Three-Dimensional Bio-Printed Tubular Tissue Using Dermal
Fibroblast Cells as a New Tissue-Engineered Vascular Graft for
Venous Replacement
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The current study was a preliminary evaluation of the feasibil-
ity and biologic features of three-dimensionally bio-printed
tissue-engineered (3D bio-printed) vascular grafts comprising
dermal fibroblast spheroids for venous replacement in rats
and swine. The scaffold-free tubular tissue was made by the
3D bio-printer with normal human dermal fibroblasts. The
tubular tissues were implanted into the infrarenal inferior
vena cava of 4 male F344-rnu/rnu athymic nude rats and the
short-term patency and histologic features were analyzed. A
larger 3D bio-printed swine dermal fibroblast-derived pro-
totype of tubular tissue was implanted into the right jugular
vein of a swine and patency was evaluated at 4 weeks. The
short-term patency rate was 100%. Immunohistochemistry
analysis showed von Willebrand factor positivity on day 2,
with more limited positivity observed on the luminal surface
on day 5. Although the cross-sectional area of the wall dif-
fered significantly between preimplantation and days 2 and
5, suggesting swelling of the tubular tissue wall (both p <
0.01), the luminal diameter of the tubular tissues was not
significantly altered during this period. The 3D bio-printed
scaffold-free tubular tissues using human dermal or swine
fibroblast spheroids may produce better tissue-engineered
vascular grafts for venous replacement in rats or swine.
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Background

Complete excision of malignant tumors invading the inferior
vena cava (IVC), hepatic vein, portal vein, or superior mesen-
teric vein is currently the only curative surgical option, espe-
cially in hepato-biliary-pancreatic surgery or urologic surgery.
Replacement of these veins with an autologous vein graft is
ideal, but size mismatch is a challenging obstacle." Although
cryopreserved homologous veins are sometimes used, the sup-
ply is insufficient in Japan due to the donor shortage, and the
availability is limited to only a few institutions.??

Synthetic vascular prostheses developed for arterial replace-
ment are another option. Novel synthetic vascular prostheses
for veins have not yet been developed because of their ten-
dency toward thrombogenicity due to low flow and pressure,
less biocompatibility, and vulnerability to infection.*®> The
migration of synthetic vascular prostheses into adjacent organs
also causes injuries and is another concern over the long term.®
New bio- or tissue-engineered vascular grafts are expected
to provide more safety and greater versatility for venous
replacement. New bio-printing technologies allow for the
assembly of predesigned three-dimensional (3D) structures
synthesized using cellular spheroids from human dermal fibro-
blasts without the need for scaffold materials.”® The success-
ful development of tubular structures using only fibroblast- or

mixed-cell spheroids and their implantation in rat aorta has
been reported,’' but the use of these bio-printed structures for
venous replacement has not yet been reported.

The technical feasibility of obtaining a single-cell source,
fibroblasts, from superficial tissues such as human skin to con-
struct tubular tissue allows for less invasive procedures than
those needed to obtain cells from other, deeper organs.' The
current study was a preliminary evaluation of the feasibility
and biologic features of new 3D-printed tissue-engineered
vascular grafts comprising human dermal or swine fibroblast
spheroids for venous replacement in rats and swine.

Materials and Methods

Cell Culture

Primary normal human dermal fibroblasts (CC-2509; Lonza,
Basel, Switzerland) or porcine allogeneic primary dermal fibro-
blasts from Cell Biologics (Chicago, IL) were cultured in fibro-
blast growth medium (Dulbecco’s modified Eagle’s medium
[DMEM; Wako Pure Chemical Industries, Osaka, Japan]
supplemented with 10% fetal bovine serum [FBS; Hyclone,
Logan, UT] and 100 U/ml penicillin/streptomycin [Invitrogen,
Carlsbad, CA]) in an incubator at 37°C under a humidifie



atmosphere with 5% CO,. The culture medium was replaced
every 2-3 days. Upon reaching 90% confluence, fibroblasts
were detached using 0.25% trypsin-ethylenediaminetetraacetic
acid (Life Technology Corporation, Grand Island, NY) and pas-
saged every 5 days. For this study, cells up to the fifth passage
were used.

To form spheroids, fibroblast suspensions were adjusted to
a concentration of 7.5 x 105 cells/ml. Subsequently, 100 pl
aliquots were plated into each well of ultra-low-attachment,
round-bottom 96-well plates (Sumilon PrimeSurface; Sumitomo
Bakelite, Tokyo, Japan) in the 3D culture medium consisting of
DMEM supplemented with 2% FBS (Hyclone), insulin (Wako),
5 pg/ml epidermal growth factor (R&D Systems, Minneapolis,
MN), 5 pg/ml fibroblast growth factor (FGF; Wako), 25 pg/ml
ascorbic acid (Wako), and 100 U/ml penicillin/streptomycin
(Invitrogen), and incubated at 37°C under a humidified atmo-
sphere with 5% CO,. After 72 h, the fibroblasts aggregated to
form spheroids with a median diameter of 449 pm (range =
265-486 pm).

Creation of Tubular Tissue From Multicellular
Spheroids Using a Bio-Three-Dimensional
Printer

The Regenova Bio-3D printer (Cyfuse Biomedical KK, Tokyo,
Japan) was used to assemble the scaffold-free construct, as
previously reported.'?' To assemble the construct using the
Bio-3D printer, the spheroids were individually picked up and
placed into a 7 mm Kenzan needle array (Figure 1A). The 7 mm
round Kenzan comprises a single row of 36 needles arranged
in a 7 mm diameter circle (Figures 1C, 2B). Approximately 1
week after 3D bio-printing, the spheroids fused to form a single
tubular construct (Figures 1, A and B, 2B). The needle array
was then removed, and the fibroblast tubular construct was
transferred onto a 5 mm polydimethylsiloxane tube. Additional
incubation of over 90 days was necessary for the fibroblasts
within the tube to reorganize and strengthen the construct
(Figures 1C, 2C). Incubation was carried out in DMEM (Fujifilm

Wako Pure Chemical Corporation, Osaka, Japan) supple-
mented with 2% FBS (Hyclone), FGF, epidermal growth fac-
tor, hydrocortisone, insulin, L (+)-ascorbic acid (Fujifilm Wako
Pure Chemical Corporation), and 40 pg/ml gentamicin (Lonza)
in a bioreactor equipped with a flow system. The medium in
the reactor was changed twice a week. All cultures were incu-
bated at 37°C in a humidified atmosphere of 5% CO, and 95%
air. At this stage, the fibroblast tube measured 0.5 mm in width
and approximately 10mm in length (Figure 2C).

Implantation of the Tubular Tissue Into
the Inferior Vena Cava in Rat

The study protocols (P16-119) were approved by the
University of Tokyo animal ethics committee according
to the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines (Japanese version). Male F344-rnu/rnu
athymic nude rats (n = 4, 12-15 weeks old, CLEA Japan Inc.,
Tokyo, Japan) were used. These rats lack T-cell function and
are thus immunotolerant to xenografts. The length, and
inner and outer diameters of the tubular tissue were 8, 2,
and 4 mm, respectively (Figure 3A). The tubular tissue (n = 4)
was implanted into each infrarenal IVC under general anes-
thesia with 2-3% isoflurane. The IVC was exposed as much
as possible, clamped at the cranial and caudal sides with
vascular clamps, and then cut between the vascular clamps
without excising. An end-to-end anastomosis was performed
with a 10-0 polypropylene interrupted suture under a 10x
stereo microscope (S9E; Leica Microsystems, Tokyo, Japan)
(Figure 3B). No anticoagulation or antiplatelet medications
were administered during or after the operation. On postop-
erative day 5, a laparotomy was performed, and the patency
of the IVC was directly assessed by Doppler ultrasonogra-
phy. The implanted tubular tissue was then removed for fur-
ther pathologic examination, and the rats were euthanized
by an overdose of pentobarbital sodium (Somnopentyl;
Kyoritsuseiyaku Corp. Tokyo, Japan).

77



Figure 1. The Bio-3D printer has a needle array (Kenzan) comprising 160 pm diameter stainless-steel microneedles arranged at 400 pm
intervals (A). Tubular tissue was designed using the computer software Bio-3D Designer (B). Spheroids were automatically placed in a con-
trolled position using the microneedles (C). 3D, three-dimensional.
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Figure 2. Schematic diagram showing the 3D bio-printing process. Hematoxylin-eosin staining showing an example of a spheroid with
cultured human dermal cells (below A). Spheroid aggregation (A). The nozzle picks up spheroids one by one and places them onto the
microneedles of the Kenzan (below B and B). Completion of scaffold-free tubular tissue comprising only live cells as a tissue-engineered

vascular graft (C). 3D, three-dimensional. [full color
online
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Figure 3. Tissue-engineered vascular grafts (length 8mm, inner and outer diameters, 2 and 4mm, respectively (A). Implanted tissue-
engineered vascular graft (B) with good patency on Doppler ultrasonography (C) and a steady flow (D). Median venous flow speed was
6.1cm/s (range = 3.9-8.2) on postoperative day 2 and 5.2cm/s (range = 5.1-5.2) on postoperative day 5, with no significant difference

between them (p = 0.72).
online

Histologic and Immunohistochemical Examination

Histologic analyses were performed on postoperative day
2 (n = 2) and postoperative day 5 (n = 2) after implantation
in rats using a polarizing microscope (BX51; Olympus Corp,
Tokyo, Japan) with imaging software (cellSens Standard;
Olympus Corp.). The tissue morphology was examined
following hematoxylin-eosin (HE) staining. For immuno-
histochemical analysis, tissues were fixed in neutral buf- fer
formalin. The tissue was sectioned to 4 pm thickness using
a microtome and labeled using the immunoenzyme
(peroxidase-antiperoxidase) method. Immunohistochemical
analysis was performed to evaluate the expression of von
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Willebrand factor (VWF) and cluster of differentiation
31 (CD31) as endothelial cell markers, and erythroblast
transformation-specific-related gene (ERG)' as an endothe-
lial differentiation and angiogenesis marker (Abcam plc.
Tokyo, Japan).

The inner and outer diameter and length of the tubu- lar
tissue structures were observed and directly measured
under a digital stereo zoom microscope (Leica S6 D; Leica
Microsystems, Wetzlar, Germany). The wall and luminal
area of cross-sections of each tubular tissue structure, and
the ratio of the areas with and without vVWF expression in
the cross-section of the wall were measured preimplantation,
and on days 2 and 5 to evaluate the remodeling process using



Image J software (version 1.44; National Institute of Health,
Bethesda, MD)."

Preliminary Implantation of Tubular Tissue
Into the Swine Jugular Vein

A Gottingen mini-pig (female, 8 months old, 16.6 kg;
Kitayama Labs and Oriental Yeast Co., Ltd., Ina, Japan) was
anesthetized with 2-4% isoflurane inhalation. A larger 3D bio-
printed swine dermal fibroblast-derived prototype of tubular
tissue (n = 1) with length, and inner and outer diameters of
14, 5, and 8 mm, respectively (Figure 4A), was implanted in
the right jugular vein under 3x surgical loupes (SurgiTel; Oral
Care, Inc, Tokyo, Japan). Oral ampicillin (125 mg/body) and
an intramuscular injection of buprenorphine hydrochloride
(0.2 mg/body) were administered daily for 7 days after implan-
tation. Neither immunosuppressants nor steroids were admin-
istered. Patency was examined by Doppler ultrasound (Arietta
Prologue; Hitachi Co. Ltd, Tokyo, Japan) every week. Computed
tomography (SOMATOM Definition AS+, Siemens, Germany)
was performed to assess the blood flow and luminal diameter of
the implanted tubular tissue using intravenous (via contralateral
internal jugular vein) contrast medium (Omnipaque; GE Health
Care, Tokyo, Japan) at 4 weeks after implantation.

Number of Spheroids

The trial data indicated that of the 288 spheroids set up
(number of spheroids detected) for printing, 286 spheroids
were successfully used (number of empty wells after spher-
oid pick up), resulting in a 99.3% accuracy rate for spheroids
picked up by the printer. In the current study, we fabricated
four tubular tissues for rats (22 spheroids x 40 layers = 880
spheroids/each) and one tubular tissue for swine (36 spheroids
x 80 layers = 2880 spheroids).

Statistical Analysis

Data were compared using the Wilcoxon signed-rank test
and are expressed as median and range. A p value <0.05 was
considered statistically significant. JMP Pro statistical software

(SAS Institute, Cary, NC, Version 17.0.0) was used for the
analysis.

Results

Rat Venous Experiment Model

Actual median length, and inner and outer diameters of
the tubular tissue were 9.4 mm (range = 8.3-14.0), 2.1 mm
(range = 1.8-2.8), and 3.9 mm (range = 3.8-5.6), respectively.
In all four rats, implanted tubular tissues were patent on days
2-5 (Figure 3C) with no mural thrombus detected (Figure 5).
Median venous flow speed was 6.1 cm/s (range = 3.9-8.2) on
postoperative day 2 and 5.2 cm/s (range = 5.1-5.2) on post-
operative day 5, with no significant difference between them
(p = 0.72; Figure 3D). Although the cross-sectional area of
the wall differed significantly between preimplantation and
days 2 and 5, suggesting swelling of the tubular tissue wall
(both p < 0.01; Figure 6B), the luminal diameter of the tubu-
lar tissues did not differ significantly between preimplanta-
tion and days 2 and 5 after implantation (p = 0.32 and p
= 0.26; Figure 6A). Acute inflammatory cell infiltration into
the circumference of the implanted tubular tissues was not
observed (Figure 5, HE).

An optical microscopy image of a low-power field view of
a rat showed no inflammatory cell infiltration, indicat- ing
no acute rejection or infection of the tubular tissue in HE-
stained sections (Figure 5, HE). No mural thrombus was
found among all cross sections. Immunohistochemistry anal-
ysis showed VWF positivity on almost 67% of the luminal side
of the cross-sectional area of the wall on day 2, with more
limited positivity observed on the luminal surface on day 5
(Figure 5, vWF), which was expected to form an endothelial
cell layer on the luminal surface. CD31 and ERG endothelial
cell markers, however, remained negative on days 2 and 5
(Figure 7, CD31, ERG). In the high-power view, VWF posi-
tivity was more evident on the surface of the luminal area,
potentially indicating endothelial cell colonization. Flat cells
on those surfaces indicative of endothelial cell colonization,
however, were not apparent in HE-stained sections (Figure 7,
HE, VWF).

Figure 4. For the swine jugular vein (A), Doppler ultrasonography showed good patency (B) with a steady flow rate of 7.8cm/s (C). Contrast-
enhanced computed tomography also showed favorable patency without stenosis or mural thrombus at 28 days after implantation (D)

79

online



Pre

HE

vWF

= 200 ym

Figure 5. Optical microscope image with low-power field view of a rat graft showing no inflammatory cell infiltration, indicating no acute
rejection or infection in hematoxylin and eosin-stained tubular tissue (HE). No mural thrombus was observed in any of the cross sections.
Immunohistochemical analysis showed VWF positivity on almost 67% of the luminal side of the cross-sectional area of the wall on postop-
erative day 2, with more limited positivity on the luminal surface on postoperative day 5 (vWF), which was expected to subsequently form an
endothelial cell layer on the luminal surface. HE, hematoxylin eosin; vVWF, von Willebrand factor.
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Figure 6. Although there was no significant difference in the luminal diameter of the tubular tissues between preimplantation and post-
operative days 2 and 5 after implantation (p = 0.32 and p = 0.26, respectively) (A), the cross-sectional area of the wall showed a significant
difference between preimplantation and postoperative days 2 and 5 (both p < 0.01) (B). All patency rates were 100% in the short term.

Swine Venous Experiment Model

The actual length, and inner and outer diameters of the
tubular tissue were 15.1, 4.9, and 7.0 mm, respectively.
Doppler ultrasonography showed patency with a steady flow,
6.8 cm/s (Figure 4, B and C). Contrast-enhanced computed
tomography also showed favorable patency with no stenosis
or mural thrombus at 28 days after implantation (Figure 4D).
The patency rate was 100% over the short term. A swine was
kept alive for collection of additional data after the 4 week
timepoint.

Discussion

This is the first report of synthetic vascular prostheses, or
tissue-engineeredvasculargrafts, producedusing3Dbio-printing
to fabricate tubular tissues from human or swine dermal
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fibroblast spheroids for venous implantation in rats and swine,
respectively. The new bio-printed synthetic vascular prosthe-
ses exhibited better short-term patency rates without mural
thrombus and histologic reaction in rats and 28 day patency
in swine.

In contrast to the numerous reports on arterial synthetic
vascular prostheses, the development of a prosthesis for veins
has long been overlooked. Recent advancements in hepato-
biliary-pancreatic surgical procedures have increased the need
for a new venous synthetic vascular prosthesis to replace major
abdominal veins.™ In the clinical setting, studies reporting the
patency rates of venous replacements using synthetic vascu-
lar prostheses are limited. For example, in hepatic venous
reconstruction, although the 4 week patency rate of expanded
polytetrafluoroethylene grafts is 81%, the 4 month patency
rate is only 39%.'" Synthetic vascular prostheses are often
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Figure 7. High-power view showing more VWF positivity on the surface of the luminal area, which may indicate endothelial cell colonization.
Flat cells were not apparent on those surfaces in HE staining (HE, vWF). CD31 and ERG staining were negative on postoperative days 2 and
5 (CD31, ERG). CD31, cluster of differentiation 31; ERG, erythroblast transformation-specific-related gene; HE, hematoxylin-eosin; vVWF, von

Willebrand factor. [full color
online

obstructed by platelet activation, leukocyte adhesion, throm-
bosis, and intimal hyperplasia.” Thus, a higher patency rate is
necessary for newer tissue-engineered vascular grafts aimed at
venous replacement.

Fibroblasts may be the most suitable cell source for regen-
erative medicine." Fibroblasts are already used to develop
tubular structures that are dehydrated and decellularized for
arterial implantation.’ Our eventual goal is to use a patient’s
own dermal fibroblasts in the clinical setting. Isolation and
culture of human dermal fibroblasts is an established proce-
dure. Therefore, in the current study, we used human dermal
fibroblasts in immunodeficiency rat models. A recent study?
showed that dry-preserved multilayered fibroblast cell sheets
promote angiogenesis and wound healing in a mouse ulcer
model by releasing high levels of intracellular FGF2, hepa-
tocyte growth factor, and vascular endothelial growth factor
(VEGF), which is the most important factor for better and faster
endothelial remodeling. A study of rabbit external iliac arter-
ies showed that endothelialization was nearly complete (92%)
at 7 days with local VEGF delivery compared with less than
40% endothelialization at 7 days without VEGF delivery.”
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In the current study, we successfully developed a tubular tis-
sue structure consisting of live fibroblast cells using 3D bio-
printing technology. Although the present experimental model
achieved 100% short-term patency, significant potential swell-
ing of the tubular tissue wall at day 2 may be problematic. No
difference in the venous flow speed was observed on ultraso-
nography, however, between postoperative days 2 and 5, indi-
cating that the inner diameter did not become stenotic because a
narrow inner diameter generally leads to an increased flow
speed. Further studies are needed to evaluate the remodeling
processes of fibroblast spheroids, as well as the mechanism of
wall swelling and its long-term impact on the graft.
Although the remodeling process is key to developing new
synthetic vascular prostheses, endothelialization of
conventional synthetic vascular prostheses does not gener-
ally occur.2Endothelialization in remodeling processes con-
tributes to antithrombogenic and antiatherogenic properties
for better patency and protects the graft from infection.?In
experimental models, there are few reports of synthetic vas-
cular prostheses for veins in animals. On the other hand, in
a recent report, endothelialization occurred in a silk fibroin



vascular graft, which is a model of venous
replacement with high biocompatibility.
Kiritani et al.’ described that CD31- positive
endothelial cells covered the whole luminal
surface of silk fibroin vascular grafts at 4 weeks
in a rat IVC replace- ment model, which had a
high patency rate. In the current study, we
achieved a 100% short-term patency rate in rats (5
days, n = 4), but found no CD31-positive
endothelial cells. In rabbits and rats, completion
of endothelialization must occur within 28
days.®?" The current study was a 5 day pre-
liminary evaluation of 3D-printed tissue-
engineered  vascular grafts for  venous
replacement. Longer observation periods are
necessary for future experiments, however,
because CD31 was expected to be positive in the
VWF-positive cells and result in faster
endothelialization in this experimental model.

In a previous study of tissue-engineered
vascular grafts for arteries, a similar protocol was
reported except the spheroids came from a
mixed-cell source comprising human umbilical
vein endothelial cells (40%), human aortic
smooth muscle cells (10%), and normal human
dermal fibroblasts (50%).° Here, based on
another report of artery grafts,'® we only used
dermal fibroblast cells to make the spheroids. As
mentioned in the introduction, this approach
may have considerable advantages. Through this
process, blood vessels can be made using cells
obtained from the patient’s own skin and require no
immunosuppressants. In a previous report on
artery replace- ment using 3D bio-printed tubular
tissue derived from human dermal fibroblasts,™
postimplantation histopathologic exami- nation
revealed host-derived cells, including vascular
endo- thelial cells, vascular smooth muscle cells,
and elastic fibers. Those findings indicate that the
new tissue-engineered vascu- lar grafts can
undergo ideal remodeling processes for venous
replacement.

Limitations

This preliminary study has some limitations,
including a short observation period. The
present experimental model could not show
whether an endothelial cell layer would form on
the luminal surface even though the surface was
positive for VWF. The role of living dermal
fibroblasts is still not clear. As a negative control,
inactivated dermal fibroblasts would be use- ful to
compare endothelization. Highly biocompatible
cryo- preserved homologous vein or silk fibroin

synthetic grafts may be useful as a positive control.

In addition, the sample size in current study was
small. Further research is needed to address these
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limitations.

Conclusions

Three-dimensional bio-printed scaffold-free
tubular tis- sues using human dermal or swine
fibroblast spheroids may produce better tissue-
engineered vascular grafts for venous
replacement in rats or swine.
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Abstract

Abdominal vein replacement with synthetic tissue-engineered vascular grafts constructed from silk-based scaffold material has not been
reported in middle-sized mammals. Fourteen canines that underwent caudal vena cava replacement with a silk fibroin (SF) vascular
graft (15 mm long and 8 mm diameter) prepared with natural silk biocompatible thread were allocated to two groups, thin and thick
SF groups, based on the graft wall thickness. The short-term patency rate and histologic reactions were compared. The patency rate
at 2 weeks after replacement in the thin and thick SF groups was 50% and 88%, respectively (p = 0.04). CD31-positive endothelial
cells covered the luminal surface of both groups at 4 weeks. The elastic modulus of the thick SF graft was significantly better than
that of the thin SF graft (0.0210 and 0.0007 N/m?, p < 0.01). Roundness of thick SF groups (0 =0.8 mm) was better than thin SF (o
=2.0 mm). There was significant difference between the groups (p = 0.01). SF vascular grafts are a promising tissue-engineered scaffold
material for abdominal venous system replacement in middle-sized mammals, with thick-walled grafts being superior to thin- walled
grafts.
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Introduction

Complete excision is currently the only curative treatment
option for hepatobiliary pancreatic cancer. Although this
cancer often invades major abdominal venous systems,
such as the hepatic veins, inferior vena cava, portal vein,
and superior mesenteric vein,'3 there was no better syn-
thetic vascular grafts than expanded polytetrafluoroethyl-
ene as a material for those venous replacement.

For artery replacement, fully synthesized vascular grafts
constructed from expanded polytetrafluoroethylene are
fre- quently used. Although expanded
polytetrafluoroethylene vascular grafts have been applied
for vein replacement in hepato-biliary-pancreatic
surgery,* their use is limited due to low-flow
thrombogenicity without endothelialization and higher
graft infection rates in contaminated tissue beds under
digestive fluids.> Additionally, fully synthetic vascu- lar
grafts remain in the human body permanently and the
long-term effects are unclear. To date, no alternative
tissue- engineered venous grafts or scaffolds have been
reported.

Silk fibroin (SF) is a promising tissue-engineered scaf-
fold material derived from silk fiber with good biocompati-
bility, high affinity for cells, and susceptibility to proteolytic
degradation in vivo without antigenicity.® Artery replace-
ment in a rat model using double-raschel knitted SF vascu-
lar grafts coated with an SF sponge has been reported.®7 A
recent study reported that SF application for rat vein
replace- ment produced a better short-term outcome than
expanded polytetrafluoroethylene, with acceptable
patency and vascu- lar remodeling.® The potential for
extrapolation of these findings of better patency from our
previous study in rats to a larger animal such as humans,
however, is unknown. Veins comprise a low-pressure system,
which, in humans, gener- ally ranges from 8 to 10 mmHg
with the central venous pres- sure ranging from 0 to 6
mmHg.° The intra-abdominal pressure of middle- and large-
sized mammals is higher than that of small mammals. For
example, the intra-abdominal pressure of a rat is 2.2
mmHg,'® whereas it is 7.4 mmHg in canines and ranges
from 5 to 15 mmHg in humans.'"'2 A higher intra-
abdominal pressure than venous pressure can cause veins
to collapse. A highly elastic synthetic vascular graft,
therefore, could potentially collapse and obstruct sooner.

To explore the application of SF grafts in clinical prac-
tice, it is important to evaluate wider and longer synthetic
SF vascular grafts in middle-sized mammals. The present
study examined the patency rate and histologic reaction of
thick and thin SF vascular grafts, thick and thin SF films
with different wall strengths, as replacements for the cau-
dal vena cava in a middle-sized mammal (canine).

Materials and methods
SF vascular grafts coated with an SF sponge

The vascular SF grafts were prepared as follows. SF double-
raschel knit tubes with SF threads from Bombyx mori were
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prepared by two-needle stitch knitting on a computer-con-
trolled double-raschel knit machine (Fukui Warp Knitting Co
Ltd, Fukui City, Japan).™ In detail, fertilized eggs of Bombyx
mori were supplied by Gunma Sericultural Technology
Center, and the larvae were reared in Asakura laboratory by
feeding them an artificial diet (Silk Mata 2M, Nippon Nosan
Kogyo Corp., Tokyo, Japan). B. mori cocoons were obtained.
Marseille soap and sodium carbonate were purchased from
Miyoshi soap Corp., Japan and Tokyo chemical industry Co.,
Ltd., Tokyo, Japan. A silk fiber was of 42 Deniers. For use in
canines, the inner diameter was 8 mm. The SF fibers con-
tained a small amount of silk sericin to maintain thread
strength and avoid SF thread breakage in the knitting process.
Therefore, the knit SF tube had to be degummed in a mixture
of sodium carbonate (0.08% w/v) and Marseille soap (0.12%
w/v) solution at 95°C for 2 h to remove the remaining silk
sericin. Removal of silk sericin was confirmed by scanning
electron microscope (Real surface view microscope VE-7800,
Keyence, Tokyo, Japan).™

Thin coating (thin SF group). An expanded polytetrafluoro-
ethylene rod was inserted into the knit SF tube. The rod
covered with the SF tube was immersed into a pipe filled
with a mixed aqueous solution of SF and glycerin (as a
porogen) at a 1:1 (w/w) ratio for coating. Preparation of
the SF aqueous solution was described previously.' The
pipe was placed in a desiccator under a reduced pressure
of 100 hPa until no air bubbles were observed on the
coated surface of the SF tube.

Thick coating (thick SF group). A SF tube was set in a coax- ial
pipe and a mixed aqueous solution of SF and glycerin was
poured into the gap between the pipe and SF tube. In
details, the difference between the fabrication method of
thin and thick coating was as follows: for thin coatings, the
SF tube was removed from the pipe before freezing at
-20°C, and then only the SF tube was freeze-dried later.
On the other hand, for thick coatings, the SF tube was
freeze-dried with the pipe at the same time, while still
immersed in the solution.

The SF tubes of both groups were frozen at -20°C
overnight before immersing in distilled water. Both SF
grafts were freeze-dried and kept in a refrigerator until
implantation into an animal.

Scanning SF grafts and measurement of
physical properties

The knitted pattern of the SF fibers from the outside sur-
face and a cross-section of 8-mm diameter SF grafts were
observed by scanning electron microscopy (JSM-6360LA,
Japan Electron Optics Laboratory Ltd., Tokyo, Japan).
Sample size was 10 mm long, 8 mm in diameter and
total six SF grafts were used (three thick SF and three thin
SF, respectively). The breaking strengths of the SF graft
were measured using a tabletop material tester (EZ-graph,



SIMAZU Coup., Kyoto, Japan)'. Each sample SF vascu- lar
graft was placed in the testing machine and slowly
extending it until they broke (Supplemental Figure 1A).
The load cell was 100 N, and the stretching rate was 2 mm/
min.

The compressive elastic modulus of the knitted grafts
(10 mm long, 8 mm in diameter) was also determined using
the same tabletop material tester. The load cell was 5N,
and the compression rate was 2 mm/min. The elastic
modulus (N/mm?), when compressed to 25% of the
diameter, was calculated with the following formula:
Elastic Modulus (Young’s modulus), E = ¢ (compressive
stress)/e (Adiameter / diameter, strain) using analysis
software (TRAPEZIUM, SIMAZU Coup., Kyoto, Japan;
Supplemental Figure 1B, C).

Animal model

The study protocols (I-P16-034) and (R03-32) were
approved by the University of Tokyo and the Tokyo
University of Agriculture and Technology Animal Ethics
Committee in accordance with the Japanese and ARRIVE
(Animal Research: Reporting of In Vivo Experiments)
guidelines. We used female beagles (Kitayama Labes
Co.,Ltd., Nagano, Japan) weighing 8-17 kg. All canines
were kept in cages for 2-4 weeks with a 12-h light/dark
cycle. The canines were fasted overnight before undergo-
ing the surgical procedure.

Surgical procedure

All surgical procedures were performed by hepato-biliary-
pancreatic surgeons (KF, SK, and JK). The canines under-
went general anesthesia using midazolam (0.2 mg/kg:
Sandoz K.K, Tokyo, Japan) and buprenorphine (0.02 mg/
kg; Nissin Co, Kanagawa, Japan) as premedication fol-
lowed by intravenous injection of propofol (3 mg/kg body
weight, titrated to effect; JMS Co., Ltd, Hiroshima, Japan)
for induction and isoflurane (1.3%-1.6%; Pfizer, New York,
NY, USA) for maintenance anesthesia by a veterinar- ian
(C.C.). Cefazolin (20 mg/kg; Nichi-lko Pharmaceutical Co,
Ltd, Toyama, Japan) was given intravenously at the time
of induction. No postoperative antibiotics were
administered.

The caudal vena cava was exposed from the bifurcation
of the renal veins to the bifurcation of the iliac veins, and
all branches of the caudal vena cava were ligated and
divided with 3-0 silk (Alfresa Pharma CO., Osaka, Japan)
knotted sutures using an electric scalpel. After intravenous
injection of unfractionated heparin (100 IU/kg; AY
Pharmaceuticals Co., Ltd, Tokyo, Japan), the proximal and
distal portions of the caudal vena cava were clamped with
vascular clips. Approximately 15 mm of the caudal vena cava
was removed and replaced with the SF vascular graft (15
mm long, 8 mm in diameter) by continuous sutures
using 6-0 Prolene

(Johnson & Johnson med Co., Raritan, NJ, USA), starting
with two stay sutures 180° apart at both the cranial and cau-
dalsides, then suturing the back wall, followed by the front
wall. The cranial and caudal sides of the vascular graft were
de-clamped (Figure 2). Anticoagulants, Dalteparin (100 U/
kg three-times-daily, Nichi-lko Pharmaceutical Co, Ltd,
Toyama, Japan) was given subcutaneously for 7 days..
Clopidogrel (Sawai Pharmaceutical Co, Ltd, Osaka, Japan)
was given orally at day 0 with a loading dose of 4 mg/kg
followed by 2 mg/kg once daily on days 1, 2, 3, 5, and 7.

Patency assessment

The patency of the SF graft vascular grafts was monitored
extracorporeally by Doppler ultrasonography (EnVisor
M25040A; Phillips, Tokyo, Japan) on postoperative days 1,
3, 5, and 7, and then every week for 4 weeks, and then
every month. Graft occlusion was defined as the absence
of a color Doppler signal. In the absence of a color Doppler
signal, the canine was anesthetized as mentioned above,
and the graft was grossly and pathologically evaluated.

Histologic analysis

At 4 weeks after surgery or at the time of confirming an
occlusion, the canines underwent general anesthesia as
described above. The grafts were carefully removed with
the surrounding tissue. Cross-sections of the middle of the
SF grafts were fixed in 20% formalin, embedded in paraf-
fin, and sectioned (4-pm thick, Tissue-Tek Auto Section,
Sakura Finetek Japan Co., Ltd.) for hematoxylin and eosin
staining. Elastica van Gieson staining was applied to detect
elastic and collagen fibers. Immunohistochemical staining
was performed as previously reported.'” The sections were
incubated with primary antibodies, including alkaline
phosphatase-conjugated anti-alpha smooth muscle actin
(anti-aSMA; clone 1A4, MilliporeSigma, St. Louis, MO, USA),
anti-rat CD 31 antibody (clone TLD-3A12, BD Biosciences,
San Jose, CA, USA), and anti-podoplanin antibody
(ab11936, Abcam, Cambridge, MA, USA) fol- lowed by
incubation with biotinylated anti-mouse immu- noglobulin
(Ig) G secondary antibody (DAKO, Glostrup, Denmark).
Roundness was measured on each cross-section of thin
and thick SF grafts in hematoxylin and eosin staining, was
calculated with the following formula: roundness
(mm, diameter measurement method) =difference
between cir- cumscribed and inscribed circle in diameter
/ 2. The analy- sis was performed using Image J software
(version 1.44; National Institute of Mental Health
Bethesda, MD, USA)."® To know thickness of normal
native caudal vena cava of canine, hematoxylin and
eosin, and EVG staining were
performed.
Rats were also anesthetized and grossly and pathologi-
cally evaluated at 1 month and 12 months after surgery.
To
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Figure 1. Thin SF had a reticulate appearance on gross examination, whereas the thick SF had a sponge-like appearance with a soft
texture. In both SF groups, the graft turned red after implantation in canine (8.0 mm in diameter, 15mm length) because the blood
cells infiltrated the interfiber space, but did not leak out of the graft.

determine the degree of degradation, semi-quantitative
analysis was used to evaluate the ratio of SF fibers and
infiltrated tissue area of a representative cross-section of
the SF graft wall. SF fibers, observed as aggregations of
transparent dots on a representative cut surface, were
encircled by yellow lines on a histologic image by three
surgeons (KF, JK, and YS). The area of infiltrated autolo-
gous cells—the other area of the whole SF graft wall—was
encircled with a blue line. The ratio of the remaining SF
fiber area (yellow) to autologous cells (blue) was deter-
mined to calculate the area of 1 cut surface of the SF graft
that was replaced by autologous cells at 1 and 12 months.
The analysis was performed using Image J software (ver-
sion 1.44; National Institute of Mental Health Bethesda,
MD, USA).™8

Statistical analysis

Continuous variables are expressed as the median and
range. The backgrounds of each group were compared
using the Mann-Whitney U test or Student ¢t test. The log-
rank test was used to compare the patency rate. A p-value
less than 0.05 was considered statistically significant.
Statistical analysis was conducted using software (JMP Pro
version 16.0.0; SAS Institute, Cary, NC, USA).
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Results

Appearance, scanning electron microscopy of SF grafts,

and measurement of its physical properties

Thin SF grafts had a reticulate appearance on gross exami-
nation, whereas the thick SF grafts had a sponge-like
appearance with a soft texture (Figure 1). After implanta-
tion, the color of grafts in both SF groups changed to red
because blood cells infiltrated the interfiber space, but
did not leak out of the graft. Scanning electron
microscopy images, including the surfaces and cross-
sections of SF grafts coated with SF sponges, are shown in
Figure 2. The images revealed a reticulate and sponge-like
appearance of both the thin and thick SF surfaces. In the
cross-section, the thickness of the thin SF was 500 pm,
whereas the thick SF graft thickness was 1500 ym. The
cross-section view revealed that two-thirds of the external
side of the thick SF grafts was coated with SF sponge.
Breaking strength was not significantly different
between the thin and thick SF groups (35.5 and 42.2,
p = 0.29), whereas the elastic modulus differed signifi-
cantly (0.0210 and 0.0007 N/m?, p < 0.01, Figure 2a, b).
Stress-strain curve was shown in Supplemental Figure 2.
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Figure 2. Scanning electron microscopy images including the surfaces and cross-sections of SF grafts coated with SF sponges are
shown. Breaking strength did not differ significantly between the thin and thick SF groups (35.5 and 42.2, p=0.29), whereas the
elastic modulus was significantly different between groups (0.0210 and 0.0007 N/m?2, p < 0.01).

Animal model

We implanted 12 canines, 4 with the thin SF graft (thin SF
group) and 8 with the thick SF graft (thick SF group). The
median weight of the thin SF group was 8.0 kg (range 7.6-
8.8) and that of the thick SF group was 8.2 (range 7.5-9.4),
indicating no significant difference between groups (p =
0.864). The median diameter (8.0 mm vs 8.0 mm; p =
1.000) and length (15 mm [range 15-19 mm] vs 15 mm
[range 15-15], p = 0.296) of the replaced caudal vena cava
were not significantly different between the groups.

The inferior vena cava of two rats (13-14 weeks of age,
weighing 400 g) were replaced by thin and small SF grafts
(3 mm diameter, 10 mm length).

Graft patency

A representative Doppler ultrasonography result showing
the flow inside the SF graft, indicating better venous flow,
is shown in Figure 3a, b. Although the thin SF graft seemed
to show slight stenosis of the intra-luminal diameter com-
pared with the other parts of the canine caudal vena cava
(Figure 3a), the thick SF graft seemed to have the same
intra-luminal diameter (Figure 3b).

On postoperative day 1 (24 h later), the intra-luminal
diameters differed significantly between the thin and
thick SF vascular grafts (2.23 and 4.27 mm, respectively,
p < 0.01, Figure 3) The patency rate is shown in Figure 4.
Although there was no significant difference between the
groups (log-rank, p = 0.18), there was a significant differ-
ence at day 14 (Student’s t test, p=0.04). At 28 days later,
50% (4/8) of the thick SF grafts were patent.

In the two rats, the grafts were patent at both 1
and 12 months, with no complications.

Histologic analysis

Hematoxylin and eosin staining of the thin and thick SF
vascular grafts is shown in Figure 5. The graft lumens of
both groups remained patent, but the walls of the thin SF
grafts were deformed (Figure 5a) compared with those of
the thick SF grafts (Figure 5b). In both the thin and thick
SF vascular grafts, cellular proliferation was observed
around the SF fibers, and the luminal surfaces were cov-
ered by flat cells (Figure 5). Elastica van Gieson staining
of the SF vascular grafts revealed collagen fibers around
the SF fibers, but no elastic fibers, (Figure 5, EVG). CD31
was expressed on the luminal surface of both SF vascular
graft types (Figure 5, CD31). Anti-alpha smooth muscle
actin antibody staining of the SF vascular grafts was posi-
tive (Figure 5, aSMA).

Roundness of thick SF groups (o = 0.8 mm) was better
than thin SF (o = 2.0 mm). There was significant difference
between the groups (p = 0.01).

Hematoxylin and eosin and EVG staining of normal
native caudal vena cava of canine showed that wall
thickness was around 1200 um (Supplemental Figure 3a,
b). It was approximately two times thicker than native
caudal vena cava of rat, around 600 um in previ- ous our
report 8.

Discussion

This is the first report of SF vascular grafts for abdominal
venous replacement in a canine model. We found that SF
vascular grafts require a certain modulus of elasticity to
have less deformity and better patency in middle-sized
mammals. Furthermore, 89.5% of the SF vascular wall at
12 months was substituted by autologous cells, indicating
better SF vascular graft degradation ability in rat.
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Figure 3. Arepresentative Doppler ultrasonography result showing colored flow inside of the SF graft, indicating better venous flow
as shown in (a) and (b). Although the thin SF grafts exhibited slight stenosis of the intra-luminal diameter compared with the other
parts of the canine caudal vena cava (a), the thick SF was not stenotic (b). The intra-luminal diameter of the thin and thick SF vascular
grafts was significantly different on postoperative day 1 (2.23 mm vs 4.27 mm, respectively, p < 0.01). Note, yellow color (a and b)
indicated high velocity with disturbed flow, suggesting stenosis of anastomosis.
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Figure 4. Although there was no overall significant difference
in the patency of the grafts between groups (log-rank, p=0.18),
a significant difference was detected at day 14 (Student’s t test, p
=0.04). At 28days, 50% of the grafts in the thick SF group
were patent (4/8).

Unlike the arterial system, vein walls do not have much
elasticity due to a lack of, or fewer, elastic fibers in mam-
mals. Contrary to our expectation, the thick SF grafts with
a certain modulus of elasticity had better patency. In pre-
sent study, we concluded that tortuous wall with narrow
lumen due to inferior of roundness of thin SF grafts made
inside narrower and led to earlier occlusion. As patency
rate was shown in Figure 4, initial experiment using thin
SF graft resulted in early obstruction, with 75% occlusion
within 21 days (at day 14, p = 0.04). This led us to decide to
increase the elasticity by adding thickness to the SF grafts,
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creating a new thick SF graft. We found that synthetic SF
vascular grafts for the abdominal venous system should
have a better modulus of elasticity, at least 40 N/mm?Z in
canine caudal vena cava replacement model. The flexibil-
ity of the venous wall is another crucial point for maintain-
ing a certain luminal diameter, but the thin SF grafts
tended to collapse soon after insertion into the canine
abdominal vein. As mentioned in the introduction, the
larger the mam- mal’s body size, the higher the intra-
abdominal pressure.'" We found that a certain wall
strength was required to main- tain the luminal diameter,
even for synthetic vein grafts. Further studies are needed
to determine the precise corre- lation among venous
pressure, intrabdominal pressure, wall strength of the SF
vascular graft, and the change in flexibility after
replacement.

Matsumura et al." reported graft stenosis that
occurred at 1 month after venous replacement using 8-mm
diameter  biodegradable scaffolds consisting of
polyglycolide knit- ted fibers with a 3.6-mm intra-liminal
diameter. They sug- gested that stenotic changes may lead
to tissue regeneration disorders, blood flow disturbance,
and more thrombogen- esis. In the present study, we found
that stenosis developed at 24 h after replacement. The
intra-liminal diameter of the thick SF vascular graft (4.3
mm) was larger than that of the thin SF graft (2.2 mm).
The venous system has low pres- sure, however, and
vascular grafts require higher elasticity to avoid stenosis
and maintain better patency. Intramural thrombus was
another problem and 50% of the thick SF grafts became
obstructed within 4 weeks. A previous report
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Figure 5. Hematoxylin and eosin staining of thin and thick SF vascular grafts is shown. The lumens of both the thin and thick grafts
remained patent, but the wall of the thin SF graft was deformed (a) compared with the thick SF graft (b). In both the thin and thick
SF vascular grafts, cellular proliferation was observed around the SF fibers, and the luminal surfaces were covered by flat cells.
Elastica van Gieson staining of the SF vascular graft revealed collagen fibers (red) around the SF fibers, but no elastic fibers

(EVG). CD31 was expressed on the luminal surface of both SF vascular graft types (CD31). Anti-alpha smooth muscle actin (aSMA)

antibody staining of the SF vascular grafts was positive and adjacent to CD31-positive cells.

confirmed that endothelialization occurs within 4 weeks
after venous replacement in rat,® and the present study is
the first to confirm endothelialization in a canine model
with a SF vascular graft. Early after placement of the SF
vascular graft, however, the graft developed low-flow
thrombogenicity without endothelialization. SF vascular
grafts may need to be coated with a heparin-like substance
coating to avoid early intramural thrombus development,
and this requires further study.

Although we did not establish tolerance against bacte-
rial infection in this study, autologous cells were seeded
into the SF fibers of present the SF vascular grafts in
canine. Outcome might allow SF vascular grafts to tolerate
bacterial infection, but further studies are needed.

In conclusion, thick SF vascular grafts were better than
thin SF vascular grafts as a promising tissue-engineered
scaffold material for abdominal vein replacement in mid-
dle-sized mammals
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ABSTRACT

Background. Living-donor liver transplantation (LDLT) is established as a standard
therapy for end-stage liver disease; however, vessel reconstruction is more
demanding due to the short length and small size of the available structures
compared with deceased-donor whole liver trans- plantation. Interventional
radiology (IR) has become the first-line treatment for vascular compli- cations after
LDLT. Hepatic venous outflow obstruction (HVOO) is a life-threatening
complication after LDLT. The aim of this study of 592 adult-to-adult LDLT cases was
to investi- gate the safety and efficacy of stent implantation for HVOO after LDLT.

Methods. Records of patients who developed HVOO requiring any treatment were
collected with special reference to the metallic stent implantation. There were 232
left-side grafts and 360 right-side grafts. Sixteen cases developed HVOO after LDLT
with an incidence rate of 2.7%, 5 with a left liver graft (2%), and 11 with a right-side
graft (3%). The IR was attempted for 14 cases; among those, 8 cases were treated
by stent implantation.

Results. The technical success rate of the initial stent implantation was 100%. The
pressure gradient at the stenotic site significantly improved from 12.2 (range,
10.9-20.4 ¢cm H20) to

3.9 cm Hz0 (range, 1.4-8.2 cm H20; P=.03). The volume of the congested graft liver
decreased significantly from 1448 (range, 788-2170 mL) to 1265 mL (range, 748-
1665 mL; P = .01), and the serum albumin level improved significantly from 3.3
(range, 1.7-3.7 g/dL) to 3.7 g/dL (range, 2.9-4.1 g/dL; P=.02). No procedure-related
complication was noted, and the long-term stent patency was 100%.

Conclusion. Metallic stent implantation for stenotic venous anastomosis after LDLT
is a safe and effective treatment.

L IVING-DONOR liver transplantation (LDLT) is an numerous technical refinements of  venous

estab- lished treatment for end-stage liver disease,
where the number of deceased donors is severely scarce
[1]. With continu- ing advancements in both surgical
techniques and post-trans- plant management, the
short- and long-term outcomes of LDLT are now
equivalent to those of deceased-donor liver transplanta-
tion (DDLT) [2].

Hepatic venous outflow obstruction (HVOO) is a
serious complication that may lead to graft failure and
mortality as high as 17% to 24% [3-8]. The discussion
about HVOO and its management after LDLT is not
sufficient [7-11] despite the
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reconstruction, including our institution [9,12,13]. The
surgical procedures for LDLT are technically more
demanding than those for DDLT using whole-size grafts,
mainly due to its small and short ves- sels being
anastomosed. The frequency of HVOO is reported to
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be 2.3% to 11.9% for LDLT [7-11] but only 0.8% to 3.8%
for DDLT [3,7,14]. In the early days of LDLT, redo
surgeries were often performed as a treatment for
HVOO [15]. A direct surgi- cal approach to the stenotic
site is usually difficult and danger- ous due to severe
adhesions around the anastomotic site, applying
inflow occlusion techniques of reconstructed vessels,
and the enlarged congested graft.

Consequently, interventional radiology (IR) is
currently con- sidered the first choice for the treatment
of HVOO. Several inves- tigators have reported their
recent experiences of implanting self- expandable
metallic stents into the hepatic or portal vein after
liver transplantation or other hepatobiliary and
pancreatic surger- ies [3,7-11,14,16-20]. The reported
clinical success rate of stent implantation in the
hepatic vein is 73% to 92% [7,9-11,14]. However, to
our knowledge, little information has been reported on
how clinical parameters such as graft volume and
biochemical findings have changed with stent
implantation. In this study, we reviewed cases of HYOO
after LDLT with the presentation of our ingenious
method for venous reconstruction using cryopre-
served venous homografts to prevent HVOO. We also
evaluated the therapeutic effects of stent
implantation for the treatment of HYOO and validated
the safety and efficacy of the procedure.

PATIENTS AND METHODS
Patient Data

This retrospective study of prospectively collected
data was conducted in accordance with the ethical
guidelines for clinical studies at the Tokyo University
Hospital. We retrospectively screened a cohort of 605
adult (>18 years of age) LDLT cases at The University
of Tokyo Hospital from January 1996 to December
2020. Among them, 3 retransplantation cases and 10
auxiliary partial orthotopic liver transplantation cases
were excluded. Therefore, the total number of the
surveyed cases was 592.

The indications for LDLT were hepatitis C virus
cirrhosis (n =154, 26%), primary biliary cholangitis (n =
107, 18%), hepa- titis B virus cirrhosis (n = 75, 13%),
acute liver failure (n = 51, 9%), nonalcoholic
steatohepatitis or cryptogenic cirrhosis (n =46, 8%),
primary sclerosing cholangitis (n = 38, 6%), alco-
holic liver cirrhosis (n = 35, 6%), biliary atresia (n = 31,
5%), autoimmune hepatitis (n = 22, 4%), metabolic
diseases (n = 16, 3%), and others (n = 17, 3%). The graft
types comprised the right liver graft (RLG; n = 328, 55%),
left liver graft (LLG; n = 232, 39%), and right lateral
sector graft (RLSG; n = 32, 5%).

Patients who developed HVOO after LDLT were fully
picked up by reviewing the medical records. This study
was approved by the Institutional Review Board at The
University of Tokyo Hospital. Written informed
consent was obtained from all patients before LDLT,
and at each time, an interven- tional procedure was
needed.
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Graft Selection, Operative Procedure, and Post-Transplant
Management

The following is a brief description of LDLT at our
institu- tion. The lower limit of the graft was set
at 35% of the

estimated volume of the recipient standard liver
volume [21]. For donor safety, an LLG procurement
is the first choice if it satisfies the lower limit. If
LLG is not applicable, an RLG is indicated if the
donor’s remnant liver is >30% of the donor’s total
liver volume. Regarding RLG, the tributaries of the
mid- dle hepatic vein (MHV) in the right
paramedian sector (namely, V5 and V8) are
reconstructed with a cryopreserved venous
homograft to avoid serious congestion [6]. If the
con-

ditions are not met, and the volume of the right
lateral sector exceeds 35% of the recipient
standard liver volume, then an RLSG is considered.

We use cryopreserved venous homografts to
facilitate venous outflow reconstruction and to
prevent HVOO after regenerative hypertrophy for
all graft types. As shown in Figure 1, either the
double inferior vena cava (IVC) method or the
anterior patch method is used in RLG depending
on the presence or absence of the inferior right
hepatic vein (IRHV), and the circular cuff method
is used for an LLG. These methods allow the
anastomo- sis to be a large orifice and provide a
relaxed and expandable space to act as a reservoir
[5,6,12,13].

Hepatic arterial reconstruction is routinely
performed under a microscope [22], and duct-to-
duct biliary recon- struction is our rule except for
cases in which the bile duct cannot be used, such
as biliary atresia or primary sclerosing cholangitis
[23]. Postoperative anticoagulation with continu-
ous injection of low-molecular-weight heparin
(LMWH) is indicated for all recipients and
maintained for 14 days, and twice-daily Doppler
ultrasonogram to confirm blood flow for the
same 14 days. Administration of 2 immunosuppres-
sive agents, methylprednisolone and tacrolimus, is
standard. Mycophenolate mofetil is used in
combination with immu- nosuppressive agents for
patients with impaired renal func- tion or ABO-
incompatible transplants. We do not routinely use
mammalian target of rapamycin (mTOR)
inhibitors except in cases where it is necessary to
alleviate the side effects of mycophenolate
mofetil or tacrolimus or in cases of post-
transplant de novo malignancy development.
Addi- tionally, desensitization therapy with
rituximab is indicated in ABO-incompatible cases
or in those with a high titer of preformed donor-
specific antibodies [24,25].



Clinical Diagnosis of HYOO

During the early acute period after LDLT, HVOO
was usually detected in a daily Doppler
ultrasonogram or routine contrast- enhanced
computed tomography (CE-CT). Otherwise, HVOO
was suspected in patients who exhibited massive
ascites or pleural effusion that resists diuretics
despite normal graft func- tion or various abnormal
laboratory data such as hypoalbumine- mia,
hyperbilirubinemia, and elevated liver enzymes if
rejection or infectious disease were ruled out.
Then, subsequent abdomi- nal ultrasonography and
CE-CT were performed. The diagnosis of HVOO is
fundamentally based on the morphologic findings
of CE-CT, which was finally confirmed via the
finding of direct venography, and an indication for
stent implantation was decided.
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Fig 1. Venous reconstruction using cryopreserved venous homograft. A venous homograft is used to create a wide orifice and a reser-
voir between the graft hepatic vein and the recipient inferior vena cava (IVC). The actual pattern of reconstruction is modified on a case-
by-case basis depending on the location and number of hepatic veins to be reconstructed and the diameter and length of the available
cryopreserved venous homograft. (A) The double IVC method is applied for right liver graft or right lateral sector graft with inferior right
hepatic vein (IRHV). The RHV, IRHV, and middle hepatic vein (MHV) tributaries are anastomosed to the IVC homograft. (B) The anterior
patch method is applied for right liver graft or right lateral sector graft without IRHV. The venous patch is attached to the ventral end of
the RHV (reconstructed MHV) to make a large rectangular venous sheet. The recipient IVC is incised to place all the hepatic veins into a
large common orifice. After the anastomosis, the venous patch forms the anterior wall of the IVC and expands to function as a reservoir.
(C) The circular cuff method is applied for left liver graft. A patch of a venous graft surrounds the orifice of the MHV and LHV, creating
a large venous cuff. This cuff is anastomosed with a large opening in the recipient IVC and functions as a reservoir. IRHV, inferior right
hepatic vein; IVC, inferior vena cava; LHV, left hepatic vein; MHV, middle hepatic vein; RHV, right hepatic vein.

Interventional Treatment

All IR procedures were performed under the
collaboration of transplant surgeons and experienced
radiologists. Under local anesthesia, the central venous
puncture was performed, and the vascular sheath of 8
Fr in diameter (Supersheath, Medikit, Co, Ltd) was
inserted. We prefer the right femoral vein approach to
the right internal jugular vein approach because it
circumvents the need for catheters and interventional
devices to pass through the right atrium and because it
eliminates the requirement for manipulation around the
patient’s head and neck, thereby reduc- ing stress on the
patient. The main catheter was inserted into the graft
hepatic vein using a 0.035-in guidewire (Radifocus, Ter-
umo, Co.). The stenotic site was then fully dilated using
a bal- loon dilation catheter (Admiral Xtreme,
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Medtronic, Ltd) with a0.035-inch stiff guidewire
(Amplatz Super Stiff, Boston Scien- tific). Subsequently,
an intravascular metallic stent was implanted. The
optimal stent to be implanted was selected from the
following 5 types depending on the clinical condition of
each case (Wallstent RP, Boston Scientific; C Luminexx,
Bard Peripheral Vascular Inc; Niti-S, TaeWoong Medical,
Co; Pal- maz, Cardinal Health, Inc; and SMART, Cardinal
Health, Inc). The pressure gradients between the
proximal and distal sites of the stenosis were measured
before and after the procedure. After the procedure, an
intravenous infusion of conventional or LMWH was
administered, which was thereafter changed to oral
anticoagulant and maintained. Warfarin  was
administered as first-line, or edoxaban was prescribed
in cases later than 2020. These anticoagulants were
continued permanently.



Change in Laboratory Data and Volume of Graft Liver and Spleen

Serum albumin, platelet counts, aspartate
aminotransferase and alanine aminotransferase, and total
bilirubin in the peripheral blood were compared before and
1 month after stenting to investigate whether stent
implantation improved graft liver function.

Additionally, we compared the volume change of the graft
and spleen before and after the IR, as graft congestion and
the subsequent portal hypertension due to HVOO increase
the vol- ume of both the graft and spleen, which will
theoretically be improved after successful resolution of the
HVOO after IR. Changes in graft liver and spleen volumes
using CE-CT images were obtained before and after the IR.
These volumes were measured by 3-dimensional volume
analysis software (Synapse Vincent, Fujifilm, Inc.).

Statistical Analysis

Continuous variables were expressed as median with range.
Paired continuous data were compared with the Wilcoxon
rank- sum test. Statistical significance was defined as P
< .05. All sta- tistical analyses were performed using SPSS
version 25 (IBM SPSS, Inc).

RESULTS
Development of HYOO and Outcomes

The incidence rate of HVOO after LDLT was 2.7% (16 of 592).
Stratified by the graft type, the incidence rate of HVOO
was 2.2% (5 of 232) in LLG, 2.4% (8 of 328) in RLG, and 9.4%
3

of 32) in RLSG. Table 1 provides the characteristics of all
patients, clinical manifestations, treatment details,
implanted stent size, implantation sites, and observational
periods. Each patient was assigned a case number from 1
to 16. Case 1, who had HVOO due to the recurrence of
Budd-Chiari’s syndrome, accompanied by graft failure with
portal vein obstruction, died before therapeutic
intervention because the deterioration of his condition was
so rapid. Three patients underwent redo surgery for HVOO:
case 2 was treated by redo surgery alone, case 3 by redo
surgery followed by an additional 2 sessions of IR, and case
4 underwent redo surgery for refractory HVOO after 4 ses-
sions of IR.

For these 3 cases, the redo surgeries were performed
during the early stages of our liver transplant program. The
last redo surgery was performed in 2005 on a patient who
had undergone a liver transplant in 2003. Of the 3 patients
who underwent redo surgery, 2 eventually died. The cause
of death was chronic renal failure in one and chronic graft
liver failure in the other. They survived 16.7 years and 2.6
years, respectively, after redo sur- gery. Of the 16 cases,
there were cases 5 to 8 could be treated with balloon
dilation alone. Of these, 3 cases did not experience a
recurrence after an initial IR session, and 1 case (case 7)
required 2 additional IR sessions. The remaining 8 patients
(5 men and 3 women) underwent hepatic vein stent
implantation. The type of graft was RLG in 5 cases and RLSG
in 3 cases. The

indications for LDLT in these patients were as follows:
hepatitis C cirrhosis (n = 3), primary sclerosing cholangitis
(n = 2), bili- ary atresia (n = 2), and Wilson’s disease (n =
1). In the only case where a stent was implanted during

the first IR procedure (case 9), the decision to stent
implantation was made due to obvious flexion as well as
stenosis. In case 16, the degree of ste- nosis was so severe
that stent implantation was considered nec- essary from
the beginning. However, because of a massive thrombus
to implant the stent, the condition of the hepatic vein
was too severe. The patient needed to be improved by
several sessions of thrombolysis before stent implantation.
The remain- ing 6 patients were treated with balloon
dilation alone for the first procedure. However, they had
inadequate response or recurrence, and stents were
implanted in the second or subse- quent IR procedures.
Figure 2 shows CE-CT and an angiogram of the actual
procedure before and after stent implantation in a
representative case.

Changes in the Clinical Variables Before and After Stent
Implantation

For clinical reasons, the pressure gradient could not be
mea- sured in 2 patients. The pressure gradients in 6
cases showed significant improvement from 12.2
(10.9-20.4 cm H;0) to

3.9 cm H;0 (1.4-8.2 cm H,0; P = .03; Fig 3). As for the
bio- chemical values 1 month after treatment, serum
albumin levels improved significantly from 3.3 (1.7-3.7
g/dL) to 3.7g/dL (2.9-

4.1 g/dL; P=.02). Platelet counts 1 month after
the procedure showed a tendency to increase from
16 x 10%mL (2.6- 56.8 x 104/mL) to 20.6 X 104/mL
(6.5-54.9 X 104/mL); how-

ever, the difference did not reach
significance

(P= .12; Fig 4). Other clinical variables did not show
statistical significance before and 1 month after the
treatment, as shown below.

statistical

0 Aspartate aminotransferase: from 24
(17-123 TU/L) to 26 IU/L (13-59 IU/L; P= .94)
() Alanine aminotransferase; from 25 (8-165

IU/L) to 16 TU/L

(13-90 1U/L; P=.48)

[ Total bilirubin: from 1.3 (0.4-5.0 mg/dL) to
1.2 mg (0.3-4.2 mg/dL; P= .25)

Of the 8 patients, 6 had massive pleural effusion or
ascites, all of which were finally cured by the stent
implantation.

Volumetric Change in the Graft Liver and Spleen

The median range of the pre-procedural volume of the
graft liver was 1448 mL (788-2170 mL), and the post-
procedural vol- ume was 1265 mL (748-1665 mL). The
graft liver volume was significantly decreased after
stent implantation (P= .01).

As for the splenic volume, 3 patients had already
undergone splenectomy before or during the LDLT;
therefore, the splenic volume could be measured in 5
recipients. The median with range of the splenic
volume before the stent was 447 mL (137- 855 mL), and
after the procedure was 411 mL (149-586 mL);
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Fig 2. Arepresentative case of stent implantation in the hepatic vein. (A) The contrast-enhanced computed tomography showed steno-
sis at the anastomotic site due to stretching of the right hepatic vein (RHV) and the attached venous patch in the right lateral sector graft.

(B) The contrast-enhanced computed tomography obtained after the procedure shows the implanted stent in the RHV. (C) The white
arrow indicates stenosis at the anastomotic site of the RHV of the right lateral sector graft. (D) Two white arrowheads indicate the

implanted stent (69 mm in length and 10 mm in diameter).
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Fig 3. Change in the pressure gradient before and after the stent
implantation.
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the values tended to decrease after the procedure, but
the differ- ence was not significant (Fig 5).

Procedure-Related Complication and Stent Patency

The technical success rate of the initial stent
implantation was 100%. The median time required for
the treatment was 150 minutes (120-355 minutes). Two
cases (cases 9 and 15) devel- oped HVOO before being
discharged after liver transplantation, and stent
implantation was performed. In all other cases, HYOO
occurred after discharge, and the treatment was carried
out during readmission. The median hospital length of
stay after stent implantation was 7 days (1-50 days). No
IR-related severe complications requiring any additional
treatment occurred dur- ing the procedure or during
hospitalization. Three patients required additional IR
after stent implantation. In case 16, tran- sient oxygen
desaturation was observed during the treatment of
thrombus in the right hepatic vein (RHV; Fig 6). It was
sus- pected that a thrombus dislodged during catheter
manipulation might have embolized into the pulmonary
artery. However, no
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Fig 4. Change in the biochemical values before and 1 month after the stent implantation. (A) Serum albumin level. (B) Platelet count.

evidence of pulmonary embolization was provided by
imaging studies such as CE-CT. The patient had fully
recovered on the same day with oxygen and
anticoagulation. This patient required 5 additional IR
sessions with local infusion of uroki- nase before
discharge. She had to undergo another IR session 5
months after the stent implantation to recanalize the
occluded RHV due to a massive thrombus. In another 2
patients, balloon dilation for stent stenosis was required
18 days and 3 months after the stent implantation,
respectively. All patients are cur- rently alive, and the
patency of all the implanted stents has been maintained.
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DISCUSSION

Here, we described our experience of HVOO after LDLT at
our institute and the therapeutic effect of IR, with
special reference to stent implantation. The total
incidence of HVOO was 16 of

592 (2.7%). Of 16 cases, 8 underwent stent implantation.
Among these, 3 required additional IR sessions for re-
stenosis or thrombosis after the procedure, but all
patients survived, and stent patency has been
maintained. We consider that the observed decrease in
graft volume indicates a releasing of graft congestion and
an improvement of hemodynamics status. The

b

1200 - P=0.35
1
-
~ 1000 -
E
@
L 800 A \
a
%
g 600 - ~
G
g 400 4 | ————
=
(@)
> \
200 -
0

Pre Post

Fig 5. Volumetric analysis of the graft liver and spleen. (A) Change in the graft volume before and after the procedure. (B) Change in the

splenic volume before and after the procedure.
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Fig 6. Thrombus in the right hepatic vein near the implanted stent.
The white arrow indicates a thrombus that developed on the
peripheral side of the implanted stent. During thrombolytic
therapy, a transient decrease in oxygen saturation was observed,
and a pulmonary embolization was suspected.

improvement in serum albumin levels also reflects the
recovery of liver function by stent implantation. There
were no treat- ment-related complications, with 100%
long-term patency. The present results indicate that
metallic stent implantation is a use- ful and promising
treatment for HVOO after LDLT.

Hepatic venous outflow obstruction is a serious and
demand- ing complication that may lead to graft loss and
patient death [3
-8,26], and transplant clinicians should be able to treat
this as minimally invasively and reliably as possible.
Early diagnosis and adequate treatment of HVOO are
essential for good graft function and patient survival [7].
As for hepatic venous recon- struction, in DDLT, the IVC
of the graft is anastomosed to the recipient IVC in a
piggyback fashion [14], and thus the HVOO rarely
develops. In LDLT, however, performing the anastomo-
sis between the graft hepatic vein and recipient IVC is
difficult, and thus, HVOO develops more frequently than
in DDLT. Venous complications can occur over a wide
range of periods, from as early as a few days after
transplantation to months or years after liver
transplantation [7-9,1,26,27]. In our cohort,
the timing of HVOO development ranged from the
earliest 7 days post-transplant to the latest cases >5
years later. The occurrence of HVOO should be kept in
mind at any time after liver transplantation.

The 2.7% incidence rate of HVOO after LDLT at our
institu- tion is relatively low compared with previous
reports [7-11]. Our experience is that venous
reconstruction with a wide orifice decreases the rate of
HVOO, facilitates graft regeneration, and improves
patient outcomes. Key to our hepatic vein reconstruc-
tion method is the use of a cryopreserved venous
homograft to form a large reservoir between the IVC and
the graft to prevent stenosis or kinking during graft
enlargement. Another purpose of this method is to
facilitate anastomosis with the IVC by creat- ing one large
common orifice for the venous outflow in bench surgery
[5,13,14]. This technique has contributed to the rela-
tively low incidence of HVOO in our cohort, although it
has not eliminated this complication. The right side of
the graft is fixed to the abdominal wall in RLG or RLSG,

so it can only

extend to the left direction during regenerative
hypertrophy. This sometimes leads to stretching or
compression of the con- duit or reservoir reconstructed
using the cryopreserved venous homograft (Fig 7A). In
particular, the anatomic characteristics of the RLSG may
lead to a long exposure of the RHV at the cut surface of
the graft, which may be directly affected by inflam-
matory changes such as bile leakage and subsequent
peritonitis, and thus becomes vulnerable to the
stretching by during graft regeneration. Indeed, the
HVOO rate was relatively higher among those with RLSG
in our cohort, which raises the level of caution required
during venous reconstruction of the RLSG.
Although a study reported that the LLG was more prone
to HVOO than the RLG [9], that was not the case in our
institu- tion, where the right-sided graft was dominant
in HVOO cases. Five LLG cases developed HVOO in our
department. In the LLG, the round ligament of the
graft is fixed to the abdominal wall, and the graft is
suspended. The reservoir formed by the homograft
circular cuff is thought to maintain its shape, making it
less likely to compress the anastomosis (Fig 7B). This may
be why HVOO was relatively rare in LLG in our cohort.
Indeed, there have been only 2 HVOO cases in LLG with
the circular cuff method since the introduction of this
method in November 2005 [5], with an incidence 2 of
112 cases (1.8% incidence rate), and both cases were
relatively easy to treat by IR without stent implantation.
These findings may validate the efficacy of our way of
venous reconstruction in LLG in preventing HVOO. It was
previously considered difficult to avoid surgical inter-
vention for vascular complications after liver
transplantation. In our early days, we experienced 3
cases requiring direct redo sur- gery for late-onset HYOO
after LDLT [15]. With the accumula- tion of experience
with IR, it has become a mainstay for the treatment,
including pediatric patients [3,7-12,26,28,29]. Along
with these previous reports, our results demonstrating
no surgical direct approach for HVOO after 2005
demonstrated the
safety of the stent implantation for HVOO after LDLT.
The therapeutic effects of stent implantation were
discussed here from 2 perspectives. The first indicator
is the volumetric change in the graft liver. The volume
of the graft decreased sig- nificantly and became close
to that of the recipient SLV after stent implantation.
This observation suggests that congestion due to HVOO
can cause abnormal swelling of the graft and that stent
implantation relieves the congestion and reinstates the
appropriate graft volume. This study is the first to
report a change in the graft volume by stent
implantation, which we believe is an important
therapeutic effect of stent implantation. Kim et al.
suggested that spleen size would be an indicator of the
stent patency in the hepatic vein [8]. We hypothesized
that the spleen volume would decrease after
intervention; although we observed that spleen volume
tended to decrease after treat- ment, the change was

not statistically significant. However, in 3 of the 8 cases,
the spleen was removed by the time of LDLT, and it is
possible that the number of cases evaluated was not
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sufficient.

The second indicator is the serum level of the
albumin. It is widely known that albumin levels
reflect the synthetic capacity of the liver, and low
platelet counts reflect a portal hypertensive state
[30]. Low albumin and platelet
levels before
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schematic hypothesis of the effect of graft regeneration on the anastomotic site. (A) In a right liver graft or right lateral sector graft, the right
side of the graft is fixed to the thoracoabdominal wall, and the grafts are only allowed to extend in the leftward-ventral direc- tion. The graft itself
may stretch the homograft vein at the anastomosis, impairing its function as a reservoir. (B) In a left liver graft, the round ligament is fixed to
the abdominal wall, and the graft is suspended, thus avoiding pressure on the anastomotic site. Additionally, the graft can be extended
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transplantation are reported to significantly recover 1
month after successful LDLT [31]. Therefore, the
significant improve- ment in the serum albumin value
after stent implantation indi- cates recovery of graft
function impaired by HVOO. There is one previous report
of improvement in albumin levels after stent implantation
for HYOO among DDLT recipients [14], which was
consistent with the present results among the LDLT
cohort. As with the spleen volume, platelet levels
tended to improve, but the change was not statistically
significant. Platelet levels are thought to be strongly
influenced by the spleen. There were only 5 cases with
spleen remaining in the present study; thus, it is
necessary to accumulate more cases.

To date, there is no consensus on established
anticoagulant or antiplatelet therapy for the long-term
patency of metallic stents in these low-pressure vessels.
In the short term after the proce- dure, previous studies
reported using heparin or LMWH [7

-9,17-19] and then switching to warfarin for long-term
main- tenance [9,19] or aspirin as an antiplatelet agent
[7,8]. There is a recent report of the use of direct oral
anticoagulants given for maintenance therapy after
intravenous stenting in the iliac vein [32]. The rationale
for administering anticoagulants or antiplate- lets is a
report of autopsy findings showing that the implanted
stent was not always covered with neointima [33]. In our
series, 6 patients took warfarin, and 2 cases were given

CONCLUSION

Stent implantation for HVOO after LDLT is a safe and
effective procedure. The present results demonstrated
the efficacy of stent implantation for long-term
patency and for correcting graft con- gestion and
serum albumin values.
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Abstract
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Background Liver transplant recipients (LTRs) are at a high risk of severe COVID-19 owing
to immunosuppression and comorbidities. LTRs areless responsive to mRNA vaccines than
healthy donors (HDs) or other immunosuppressed patients. However, the disruption
mechanism in humoral and cellular immune memory responses is unclear.

Methods We longitudnally collected peripheral blood mononuciear cells and plasma
samples from HDs (n =44) and LTRs (n = 54) who received BNT 1622 or mRNA-1273
vaccines. We measured the levels of anti-receptor-binding domain (RBD) antibodies and
spike-specific CD4* and CD8* T-cell responses.

Results Here, we show that the induction of anti-RBD IgG was weaker in LTRs than in HDs.
The use of multiple immunosuppressive drugs is associated with lower antibody titers than
onlycalcineurininhibitor, and limits the induction of CD4* T-cell res ponses. However, spike-
specific CD4™ T-cell and antibody responses improved with a third vaccination.
Furthermore, mRNA vaccine-induced spike-specific CD8* T cells are quantitatively, but not
qualitatively, limited to LTRs. Both CD4* and CD8* T cells react to omicron sublineages,
regardiess of the presence in HDs or LTRs. However, there is no boosting effect of spike-
specific memory CD8* T-cell responses after a third vaccination in HDs or LTRs.
Conclusions The third mRNA vaccination improves both humoral responses and spike-
specific CD4™ T-cell responses in LTRs but provides no booster effect for spike-specific
memory CD8* T-cell responses. A third mRNA vaccination could be helpful in LTRs to
prevent savere COVID-19, although further investigation is required to elicit CD8* T-cell
responses in LTRs and HDs.

People with a liver transplant don't have as
strong an immune response to COMD-19
vaccines as healthy people. This study
investigates how these indviduals produce
protective proteins, called antibodies, and
CD4 and CD8T cell immune responses. CD4
T cells are responsable for commanding the
immune response and CD8 T cells for
remembering and fighting the virus in future.
We found that liver transplant recipients hawe
a weaker ability to produce antibodies after
vaccination, which is even more noticeable in
those taking drugs to prevent transplant
rejec tion. While a third vaccine dose improves
theirability to produce antibodies, andto have
a CD4T cell response, it doesn’t boost the
CD8 T cell response. In summary, an extra
vaccine dose can strengthen the immune
response in liver transplant recipients but
doesn't improve some aspects of their
immune memory.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged
inlate 2019 and caused a respiratory disorder known as coronavirus disease
2019 (COVID-19)". Although most infected patients experienced mild
symptoms, older adults and immunosup pressed patients, such as transplant
recipients and autoimm une disease patients, are at risk of developing severe
COVID-19. An international database study revealed that the rate of ICU
admission and invasive ventilation required after SARS-CoV-2 infection
was significantly higher in liver transplant recipients (LTRs) than in healthy
individuaks’. Age, serum creatinine level, and non-liver cancer status are
associated with post-infection mortality in LTRs indicating that LTRs
require adequate infection prevention methods®.

As a preventive method against COVID-19, mRNA vaccines are
believed to be the most effective. Currently, two or more doses (three or
four) of mRN A vaccinations are being administered worldwide”. Two doses
of mRNA vaccines reduce the possibility of SARS-CoV-2 infection and
COVID-19-related deaths by 64% and 87%, respectively, in LTRS". How-
ever, the use of multiple immunosuppressive drugs, especially mycophe-
nolate mofetil or steroids isa risk factor for reduced antibodies in LTRs after
two mRNA vaccine doses™. Although two doses of mRNA vaccines
effectively prevent SARS-CoV-2infection, their effects were weaker in LTRs
than in healthy individuals or patients with other immunosuppressive
conditions’. Additionally, threem RNA vaccine doses can improveantibody
induction in LTRs", although they remain inadequate for LTRsto induce a
strong neutralzing activity.

Qinically, immunosuppressive drugs used in LTRs include cak ineurin
inhibitors (CNIs), such as tcrolimus and cyclosporine, mycophenolate
mofetil, everolimus, and steroids'. CNIs suppress immune responses by
inhibiting initial T-cell activation'*". Therefore, the unresponsiveness of
LTRsto antibody induction after mRNA vaccination could be caused by the
suppression of Tell responses However, studies on mRNA vaccine-
induced changes in T-cell responses in LTRs are limited. Moreover, many
studies have been limited to verification at specific time points, such as after
the second or third vaccination, and insights into the changes in antibody
titers and memory T-cell responses over time are insufficient.

A bivalent mRNA vaccine has been designed against an Omicron
strain and induces the production of antibodies against BAS more
efficiently than the monovalent mRNA vaccine against the Wuhan-1
strain'~"". However, the neutralizing activity induced by mRNA vaccines
is limited in newly emerged strains, such as BA2.752, BQ.1.1, XBB, and
XBB.1, as SARS-CoV-2can evadeneutralizing antibodies via mutationsin
the spike protein™. In other words, inducing T-cell responses that can
react to mutant strains, rather than relying on neutralizing antibodies, is
key to preventing future infections due to emerging mutant strains
Nevertheless, whether mRNA vaccine-induced T-cell responses in
immunosuppressed LTRs are reactive to Omicron sublineages is unclear,
although mRNA vaccine-induced antigen-specific Tell responses in
healthy individuals could be cross-reactive against the SARS-CoV-2
Omicron strain (BA.1)".

In this study, we longitudinally collect peripheral blood mononudear
cells (PBMCs) and plasma samples fram healthy donors (HDs) and LTRs
who received BNT16212 or mRNA-1273 vaccines We evaluate the mRNA
vaccine-inducad humoral and cellular immune memory responses over
time and demonstrate that the generation of anti-RBD IgG antibodies is less
effective in LTRs compared to HDs The employment of a combination of
immunosuppressive medications results in reduced antibody levels as
opposed to using solely calcineurin inhibitors, and this adversely impactsthe
developmentof CD4* Tcell responses. Nevertheless, the response of spike-
specific (D4 T cells and antibodies is enhanced following a third dose of
the mRNA vaccine. Additionally, while the quantity of mRNA vaccine-
elicited spike-specific (D8 T cells in LTRs is lower, their functionality
remains unchanged. Both (D4 and (D8* T cells show reactivity to omi-
cron subvariants, irrespectiveof their occurrence in HDs or LTRs. However,
no enhancement in the memory responses of spike-specific CD8* T cells is
observed after a third vaccine dose in either HDs or LTRs.

Methods

Study participants

A total of 98 individuals (44 healthy donors and 54 LTRs) were recruited
from Osaka University, Japan. Blood samples were collected, and peripheral
blood monanudear cells (PBMGs) were isolated via density gradient cen-
rifugation using a BD Vacutainer cell preparation tube (CPT) cantaining
sodium heparin (Becton, Dickinson and Co., Franklin Lakes, NJ, USA)
according to the manufacturer’s instructions PBMCs were immersed in
fetal bovine serum containing 10% dimethy sulfoxide and stored in liquid
nitrogen until analysis. The donor information used in this study is pre-
sented in Table 1.

SARS-CoV-2 spike-specific antibody detection

Plasma levels of total IgG-targeting SARS-CoV-2 spike receptor-binding
domain (RBD)-speific antibodies were determined by ELISA™. Recombi-
nantspike RBD proteins (Wuhan-1,BA.1, BA2 BA5,BQ.1.1, XBEB,BA46
and BA 2.75) were obtained from SinoBiological (Beijing, China). To cal-
culae RBD-specific antibody titers, 96-well plates were coated with RBD
protein and incubated overnight at 4 °C. The plates were then washed and
incubated for 1h with blocking buffer, then washed again, and incubated
with diluted plasma samples for 2 h at 25 °C. The plates were washed and
incubated with biotinylated anti-human total IgG (BD Bicsciences, San Jose,
CA, USA) for 1 h. The plates were washed and incubated with horseradish
peroxidaseconjugated streptavidin (Thermo Fisher Scientific, Waltham,
MA, USA) for 1 hat 25 °C. The plates were washed and incubated with the
TMB peroxidase substrate (KPL, Gaithersburg, MD, USA) for color
development. After 10 min, 2 mol/L H,S0, was added © each well © stop
the reaction. Antibody expression was measured by determining the optical
density at 450nm using an Epoch 2 Microplate Spectrophotometer (Agi-
lent, Santa Qara, CA, USA). The antibody endpoint titer was determined
using a cut-off value of 0.3. The cutoff value of OD =03 was determined
based on the OD values of plasma from unvaccinated individuals used as a
negative control, specifically by adding twice the standard deviation to the
average OD value.

Neutralization assay of pseudotyped virus

To determine the pseudotyped virus neutralization titer (pVNT) of the
vaccinated donors’ plasma, HEK-293A cells expresing ACE2 and
TMPRSS2 were seeded in 96-well plates After 24 h, the human plasma was
diluted 2- or 4-Pld, starting at 1:2 and incubated with SARS-CoV-2
pseudotyped virus at 37 °C for 1 h. After incubation, a mixture of

and the pseudotyped virus was added to each well After 24 h, huiferase
activity was measured using EnSpire (PerkinElmer, Waltham, MA, USA).
PVNTS50 wasdefined asthe plasma diution that achieved 50% inhibition of
pseudotyped virus infection using Prism software (GraphPad Software,
Boston, MA, USA).

Aow cytometry analysis

To analyze SARS-CoV-2 spike-specific T cells, we performed surface and
intrace Bular cytokinestaining of CD4* and CD8* T cells™* Briefly, PBMCs
were incubated in 1 mL RPMI 1640 medium containing 50 U/mL benzo-
nase nuclease (Millipore, Damstadt, Germany), 10% fetal bovine serum,
and penicillin-streptomycin for 2 h. Next, cells were incubated in 200 L of
medium with or without peptides (17-mers overlapping by 11 residues)
cormresponding to the full-length SARS-CoV-2 spike,ata final concentration
of 2 pg/ml of each peptide, for 30 min. Thereafter, 0.2 1L BD GolgiPlug and
0.14 uL. BD GolgiStop (both from BD Biosciences) were added and incu-
bated for 5.5h. The cells were then stained using a LIVE/DEAD Fixable Blue
Dead Cell Stain Kit(Thermo Fisher Scientific) and anti-CD3 (SP34-2 1:100
dilution), anti-CD8 (RPA-TS, 1:400 dilution), anti-CD4 (1200, 1:100 dilu-
tion), anti-CD45RO (UCHL1, 1:2200 dilution), anti-CD27 (0323, 1:100
dilution), and anti-CD57 (NK-1, 1:2000 dilution) antibodies. Afier fixation
and permeabilization using a Oytofod Cytoperm kit (BD Biosciences), the
cells were stained with anti-CD154 (TRAPI, 1:14 dilution), anti-4-1BB
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Table 1| Donor characteristics enrolled in this study

Liver ransplant reci- Healthy

pients (n-54 daonors (n-44)

Demographic

Age, median yeurs (nter- 65(563-70.8 36 (34-443)
Qatio mnge)

Mo (%) 28(519) 35 (1.5
Fernade (%) 264a1) 9205)
Vaodne
2d

Plzer BNT16202 42(778) 2556.8
Moderna/mANA-1273 12222) 19&4.1)
ad

Plizer BNT 16202 29(537) 3568
Moderna/mRNA-1273 25(483) 19 (&.1)
Labaratary values (Median, Intsmyuartie range)

WEC (x10%) 5214568 NA
Lymghocytes (10°4) 1501019 NA
Noutroghils (x10°A) 32740 NA
Monocytes (x1071) 0.2 (027-0.45) NA

CARP fmg/dl) 0.08 0.0£3-0.13 NA
oGMR {ml/min) 516 (41.6-650) NA
HbAlc (%) 595368 NA
Fmunathemapy (0, %)

Monotherapy 23(428) NA
Tacolimus 19Q352) NA
Oyclosparine 4(74) N

CNI 4+ MVF 12Q222) NA

CNI 4+ mTOR 2@7 NA

NI 4 sterad 11{204) NA

CONI 4+ MMF 4 steroid 5@03) NA

CNI 4+ mTOR 4 stemid 1(19) NA
Entecanvie 70130 NA

(4B4-1, 1:400), anti-CD@ (FN50, 1:67), anti-IFN-y (4 S. B3, 1:100), anti-
TNF (MADI1, 1:50 dilution), anti-IL-2 (MQ-17H12, 1:400 dilution), anti-
IL4 (8D4-8, 1140 dilution), ant-IL-13 (JES10-5A2, 1:40 dilution), anti-
grarzyme A (CB9, 1:400 dilution), anti-granzyme B (GB11, 1:2000), and
anti-perforin (B-D45, 1:67 dilution) antibodies Thecells were then analyzed
usinga BD FACSymphony A5 flow cytometer (BD Biosciences) and Flowjo
v. 10.8.1. After gating live single T cells based on the forward scatterareaand
height (FSC-A and -H), side scatter area (SSC-A), live/dead cell exclusion,
and (D3 staining, PBMGs were separated into CD4* and CD8* T cells
Subsequently, 4" and (D8" T cells were further divided into memory
phenotypes based on their CD27 and (D45R0 expression. For spike-
specific (D4 and CD8* T cells, memory cells were gated based on the
expression of (D154 and 4-1BB and (D69 expression, respectively. We
defined CD154°CD4* T cells expressing IFN-y, TNF, or IL-2 as Thl cells
and those expressing 14 or I1-13 as Th2 cells. Frequencies of (D 1547 (D4
T cells Thl, Th2 and (D& *4-1BB*CD8 T cells were calculated by sub-
tracting background of unstimulated samples (DMSO). Positive responses
were defined if there was a reactivity of 0.01% or more after background
subtraction from the unstimulated condition.

Statistics

Indivisual endpoint tters, pVNT, and FACS data are shown as median
with interquartile range. Statistical analyses were performed with GraphPad
Prism 9, Spice 6.1, and R programming linguage. Mann-Whimey U test

and Wilcoxon matched-pairs signed -rank test were usedfor comparisons of
groups. Correlations were calculated using a nonparametric Spearman’s
rank test Multivariable logistic regression model was used for prediction of
the relationships between dependent and independent variables In all fig-
ures, P values are indicated by *P<005 *P<001; ***P <000}
P <0.0001

Study approva

The study protocol and procedures were reviewed and approved by the
Institutional Ethics Committees of the National Institutes of Biomedical
Innovation, Health, and Nutrition (approval nos. 137, 505 and 1174),
Osaka, Japan, andOsaka University (approval no. 21195),Osaka, Japan, and
complied with the 1975 Declaration of Helsinki All the participants pro-
vided written informed consent to participate in the study.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Resuits

Anti-RBD IgG titers and plasma neutralizing activity induced by
COVID-19 mRNA vaccination in HDs and LTRs

We enrolled 44 HDs and 54 LTRs to comprehensively evaluate mRNA
vaccine-induced antibodies and cellular immune responses (Table 1). The
mRNA vaccines, Pfzer BNT 162b2 or Modema mRNA-1273 were inves-
tigated. Blood samples wereobtained at five-time points before vaccination,
1,3, and 6 months after the second vaccination, and 1 month after the third
vaccination (Fig. 1a).

All LTRs were administered (NIs, such as tacrolimus or cydosporine.
Some LTRs took additional medications, such as the metabolic antagonist
MMF, a steroid, or the mTOR inhibitor everolimus. Specifically, 23,12, 2,
11,5, and 1 LTRs had taken only a CNI; (NI and MMF; CNI and ever-
olimus (NTand a steroid; ONI, MMF, and a steroid; and (NI, everolimus,
and a steroid, respectively. Seven LTRs received entecavir, a drug used to
treat hepatitis B, and immuncsuppressive therapy.

Anti-RBD antibady titers in LTRs were significantly lower than those in
HDs at all time points (Fig. 1b) (p <0.0001 at 1 and 3 months, p = 0.0005 at
6 months after the secondvaccination, p = 0.0002 after the third vaccination).
Anti-RBD antibody titers in all HDs exceeded the WHO standard (dashed
line, 1000U/mL); however, 532% of LTRs had ant-RBD antibody titers
below the WHO standard at 1 maonth after the second vaccination. However,
anti-RBD antibody titers in 92.2% of the LTRs after the third vaccination
exceeded the WHO standard, suggesting that effective immune responses can
be achieved in immunosuppressed LTRs by the third vaccination.

Interestingly, the variability in antibody levels among LTRs was wide
compared with that in HDs. Therefore, we aimed toidentify the factors that
affect the variability in antibody production in LTRs. LTRs that obtained
anti-RBD antibody levels higher and lower than the median value of anti-
bady titers in HDs after the thirdvaccination were categorized as strong and
weak responders, respectively. We conducted a multiple logistic regression
analysis with clinical parameters (Fig 1¢), suggesting that taking multiple
drugs decreased antibody levels (p =0.0048, OR = 0.0285).

We regrouped LTRs for comparison between LTRs taking only a CNI
and taking a ONTand more drugs (CNI+ather drug(s)) (Fig. 1d). There was
no difference in the antibody titers between the ONI group and HDs after
the third vaccination. Contrarily, antibody titers were significantly lower in
the CNI+-other drug(s) group than in the HDs and the ONI group
(p <0.0001 among HDs vs. (NI=-other drug(s), p < 0.0001 among (NIvs
(NI=+other drug(s)). However, the anti-RBD antibody tters after the third
vaccination in the ONI=-other drug(s) group were the same asthose in HDs
1 month after the second vaccination (Fig. 1¢; p = 0.3255). After the second
vaccination, anti-RBD antibodies in plasma were induced in 49 of 54 LTRs
The 5LTRs in whom anti-RBD antibodies were not induced after thesecond
vaccination all showed induction of the antibodies after the third vaccina-
tion. However, there was one individual who, despite having a positive
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plasma anti-RBD antibody titer after the second dose, did not benefit from
the third booster dose and tested negative. This individual was taking three
medications, namely CNI, MMF, and steroids (5 mg/day), and had a low
anti-RBD antibody titer even after the second vaccination.

Additionally, LTRs were regrouped based on dinical information apant
from medication (Sup plementary Fig. 1). Antibody titers were conside rably
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lower in deceased donor liver transplant (DDLT) than in living-donor liver
transplant (LDLT) (Sup plementary Fig. 1a). Furthermore, antibody titers in
LTRs less than 12 years after transplantation were lower (Supplementary
Fig. 1b).LTRs who experienced rejection reactions after transplantation also
exhibiied lower antibody titers than those who did not (Supplementary
Fig. 1¢). LTRs who have taken MMF also exhibited lower antibody titers
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Fig. | | Changes in an-RBD IgG titers and plasma neutralizing activity in HDs
and LTRs immunized by COVID-19 mRNA vaccine a Schematic overview of the
cohort.b Ant-RBD IgG endpaint Siters in HDs (black) and LTRs (red) (sample size,
pre:25vs 12, 1 mafter 2nd:25 vs 54, 3 m after 2nd: 24 vs 53, 6 m after 2nd: 44 vs 54,
I m after 3rd: 44 vs 51 ). ¢ Multivariable Jogistic regression model (OR and 95% Q)
for predictors of weak and strong responders (lower and higher than median ans -
bady titer in HDs at | month after third vaccination, respectively). d Anti-RBD
antibodytiters in HDs (black), LTRs taking onlya caldneurin inhibitor (CNIgroup,
red) and LTRs taking CNT and other medications (CNT-+other drug(s) group, blue)
[samplesize,pre: 25 vs Ivs 11,1 mafer 2nd: 25 vs 20 vs 27, 3 mafer 2nd: 25 vs 23 vs
30,6 m after 2nd: 44 vs 23 vs 31, | mafier 3rd: 44 vs 21 vs 29). ¢ Ans-RBD IgG
endpoint Sters in HDs | month afer 2nd vaccination (black) and in CNI+other
drug(s) group | month after 3rd vaccination (blue) (sample size, 25 vs 29). f Fald-

induction in anti-RBD IgG endpaint Sters fter third vacdnation (HD< black, CNT:
red, CNT-+othe dng(s): blue). Pie charts represent the proportion of individuals
with fold-induction > 1, and gray slice shows frequency of negative responders.
(amplesize, 44 vs 21 vs 29). g pVNT ,, against SARS-CoV -2 Wuhan-1 (HDx black,
NI red, CNTH-other drug(s): blue). h pVNT5, in HDs | month after 2nd vacci-
mation (black) and in CNI+-other drug(s) group | month after 3rd vaccination (blue)
(mmplesize, 25vs29).iFold-inductionin pVNT 5 afterthird vaccination. Piecharts
represent the proportion of individuals with fold-induction > 1,and gray slice shows
frequency of negative responders (HDs: black, ONT: red, ONI+other drug(s): blue)
(mmple size, 44 vs 21 vs 29). P values (two-sided) weare cakulated using the
Mann-Whitney U-test. All experiments were performed once Error bars indicate
the interquartile range.

than those who have not (Supplementary Fig. 1d). These factorsare related
to the regimen of immunosup pressive drugs, and the multivariate analysis
suggested that the number of drugs has the most significant impact.
Noteworthily, antibody titers of 89.7% in the CNI<+other drug(s) group
were increased by the third vaccination, and the fold induction of antibody
titers in the CNI=-other drug(s) group was similar to thatin HDs (Fig. If;
p = 0.7666).

Next, we measured the changes in the neutralzing activity of plasma
from HDs and LTRs (Fig. 1g). Neutralizing activity in most of the CNI
+other drug(s) was below the detection limit after the second vaccination,
and was significantly lower than that in HDs after the third vaccination
(p=0.0001). Contranily, the neutralzing activity in the CNI-+other drugfs)
group after the third vaccination was similar to thatin HDs one month after
the second vaccination (Fig. 1h; p=0.2985). Furthermore, although the
fold-induction of neutralizing activity in CNI+-ather drugfs) by the third
vaccination was significantly lower than that of HDs, 82.8% of the CNI
+other drug(s) group got a booster effect (Fig. 1i) (p =0.0006 among HDs
v CNI+otherdrug(s)). These results suggest that the third doses of mRNA
vaccine are worthwhile for the induction of neutralizing activity in LTRs, but
may not be sufficient compared to HDs

CD4" T-cell responses correlate with anti-RBD IgG titers in HDs
andLTRs

Generally, immunosuppressive drugs, induding CNIs, contribute to the
suppression of T-cell responses. To investigate whether the reduction in
antibody titers in LTRsisaffected by changesin CD4 helper T-cell function,
we performed flow cytometry analysis to evaluate the CD4™ T-cell
responses. The frequency of total SARS-CoV-2 spike-specific CD4*
T cells was measured using CD154asan activation marker (Supplementary
Fig.2a). The frequency of spike-specific CD4* T cells in ONI-+other drug(s)
at 1, 3, and 6 months after the second vaccination was significantly lower
com pared to HDs (Fig. 2 p = 0.0117, p=0.0208, and p =0.0047 at 1, 3,and
5 months after the second vaccination, respectively). There was no sig-
nificant differencebetween HDs and the ONI group at 1 month (p > 0.9999),
3 months (p = 0.6506), and 6 months (p=0.1379) after the second vacci-
nation. Moreover, there were significant differences between the CNI and
CNI+other drug(s) groups 3 months (p= 0.024),and 6months (p= 0.0051)
after the second vaccination (Fig 2a). However, there is no significant dif-
ference among HDs, the ONI group, andthe CNI+other drug(s) groupafter
the third vaccination. Regardless of HDs or LTRs, spike-specific CD4*
T cells decreased over time after the second mRNA vaccination (Supple-
mentary Fig, 2b).

Next, we measured the cytokine profiles of the total spike-specific
CD4* T cells (Fig. 2b, ¢, Supplementary Fig. 2a). The frequency of Thl
cells in CNI+other drug(s) after the second vaccination was sig-
nificantly lower compared to HDs (Fig. 2b). On the contrary, the fre-
quency of Th2 cells was higher inthe CNI group than in HDs (Fig. 2¢).
The frequencyoftotal CD154” spike-specific CD4™ T cells and Th1 cells
increased by the third mRNA vaccination in HDs and LTRs, and there
was no significant difference between HDs and LTRs after the third
vaccination (Fig. 2a, b).

We next examined the effect of the third booster on memory (D4* T
cell responses by calculating the fold-induction of (D154%, Thl, and Th2
cell frequencies We observed a boost effect in ~75% of individuals for
(D154* and Thi cellsin all groups, and in ~50% of individuals for Th2 cells
(Fig, 2d-f). Furthermore, Th1/Th2 ratio in LTRs was sgnificantly lower
compared to HDs (Fig 2g), suggesting that LTRs aremore susceptible o the
induction of Th2-biased (D4" T-cell responses.

We next evaluated the carrelation between (D4 T-cell and antibody
responses. One month after the second vaccination, the frequency of
(DI154°CD4* T and Thi cells was positively comrelated with anti-RBD
antibody titers in HDs and LTRs (Fig. 2h). Moreover, CD4* T-cell fre-
quency before the third vaccination positively correlated withantibody titers
after the third vaccination (HDs: r=0299, p=0.049 for CD154°CD4"
T cells vs. anti-RBD IgG; LTRs r=0483, p=0.0004 for CD154°CD4*
Tcells vs. anti-RBD IgG; r =0.433, p = 00019 for Thl CD4 T cells vs anti-
RBD IgG). These results suggest thatlong-term CD4™ T-cell responses after
the second vaccination contribute to the booster effect on antibody levels
after the third vaccination.

Characterization of spike-specific CD8" T-cellresponses in HDs
andLTRs

In addition to antibodies and CD4™ T cells, CD8™ T-cell responses akso
contribute to defense against SARS-CoV-2 infection™. However,COVID-
19 mRNA vaccines reportedly have a lower ability to induce CD8* T cells
than CD4"™ T cells™. Moreover, few reports demonstrate CD8" T-cell
responses to mRNA vaccines in LTRs Therefore, we investigated whether
spike-specific CD8* T cells were induced in LTRs and compared their
frequency with HDs. We defined 4-1BB"CD69°CD8™ T cells as spike-
specific CD8”™ T cells in the PBMCs stimulated with spike peptides (Sup-
plementary Fig, 3a). Spike-specific CD8* T cells were detected in 100% of
HDs and 93% of LTRs 1 month after the second vaccination (Fig 3a).
However, the frequency of spike-specific CD8” T cells by the third vacci-
nation did not increase in most HDs and LTRs (Fig. 3b, HDs 55.8%, CNI
55%, and (NI+-other drug(s) 42.9%). Compared to HDs, the frequency of
LTRs was significantly lower at all time points, regardless of taking singe or
mubtiple drugs (Fig. 3a). Furthermore, in contrast to antibody responses,
there was no carrelation between spike-specific CD8* and CD4* T cell
responses (Fig 3c). These results suggest that the third boost effect on
memory T-cell responses differs between (D4" and CD8* T cells. We then
checked the differentiation status of the spike-specific CD8* T cells induced
by vaccination using CD27, CD45RO, and (D57 markers to define central
memory (CM; CD27°CD45RO"), effector memory (EM; CD27°CD57),
and effector (CD27°(D57%) subsets. As a result, the phenotypes of spike-
specific CD8* T cells were changed from CM to EM at 6 manths after 2nd
vaccination in both the HDs and LTRs who showed positive effects of
boosting spike-specific CD8" T-cell responses (Healthy boost+ and LTR
boast + ), although the phenotypes of total memory CD8* T cells were not
changed over time (Fig, 3d, ¢). After 3rd mRN A vaccination, HDs and LTRs
showed different phenotypes of spike-specific CD8* T cells, with decreased
(M and increased EM and Effector in HDs, but a trend toward increased
M in LTRs

Communications Medicine| (2024)4:30

109



TR 27UULOY7 TUL TUDOVSS4O000~ UL U0 404

g - . > h
- - =0.1197 -
Sy RS0 O Haathy : L0
o s e ooN j e
- ° -
g 5 P 3 . ::° o O CNI + othr drugis) - 05
Jo © 3 °8 % ™ 0
g 4 °°o :P; g o: o : °o PR
T ™
05
< 3400 °¢° 3 _opo corse
ﬁ obo ™ -10
§ 2- 4R ojo 1 2 . 1 morits aher
304 >
(-]
— 1- s o " . ° A0 G trar
o o K 4
o
:iln._nn_‘ ,.."'L'" ”|mﬂnv

Fig 2| CD4 T-cell responses correlate with anti RBD IgG titars in HDs

and LTRs Frequency of spike-spedfic CD1547 (a), Thl (b), and Th2 (c) CD4™

T als in total memory T cells from HDs (black), ONI group (red), and ONT-+other
drug(s) group (blue). d-f Fold-induction of spike-specific CD15¢”, Thl, and T2
CD4™ T cdls by the third vaccination. Pie charts represent the proportion of indi -
viduals with fold -induction higher than 1 .and gray slice shows frequency of negative
responders. ( HDx black, ONI: red, ONT+other drug(s): blue). g The ratio of spike-
specific Thl to Th2 CD4~ T cells (HDs:black, CNL:red, ONT+other drug(s): blue). P

values (two-sided) in (a) to (g) were cakulted wsing the Mann-Whitney U-test.
h Correlation matrix of antibody and CD4™ T-cell responses in HDsand LTR<
Shades of blue rep t pasitive correlaions spproaching 1, while shades of red
dencte negative correlati ing -1. P values (two-sided) were cakulated wsing
the Speanman’s rank test Sample size, | m after 2nd:23 vs 17 vs 26, 3 m after 2nd: 22
vs16vs22,6 mafter 2nd:43 vs 21 vs 29, | m after3rd: 43 vs 20 vs 29. All experiments
were performed once. Error bars indicate the interquartile range.

Furthermore, we previoudy reported that differences in the expression
pattems of cytotaxic molecules could observe qualitative differences in
mRNA vaccine-induced spike-specific CD8* T cells™. Therefore, we com-
pared the expression of cytotoxic molecules in spike-specific CD8™ T cells
between HDs and LTRs Supplementary Fig 3b shows the expression pat-
terns of GZMA, GZMB, and Perforin, and gating Regardless of HDs or
LTRs, most spike-specific CD8* T cells expressed GZMA before and after
the third vaccination (Fig, 3f). The proportion of cells expressing GZMA in
CNI-+other drug(s) was significantly, but dightly, lower than that in HDs
before the third vaccination (p = 00237). However, the proportion of cells
expressing GZMB and Perforin was not different between HDs and LTRs
before and after the third boost (Fig. 3g, h). Furthermore, the expression
profiles of GZMA, GZMB, and Perforin were not significantly different
between the groups (Supplementary Fig. 4a, b). The proportion of sub-
populations expressing GZMA, GZMB, and Perforin was approximately
20% in the spike-specific CD8" T cells of each group, and the proportion of
subpopulations expressing only GZMA was over 50% (Fig. 3i). However,we

did not observe any qualitative differences in spike-specific CD8™ T cells
induced by the third boost.

Antibody against SARS-CoV- 2 variants of concern induced by
mRNA vaccine

HDs and LTRs were vaccinated with an mRNA vaccine based on the
Wiuhan-1 strain, and the induced antibodies potentially reduced the effec-
tiveness against the recently emerged Omicron sublineages Therefore, we
measured the antibody titers before and after the third boost against RBD
comresponding to the Omicron sublineages, and found that anti-RBD
antibody titers before the third boost against all sublineages were sig-
nificantly reduced compared to those against the Wuhan-1 (Fig 4a, b).
Among sublineages, the anti-RBD antibody titers against BQ.1.1 and XBB
were particularly reduced (HDs, 8.43-fold reduction; ONI, 5.23-fold
reduction; CNI-+other drug(s), 4.41-fold reduction against BQ.1.1, HDs,
11.9-foldreduction; CNI, 6.35-fold red uction; CNI +other drug(s),4.41-fold
reduction against XBB). Furthemmore, the neutralizing activity before the
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third boost was below the detection limitfor BA5, BQ. 1.1, and XBB in most
individuals (Fig, 4¢). Furthermore, there was no change in the trend oward
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Additionally, there wasa slightimprove ment in neutralzing activity against
the BAS strain, but not BQ.L1 and XBB strains, by the third vaccina-
ton (Fig. 4f).

Collectively, these results suggest that the third vaccination with the
Wuhan-1 mRNA vaccine may not be sufficent to induce antibody
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difierence in the expression of cytotoxic molecules. a Frequencies of spike s pecific
CDE9™4-1BBCDS”™ T cells in total memory T cells from HDs (black), ONI group
(red), and CNI +other drug(s) group (blue). b Fold-induction of spike s pecific
CD6974-1BB™CDS™ T cells after third Pie charts rep the pro-
portion of individuals with fold-induction > 1, and gray slice shows frequency of
negative responders (HDx black, ONI: red, ONT+other drug(s): blue). ¢ Correlation
marixof CD4™ and CDS™ T-cdl responses. Shades of blue nptu:npomcot
reations approaching 1, while shades of red denate negative latio g -1.
P values were akulated wsingthe Spearman’s rank test. Frequencies of CM, EMand
effecor within (D8 ol memory T cdls (d) and spike-specific CD69°4-1BB~
CDS™ T ells (¢) in individuaks who did (boost + ) or did nat (boast:) receive boost
effect from 3 doses of mRNA vacane (HDs boost - gray, HDs boost +: black, LTRs

boost - red, LTRs boast + :dark red). P values(two-sided ) were akulited wsing the
Wilmxon matched- pairs signed rank test compared to | month after 2 vacanation.
Frequency of spike-specific CD6974 - 1BBCDS”™ T cells expressing GZMA (),
GZMB (g). and Perforin (h) (HDs: black, ONI: red, CNT+other drug(s): blue).

i Expression of multiple cy ic molecules in spike-spedfic (DG™4-1BB"CDS™
Tuk&:hmbr’ux length and pie chart’s area represent the expresionof each
growxc molr.mk (GZMA: red, GZMB: blue, Perforin: green) and cells expressing
the inds ber of cy icmalecules (0: ydlow, 1: green, 2 blue, X red),
respectively. P values (hvouid)m (a). (b). (£).(g).and (h) were cakulated using the
Mann-Whitney U-test. Sample size, | m after2nd 23 vs17vs 26,3 mafter2nd:22vs
16 vs 22, 6 m after 2nd: 43 vs 21 w5 29, I m after 3rd:43 vs 20 vs 29. All experiments
were performed once. Error bars indicate the interquartile range.

responses against Omicron sublineages, particularly BQ.1.1 and XBB, in
HDsand LTRs

Cellular immune responses against SARS-CoV-2 variants of
concern induced by mRNA vaccine
Finally, we investigated the differences in cellular immunity against Omi-
cron sublineages between HDs and LTRs. The frequency of spike-specific
CDI154"CD4* T cells was eval uated in PBMGs before the third boost. There
was no difference in response to the Wuhan-1 and mutant strains in all
groups (Supplementary Fig 5a,b). The same trend was observed for spike-
specific Th1 CD4* T cells (Fig. 5a, b). However, the frequency of
CDI54°CD4” T cells and Thi cells responding to mutant strains in HDs
after the third boost was significantly and slightly lower than that of cells
responding to Wuhan-1(Supplementary Fig. 5¢, d, Fig. 5¢, d). The same
trend was observed in spike-specific Th2 CD4™ T cells (Supplementary
Fig. 4e-h). These results indicate that, unlike antibody responses, CD4”
T-cell responses induced by mRNA vaccines can react to Omicron sub-
lineages. Moreover, LTRs resulted in CD4™ T-cell responses to Omicron
sublineages with comparatie reactivity to those in HDs

Next, we investigated CD8* T cell responses to Omicran sublineages
Interestingly, the frequency of spike-specific CD8* T-cell responses to
mutant strains was not significantly decreased, regardless of the pre- and
post-third boost (Fig. 6a, b). The fold-changes in the frequency of CD8*
T-cell responses to mutant strains relative to Wuhan- 1 are shown (Fig. 6¢,
d). Collectively, these results demonstrate that mRNA vaccines induce
CD8* T-cell responses reactive toBA.5, BQ.1.1,and XBBmutant strainsand
that these respanses are maintained in LTRs.
Discussion
In this study, the anti-RBD IgG titers in LTRs induced by the mRNA
vaccines were lower than those in HDs after the second and third vacci-
nation. Multivariate analysis based on LTRs' background information
revealed that the use of multiple immunosup pressive drugs was a key factor
in the lack of antibody induction, which is consistent with recent studies™.
EveninLTRs receiving multiple medications, the third mRNA vaccination
induced antibody responses similar to those observed in HDs after the
second vaccination. However, neutralzing antibodies obtained with only
three doses of the Wuhan-1-type mRNA vaccine are insufficient against
Omicron sublineages. It could be necessary to receive a fourth dase of a
vaccine or a bivalent vaccine'™”, especially for LTRs

Furthermore, in this cohort, eight patients had a history of ritaximab
treatment, which targets B cells. A study in patients with multiple sclerosis
receiving anti-CD20 therapy within 20 weeks before mRNA vaccination
showed that antibody production following mRNA vaccination was dras-
tically reduced, while T-cell responses were induced™ However, in our
cohort, no LTRs received anti-CD20 therapy within 1 year before vacci-
nation, and rituximab treatment did not affect antibody induction. Another
critical point is that, unlike in Westem countries, IDLT is the primary
method in our cahort. Our study could uniquely compare LDLT with
DDLT (LDLT; n =46, DDLT; n=8) and evaluate the changes in immune
responses over time in vaccine efficacy in LTRs from LDLT. Furthemmore,

passive immunotherapy such as HBIG is mainly used in LTR because HBV
vaccine islesseflective in LTRs”. While the HBV vaccine is a recombinant
protein vaccine, the mRNA vaccine developed as a new modality during the
SARS-CoV-2 pandemic is a potentially effective platiorm for inducing
neutralizing antibodies even in immunosuppressed LTR.

CNIs are the most commonly used immuncsuppressive drugs targeting
Tcells in LTRs (NIs inhibit cakineurin, resulting in the inactivation of the
nuclear factor of activaied T-lymphocytes (NFAT) and suppression of [L-2
production™. In other words, (NIs speifically target T cells, but for the
evaluation of mRNA vaccine effects in LTR, the focus is on humoral
immunity due to technical limitations. Notably, the early induction of CD4*
T-cell responses by mRNA vaccines is reportedly necessary for antibody
production™. Therefore, it is crucial to investigate the effectiveness of mRNA
vaccine-induced T-cell responses in LTRs Our findings demonstrate that
(D4* T<ell responses before the third mRNA vaccination significantly
carrelated with ant-RBD IgG tters after the third vaccination. These results
suggest that the long-term maintenance of (D4* T cell responses is an
important factor for the acquisition of high antibody titers in LTRs

Furthermore, taiking multiple drugs reduced spike-specific CD4”™
T-cell responses after the second vaccination, similar to antibody titers;
however, the third vaccination significandy improved (D4" T-cel
responses. Therefore, a third mRNA vaccination is considered effective
for acquiring immune responses in LTRs regarding both antibody and
(D4* Tcell responses. Additionally, ONT alone did not affect the ind uction
of spike-specific CD154"CD4™ T cells. However, CD4™ T cells were biased
wward the Th2 phenotype in the LTRs. The induced Th2-biased CD4*
Tcells in mice and hamsters reportedly kead tovaccine -associated enhanced
respiratory disease (VAERD) upon SARS-CoV-2 infection™". Although
the occurrence of VAERD caused by COVID-19 mRNA vaccines in
humans has not been verified, it is necessary to consider the possibility of
VAERD in LTRs. Moreover, although COVID-19 mRNA vaccines have a
strong Thl induction ability™, it is possible thatthe environment in which
(D4 naive T cells are more prone to difierentiate into Th2 phenotype is
created due to the effect of CNI. It has been shown that CD4 naive T cells
polarize into Thl phenotype upon receiving strong TCR signals and into
Th2 phenotype upon receiving weak TCR signals in mice™. Furthermore,
previous studies have demonstrated a dear shift from Thl to a Th2
cytokine-secreting profile as an additional mechanism of immunosup-
pression by cyclosporin A™and steroids™. However, Th1/Th2ratio in LTRs
was not difierent after the second and third mRNA vaccination, suggesting
that the possibility of Th2-biased reactions becoming predominant after
multiple mRNA vacdnations is low.

The cytolytic activity of spike-specific (D8 Tcell responses is a key
factor for reducing the risks of severity against SARS-CoV-2 infection in
HDs”. Recent studies suggest that mRNA vaccines induce weaker CD8*
T-cell responses in healthy donors compared to CD4* Tcell responses™”.
In solid organ transplant recipients, including liver and kidney transplan-
tation, the frequency of spike-specific CD8” T cells was found to be sig-
nificantly lower after 2nd mRNA vaccination campared to healthy donors”.
This finding alsoindicates that solid organ transplant recipients have weaker
(4" and (D" Twell responses compared © other groups of
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—

immunocompromised patients, such as primary immunodeficiency syn-
dromes, AIDS, hematopoietic stem cell transplant recipients, and chronic
lymphocytic leukemia patients. In our study, the frequency of spike-specific
CD8* T cells was significantly lower than that of healthy danors at all ime
points. Although spike-specific (D8" T-cell responses decreased quanti-
tatively in ONI group and CNI<other drug(s) graup compared to healthy
donors, thereis no significantdifference between healthy danors and LTRin
terms of the booster effect of mRNA vaccines (Fig, 3b).

In recent years, it has been reported that the expression of GZMB and
perforin in bulk CD8* T cells, not antigen-specific CD8" T cells, in SARS-
CoV-2 infected patients is higher than that in healthy donors®. This suggests
that the induction of CD8”™ T cells expressing high levels of cytotoxic mde-
cules contributes potentially to the suppression of COVID-19 severity.
However, a recent study using MHC multimers has demonstrated that the
expression levels of GZMB and perfarin in SARS-CoV-2 spike epitope-
specificCD8™ T cells decrease over ime after 2nd mRNA vaccination, and do
not increase after 3rd vaccination®’. Therefore, the ability of mRNA vaccines
to induce CD8* T cells with high cytotoxic activity is limited. In our study, the
subpopulations expressing GZMA, GZMB, and perforin were not difierent
between HDs and LTRs, indicating that mRN A vaccine-induced spke-spe-
cific CD8" T cells are quantitatively, but not qualitatively, limited to LTRs. In
summary, no improvement was observed in both the quantitative or quali-
tative aspects of spike-specific CD8* T cells even after 3rd vaccination in both
healthy donors and LTR in our study. Moreover, both CD4* and CD8* T-cell
responses induced by Wuhan-1 mRNA vaccines were reactive to Omicron

sublineages BAS, BQ.1.1, and XBB in HDs and LTRs, suggesting that
inducing T-cell responses is crucial for dealing with new mutant strains.

We also examined the relationship between LTRs' background infor-
mation and the induction of spike-specific CD8* T cells (Fig. 1¢). Although
taking multipledrugs did not affect the responsiveness of spike-specific (D8
T cells © the third boost, unlike the antibody responses, a dedline in eGFR
affected CD8* T-cell respanses (Supplementary Fig. 6A). This result suggests
that LTRs with decreased kidney function may be a potential risk factor for
weaker CDS™ T-cell responses, as shown by an epidemiological study
demonstrating high serum creatinine levels in severe COVID-19 patients®.
Since CD8™ T-cell responses during SARS-CoV-2 infection in LTRs with
decreased kidney function have not been evaluated, further investigation is
needed toaddress this Furthermore, the median steroid doseadministered to
the liver transplant recipientsin this study was 5 mg/day (range: 0.5-10 mg/
day). Within this range, an effect was observed on the antibody titer, but no
effect an the Tell response was noted (Supplementary Fig. 7a).

Finally, the booster effectof the third vaccination was found in terms of
spike-specific CD4* T-cell and antibody responses but not (D8" T-cell
responses in HDs and LTRs. Regarding the quantitative changes in CD8™
T-ell responses, only ~50% of HDs and LTR s obtained a boosting effect by
the third vaccination (Fig. 3b). This cannot be explained simply by HDsvs
LTRs. In our phenotypic analysis of spike-specific CD8 T cells, we found
that the differentiation/maturation of the spike-specific CD8* T cells after
two doses of mRN A vaccine could be a key factor for boosting sp ke-specific
(D8™ T cells by the third vaccination. Further investigation is still required
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to address the moleculer mechanism of this observation. While mRNA
vaccines are expected to be effective platforms for various pathogens that
may emerge, low CD8* Tcell induction ability could be an issue for future
mRNA vaccine development

In summary, the third mRNA vaccination improves humoral
responses and spike-specific CD4™ T-cell responses in LTRs but exhibited
no booster effect for spike-specific memory CD8* T-cell responses. Spike-
specific (D4* and CD8™ T cells can react o Omicron sublineages in HDs
and LTRs, whichsuggests that a third mRN A vaccination could behelpful in
LTRs to prevent SARS-CoV-2 infection, although the further investigation
will be needed to elicit (D8 T-cell responses in not only LTRsbutalso HDs

Data availability

Source data, datasets generated and/or analyzed during the current study,
are available in the paper or are appended as Supplementary Data 1. The
data supporting the findings of this study are avalable from the come-

sponding author upon request.
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ABSTRACT
Background: Cell-derived sheets are of global interest for regenerative therapy. Transplanting a
sheet for abdominal organs requires a device for laparoscopic deli
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to minimize invasiveness.
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deliver sheets to the thoradic cavity in a laparoscopic transplantation procedure.

Material and methods: We used the device to transplant human skeletal myoblast cell sheets
onto the liver and measured extra-corporeal, intra-abdominal, and total procedure times for
sheet transplantation. Tissues, including the liver and the sheet, were collected two days after
transplantation and analyzed histologically.

Results: In all experiments (n= 27), all sheets were successfully placed at target locations. The
mean (£ standard deviation) extra-corporeal, intra-abdominal, and total procedure times were
44+29, 33212, and 77365, respectively. We found no difference between the two surgeons
in procedure times. Histological analyses showed no liver damage with the transplantation and
that sheets were transplanted closely onto the liver tissue without gaps.

Condusion: We confirmed the feasibility of a simple universal device to transplant cell-derived
sheets via laparoscopic surgery. This device could support a minimally invasive procedure for
sheet transplantation.
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Introduction

Regenerative therapy using cells derived from various
sources is of global interest. Intravenous injection and
local injection are among several methods of cell
delivery [1-4]. Compared with these methods, the so-
called ‘sheet technology’ has some advantages linked
to improved therapeutic effects, such as the large
number of deliverable cells and their persistence at
the therapeutic target [5]. For example, sheet technol-
ogy has been used to treat heart failure and to prevent
perforation after duodenal endoscopic submucosal
dissection [6-9].

Laparoscopic or endoscopic approaches have been
considered preferable to minimize the invasiveness of
sheet delivery. This preference has led to the develop-
ment of endoscopic esophageal and epicardial devices

[10,11]. Although a device for laparoscopic proce-
dures in the abdominal cavity has been described
[12], the carrier, made of medical-grade silicon and
nylon mesh, must be pinched and rolled up using
conventional laparoscopic forceps. This requirement
means that sheet size and surgeon skill may be factors
affecting the difficulty of the procedure. To simplify
delivery and make it more reproducible, new devices
are needed that can be integrated with laparoscopic
forceps.

We previously reported the efficacy of skeletal
myoblast cell sheet transplantation for liver regener-
ation in cases of liver failure [13]. However, no easy,
suitable device is available for achieving a transplant
on the liver using a laparoscopic approach. Thus, we
sought to determine whether a novel device developed
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for cell sheet transplantation in the thoracic cavity for
heart failure could be applied for laparoscopic intra-
abdominal sheet transplantation onto the liver. Here,
we investigated the feasibility of this device for lap-
aroscopic transplantation of the cell sheet on the liver
in a porcine model.

Materlal and methods
Device for laparoscopic transplantation

The design of the new device is shown in Figure 1.
The device consisted of an outer frame, an inner
frame, and a carrier for sheet delivery. The diameter
of the outer frame (Figure 1A) ranged from 10.3 to
10.7mm to ensure passage through a 12-mm trocar,
and the inner frame diameter was 6.5mm. The carrier
(Figure 1B) consisted of two parts: a large carrier
made of polyethylene terephthalate and designed to
deliver sheets up to 45mm in diameter, and a small
brown carrier, consisting of a plastic film 50pm thick
for placing the sheet on the liver surface

(A)

atraumatically. Figure 1C demonstrates the movement
of the carriers when the device stores the sheet, and
Figure 2 illustrates how to use the device. In the extra-
corporeal procedure (Figure 2A), the sheet was placed
onto both the small and large carriers and introduced
into the outer frame by pulling of the inner frame. In
the intra-abdominal procedure (Figure 2B), the sheet
was transplanted onto the target organ by pushing of
the inner frame and the small carrier.

Preparation of skeletal myoblast cell sheets

Human skeletal myoblast cells were used in this
study. Cells were surplus specimens from other clin-
ical trials, harvested from the vastus medialis muscle
of patients with heart failure. The cell sheets were
prepared as described previously [14]. Cells were col-
lected and cultured at 37°C for one day on tempera-
ture-responsive culture dishes (UpCell; CellSeed,
Tokyo, Japan) at a density of 1.0 x 10° cells/cm®, and
the cell sheets were detached from the dishes at room

Figure 1. Design of the novel device used In transplanting the cell-derived sheet In a laparoscopic procedure. (A) Overall view of
the device. Scale bar = 10cm. (B) The distinctive tip of the device. The device comprises a small brown carrier and a large color-
less carrler. Scale bar = 5cm. (C) The movement of both the small and large carriers to store the sheet. Left, the condition with
the sheet placed onto the carrier. Middle, both carrlers have been gradually pulled Into the Inner frame and curled up. Right, the

sheet fully encapsulated In the Inner frame.
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(B)

Figure 2. lllustration of the procedure using the new device for sheet transplantation. (A) The procedure outside the body. A
sheet Is placed on the carrler In a dish and retracted by pulling the Inner frame. (B) The procedure Inside the body. The device Is
passed through a 12-mm trocar. First, the Inner frame Is pressed to unfold the sheet, and then the small brown carrler Is pressed

to transplant the sheet onto the liver surface.

temperature (20-25°C). For animal experiments, cell
sheets were produced at a density of 6.0 x 107 cells/
sheet. The sheets were round, with a diameter of
approximately 4 cm.

Animal experiments

All procedures were conducted in three-month-old
female pigs (average weight — 35kg) in a standard
manner, with animals under general anesthesia and
intubation. A 12-mm periumbilical trocar was placed
for the laparoscope, and another 12-mm trocar was
placed in the left upper quadrant for sheet transplant-
ation. A 5-mm trocar was placed in the right lower
quadrant for support.

Surgical procedure for sheet transplantation

Before sheet transplantation into the abdominal cav-
ity, fibrin glue (Beriplast, CSL Behring, Tokyo, Japan)
was sprayed onto the surface of the cell sheet using a
dedicated spraying kit (Beriplast P Combi kit, CSL
Behring, Tokyo, Japan) to strengthen the sheet. The
sheet was then placed on the device and advanced
into the abdominal cavity through a 12-mm trocar.
Next, the sheet was transplanted at the target location

on the liver surface using the device and conventional
laparoscopic forceps through the other trocar. No
liver mobilization was needed for the sheet trans-
plantation. After transplantation, the liver surface,
including the sheet, was covered by Beriplast to pre-
vent exfoliation of the sheets from the liver. After
confirmation that the sheets were fixed, the laparo-
scopic ports were sutured and the surgical procedure
finished. Two surgeons performed 27 sheet transplan-
tations in a total of four pigs, with the time frame
measured from placing the sheet on the carrier to
transplantation onto the liver surface.

Histological analysis

The pigs were sacrificed by injection of pentobarbital
sodium (50 mg/kg) and potassium chloride (20 millie-
quivalent) two days after sheet transplantation.
Tissues were collected and fixed with 4% paraformal-
dehyde-phosphate-buffered saline for paraffin embed-
ding before being cut into 5-um sections using a
microtome. The paraffin-embedded sections were
stained with hematoxylin and eosin (H&E) and
visualized under standard light microscopy. To con-
firm the presence of the myoblast cell sheet immuno-
histochemically, sections were labeled with
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Figure 3. Surgical procedure using the new device In pigs. (A) A sheet was placed on the small brown carrier and retracted by
pulling the Inner frame. (B) The device was passed through a 12-mm laparoscopic trocar and the sheet transplanted onto the tar-

get by pushing the Inner frame and the small carrler.

monoclonal antibodies against desmin (Abcam,
Cambridge, UK) and visualized using the LSAB™ kit
(DAKO, Glostrup, Denmark) and an automated
immune-staining system based on the labeled strepta-
vidin/biotinylated antibody method.

Ethical statement

The use of human skeletal myoblast cells was
approved by the Human Ethics Review Committee of
the Graduate School of Medicine, Osaka University
(approval number 21389). The entire protocol of the
animal experiment was approved by the Institutional
Animal Care and Use Committee Guidelines of Osaka
University (approval number 03-030-001).

Results

The overall procedure is shown in Figure 3, and a
video of the procedure is included as Supplemental

File 1. The myoblast cell sheet was successfully placed
on the carrier of the device without any damage.
Passage of the device through the laparoscopic port
and exit of the carrier from the device proceeded
smoothly. As noted, the procedure was performed 27
times, and all sheets were transplanted successfully
while retaining their original shape without damage.
The mean times (+ standard deviation) of the extra-
corporeal, intra-abdominal, and total procedures were
44129, 33+ 12, and 77 £ 365, respectively. The times
each surgeon took for each of these procedure periods
were 54137, 36+ 12, and 90+ 44s, respectively, and
39+24, 31%£12, and 70+30s, respectively. These
durations did not differ between surgeons (extra-cor-
poreal procedure, p— 0.2260; intra-abdominal proced-
ure, p—0.3061; and total procedure, p— 0.1841).

The H&E staining and immunohistochemical stain-
ing for desmin are shown in Figure 4. These images
demonstrate that the sheet remained viable on the
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Figure 4. Histopathology of the transplanted cell sheet In the liver. (A) H&E staining and (B) Immunohistochemical staining of
desmin two days after sheet transplantation, confirming that the sheet was transplanted onto the liver without any gaps or tissue

damage. Scale bar = 100um.

surface of the liver tissue. No liver damage from sheet
transplantation was observed, and the sheet was trans-
planted closely onto the liver tissue without gaps.

Discussion

We show that a new device developed to deliver a
cell-derived sheet to the thoracic cavity for heart fail-
ure is feasible for laparoscopic transplantation of a
cell-derived sheet onto the liver. In the past decade,
regenerative therapies using sheet technology have
been developed in various fields. Many benign and
malignant diseases have been treated by minimally
invasive surgery, so it is clinically worthwhile to
develop devices to transplant cell sheets as non-inva-
sively as possible [15-18]. Based on this concept, sev-
eral devices for minimally invasive transplantation
have been reported. Osada et al. described a novel
device for endoscopic cell sheet transplantation using
a three-dimensional printed simulator [11]. Their
device was developed for cardiovascular surgery but
could be applied for other procedures. There were
some issues to resolve, such as difficulty distinguish-
ing the side attached on the nylon mesh and no valid-
ation of utility in vivo. The device also needed a
trocar >12mm because it consisted of an outer steel
frame that was 18 mm in diameter. Yamaguchi et al.
demonstrated a highly feasible procedure for laparo-
scopic transplantation [12]. Their study illustrated
application of the method for several sites in the
abdominal cavity, including liver, stomach, colon, and
small intestine. The procedure required several steps
for sheet transplantation, implying complexity in the
use of the device.

122

In contrast, our device was designed to be simple
and easily handled. The integrated design could allow
the same procedure to be repeated by anybody without
any special tips and could make the sheet transplant-
ation as targeted as possible. Furthermore, improving
the structure and material of the small carrier could
avoid damage to and deformation of the sheet.
Maintaining the sheet structure is important, as its
compromise could weaken its effectiveness. The data
collected using the device in this study suggest simpli-
city and certainty in transplanting the sheet via laparo-
scopic surgery. Although we did not compare the data
to results with previously reported devices, the advan-
tages suggested by the data seem to be important when
considering the clinical applications of the device.

Some issues remain to be resolved. First, we used
the device to transplant the sheet only onto the liver
surface. We did not have trouble transplanting any
section of the liver, such as the cranial and caudal
portions, and although we assume it could be applic-
able to other abdominal organs, we did not validate
this assumption. This point should be kept in mind
when considering use of the device for transplantation
of cell sheets onto other organs. Second, because of
the difficulty in preparing a porcine model with liver
cirrhosis, we could not examine transplantation onto
the cirrhotic liver, which has a rough surface. There
may be some difference between transplantation onto
rough versus smooth liver. Third, this device required
a 12-mm periumbilical trocar to move the sheet into
the abdominal cavity. The incision site for a 12-mm
trocar should be sutured by fascia to avoid an inci-
sional hernia. If we make the device smaller so that it
fits a 5-mm trocar, which is possible, the size of the
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sheet would be limited to ensure the original shape.
Although there is not much difference to surgeons
between suturing the incision site for a 12-mm trocar
versus a 5-mm trocar, the structure of this device
would need to be radically changed to fit a 5-mm tro-
car without changes to the sheet. In terms of size, fur-
ther assessment is warranted. Finally, a limitation of
the study was the short observation period after sheet
transplantation (two days). Because we used a xeno-
geneic cell-derived sheet that would likely activate the
immune response, our observation period had to be
short. Longer observation would be possible without
immune rejection by using a syngeneic model, and a
pig cell-derived sheet may be suitable for longer
observation. However, our priority was to confirm the
usefulness of the device with human cell-derived
sheets with a view to clinical application, requiring us
to use a xenogeneic cell-derived sheet in this study.
In this regard, the finding of no device-inducing com-
plications after the transplantation should be viewed
with caution given the short-term observation period.
More studies are needed to monitor for complications
in the long term and to confirm proof of function for
sheet transplantation by the device.

In conclusion, we confirmed the feasibility and
usefulness of a simple universal device to laparoscop-
ically transplant cell sheets onto the liver. Therapy
with cell sheet technology is expected to be further
developed, and this device could be useful in minim-
ally invasive procedures for sheet transplantation.
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Caser Report: A Rare Case of Pulmonary Nocardiosis Caused by
Nocardia pseudobrasiliensis After Liver Transplantation
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ABSTRACT

Nocardia is a gram-positive bacillus with the microscopic appearance of branching hyphae
and is mainly distributed in the soil. Nocardiosis more frequently occurs in immunosup-
pressed patients. Since nocardiosis has a high montality rate, immediate diagnosis and treat-
ment are needed. We report the first case of pulmonary nocardiosis caused by Nocardia
pseudobrasiliensis after liver transplantation. A 58-year-old woman underwent living-donor
transplantation for primary biliary cholangitis. Seven months after transplantation, she came
to our hospital complaining of fever and anorexia. Computed tomography of the lungs
showed a 45 mm large nodule affecting the upper lobe of the left lung. We started adminis-
tering empiric antibiotics and tapering immunosuppression, but the patient’s condition grad-
ually worsened, and lung lesions increased. On the fifth day after hospitalization, bacteria
developed from sputum cultures were identified as N. pseudobrasiliensis by matrix-assisted
laser desorption ionization time of flight mass spectrometry. We started treatment with tri-
methoprim-sulfamethoxazole. The patient’s clinical symptoms and laboratory data improved
quickly. After one month of hospitalization, this patient was discharged. Then, the lung
lesion almost vanished. Ten years after her transplant, the patient is alive with a well-func-

tioning graft.

NEUMONIA, onc of the most frequent discases after organ

transplantation, occurs in 35% to S0% of recipients after
liver transplantation (LT) [1]. Pncumonia caused by bacterial
infections is the most common, but because LT recipients take
immunosuppressive drugs, cases of pneumonia caused by rela-
tively rare bactena, such as Nocardia, can occur.

Nocardia is a gram-positive bacillus. On microscopy, it is
chamcterized by branching hyphac and is mainly distributed
in the soil. The species of the family Nocardiaceae form a
homogencous cluster within the Coryncbacteriaceae of the
Actinomycetes. Currently, the gencrally accepted definition
of Nocardia is based primarily on molecular phylogenetic
information, especially derived from 165 rRNA  gene
sequences [2). More than 50 species of the genus Nocardia
have been segregated, and approximately half have been
recognized as human and ammal pathogens [3]. Nocardia
can disseminate hematogenously and cause abscesses in the
lungs, liver, and central nervous system. Moreover, it was
reported that the immune response mediated by T lympho-
cytes plays an essentid role in preventing Nocardia
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infection [4). Thus, patients with cancer-beanng tumors or
those taking immunosuppressive drugs after organ transplan-
tation are prone to developing infections with this Nocardia
spp. In addition, LT recipients have been noted to have a
higher rate of disseminated discase [5].

We report a case of pulmonary nocardiosis caused by a mre
species, Noaardia pseudobrasiliensis, and summarize the case
reports m the relevant literature.
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CASE PRESENTATION

A 58-year-old woman underwent living-donor LT for pnmary
biliary cholangitis in our hospital. During hospitalization, the
patient experienced an episode of acute cellular rejection on the
seventh day after LT. After steroid pulse therapy, she was dis-
charged with maintenance immunosuppression, consisting of
prednisolone (7.5 mg), mycophenolate mofetil (500 mg), and
tacrolimus (2.0 mg) on the 98th day after LT.

Seven months later, she presented to our hospital with com-
phints of fever and anorexm. On admission, the patient was
breathing cffiaently, with a pulse of 115 beats/min, blood pressure
of 105/77 mmHg, body temperature of 38 4°C, a respiratory rate
of 12 breathd/minute, and an oxygen saturation kevel of >95%.
Laboratory results showed leukocytosis (18.6 x 10%/uL), m cle-
vated C-reactive protemn (CRP) of 4.82 mgAL. She ako showed
an extremdy high tacrolimus concentration (25.7 ng/ml) and
HbAlc value (11.6%). Chest mdiography and computed tomogra-
phy (CT) of the lung showed a large nodule of 45 mm in size in
the upper lobe of her left lung (Fig 1A). At this point, bactenal
prcumonia was rased from these exammations, and she was
treated with a carbapenem antibiotic (500 mg, 3 times a day, [V)
together with the tapering of prednisolone (5.0 mg), mycopheno-
late mofetil (250 mg), and tacrolimus (1.0 mg).

1201

Figure 2 shows the clmical course after hospitalizaton.
Despite these treatments, the patient required oxygen adminis-
tration, her body temperature increased to 38.7°C, and her CRP
level was devated at 5.50 mg/dL. The same lung lesion grew
progressively by 75 mm on the fifth day after hospitalization
(Fig 1B). At this time, sputum culture revealed N. pseudobrasi-
liensis, a gram-positive bacillus with branching hyphac
(Fig 1C). CT nuled out dissecminated discase, since Nocardia
may causc these discases in the liver and brain,

After this result, we started treatment with tnmethopnm-sulfa-
methoxazole (TMP-SMX) (960 mg, twice daily, IV) according to
the drug sensitivity test of N. pseudobrasiliensis. Thercafter, the
patient’s clnical symptoms and laboratory data improved quickly,
and we could switch © oral TMP-SMX (4 g, twice a day). After
onc month of hospitalzation, the patient was discharged. She con-
tnued to take oral medicine 6 months after discharge. Finally, the
lung lkesion almost vanished (Fig 1D). At 10 years after her trans-
plant, she is alive with a good graft function.

DISCUSSION

Pncumonia after LT ocaurs in 8% © 23% of patients and contrib-
utes greatly to the prognosis when it occurs. The organisms that

Fig 1. CT findings and microbiological examination. (A) Chest CT demonstrated a 45 mm nodule in the left upper lobe on admission. (B)
The lung lesion worsened on the fifth day after hospitalization. (C) The sputum culture test revealed N. pseudobrasilensis, a gram-posi-
tive rod with a branching filament. (D) The pulmonary lesion disappeared in the 6 months after admission. CT, computed tomography.
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Fig 2. Clinical course after hospitalization. BT, body empera-
ture; CRP, C-reactive protein; FK506, tacrolimus; MEPM, mero-
penem; MMF, mycophenolate mofesi; PSL, prednisolone;
TMP-SMX, trimethoprim-sulfamethoxazole.

most commonly cause pncumonia are bactenx among them,
gram-negative bacteria account for more cases than gram-positive
bacena. This s followed by fungi, viruses, and protozoa. Nocar-
dia spp. s a gram-positive bactenum that grows acrobically and
more frequenty in patients with malignant tumors, dabetes melli-
tus, and healthy people undergoing immunosuppressor treatment.
Pulmonary nocardiosts is the most common chnical presentaton
of infection because inhalaton is the pnmary route of bactenal
exposure. Extrapulmonary nocardiosis is relatively common and
can occur through hematogenous dissemmation or a contiguous
spread of necrotzing pneumonttis into the pleury pencardmum,
modiastnum, and vena cava. Among these sites, the central ner-
vous syseem (CNS) is the most common extrapulmonary locaton
for nocardiosis. Nocardiosis is reported © ocaur in 37% of
patients 3 to 5 years after LT, and the nsk of developing this mfec-
tion is considered relatively high [5).

Pulmonary nocardiosis may cause shortness of breath, dry
cough, hemoptysts, fever, weight loss, and asthenia A definitive
diagnosis of this discase is made when Nocardia s detected on cul
ture, but frequent culture tests are nocessary because it may not be
detected on the first culture [5). TMP'SMX has functioned as first-
line therapy for more than 60 years. Morntality is as high as S0%
with TMP-SMX monotherapy. Drug resistance © some specics,
including N. farainica, is the mam cause, especially i dissemmated
infections and CNS invasion [6). In recent years, Inezolid has
gained marased attention as a pimary therapy for Nocardia infec-
tion because of the emergence of drug-resistant speaes [7].

Twenty-four cases of pulmonary nocardiosis that deveoped
after LT were summarzed, including our case [5,7-22). The
modian age was 56.6 years (30-84) and 66.7% were male. The

=
L 315 BTOQ)
-y
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il‘IC'O!!'l\!"nn)lllﬂ)l;
Auruton of hosptaization (day)

most common organisms were N. asteroides and N. farcinia
(5 cases cach). The most common sites of involvement were the
lung (15 cases), skin (11 cascs), central nervous system (6 cases),
thyroid gland (2 cases), liver, testes, eeth, and Bver (1 case cach).
Of these patients, 45.8% had disseminated lesions in multiple
organs. The mortality rate was 20.8%. These included cases in
which it took time to detect Nocardia from culture studics. Inter-
estingly, 83.3% of patients devdoped nocardiosis within only one
year after LT. This may be due to poordy controlled blood levels
of immunosuppressive drugs mmmedately after surgery.

To our knowledge, this is the first case of N. pseudobrasilien-
sis causing pulmonary nocardiosis after LT. N. pseudobrasilien-
sis is a newly descnbed species previously thought to belong to
the speaes N. brasiliensis. N. pseudobrasiliensis was identified
in 1996 because it differs from N. brasiliensis in mycolic acid
pattem, adenine degradation, nitrate reduction, and antimicro-
bial susceptibility [23]. Only 2 strains have been isolated in
Japan thus far. In this case, we identified N. pseudobrasiliensis
by bacterial identification using matnx-assisted laser desorption
ionization time of flight mass spectrometry (MALDE-TOF MS).
MALDI-TOF MS is a method of analyzang bactenal proteins
by applying a laser beam to the ionized sample and applying a
voltage to the ionized sample. The sample is ionized by imradiat-
ing the bacterial protein with a laser beam and then passed
through a vacuum tube with a voltage applied to measure the
mass of the target by the difference in time of flight. Bactena
can be identified by matching the mass spectrum obtained from
the time and detection intensity with a database [24).

We summarized the cases of nocardiosts caused by this spe-
aes m the rlevant licrature (Table 1) [25-30). Most patients

Table 1. Clinical Characteristics of Patients with Nocardios is Caused by N. pseudobrasiliensis

Caso Number Author Ago (yeas) Sax Comodid Condlion Locaion of Infecton Toatment Oustwmo
1 BownBA etal 33 M AIDS Lung TMP-SMX+AMK ~ Death

2 Kageyama A. et al. 71 M Esophageal and Lung Nodata No data

sfomach cancer
3 Lebeaux D. et al. 55 M Muitiple myeloma Lung TMP-SMX Death
4 SeolCA. etal 57 F MPA Disseminated SBT/ABPC Survived
mycetoma
5 Veerappan 79 M Myastheniagravis  Multple leg abscess  LZD Survived
Kandasamy V.et al.

6 Makadia S. etal. 67 F None Skin TMP-SMX Survived
7 Ourcase 58 F LOLT for PBC Lung TMP-SMX Survived

AIDS, acquind immunodoficoncy syndomo; AMK,
mary billary cholangls: SBT/ABPC, aulbactanmy/arpiclin: TMP SMX, tri

B snrien
m

liacin sufate; LOLT, living donor liver tsnsplartatory, LZD, line 2zdiid; MP A, micrascopic payangits; PBC, pri-
hoxarde.
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Table 2. Drug Sensitivity Test of N. pseudobrasiliensis

Arttictcs Our Caso Caso 1 Casod Casod Caso 5
Ceftriaxone <8(S) <32(S) 8(S) >64 (R)
Cefotaxime <32(S)

Ciprofioxacin <0.5(S) 0.125(S) <0.12 ) 0.5(8)
Moxifloxacin <025 (S) <0.25(S)
Cefepime <8(S) 16(S) >32 (R)
Imipenem >8(R) >32(R) 64 (R) 64 R)
Amoxigillin-clavlanate <8(S) >8/2(R) 2(8) 32/16 (R) 32/16 (R)
Gentamcin 4(8)

Amiacdn <4 (S) 4-16(S) 4(8) 16 R)
Doxycycline 16(R) 16 R)
Claritwromyain <16(S) <0.5(S) 0.125(S) 025(S) 0.5(8)
Minocycline >8(R) >8 (MS-R) >8(R) 8(R)
TMP-SMX <2(S) <32(S) 8152 (R) 4/76 (R)
Linezolid <2(S) <10@) <1.0(S)

MIC, minimumn inhititory concartration; MS, modo s taly susceptitie; R, resistant, S, suscoptitie; TMP-SMX, trimet hap ém sulfamothaxa zdle.

were immunosuppressed and &7 (85.7%) had  pulmonary
involvement, and mortality was high a 333%. The results of
drug sensitivity testing in these cases were summarized (Table 2).
Although TMP-SMX s considered the standand tretment for
nocardiosis, resistant strains have been observed in V. pseudo-
brasiliensis and carly antimicrobial swiching based on suscept-
bility testing is recommended in cases that do not respond to
treatment [27,29). In our patient’s case, unstable blood levels of
immunosuppressive drugs i the carly postoperative peniod and
poorly controlled diabetes may have contnbuted to his suscept-
bility to infection. Furthermore, the patient’s gardening hobby
may have faalitated exposure to Nocardia spp. Fortunately, in
this patient’s case, the organism could be identified from the ini-
tidd sputum cubture, and gppropnate treatment could be given. In
the case of a patient in an immunosuppressed state after trans-
plntation therapy, t may be difficult to identify the causative
organism with a smgle culture test, and mubiple sunveillance
should be performed while monitoning the patient’s gencral con-
dition. Pulmonary nocardiosis is most likely to occur within the
first year afier LT. Due to the high montality mte, it & important
to mcude it in the differential diagnosis.
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