluted in the MSC-5M group. MSCs have 
not only anti-inflammatory effects, but also pro-inflammatory ef-
fects.49 Thus, the majority portion of MSCs may offset the benefi-
cial effects of the Muse cells.

Administration of a smaller number of cells may decrease the risk 
of pulmonary embolism.50 Therefore, from the perspective of both 
protective effects and pulmonary embolism, a smaller cell number 
with a higher Muse cell ratio has greater advantages than a large 
number of MSCs, despite containing the same number of Muse cells, 
for systemic administration.

In the clinical situation, LDLT is performed for patients with liver 
cirrhosis and multiple organ disorders, including kidney injury, pul-
monary shunting, and cardiac remodeling. Muse cells may home to 
the liver as well as to other damaged organs via the S1P-S1PR2 axis 



2036  |    SHONO et al.



    |  2037SHONO et al.

when systemically administered to patients with liver cirrhosis.31,51 
The number of Muse cells required to treat patients should be re-es-
timated based on liver transplantation experiments in animal models 
of cirrhosis.

The siRNA experiment suggested that HGF and VEGFA are 
major factors involved in the LSEC protective effects of Muse 
cells. This raises the question of whether administering HGF and 
VEGF would have the same effects. There are several reports of 
the administration of recombinant HGF or VEGF, or MSCs ge-
netically modified to express high levels of HGF or VEGF.13,52-55 
Generally, recombinant factors degrade quickly and require fre-
quent repetitive administration, making the dosing difficult to con-
trol.53,55 Furthermore, administration of genetically modified cells 
to humans is associated with safety concerns.56 Muse cells origi-
nally express higher levels of HGF and VEGF than MSCs, and there 
is thus no need for gene transfer.

Muse cell clinical trials based on intravenous administration 
of donor-derived Muse cells without HLA-matching or immuno-
suppressant administration have been conducted for several dis-
eases.36,37 While careful validation must be continued in preclinical 
studies, the advantageous properties of Muse cells might be appli-
cable to SFSS. As demonstrated in this study, a reduced number of 
Muse cells can be administered compared with MSCs, and this may 
contribute to reduce the burden on patients with SFSS.

Improvement of the sinusoidal condition contributes to postop-
erative liver regeneration and can be expected to reduce SFSS. The 
results of the present study suggest that a new technique called hy-
brid liver-cell transplantation, which combines cell transplantation 
using Muse cells and organ transplantation of small-for-size grafts, 
is expected to be an effective treatment for end-stage liver disease.
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