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external jugular vein and the right common carotid artery in the recipients were
dissected. mobilized and fixed to the appropriate cuffs. The cuffs were
composed of polyethylene tbes (2.5F; Portex Co. Ltd, London, United
Kingdom). The aorta and the main pulmeonary artery of the harvested donor heart
were drawn over the end of the common carotid artery and the external jugular
vein for anastomoses. The grafts were monitored by daily inspection and
palpation. Rejection was determined by the cessation of beating of the graft and
was confirmed by histology.

3.7. Statistical analyses

Data are presented as mean=S.EM. Statistical differences of the results
among the experimental groups were calculated using one-way ANOVA. A
value of p<0.05 was accepted as statistically significant.

4. Results

4.1. Induction of endotoxin tolerance by pretreatment with low doses
of LPS

Prior to the challenge with a high dose of LPS, the mice were treated
with low doses of LPS twice, in order to induce ET. The survival rate at
72 h after challenging with a high dose of LPS showed a
dramatically improved in mice by pretreatment with low doses of
LPS (100%, n=6). In contrast, the survival curve of the control
mice that were challenged with a high dose of LPS without
pretreatment had a steep slope (survival rate at 72 h=0%, n=6). All
the endotoxin-toleraized mice were not immobile; they exhibited
shivering and diarrhea even after the challenge with a high dose of
LPS. However, the high dose LPS challenge caused septic syndrome
in the control mice.

4.2. The time course of the endotoxin-tolerized B6 mouse heart
rejection was significantly slower than that of the untreated B6 mouse
heart rejection in BALB/c mice

In order to determine whether the induction of ET in donor
animals prior to harvesting organ grafts would have a prolonged
effect on the graft survival in allogeneic recipients, the hearts of B6
mice that were treated with either only low doses of LPS (protocol
1) or low doses of LPS followed by a high dose of LPS (protocol 2),
and then transplanted into BALB/c mice. The control hearts from
PBS-treated B6 mice were also transplanted into BALB/c mice. In
the absence of any immunosuppressive therapy, the median survival
time of the hearts from B6 mice treated with protocols 1 and 2 were
9 and 16 days, respectively, whereas that of the control hearts
transplanted into in BALB/c mice was 8 days (Fig. 1). Thus, the
survival of the heart allografts was significantly prolonged if the
organ was obtained from endotoxin-tolerized mice that were
prepared by challenging the mice with a low dose LPS followed
by a high dose LPS.

4.3. Splenocytes from B6 mice that had been rendered endotoxin
tolerant had lowered allogeneic T cell stimulation ability

In order to evaluate the capacity of splenocytes from endotoxin-
tolerized mice to stimulate allogeneic T cells, the MLR assay was
performed using irradiated splenocytes from either PBS-injected
control or LPS-treated B6 mice as stimulators and CFSE-labeled
splenocytes from BALB/c mice as responders. When the splenocytes
from the control mice were used as stimulators, a remarkable prolif-
eration of allogeneic CD4™ and CD8™ T cells was observed. In contrast,
such a proliferation of allogeneic CD4™ and CD8™ T cells was sup-

pressed when splenocytes from LPS-treated mice were used as stimu-
lators (Fig. 2A). The SI of allogeneic CD4" and CD8" T cells in
response to the splenocyte stimulators from LPS-treated mice was
significantly lower than those in response to the splenocyte stimulators
from control mice (Fig. 2B). Protocol 2 induced more profound
suppressive effects on allostimulation than protocol 1. Thus, treating a
transplant donor with a low dose of LPS followed by challenge with a
high dose of LPS inhibits the capacity of the donor’s APCs to stimulate
allogeneic T cells.

4.4. DCs from the endotoxin-tolerized mice significantly altered the
expression of molecules necessary for antigen presentation

The impaired stimulation of allogeneic T cell proliferation in the
splenocyte stimulators from endotoxin-tolerized mice might be due to
their incompetence in presenting alloantigens. To address this possi-
bility, the phenotypical alterations in DCs, which are the predominant
APCs among splenocytes, were analyzed after the LPS treatments.
The method of staining with a combination of CD11c and CD11b was
used to separate the myeloid-related and lymphoid-related DCs in the
splenocytes (Fig. 3A). CDI1c¢" CD11b" is the phenotype of myeloid-
related DCs, residing in the marginal zones of the spleen [16,17]. In
our study, the CDl1lc* CDI11b" subset was further divided into
CD11¢™ CD11b" and CD11c"#" CD11b" subsets; this probably
reflects the difference in maturation. Cells from the control mice
belonging to the CDI11c"™" CDIib* subset expressed all the
molecules necessary for effective T cell stimulation (MHC class 11,
CD40, CD80 and CD86), thus indicating their maturity (Fig. 3B).
LPS treatments—using protocols 1 or 2-did not affect the percentage
of CD11c¢™ " CD11b" DCs; instead it reduced the expression level of
MHC class II molecules on this subset (Fig. 3C). The CDI1¢™
CD11b* subset in the spleen of control mice comprised class 174
CD40™ CD80" immature DCs and class II""#"' CD40" CD80" mature
DCs. LPS treatments resulted in the expansion of the CDI1lc¢'™
CD11b"* subset and increased the proportion of mature DCs in this
subset (Fig. 3B). In addition, the expression level of MHC class 1T
molecules on mature DCs in the CD11¢™ CD11b™ subset of the
splenocytes from LPS-treated mice was significantly higher than that
of the splenocytes from the control mice (Fig. 3C). CD11c™ CDI11b~
is the phenotype of lymphoid-related DCs, which reside in the T cell
zones [16,17]. Further, the CD11¢” CD11b™ subset comprised class
%™ CD40%™ immature DCs and class I8 CD40" mature DCs. In
contrast to the CDI11b" myeloid-related DC subset, the LPS
treatments resulted in a decreased proportion of mature DCs in the
CD11b” lymphoid-related DC subset, i.e., reduction of class I1°"#"
CD40" DCs. (Fig. 3B). In addition, the expression level of MHC class
11 molecules on mature DCs in the CD1lc* CDI1b ™ subset of the
splenocytes from LPS-treated mice was significantly lower than that
of the splenocytes from the control mice (Fig. 3C). Such LPS-induced
modulations on the lymphoid-related DCs by protocol 2 were more
notable than those induced by protocol 1. Thus, the induction of ET
increased the proportion of myeloid-related DCs expressing mole-
cules necessary for antigen presentation, but reduced the proportion
of lymphoid-related DCs expressing these molecules.

4.5. DCs from the endotoxin-tolerized mice showed up-regulation of
FasL expression on their cell surface

It has been demonstrated that the expression of FasL molecules are
induced in well-developed mature DCs; Fas—FasL interactions usually
lead to the apoptosis-induced cell death of antigen-primed Tcells [18].
This may be a regulatory mechanism to curb the excessive adaptive

=1 200—



K. Ishiyama et al. / Transplant Immunology 16 (2006) 158-165 163

immune responses of T cells. As shown in Fig. 4, LPS treatment using
protocol 2 significantly increased FasL expression on the surface of
splenic DCs, particularly on the CD11¢" CD11b* myeloid-related
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Fig. 4. Dendritic cells from LPS-treated mice with up-regulated FasL expression
on their surface. The splenocytes from contro] or LPS-treated B6 mice were
stained with anti-CD11b-FITC and anti-CD11¢ Bio+ APC-streptavidin, together
with anti-FasL-PE. The expression of FasL on the different splenic DC subsets
was analyzed by flow cytometry. (A) Representative histograms of FasL
expression on CD11c™™ CDI11b*, CD11¢™ CD11b* and CD11¢™ CD11b

DCs, which were electronically gated as shown in Fig. 3A. Dotted lines
represent negative control staining with isotype-matched mAbs. The FCM
profiles shown are representative of five independent experiments. (B) Data are
expressed as the percentage of cells staining positive for FasL. Statistical
analyses of surface expression of FasL were performed using ANOVA
(*p<0.05 vs. control). Data represent mean=S.E.M. of five mice per group
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Fig. 5. Splenic APCs from endotoxin-tolerized mice induce Th 2-biased
responses during the allogeneic MLR assay. The concentration of cytokines (pg/
ml) in the MLR assay culture supernatants on day 5 was determined. The Th 1/
Th 2 balance in each group was designated as the ratio of IL-4/ [FN-y. Each
point represents an individual mouse. A single bar indicates the mean value for
each group. Statistical analyses were performed using ANOVA (*p<0.05 vs,
control),

DCs subset that also expressed MHC class 1T and costimulatory
molecules.

4.6. Splenic APCs from the endotoxin-tolerized mice induce Th 2-biased
responses during the allogeneic MLR assay

Differences in the Th 1/Th 2-inducing function of DCs are con-
sidered to be the result of intrinsic differences between the distinct
lineages of these cells. As compared to their CD11b™ myeloid coun-
terparts, the CDI1b ™ lymphotd-related DCs have been shown, at least
in vitro, to favor the development of Th I-biased responses [19]. As
shown in Fig. 3, the induction of ET caused the exclusive down-
regulation of the expression of MHC class II and costimulatory mole-
cules on CD11b” lymphoid-related DCs. Such phenotypic alteration of
the DCs may influence their Th 1/Th 2-driving capacity. To illustrate
the Th 1/Th 2 balance, we determined the IL-4/TFN-+ ratio in the MLR
assay supemnatants, By using endotoxin-tolerized stimulators, a distinct
shift in the Th 1/Th 2 balance toward the Th 2-type response was
observed in the supernatant of the MLR assay culture (Fig. 5). Thus,
the splenic APCs from the endotoxin-tolerized mice induced Th 2-
biased responses during the allogeneic MLR assay.

5. Discussion

ET was initially described in animal models in which re-
petitive exposure to LPS was found to blunt LPS-associated
mortality [3,4]. This mechanism may protect the host from
developing a shock syndrome caused by the hyper-activation
of monocytes or macrophages due to persistent LPS load. It
has been recently demonstrated that ET induction also protects
the host from ischemia/reperfusion injury in several organs
[10,11], thus indicating the possibility of a novel approach
involving the use of synthetic LPS analogs to prevent organ
ischemia/reperfusion injury. In addition to these favorable ef-
fects, the impaired capacity of endotoxin-tolerized monocytes
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to stimulate various T cell responses have also been
demonstrated [7].

In the present study, the allogeneic MLR assays revealed that
splenocytes from the endotoxin-tolerized mice completely in-
hibited the proliferation capacity of allogeneic CD4 ™ and CD8™ T
cells. This result indicates that ET induction in transplant donors
could impair direct antigen presentation, and this in turn might
prevent the rejection reaction of the allografts. Consistent with
this assumption, ET induction in donor animals prior to harvesting
heart grafts resulted in prolonged graft survival in allogeneic
recipients. It is likely that the antigen-presenting capacity of
cardiac APCs was impaired by ET induction; a similar phenom-
enon occurs in splenic APCs. Alternatively, the prolonged sur-
vival of the endotoxin-tolerized heart allografts might be due to
the migration of the DCs from the heart following LPS treatment.
It has been previously reported that systemic administration of
LPS leads to a reduction in the number of DCs in nonlymphoid
tissues, including the tissues of the heart and kidney [20]. Further,
DC migration from the heart following LPS treatment may
increase the proportion of myeloid-related DCs in the splenocytes
of endotoxin-tolerized mice; this was observed in this study. An
alternative explanation might be that myocardiocytes build up a
resistance to alloimmune-induced cytotoxicity through exposure
to the endotoxin. Further studies are required to address these
possibilities.

Since DCs in allogeneic organ grafts are thought to play a
pivotal role in initiating T cell responses after transplantation and a
key role in regulating these T cell responses, we determined the
phenotypical alterations in the different lineages of splenic DCs.
The 2 principal subsets identified in mouse liver, spleen and
lymphoid tissue are referred to as the myeloid (CD11¢"CD11b")-
and lymphoid (CD11c™ CDI11b7)-related DC subsets [16,17].
These DCs are distinguished by their reciprocal expression of
CD8« and CD11b, and were initially thought to have a distinct
lineage and functions. Cells within the CD11c” CD11b" subset do
not express CD8 a or DEC-205; however, they express F4-80,
33D-1 and other myeloid-related markers; this suggests their
myeloid origin. ET induction led to an increase in the proportion
of myeloid-related DCs expressing molecules necessary for
antigen presentation, but reduced the proportion of lymphoid-
related DCs expressing these molecules. It has been demonstrated
that the myeloid-related DCs can induce large amounts of Th 2
cytokines, IL-4 and IL-10, in addition to IFN- y and IL-2, whereas
the lymphoid-related DCs can induce high levels of Th 1
cytokines, IFN-v and IL-2, but little or no Th 2 cytokines [19].
Consistent with this fact and the alteration in the proportion of DC
subsets among the endotoxin-tolerized splenocytes, the down-
regulation of Th 1 cytokine production with a shift toward the Th
2 cytokine response was observed during the MLR assay that used
the endotoxin-tolerized stimulators in the present study. Recent
studies which demonstrated that ET correlates with the inhibition
of NF-xB translocation in DCs provided evidence that NF-kB
activation is responsible for DC maturation and activation
[21,22]. Hence, it is likely that the disruption of NF-xB activation
may be a mechanism that contributes to the ET-mediated
interference in DC expression of MHC class II and costimulatory
molecules and cytokine secretion, which, in turn, diminishes the

alloiommune responses. Alternatively, the reduced expression
levels of MHC class I molecules on lymphoid-related DCs in the
endotoxin-tolerized splenocytes might be caused by the reduced
expression level of the class 11 transactivator (CIITA) that regu-
lates the expression of MHC class 11 molecules. This assumption
was based on the results of a previous study, which demonstrated
that reduced MHC class II expression in LPS-treated monocytic
cells is a consequence of reduced CIITA expression [23]. Further,
ithas been reported that CIITA plays a key role inrepressing Th 2-
type cytokine expression since naive CD4" T cells differentiate
toward the Th I lineage [24]. Therefore, reduced CIITA expres-
sion in the endotoxin-tolerized stimulators might be responsible
for the Th 2 polarization observed in the present study. Further
studies are required to verify these possibilities.

In addition to the ET-mediated interference in the DC ex-
pression of MHC class II and costimulatory molecules and
cytokine secretion, the enhanced expression of FasL on both
myeloid- and lymphoid-related DCs might also be involved in
the mechanisms for diminishing alloimmune responses (Fig. 4).
It is well known that FasL engagement inhibits CD4" T cell
proliferation, cell-cycle progression and IL-2 secretion [18].
Considering that FasL and CD80 molecules on DCs play
counter-regulatory roles in the proliferation and survival of T
cells following DC-T cell interaction [25,26], we assume that
the diminishing alloimmune responses are due to a compre-
hensive alteration in the expression of these molecules on the
endotoxin-tolerized DCs.

We are the first to demonstrate that ET induction in donor
animals inhibits alloimmune responses. Since the administration
of LPS is not a conditioning treatment that would be considered
plausible in human organ donors, the development of nontoxic
analogs of LPS for therapeutic use might be required in order to
apply this approach in clinical situations.
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Introduction

Summary

The purpose of this study was to ascertain the usefulness of preoperative evalu-
ations of donors by computed tomography (CT) volumetry and CT cholangi-
ography for prevention of unexpected liver failure and biliary complications
after donor right hepatectomy for adult-to-adult living donor liver transplanta-
tion. Fifty-two donors who underwent right hepatectomy without the middle
hepatic vein were enrolled in this study. The values of graft weight (GW) were
significantly correlated with those of estimated graft volume (GV; P < 0.0001).
GW was predicted by the following formula: GW = 155.25 + 0.658 x GV;
r* = 0.489. CT cholangiography revealed anatomical variants of biliary structure
in one-third of the donors and also clearly showed one or two small biliary
branches from the caudate lobe to the right hepatic ducts or the confluence in
58% of the donors. Biliary leakage, which was treated by conservative therapy,
occurred in only one donor (1.9%). No donors received homologous blood
transfusion. Hyperbilirubinemia (serum total bilirubin >5 mg/dl) occurred in
5.8% of the donors during their early postoperative periods. Precise evaluations
of liver remnant volume by CT volumetry and biliary variation by CT cholang-
iography are essential for performing safe donor hepatectomy, preventing hep-
atic insufficiency and minimizing the risk of biliary tract complications.

eral donors [5,6,7]. Precise evaluations of donor liver by
imaging modalities before surgery are important for pre-

As the first successful living donor liver transplantation
(LDLT) from an adult donor to an adult recipient [1],
LDLT is rapidly emerging worldwide as an effective treat-
ment for selected adult patients with end-stage liver disease
[2,3]. The prevalence of adult-to-adult LDLT has led to
application of a right lobe graft to the procedure for provi-
ding a sufficient hepatic mass. Despite impressive results of
LDLT, there still is considerable debate concerning danor
safety, especially in LDLT using a right lobe graft. Serious
postoperative complications resulting from hepatic paren-
chymal loss occur more frequently in donors undergoing
right hepatectomy than in those undergoing left hepatecto-
my or left lateral segmentectomy [3,4]. Loss of a large part
of the liver resulted in hepatic insufficiency or death in sev-

© 2006 The Authors

venting unexpected hepatic insufficiency in the donor.

Biliary complications such as bile leakage and biliary
stricture are also frequent and sometimes serious in
donors who have undergone right hepatectomy [3,8]. In
LDLT using a right lobe graft, precise identification of
right biliary duct variants in the donor before the opera-
tion is critical for the successfully and safely performing
not only donor hepatectomy but also biliary reconstruc-
tion in the recipient. We present here results of our eval-
uations for donors in adult-to-adult LDLT, focusing on
preoperative evaluation of liver volume by computed
tomography (CT) and of biliary anatomy by CT cholangi-
ography, and outcomes of donors who had undergone
right hepatectomy.

Journal compilation © 2006 European Society for Organ Transplantation 19 (2006) 177-183 177
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Donor right hepatectomy

Patients and methods

From June 1991 to May 2005, 64 donors underwent
donor hepatectomy for adult-to-adult LDLT at Hiroshima
University Hospital (Hiroshima, Japan) by a single team.
Of them, 52 donors who underwent right hepatectomy
without the middle hepatic vein were enrolled in this
study. Forty-eight (92%) of the 52 donors had undergone
donor hepatectomy in the past 4 years. The donors inclu-
ded 31 men and 21 women with a median age of 29 years
(range: 18-61 years). The donors consisted of four par-
ents, 32 children, nine siblings, six spouses and one uncle.
Mean and median follow-up periods were 28 and
24 months respectively.

The median age of the recipients was 51 years (range:
20-69 years). Underlying liver diseases of transplant
recipients were cirrhosis from hepatitis virus infection in
30 patients (22 with hepatocellular carcinoma), fulminant
hepatic failure in seven patients, autoimmune hepatitis in
four patients, primary biliary cirrhosis in four patients,
alcoholic liver cirrhosis in three patients, retransplantation
in two patients and metastatic liver tumors from insuli-
noma, Wilson disease each in one patient.

Data were obtained from medical record review and
follow-up was complete as of 30 July 2005. Postoperative
complication was defined as any event satisfying the cri-
teria advocated by Broering et al 9], who modified the
classification of Clavian er al. [10] to adapt it to a living
donor situation.

Donor selection and evaluation

All donors were evaluated before surgery by a hepatolo-
gist and psychologist. Acceptance criteria for living
donors included age between 18 and 65 years; relation to
the recipient within the third degree of consanguinity;
negative results of serological tests for hepatitis B and C
and human immunodeficiency viruses; adequate psycho-
logical support; normal hematologic, liver and renal func-
tions; and normal electronic cardiogram. In terms of
ABO blood group compatibility, we had accepted
ABO-incompatible donors during our initial experiences.
However, we later considered only ABO-identical or
ABO-compatible donors to be acceptable as two recipi-
ents who received ABO-incompatible grafts died of acute
rejection. Eligible donors preceded to imaging studies,
including chest and abdominal radiography, abdominal
ultrasonography and CT for exclusion of any unreco-
gnized diseases. CT was also used for volumetric study,
delineation of vascular anatomy, and evaluation of the
degree of fat content. Measurement of graft volume by
the method of Heymsfield ef al [11] and analysis of CT
images has been replaced as case number 6 of our series
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by a method using Advantage Workstation (version 3.1,
GE Medical Systems, Milwaukee, W1, USA) and Zio 900
M (Zio software, Tokyo, Japan) [12].

When estimated liver remnant volume in the donor
accounted for <30%, the candidate, in principle, was con-
sidered to be unsuitable as a living donor. If it was sus-
pected from results of imaging studies that a potential
donor suffered from fatty liver, liver biopsy was per-
formed preoperatively and mild fatty liver {<10% of fat
storage) was considered to be acceptable for donation.
Other invasive procedures such as hepatic arteriography
and endoscopic retrograde cholangiopancreatography
were not performed in any donors. CT cholangiography
was performed for the evaluation of biliary anatomy for
all donors except the initial six cases [12]. The biliary
anatomy in donors was classified into four types, based
on the tributary from the posterior segment [13] (Fig. 2).

The type of hepatectomy was selected according to the
following criteria: ratio of estimated graft volume (GV) to
standard liver volume of the recipient exceeding 40%
and/or ratio of estimated GV to body weight of the
recipient exceeding 0.8%. Standard liver volume of the
recipient was calculated according to the formula
proposed by Urata et al. [14]. Four hundred milliliters of
autologous blood was stored routinely before the opera-
tion except in the setting of emergent transplantation,

Donor surgical procedure

The abdomen was entered through an inverted L-shaped
incision. After cholecystectomy with insertion of a 5-Fr
catheter through the cystic duct stump for subsequent
intraoperative cholangiography, intraoperative ultrasound
was performed to confirm the anatomy of the hepatic
vein and to decide the parenchymal transection plane,
with special attention given to the sizes of tributaries
draining into the middle hepatic vein from the anterior
segment. The right hepatic lobe was fully mobilized, pre-
serving the significant (>5 mm) short hepatic veins for
later reconstruction. The right hepatic artery was dissec-
ted and exposed only to the right side of the common
bile duct. Along the demarcation line emerging after tran-
sient acclusion of the right hepatic artery and right portal
vein, the transection line was determined. Parenchymal
transection was performed using an ultrasonic dissector
(Sonop 5000; Aloka Co., Ltd., Tokyo, Japan). No inflow
or outflow occlusion was applied during the parenchvmal
transection. After completion of parenchymal transection,
intraoperative cholangiography was performed and the
presumed point of bile duct division was marked with a
stainless clip to confirm adequate residual length, which
is 2-3 mm on the proximal side of the bile duct, and to
avoid narrowing the common bile duct of the donor. The
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biliary stump and the divided hilar plate were closed by
continuous 6-0 absorbable surgical sutures. A drain was
inserted into the right subphrenic cavity. No dye via the
cystic duct catheter was injected for a leak test.

The graft was perfused ex situ through the portal vein,
initially with cold lactated Ringer’s solution and then with
cold University of Wisconsin solution (Viaspan; Dupont,
Wilmington, DE, USA). Graft weight (GW) was measured
on the back table.

Postoperative management

Postoperatively, the donors were observed in the surgical
recovery room. To prevent serious complications, inclu-
ding pulmonary embolism and portal vein thrombosis,
donors as case number 9 of our series received continu-
ous intravenous infusion of 5000 units of heparin
sodium per day for 2 days after hepatectomy. Intermit-
tent mechanical leg compression was performed during
the operation and until first mobilization, Liver function
tests were performed on postoperative days 1, 2, 3, 7
and 10. CT was performed between postoperative days
6-14 for detecting intra-abdominal or intrathoracic fluid
collection or for evaluating regeneration of the liver
remnant.

Statistical analysis

Data are presented as medians with ranges in parentheses.
Continuous variables were compared using a two-tailed,
unpaired t-test for independent samples. Categorical data
were compared using the chi-square test. A P-value <0.05
was considered to be significant. Correlations between
continuous data were identified by linear regression ana-
lysis. All statistical analyses were performed using the
StatView 5.0 software package for Windows (SAS Institute
Inc., Cary, NC, USA).

Results

Fifty-five potential donors were evaluated by our proto-
col, and three potential donors were considered to be
unsuitable as donors because of unacceptable fatty liver,
insufficient remnant liver volume <30% or asymptomatic
cerebral aneurysm. There was no potential donor consid-
ered to be unsuitable as a donor by reason of having vas-
cular or biliary tract variants.

Table 1 shows the demographics of the 52 donors and
grafts. The median values of remnant liver volume, esti-
mated GV, and estimated GV-to-standard liver volume
ratio were 40.7%, 749 ml and 65.3% respectively. Rem-
nant liver volumes in eight donors were <35% of their
total liver volume. The median values of determined GW

® 2006 The Authors
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Table 1. Donor anc graft-related profiles.

No. of case 52
Gender
Male 31
Female 21
Age (year)* 29 (18-61)
BMI (kg/m?®)* 214 (17.4-27 4)

407 (28.9-51.9)
8/52 (15.4%)
749 (506-1221)
65.3 (38.2-95.2)
)
)

Remnant liver volume (%)*
Remnant liver volume <35%
Estimated GV (ml)*
Estimated GW/SLV (%)*

GW (g)*

GBWR (%)*

616 (478-1142
1.03 (0.67-2.31

BMI, body mass index; GV, graft volume; SLV, standard liver volume;
GW, graft weight; GBWR, graft-to-body weight ratio.
*Values are expressed as medians with ranges in parentheses.
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Figure 1 Regressicn analysis of the correlation between estimated
graft valume (GV) by computed tomography and graft weight (GW)
measured just after procurement in right lobe donors. The values of
GW were significantly correlated with those of estimated GV
(P < 0.0001). GW was predicted by the following formula: GW =
155.25 + 0.658 x GV; ~ = 0.489.

and GBWR were 616 g and 1.03% respectively. The esti-
mated GVs exceeded the determined GWs in 44 (84.6%)
of the 52 donors. The values of GW were significantly
correlated with those of estimated GV (P < 0.0001). GW
was predicted by the following formula: GW =
155.25 + 0.658 x GV; ¥ = 0.489 (Fig. 1).

In 45 donors examined by CT cholangiography, type I
bile duct was found in 34 donors (66.7%). Type II, type
III and type IV bile ducts were found in 3 (6.7%), 4
(8.9%) and 7 (15.6%) donors respectively. One donor
had a bile duct of a combination of types III and IV, and
the bile duct in this donor was classified as to be type V
(Fig. 2). CT cholangiography also revealed one or two
small biliary branches from the caudate lobe to the right
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Figure 2 Biliary anatomy determined by CT cholangiography. Bile ducts in 45 donors were classified into four types based on the tributary from
the posterior segment according to Nakamura's classification [13]. One donor had a bile duct of a combination of types lll and V. The figure was
not shown. One-third of the donors had biliary tract variants. One or two small biliary branches from the caudate lobe to the right hepatic ducts

or the confluence (arrowheads) were clearly detectable on images obtained by CT cholangiography.

hepatic ducts or the confluence in 26 (57.8%) of the 45
donors (Fig. 2).

Table 2 shows the outcomes of donor hepatectomy.
The median operation time and blood loss were 415 min
and 300 ml respectively. Ten (29.4%) of 34 donors whose
autologous blood was preserved before the operation
received autologous blood during or after the operation.
No donors received homologous blood transfusion. How-

Table 2. Operation-related data and postoperative results.

No. of case 52
Operation time (min)* 415 (320-785)
Blood loss (ml)* 300 (90-2400)

Use of preserved autologous blood (%) 10/34 (29.4)
Homologues blood transfusion 0/52 (0)
Postoperative complication (%)+ 5/52 (9.3)
Intra-abdominal hematoma [n (gradef)] 1 (1)
Bile leakage [n (grade})] 1(1)
Pleural etfusion [n (grade?)) 1an
Duodenal ulcer [n (gradet)] 2y
Keroid [n (gradet)] 1
Reoperation rate (%) 1/52 (1.9)
Postoperative hospital stay (day)* 15 (11-24)
Re-admission rate (%) 2/52 (3.8)

*Values are expressed as medians with ranges in parentheses

tA total of six complications occurred in five donors, resulting in an
overall morbidity rate of 9.6%

tPostoperative complications were graded according to Broering’s
classification 9],

ever, one donor who suffered from postoperative bleeding
followed by the formation of intra-abdominal hematoma
received infusion of five units of fresh frozen plasma.

Five (9.6%) of the 52 donors had six postoperative
complications, including peptic ulcer (grade II) in two
donors, and bile leakage with necessity of endoscopic
therapy (grade III), postoperative bleeding followed by
the formation of hematoma with necessity of reoperation
(grade III), pleural effusion (grade 11) and keloid (grade
I) each in one donor. No infectious complications such
as wound infection occurred.

Changes in serum levels of total bilirubin and pro-
thrombin time (INR) are shown in Fig. 3. Significant
increases in serum total bilirubin occurred in all donors
within 3 days after the operation. Three {5.8%) of the 52
donors suffered from hyperbilirubinemia (serum total
bilirubin >5 mg/dl) during their early postoperative peri-
ods. However, the elevated total bilirubin level returned
promptly to the preoperative value within 2 weeks after
the operation in all donors (Fig. 3a). Similarly, INR that
were significantly prolonged within several days after the
operation returned promptly to the preoperative value
within 1 week after the hepatectomies in all donors. In
the case of postoperative bleeding, the values of INR were
2.20 and 2.19 on postoperative days 1 and 2 respectively
(Fig. 3b). All 52 donors are alive and well for 1 month-
13 years. Thirty-five of the 50 recipients are alive and 15
recipients died with a median follow-up period of
23 months,
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Figure 3 Changes in serum total bilirubin (a) and prothrombin time
(INR) (b) before and after right hepatectomy in the 52 donors

Discussion

Although mortality rate for donors undergoing hepatecto-
my has been reported to be <0.5% [2,5,8,15], the rate is far
higher than that for kidney donation, which has a mortal-
ity rate of 0.03% [16]. One report claims that the mortality
rate of right lobe donors is probably >1% [17]. However,
the exact risk of death for donors remains uncertain
because there is no worldwide registry of donor outcomes.

Precise preoperative evaluation of a donor is critical for
performing LDLT successfully and safely in both the
recipient and donor. Techniques and imaging modalities
by which a donor liver have been estimated routinely in
our adult-to-adult LDLT program include abdominal
ultrasonography, CT with volumetry and CT cholangio-
graphy. Except for liver biopsy, which is mandatory for
donors with fatty liver, invasive examinations such as
hepatic arteriography and endoscopic retrograde cholan-
giopancreatography have not been performed. CT volu-
metry is an essential evaluation technique for both the
donor and recipient. It has been reported that donor hep-
atectomies that exceed 70% of total liver volume led to
hepatic insufficiency or death and that liver remnant vol-
ume should be kept to >30% of total liver volume [6,18].
By adhering to this policy and by precisely estimating the
liver remnant volume in our program, there have been
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no donors in whom hepatic insufficiency occurred after
hepatectomies. Several authors have reported that the
incidence of hyperbilirubinemia (total bilirubin >5 mg/dl)
in donors who underwent right hepatectomy ranged from
3.7% to 18.7% [3,19,20]. In the present study, hyperbi-
lirubinemia (total bilirubin >5.0 mg/dl) occurred in three
donors (5.8%) between the first and third postoperative
days. None of the eight donors whose remnant liver vol-
ume was <35% suffered from postoperative hyperbilirubi-
nemia. It is thought that the infrequent postoperative
hyperbilirubinemia in our program was a result of our
precise volumetric evaluation for a potential donor, our
strict policy for fatty liver and small blood loss during
hepatectomies.

Graft-to-body weight ratio has been used when asses-
sing the graft size of a potential donor to be suitable for
the recipient and values <0.8% have been associated with
increased post-transplantation mortality [21]. As shown in
the present study, estimated GV tended to be overestima-
ted compared with GW determined after graft procure-
ment as reported previously [22], whereas estimated GV
significantly correlated with GW. The main cause of the
overestimation may be related to the difference between
the vital liver filled with blood in vivo and the graft that is
in a state of collapse ex vivo. Moreover, since the kind of
imaging modality used, the performance, and the method
by which GV is measured are different in transplant pro-
grams, it is necessary to correct the error using a conver-
sion formula calculated in each transplant program.

A systematic review has shown that reported donor
morbidity rates in leading LDLT programs worldwide
range from 0% to 67% and has indicated that the differ-
ences are likely to be caused by varying definitions of
complications [23]. Recently, a new and strict classifica-
tion of postoperative complications for donor hepatecto-
my has been advocated to resolve the confusion [9].
Morbidity in the present study according to the strict defi-
nition was only 9.6%, and biliary complication occurred
in only one donor (1.9%). Complications in donors were
more frequent in a center in which small-volume LDLT is
performed [5]. In spite of our initial 52 experiences, the
results are superior to those in other large series.

Biliary tract complications, including bile leakage and
bile duct stricture, are the most frequent cause of mor-
bidity in donor hepatectomy. Recent study showed that
postoperative biliary complications occurred in 7-10% of
donors who had undergone right hepatectomy [3,8,23].
Postoperative bile leakage can occur in the parenchymal
transection surface of the liver, the repair site of the hep-
atic duct, and the caudate branches in the hilar plate
[24]. However, bile leakage from the parenchymal tran-
section surface of the liver rarely occurs in donor hepa-
tectomies because the biliary ducts are not exposed on
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the parenchymal transection surface as long as the paren-
chyma is transected along Cantlie’s line. In the setting of
hepatectomies except for donor hepatectomy, Lo et al.
[25] reported that left-sided major hepatectomy was an
independent risk factor for the development of postopera-
tive bile leakage because of the risk of damaging the right
posterior segment bile duct draining into the left duct.
However, in donor hepatectomies, precise preoperative
assessments of biliary variants using CT cholangiography
make it possible to prevent this type of biliary injury.
Actually, this type of variant was confirmed preoperatively
by CT cholangiography in 15.6% of our donars, and no
biliary injury occurred in these donors. Accordingly, in
donor hepatectomies, postoperative bile leakage from
caudate branches at the hilar plate is thought to be dom-
inant, because the hepatic ducts are sharply transected
very close to the confluence. CT cholangiography enabled
us to identify clearly not only various types of biliary tract
variant but also small biliary branches from the caudate
lobe to the right hepatic ducts or the confluence in the
majority of donors. Moreaver, preoperative CT cholangio-
graphy combined with intraoperative cholangiography has
enabled us to divide the right hepatic duct at a suitable
portion. Consequently, preoperative CT cholangiography
and intraoperative cholangiography resulted in a low bil-
iary complication rate (1.9%) in our program.

Another fatal and serious complication in donors is
pulmonary embolism caused by deep vein thrombosis,
which can occur following any kind of operation. There
has been controversial as to whether it is necessary to
administer heparin to a donor during the perioperative
period, though prophylactic treatment such as intermit-
tent mechanical leg compression in a donor during the
operation and until first mobilization is mandatory. In
donor hepatectomy, coagulation abnormalities observed
immediately after surgery may be related mostly to
blood loss and to the diluting effect of intraoperative
infused fluids, although the extent of resection appears
to be the most important factor in the extension of the
prothrombin time observed until the first postoperative
day [26]. The present study showed that significant pro-
longation of prothrombin time occurred on the first
postoperative day and values of INR > 2.0 were
observed in 3 donors, although the abnormal values
returned to preoperative values within 1 week after the
operation. Actually, one donor sustained intra-abdominal
bleeding on the first postoperative day, which was not
massive but significant, and INR at that time was 2.2.
Hemostasis was obtained by discontinuance of heparin
administration and by administration of 400 ml banked
fresh frozen plasma and 400 ml stored autologous blood.
It is necessary to pay special attention to administration
of heparin for donors undergoing right hepatectomy.

tamoto et al.

In conclusion, precise evaluations of liver remnant vol-
ume by CT volumetry and biliary variation at the hilum
by CT cholangiography are mandatory for performing
safe right hepatectomy in a donor, preventing not only
serious complications such as hepatic insufficiency but
also biliary tract complications. Further efforts should be
put into the technical refinements in donor hepatectomy,
perioperative management, and precise preoperative eval-
uation for donor candidates with the goal of achieving a
zero complication rate. Moreover, the long-term adverse
effect of loss of as much as 60% of the donor’s liver on
the donor’s health remains unknown, and transplant cen-
ters should continue their follow-up.
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Liver Sinusoidal Endothelial Cells That Endocytose Allogeneic
Cells Suppress T Cells with Indirect Allospecificity”

Daisuke Tokita,** Masayuki Shishida,”* Hideki Ohdan,** Takashi Onoe,* Hidetaka Hara,*
Yuka Tanaka,* Kohei Ishiyama,* Hiroshi Mitsuta,* Kentaro Ide,* Koji Arihiro,” and
Toshimasa Asahara*

A portal venous injection of allogeneic donor cells is known to prolong the survival of subsequently transplanted allografts. In this
study, we investigated the role of liver sinusoidal endothelial cells (LSECs) in immunosuppressive effects induced by a portal
injection of allogeneic cells on T cells with indirect allospecificity. To eliminate the direct CD4* T cell response, C57BL/6 (B6)
MHC class Il-deficient C2ta™"“““™ (C2D) mice were used as donors. After portal injection of irradiated B6 C2D splenocytes into
BALB/c mice, the host LSECs that endocytosed the irradiated allogeneic splenocytes showed enhanced expression of MHC class
II molecules, CD80, and Fas ligand (FasL). Due to transmigration across the LSECs from BALB/c mice treated with a portal
injection of B6 C2D splenocytes, the naive BALB/c CD4" T cells lost their responsiveness to stimulus of BALB/c splenic APCs that
endocytose donor-type B6 C2D alloantigens, while maintaining a normal response to stimulus of BALB/c splenic APCs that
endocytose third-party C3H alloantigens. Similar results were not observed for najve BALB/c CD4" T cells that transmigrated
across the LSECs from BALB/c FasL-deficient mice treated with a portal injection of B6 C2D splenocytes. Adaptive transfer of
BALB/c LSECs that had endocytosed B6 C2D splenocytes into BALB/c mice via the portal vein prolonged the survival of
subsequently transplanted B6 C2D hearts; however, a similar effect was not observed for BALB/c FasL-deficient LSECs. These
findings indicate that LSECs that had endocytosed allogeneic splenacytes have immunosuppressive effects on T cells with indirect

allospecificity, at least partially via the Fas/Fasl. pathway. The Journal of Immunology, 2006, 177: 3615-3624.

induction of tolerance to exogenous MHC class Il-restricted

Ags that enter the organ in large numbers via portal circula-
tion from the gut (1, 2). This phenomenon has been applied as a
strategy to achieve the ultimate goal in transplantation; the induc-
tion of tolerance in T cells with allospecificity, i.e., single treat-
ment with a portal venous injection of allogeneic cells succeeds in
inducing persistent donor-specific tolerance across multiple minor
histocompatibility and MHC class I incompatible barriers (3, 4).
Such tolerance could be induced by injecting not only living al-
logeneic cells but also soluble Ags (5, 6), thereby increasing the
possibility of efficiently inducing tolerance in T cells with indirect
allospecificity. In addition to portal injection of donor cells, other
treatments such as the administration of immunosuppressants (7—
10) and costimulatory blockades (11) are usually required to in-
duce donor-specific tolerance across MHC class 11 incompatible
barriers. This suggests that the tolerizing effects of portal injection

I t has been postulated that the liver might be a site for the
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of donor cells might be more efficient in T cells with indirect
allospecificity than in T cells with direct allospecificity.

Portal injection-induced tolerance in T cells with indirect al-
lospecificity might be a consequence of presentation of allopep-
tides by the host APCs in the liver to these T cells. The ability to
present exogenous Ags on MHC class I or II molecules is re-
stricted to Kupffer cells and dendritic cells in the liver. In portal
injection-induced tolerance, the importance of Ag presentation by
Kupffer cells is emphasized by the prevention of Ag sequestration
and tolerance following the administration of gadolinium chloride
(a rare earth metal that prevents Kupffer cell phagocytosis) (12,
13). Liver dendritic cells possess unique Ag-presenting propertics
and exhibit low expression of costimulatory molecules. Further-
more, the liver dendritic cells preferentially induce Th2 responses,
suggesting that these cells mediate tolerogenicity (14, 15). In ad-
dition to Kupffer cells and liver ‘dendritic cells, liver sinusoidal
endothelial cells (LSECs),* which line the hepatic sinusoids, are
also capable of presenting soluble exogenous Ags to T cells that
possess transgenic TCRs (16-18). Although a number of studies
have demonstrated the importance of Ag presentation by Kupffer
cells and liver dendritic cells in portal injection-induced transplan-
tation tolerance, the role of Ag presentation by LSECs in such
immune tolerance has not been investigated. In this study, we dem-
onstrated that LSECs actively endocytose allogeneic splenocytes
injected via the portal vein and that CD4™ T cells with indirect
allospecificity lose their responsiveness on contact with such
LSECs, at least partially via the Fas/Fas ligand (FasL) pathway.
This study is the first to demonstrate that LSECs are capable of

“ Abbreviations used in this paper: LSEC, Liver sinusoidal endothelial cell; FasL, Fas
ligand; Ac-LDL, acetylated low-density lipoprotein; FCM, flow cytometry; WT, wild
type. MHLR, mixed hepatic constituent cell-lymphocyte reaction; ILT, lg-like
transcript.
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regulating a polyclonal population of nontransgenic T cells with
certain specificity via the indirect pathway.

Materials and Methods
Mice

BALB/c (H-2%), C57BLY/6 (B6) (H-2"), and C3H/HeN (C3H) (H-2¥) mice
(8- to 12-wk-old females) were purchased from Clea Japan. B6 MHC class
II-deficient (C2D) (B6.129S2-C2ra™ ™) mice and BALB/c-FasL*”
(BALB/c-gld) (Cpt.C3-Tnfsf6**") mice were purchased from The Jackson
Laboratory. All animals were maintained in a specific pathogen-free mi-
croisolator environment. Animal experiments were approved by the Insti-
tutional Review Board at Hiroshima University and were conducted in
accordance with the guidelines of the National Institutes of Health (Na-
tional Institutes of Health publication no. 86-23, revised 1985).

Portal venous injection of donor-rype splenocytes

Splenocytes were prepared as a single-cell suspension after lyses of eryth-
rocytes using an ammonium chloride/potassium solution. The splenocytes
were irradiated (30 Gy) before treatment with a portal venous injection to
eliminate possible graft-vs-host responses. Allogeneic splenocytes (30 X
10%) in 0.5 ml of medium 199 (Sigma-Aldrich) containing 1% HEPES
buffer were injected through the superior mesenteric vein using a 30-gauge
needle.

Heterotopic heart transplantation

Donor-type heart allografts were transplanted. Cervical heterotopic heart
transplantation was performed using the cuff technique modified from a
previously described method (19). Briefly, the recipients were prepared
before donor heart harvest to minimize the graft ischemic time. The right
external jugular vein and the right common carotid artery were dissected
free, mobilized as far as possible, and fixed to the appropriate cuffs. The
cuffs were composed of polyethylene tubes (2.5F; Portex), the diameters of
which were adjusted by physical extension. For anastomoses, the aorta and
the main pulmonary artery of the harvested donor heart were drawn over
the end of the common carotid artery and the external jugular vein, re-
spectively. The graft ischemic time for the transplanted hearts was <30
min. The function of the grafts was monitored by daily inspection and
palpation. Rejection was determined by the cessation of beating of the graft
and was confirmed by histology.

Flow cytomerry ( FCM) analysis of anti-donor Abs

Indirect immunofluorescence staining of thymocytes from B6 mice was
used to detect anti-donor-specific Abs. Cells (1 % 10%) were incubated with
10 pl of serially diluted mouse serum, washed, and incubated with FITC-
conjugated rat anti-mouse IgM and IgG mAb (BD Pharmingen). then were
subjected to FCM analysis.

Isolation of LSECs

It has been reported that elevated levels of CDI05 expression are selec-
tively detected on the microvascular and vascular endothelial cells in re-
generating tissue undergoing active angiogenesis (20-22). Similarly,
LSECs that have an exceptional capacity for angiogenesis express CD105
in higher quantities than the endothelia of the central veins or other vessels
in the liver (23). Therefore, CD105™ cells were positively selected for the
isolation of LSECs from the nonparenchymal cell fraction of the liver as
follows. Disaggregated liver cells were obtained from untreated BALB/c
mice or BALB/c mice that had been treated with portal injection by the
two-step collagenase perfusion method (24, 25) and were centrifuged at
50 x g for 1 min. The supernatant was centrifuged at 150 X g for 5 min.
The pellet was resuspended, and the total cells obtained were stained with
biotin-conjugated anti-CD105 (MJ7/18) (eBioscience). Subseguently, the
cells were counterstained with streptavidin microbeads (Miltenyi Biotec)
and magnetically sorted using an autoMACS cell sorter (Miltenyi Biotec).
This sorting technique yielded 2-7 X 10° cells/body in the positive frac-
tion. To analyze the purity of LSECs, aliquots of the sorted fractions were
cultured in the presence of acetylated low-density lipoprotein (Ac-LDL)-
BODIPY (final concentration, 15 mg/ml) (Molecular Probes) in a DMEM
culture medium containing 10% heat-inactivated FBS, 5 mM 2-ME, 1%
HEPES buffer, 100 TU/ml penicillin, and 100 mg/ml streptomycin on col-
lagen I-coated 35-mm tissue culture dishes (BD Biosciences Labware).
This fluorescence-labeled lipoprotein is exclusively taken up by endothelial
cells such as LSECs. After 12 h, the cells were stained with anti-CD11b PE
(M1/70) to detect the expression of CD11b as a marker for Kupffer cells.
The sorted CD105™ cells were stained with anti-CD435 FITC (30F11.1) to

detect the expression of CD45 as a marker for hemopoietic cells. These
were purchased from BD Pharmingen.

Detection of LSECs that endocytose allogeneic splenocytes

B6 C2D splenocytes were washed in PBS and labeled with PKH26 (Sigma-
Aldrich) for the detection of LSEC endocytosis. PKH26 labeling (2 X 107¢
M dye) was performed according to the manufacturer’s protocol. Follow-
ing the portal injection of the irradiated B6 C2D splenocytes (30 X 10°
cells) labeled with PKH26 into BALB/c mice, the host LSECs were iso-
lated as described earlier. FcyR-blocking Abs (rat anti-mouse CD16/32
mADb) (2.4G2) were used, followed by staining with anti-mouse [-A/I-E
FITC (2G9), anti-CD40 FITC (HM40-3), anti-CD80 FITC (16-10A1), anti-
CD86 FITC (GL1) (BD Pharmingen), or unlabeled anti-mouse CD95 Li-
gand (MFL3) (eBioscience). The unlabeled mAb was visualized using anti-
Armenian hamster IgG FITC (H+L) (eBioscience). The cells were
analyzed by FCM analysis gating on the CD105™ population. The LSECs
that endocytosed the injected splenocytes were identified as PKH26-la-
beled cells by FCM analysis. FCM was performed using a FACSCalibur
(BD Biosciences). LSECs were also observed under a relief contrast con-
focal microscope.

Transendothelial migration assay

The isolated L.SECs obtained from the experimental animals were applied
onto a fibronectin-coated (50 pg/ml; Sigma-Aldrich) polycarbonate filter
(pore size, 8 wm; Costar) containing a cell culture insert (1 X 107 cells/well
in a 48-well plate). After 12 h of culture, nonadhered cells were removed
from the filter membrane by washing. For the analysis of cell proliferation
in indirect MLR, splenocytes were labeled with 5 uM CFSE (Molecular
Probes) as described previously (26). CFSE-labeled syngeneic nonadherent
splenocytes (10 X 10° cells/well) were overlaid on the monolayer of
LSECs in the culture insert and incubated for 12 h. Splenocytes transmi-
grating 1o the bottom of the individual wells were harvested. These cells
were used as responder cells for the subsequent indirect MLR (see Fig. 44).

Preparation of stimulator cells for indirect MLR

Donor-type B6 C2D or third-party C3H splenocytes (20 X 10° cells) were
injected i.v. into BALB/c mice. Seven days after the injection, splenocytes
were obtained from the BALB/c mice. These splenocytes were plated on
100-mm tissue culture dishes (Falcon 3003; BD Biosciences Labware).
After incubation for 2 h, adherent cells were prepared as Ag-presenting
stimulator cells for subsequent indirect MLR.

Indirect MLR assay

The Ag-presenting stimulator cells were irradiated with a dose of 30 Gy.
CFSE-labeled responder cells were cultured with stimulator cells (in the
ratio of 5:1) in & total volume of 2 ml of medium in a 24-well flati-bottom
plate (BD Biosciences Labware) at 37°C in 5% CO, in the dark for 5 days.

Quantification of T cell proliferation

In the indirect MLR using CFSE-labeled lymphocytes, proliferating T cells
were detected by a multiparameter FCM analysis as described previously
(27, 28). The harvested cells were stained with anti-mouse CD4 PE mAb
(GK1.5) (BD Pharmingen). Alloreactivities of the responder T cells were
quantified based on their CFSE-fluorescence intensities. In CFSE-fluores-
cence histograms, CD4™ T cells were selected by gating and were subse-
guently analyzed for CFSE fluorescence. Dead cells were excluded from
the analysis by light scatter and/or by using propidium iodide. Theoreti-
cally, the CFSE-fluorescence intensity of cells that have undergone one cell
division is half the value of the CFSE-fluorescence intensity of undivided
cells. According to this theory, the number of divisions of alloreactive T
cells could be mathematically determined by the logarithmic CFSE inten-
sities on the basis of the peak at the extreme right (the peak of undivided
cells). The limit of detection is seven or eight division cycles caused by the
compression of peaks as the CFSE intensity approaches autofluorescent
levels. Thus, divisions beyond six cycles are indistinguishable and are col-
lectively referred to as division 7+. A single-cell dividing n times will
generate 2” daughter cells. Using this mathematical relationship, the num-
ber of division precursors was extrapolated from the number of daughter
cells of each division, and the number of times that mitotic events occurred
ina CD4™ T cell subset was calculated. Using these values, mitotic indexes
were calculated by dividing the total number of mitotic events by total
precursors. Stimulation indexes were calculated by dividing the mitotic
indexes of T cells responding to the splenic APCs pulsed with allogeneic
cells by those of T cells responding to the control nonpulsed splenic APCs.
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Intracellular cytokine staining for multiparameter FCM

Cytokine-secreting activity of T cells responding to allostimulation was
determined as described previously (28). Following the indirect MLR cul-
ture, the cells were stimulated with 1 uM ionomycin (Sigma-Aldrich), 10
ng/ml PMA (Sigma-Aldrich), and GolgiPlug (a protein transport inhibitor
containing brefeldin A) (BD Pharmingen) (2 ul in 2 ml of medium) for 4 h
to enhance intracellular cylokine content without affecting cell prolifera-
tion, as described previously (29-32). After harvesting, the cultured cells
were stained with PerCP-CyChrome (PerCP-CyS5.5)-conjugated anti-CD4
(GK1.5) (BD Pharmingen). Nonspecific FeyR binding of labeled Abs was
blocked by CDI6/32 (2.4G2) (BD Pharmingen). Furthermore, the cells
were stained with annexin V (BD Pharmingen) for gating out dead or
apoptotic cells. Following cell surface Ag and annexin V staining, the cells
were fixed and permeabilized using Cytofix/Cytoperm solution (containing
4% paraformaldehyde and saponin) (BD Pharmingen) and Perm/Wash
buffer (containing FBS and saponin) (BD Pharmingen) according to the
manufacturer’s instructions. For intracellular cytokine staining, PE-conju-
gated anti-IL-2 (JES6-1A12) and/or rat IgG1 (an isotvpe-matched control)
were used.

Skin transplant model

Full-thickness tail skin was harvested from donor (B6 C2D) mice and
grafted (2 pieces of ~0.5 c¢m in size) onto the dorsal side of recipient
(BALB/c) mice. Rejection was defined as the complete necrosis of the skin
grafts. Skin grafts were completely rejected on a regular basis within 14
days after transplantation. Splenocytes from mice sensitized with skin al-
lografts after rejection were labeled with CFSE. CFSE-labeled nonadherent
splenocytes were used as sensitized responder cells for the subsequent
indirect MLR.

Intraportal adaptive transfer of LSECs

LSECs from BALB/c mice that were either untreated or treated with a
portal injection of irradiated B6 C2D splenocytes (30 X 10° cells/mouse)
were isolated after 12 h of the injection as described earlier. These LSECs
were prepared as a single-cell suspension. The LSECs (2 X 10° cells) in 0.5
ml of medium 199 containing 1% HEPES buffer were injected through the
superior mesenteric vein by using a 30-gauge needle.

Statistical analysis

The results were statistically analyzed using the log-rank test or F test and
Student’s 7 test of means, where appropriate. A p value of <0.05 was
considered to be statistically significant.

Results

Porial venous injection of irradiated allogeneic splenocytes
significantly prolonged the survival of subsequenily grafted
allogeneic hearts

To determine whether a portal venous injection of allogeneic cells
could produce tolerance or hyporesponsiveness to allogeneic organ
grafts, irradiated (30 Gy) splenocytes of either B6 MHC class 11-
deficient (C2D) or wild-type (WT) B6 mice were injected into
BALB/c mice (30 X 10° cells/mouse) via the portal vein. Donor-
type heart allografts were transplanted 7 days later. Survival curves
of the grafted hearts are shown in Fig. 1. All untreated BALB/c
mice rejected WT B6 hearts within 7-9 days and C2D B6 hearts
within 810 days (n = 5 and 4, respectively). However, a portal
injection of WT B6 splenocytes induced indefinite WT B6 heart
allograft survival in 60% of BALB/c mice (n = 5). A portal in-
jection of C2D B6 splenocytes induced indefinite C2D B6 heart
allograft survival in 80% of BALB/c mice (n = 5). Thus, the portal
injection of the irradiated allogeneic splenocytes effectively led to
an indefinite acceptance of subsequently transplanted donor-type
heart allografts, particularly in the absence and even in the pres-
ence of donor MHC class II molecules. To determine whether the
acceptance of heart allografts was due to tolerization of cells re-
sponding to alloantigens, the Ab levels against B6 alloantigens
were determined in the sera of the BALB/c recipients. The serum
levels of anti-B6 IgG Ab gradually elevated and reached a plateau
several weeks after the cardiac allograft transplantation in the
BALB/c mice that had received the portal injection of irradiated
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FIGURE 1. A portal venous injection of the irradiated allogeneic
splenocytes leads to the indefinite acceptance of subsequently transplanted
donor-type heart allografts in the absence of direct allorecognition of donor
MHC class IT molecules. BALB/c mice were treated with a portal injection
of either irradiated (30 Gy) allogeneic C2D or WT B6 splenocytes (30 x
10°), and the donor-type heart allografts were subsequently transplanted 7
days later. A, Survival curves of WT heart allografts. Five untreated
BALB/c mouse recipients were used as controls (dotted line), and five
BALB/c mouse recipients were treated with a portal injection of irradiated
B6 splenocytes (solid line). p < 0.01, untreated control BALB/c mice vs
BALB/c mice treated with a portal injection of irradiated B6 splenocytes.
B, Survival curves of C2D heart allografts. A portal injection of B6 C2D
splenocytes prolonged the survival of subsequently transplanted heart al-
lografts. Four untreated BALB/c mouse recipients were used as controls
(dotted line), and five BALB/c mouse recipients were treated with a portal
injection of irradiated B6 C2D splenocytes (solid line). p < 0.01, untreated
control BALB/c mice vs BALB/c mice treated with a portal injection of
irradiated B6 C2D splenocytes.

B6 splenocytes, even when both the splenocytes infused and the
heart allograft lacked MHC class 11 molecules (data not shown).
These findings indicate that the portal injection of irradiated allo-
geneic splenocytes in fact did not induce a long-lasting tolerance
state in T cells and that the indefinite acceptance of the heart al-
lograft resulting from the portal injection of irradiated allogeneic
splenocytes might be derived from mechanisms other than persis-
tent T cell tolerance.

LSECs actively endocytosed allogeneic splenocytes injected via
the portal vein

It could be possible that LSECs play a role in the immune regu-
latory effects induced by a portal injection of allogeneic cells on T
cells with indirect allospecificity, regardless of the relevance of
their role in the acceptance of subsequently transplanted heart al-
lografts. It has been reported that LSECs show a large endocytic
capacity for many ligands, including glycoproteins, components of
the extracellular matrix, immune complexes, transferrin, and cer-
uloplasmin (33-37); however, further studies are required to elu-
cidate whether LSECs endocytose allogeneic splenocytes after
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portal venous injection. For this purpose, we isolated CD1057
cells from BALB/c mice treated with a portal injection of irradi-
ated B6 C2D splenocytes. The sorted CD1057 cells always con-
tained >95% of CD11b~ cells that had taken up Ac-LDL-
BODIPY; these stained cells represented LSECs (Fig. 24). We
also confirmed that the isolated CD105™ cells were completely
free of contamination with CD45™ hemopoietic cells, which might
have the capacity for Ag presentation. B6 C2D splenocytes were
labeled with PKH26 before portal injection to identify the LSECs
that endocytose the injected splenocytes as PKH26-labeled cells.
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FIGURE 2. LSECs actively endocytosed allogeneic splenocytes in-

jected via the portal vein. A, Purity of isolated LSECs. The nonparenchy-
mal cell fraction obtained from the liver of BALB/c mice that were either
untreated or treated with a portal injection were stained with anti-CD105
mAb and sorted by an autoMACS cell sorter. To analyze the punty of
LSECs, the sorted CDI105" cells were stained with anti-CD45 FITC
(30F11.1) 1o detect the expression of CD45 as a marker for hemopoietic
cells (lefr panel). Aliguots of the sorted fractions were cultured in the
presence of Ac-LDL-BODIPY for 12 h, and the sorted cells were stained
with anti-CD11b PE (M1/70) to detect the expression of CD11b as a
marker for Kupffer cells (right panel). Representative FCM profiles are
shown. The percentages indicate the total sorted CDI105™ cells. B, The
relief confocal microscopy image of CD105™ LSECs isclated from the host
liver 12 h after the portal injection of irradiated B6 C2D splenocytes by
positive selection using an autoMACS cell sorter (scale bar, 20 um). B6
C2D splenocytes were labeled with PKH26 before portal injection into the
BALB/c mice to identify the LSECs that had endocytosed the injected
splenocytes as PKH26-labeled cells (red). C, Kinetics of the uptake of
allogeneic-irradiated B6 C2D splenocytes by LSECs were anzlyzed by
FCM. The percentages of PKH26-1abeled phagocytic LSECs are shown for
CDI105™ cells isolated from the host liver.

Microscopic observation of the intracytoplasmic staining with
PKH26 ruled out the possibility of the occurrence of doublets of
LSECs along with adherents of the injected splenocytes or frag-
ments (Fig. 2B8). At 12 h after the portal injection, ~20% of LSECs
had endocytosed the PKH26-labeled splenocytes (Fig. 2C). In the
phenotypic analyses, LSECs from untreated mice expressed low
amounts of MHC class II, CD40, CD80, and CD86 phenotypes:
these are surface molecules necessary for the efficient Ag presen-
tation to T cells. LSECs that endocytosed the irradiated allogeneic
splenocytes showed enhanced expression of MHC class IT mole-
cules and CD80, indicating their capacity for Ag presentation to
CD4™" T cells (Fig. 3). Notably, such LSECs concurrently lost
CD40 expression and up-regulated FasL expression on their sur-
face, suggesting the tolerogenic potential of the LSECs toward
responding T cells.

Induction of specific unresponsiveness in T cells with indirect
allospecificity by transmigration across autologous LSECs that
had endocytosed allogeneic splenocytes

The various functions of APCs (professional myeloid APCs) such
as uptake, processing, and presentation of Ags are temporally and
spatially separated. APCs endocytose peripheral Ags and then un-
dergo maturation during their migration into the lymphatic tissue.
where they encounter T cells in a specialized microenvironment.
The LSEC has been described as a new type of organ-resident
APC that executes all three salient functions of an APC simulta-
neously and exhibits immunomodulatory activity toward naive T
cells (17, 18). It is possible that LSECs process the endocytosed
allogeneic splenocytes and subsequently present alloantigens to
the naive T cells.

We examined the effect of Ag presentation by LSECs to naive
T cells with indirect allospecificity on the responsiveness of these
T cells to a subsequent alloantigen presentation by professional
APCs. For this purpose, we performed a transendothelial migration
assay to mimic the structural features of the interaction between
LSECs and T cells. In the liver, blood passes through a meshwork
of sinusoids formed by LSECs. Therefore, circulating leukocytes
frequently come in contact with LSECs owing to the small diam-
eter (7-12 pum) of the sinusoids (38). Such a sinusoidal architec-
ture is likely to promote the immunomodulatory activity of LSECs
toward T cells. CFSE-labeled naive BALB/c nonadherent spleno-
cytes first underwent transmigration across a monolayer (pores
with a diameter of 8 wm) of LSECs from BALB/c mice that were
either untreated or treated with a portal injection of irradiated al-
logeneic B6 C2D splenocytes; this enabled direct interaction be-
tween T cells and LSECs (Fig. 4A). The transmigrated BALB/c
lymphocytes were subsequently stimulated with splenic APCs
from BALB/c mice that had been stimulated by treatment with an
i.v. injection of the splenocytes from either donor-type B6 C2D or
third-party C3H mice. The proliferative response of naive BALB/¢
CD4™ T cells to BALB/c APCs pulsed with B6 C2D splenocytes
could be detected on FCM plots, although their stimulation indexes
were lower than those usually observed in direct MLR assays in
the fully allogeneic combinations. Such low stimulation indexes in
indirect MLR assays are consistent with the previously reported
fact that the frequency of T cells engaged in the indirect pathway
of allorecognition is ~100-fold lower than that of T cells partic-
ipating in direct recognition (39). The enhanced proliferative re-
sponse of the presensitized BALB/c CD4™ T cells (prepared by B6
C2D skin grafting) to BALB/c APCs pulsed with B6 C2D spleno-
cytes proved the suitability of this indirect MLR assay. Nonethe-
less, the CD4™ T cells that hzd transmigrated across the LSECs
from mice that were treated with a portal injection of irradiated B6
C2D splenocytes lacked the proliferative response to BALB/c
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FIGURE 3. Phenotypic characteristics of LSECs that endocytosed allo-
geneic splenocytes. Host LSECs were isolated 12 h after a portal injection
of irradiated B6 C2D splenocytes (30 X 10°) labeled with PKH26 into
BALB/c mice. These were stained with anti-mouse 1-A/I-E FITC, anti-
CD40 FITC, anti-CD80 FITC, and FasL mAb, The LSECs that had endo-
cytosed the injected splenocytes could be identified as PKH26-labeled cells
by FCM analysis. The percenlage of total sorted CD105* cells in each
fraction are shown. PKH26™ LSECs and PKH26~ LSECs were selected by
gating to compare the expression of various surface markers. The histo-
gram reveals that PKH26" LSECs (shaded histogram) expressed signifi-
cantly higher levels of I-A/I-E, CD80, and FasL than the PKH26~ LSECs
(solid line). PKH26™ LSECs lost CD40 expression on their cell surface.
The expression levels of each marker are presented as median fluorescence
intensity. Average values = SEM for the PKH26™ and PKH26~ LSECs
are shown. FCM analysis using anti-CD105 mAb revealed that the inocula
of splenocytes prepared from B6 mice did not include CD105™ cells
(<0.5%) (data not shown). The FCM profiles are representative of four
independent experiments.
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APCs pulsed with B6 C2D splenocytes, while maintaining a nor-
mal response to BALB/c APCs pulsed with C3H splenocytes (Fig.
4, B and C). Thus, CD4™ T cells that transmigrated across the
Ag-presenting LSECs that had endocytosed allogeneic splenocytes
were rendered unresponsive to alloantigens via indirect recogni-
tion in an Ag-specific manner. The proliferative response of the
BALB/c CD8™ T cells that transmigrated across the BALB/c
LSECs 1o BALB/c APCs pulsed with B6 C2D splenocytes was
undetectable even on FCM plots, regardless of whether pretreat-
ment with a portal injection of B6 C2D splenocytes was conducted
(data not shown). This might be attributed to the much lower num-
ber of CD8" T cells with indirect allospecificity than those of
CD4™ T cells with indirect allospecificity, as demonstrated previ-
ously (40).

Exposure to LSECs that endocytose alloantigens attenuated the
IL-2-secreting activity of CD4™ T cells with indirect
allospecificiry

We have previously reported a method that combines MLR, which
uses a CFSE-labeling technique, intracellular cytokine immuno-
fluorescence staining, and multiparameter FCM analysis for the
simultaneous determination of proliferation and cytokine-secreting
activity of T cells responding to allostimulation (28). Using this
technique, TL-2-secreting cells were detected in proliferating
BALB/c CD4" T cells in response to BALB/c APCs pulsed with
B6 C2D splenocytes (Fig. 5). Transmigration across the LSECs
from mice that were treated with a portal injection of irradiated B6
C2D splenocytes significantly reduced the frequency of IL-2-se-
creting cells in proliferating BALB/c CD4™ T cells in response to
BALB/c APCs pulsed with B6 C2D splenocytes. In contrast, the
frequency of the IL-2-secreting cells remained high in proliferating
BALB/c CD4™ T cells in response to BALB/c APCs pulsed with
C3H splenocytes. Thus, the exposure to LSECs that endocytose
donor-type alloantigens attenuated not only the proliferating ac-
tivity but also the IL-2-secreting activity of CD4™ T cells with
indirect allospecificity.

CD4™ T cells that transmigrated across the LSECs that had
endocytosed allogeneic splenocytes were rendered unresponsive
to alloantigens by a mechanism involving Fas/FasL interaction

Based on the results of phenotypic studies showing enhanced ex-
pression of FasL on the LSECs that endocytose allogeneic spleno-
cytes and the previously reported result that FasL engagement in-
hibits CD4™ T cell proliferation, cell cycle progression, and IL-2
secretion (41-43), we assumed that such LSECs inhibited allospe-
cific T cell proliferation via apoptosis through Fas/FasL interac-
tion. Consistent with this hypothesis, the transmigration of naive
BALB/c CD4™ T cells across the LSECs from FasL-deficient
BALB/c-gld mice treated with a portal injection of B6 C2D
splenocytes failed to induce unresponsiveness in allospecific T
cells (Fig. 6). This observation ruled out the possibility that the
loss of ability of BALB/c CD4™ T cells to respond to BALB/c
APCs pulsed with B6 C2D splenocytes was merely due to the
adhesion of the responding BALB/c CD4™ T cells to LSECs.

Adaptive transfer of BALB/c LSECs that had endocytosed B6
C2D splenocytes into BALB/c mice via the portal vein
prolonged the survival of subsequently transplanted B6 C2D
hearts

Next, we investigated the biological significance of the mechanism
of LSECs that was described earlier, and the relevance of such a
mechanism with regard to the acceptance of heart allografts after
a portal injection of allogeneic cells. LSECs obtained from
BALB/c mice 12 h after the portal injection of irradiated B6 C2D
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FIGURE 4. CD47 T cells with indirect allospecificity were rendered unresponsive to alloantigens on contact with autologous LSECs that had endo-
cytosed the respective alloantigens. A, System of transendothelial migration assay. Seven days after the portal injection, the LSECs were isolated from
BALB/c mice that were either untreated or treated with a portal injection of irradiated allogeneic B6 C2D splenocytes. The isolated LSECs were applied
onto the cell culture insert of a polycarbonate filter that was fibronectin-coated and had a pore size of 8 um. After 12 h of culture, the nonadhered cells
were removed from the polycarbonate filler membrane by washing. CFSE-labeled naive BALB/c nonadherent splenocytes first underwent transmigration
across a monolaver of LSECs from BALB/c mice that were either untreated or treated with a portal injection of irradiated allogeneic B6 C2D splenocytes;
this enabled direct interaction between T cells and LSECs. The transmigrated BALB/c lymphocytes were subsequently stimulated with splenic APCs from
BALB/c mice that had been treated with an i.v. injection of splenocytes from either donor-type B6 C2D or third-party C3H mice (indirect MLR).
CFSE-labeled responder cells (2 % 10%) were cultured with 4 X 10 irradiated stimulator cells in the ratio of 5:1 for 5 dayvs. After the indirect MLR, the
harvested lymphocytes were stained with PE-conjugated anti-mouse CD4 mAb. Subsequently, T cell proliferation (division) was visualized by FCM
analysis as the serial halving of CFSE-fluorescence intensity. B, Representative FCM results of CFSE-labeled CD4™" T cell division in the subsequent
indirect MLR. €, Stimulation indexes of CD4™ T cells with indirect allospecificity in the subsequent indirect MLR are shown. Each point represents an
individual mouse, and the average values of four independent mice in each group are shown. *, p < 0.05; **, p < 0.01.

splenocytes were adaptively transferred via the portal vein into immunosuppressive effect of LSECs on T cells with indirect al-

BALB/c mice (2 X 10° cells/mouse). After 7 days, allograft hearts
from B6 C2D mice were transplanted into BALB/c mice. Adaptive
transfer of LSECs from BALB/c mice treated with a portal injec-
tion of irradiated B6 C2D splenocytes prolonged the survival of
subsequently transplanted allograft hearts, although this effect was
not long lasting. The prolonging effect of adaptive transfer of
LSECs from BALB/c-gld mice treated with a portal injection of
irradiated B6 C2D splenocytes on the survival of subsequently
transplanted allograft hearts was significantly less than that of
LSECs from WT BALB/c mice treated similarly (Fig. 7). Thus, the

lospecificity via the Fas/FasL pathway is involved in the mecha-
nism underlying the prolongation of heart allograft survival after a
portal injection of allogeneic cells, at least in the early phase.

Discussion

The liver appears to favor the induction of immune tolerance rather
than immunity. A number of observations demonstrate that Ag-
specific immune tolerance is the result of Ag presentation in the
liver. Allogeneic liver transplants are often well accepted by a
recipient (44 —46), leading to tolerance to further organ transplants
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FIGURE 5. Exposure to LSECs that endocytose al-
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loantigens attenuated the IL-2-secreting activity of
CD47 T cells with indirect allospecificity. The transmi-
grated BALB/c CFSE-labeled responder lymphocytes
were cultured with irradiated stimulator splenic APCs
from BALB/c mice that had been stimulated with an i.v.
injection of splenocytes from either donor-type B6 C2D
or third-party C3H mice. The indirect MLR-cultured
cells were stained with PerCP-CyS.5-conjugated anti-

CD4, followed by staining with allophycocyanin-conju-
gated annexin V. Subsequently, the cells were fixed,
permeabilized, and stained with PE-conjugated IL-2
mAbs or isotype-matched control Abs (IgG1). A four-
colored FCM was performed to determine the prolifer-
ation and cytokine-secreting activity in the MLR, CD4*

T cells were selected by gating and analyzed for IL-2-
secreting activity, A, Represemtative FCM results of
CFSE-labeled CD4™ T cell division in the indirect
MLR. The FCM profiles shown are representative of
four independent experiments. The number refers to the B
percentage of total cells in each quadrant. B, The fre-
quency of IL-2-producing cells in the proliferated CD4*
T cell fractions, The frequency (%) was calculated using
the quadrant data of the FCM contour plots in A accord-
ing to the following formula: percentage of the upper
leftl(percentage of the upper lefr ~ percentage of the
lower left) X 100. Average values = SEM for four in-
dependent experiments are shown. **, p < 0,01,

Stimulator

from the same donor but not to third-party grafts (47, 48). We have
recently demonstrated a novel relevant mechanism of such liver
allograft tolerance, i.e., naive allogeneic LSECs selectively toler-
ize CD4™ and CD8™ T cells with direct allospecificity in mice in
which liver allografts are normally accepted without recipient im-
mune suppression across MHC barriers (49). In allogeneic mixed
hepatic constituent cell-lymphocyte reaction (MHLR) assay,
whole constituent cells did not promote T cell proliferation. When
LSECs were depleted from the hepatic constituent cell stimulators
in the allogeneic MHLR assay, a marked proliferation of reactive
CD4™ and CD8" T cells was observed. After restimulation with
irradiated BALB/c splenocytes, we observed nonresponsiveness of
B6 T cells that had transmigrated across allogeneic BALB/c
LSECs and marked proliferation of T cells that had transmigrated
across syngencic B6 or third-party SIL/j LSECs. These results
raised the question of whether a similar mechanism involving
LSECs can explain another well-known phenomenon of increased
graft acceptance after a pretransplant portal venous injection of
donor leukocytes (3, 4).

The LSEC has been described as a new type of APC that in-
duces immune tolerance in naive T cells (17, 18). Furthermore,
LSECs are capable of stimulating naive CD4™ T cells. However,
following priming by Ag-presenting LSECs, CD4* T cells fail to
subsequently differentiate into Thl phenotype, instead they differ-
entiate into regulatory T cells that express IL-4 and TL-10 on re-
stimulation (6, 50). LSECs also have the capacity to present

LSEC Untreated

199 794
135 , 17.2
2.2 135
i g
#)
B 2 B “ o
74 T4 1.2 62.1
’-

80 de sk

(il

Treated with Pl of SPLCs

Non pulsed APCs pulsed APCs pulsed

APCs with with

(contral) B6C2DSPLCs  C3H SPLCs
(donor-typs) (third party)

ES o
o o
v

The frequency of IL-2
~
-]

positive cells (%)

APCs pulsed
ith

Wi
B6 C2D SPLCs
(donor-type)

80

% of control indirect response
o
=
| »

20

Baibic  Balb/c-gld

FIGURE 6. CD4~ T cells that transmigrated across the LSECs that had
endocylosed allogeneic splenocytes lost their responsiveness to alloanti-
gens by a mechanism involving Fas/FasL interaction. CFSE-labeled
BALB/c splenocytes first underwent transmigration across the LSECs from
BALB/c WT (®; n = 3) or BALB/c-gld FasL-deficient mice (M n = 3)
that were treated with a portal injection of irradiated B6 C2D splenocytes.
The transmigrating cells were subsequently stimulated with the irradiated
splenic APCs from BALB/c mice that had been pulsed with an i.v, injec-
tion of donor-type B6 C2D splenocytes (indirect MLR). The inhibition rate
of indirect alloimmune response by the LSECs was represented by the
percentage of stimulation index of CD4™ T cells transmigrating across the
LSECs from the untreated control BALB/c mice. *, p < 0.05.
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Days after heart transplantation

FIGURE 7. Adaptive transfer of BALB/c LSECs that had endocytosed
B6 C2D splenocytes into BALB/c mice via the portal vein prolonged the
survival of subsequently transplanted B6 C2D hearts. LSECs were ob-
tained from either untreated BALB/c mice, BALB/c mice 12 h after a
portal injection of irradiated (30 Gy) B6 C2D splenocytes (30 X 10° cells/
mouse), or BALB/c-gld FasL-deficient mice 12 h after a portal injection of
irradiated B6 C2D splenocytes. The isolated LSECs were adaptively trans-
ferred via the portal vein into BALB/c mice (2 X 10° cells/mouse), and the
allograft hearts from B6 C2D mice were transplanted 7 days Jater. Survival
curves of B6 C2D heart allografts are shown. Five BALB/c mice received
untreated BALB/c LSECs (dotted line), five BALB/c mice received
BALB/c LSECs that had endocytosed B6 C2D splenocytes (solid line), and
three BALB/c mice received BALB/c-gid LSECs that had endocytosed B6
C2D splenocytes (bold line). p < 0.01, recipients of untreated BALB/c
LSECs vs those of BALB/c LSECs that had endocytosed B6 C2D spleno-
cyles. p < 0.02, recipients of BALB/c LSECs that had endocylosed B6
C2D splenocytes vs those of BALB/c-gld 1L.SECs that had endocytosed B6
C2D splenocytes.

exogenous Ags on MHC class I molecules to CD8™ T cells, a
process termed as cross-presentation (5). Initially, the stimulation
of naive CD8™ T cells by LSECs results in the proliferation of T
cells and the release of cytokines. However, finally, it leads to
Ag-specific tolerance, as demonstrated by the simultaneous loss of
cytokine expression and the failure of CD8" T cells to develop
into cytotoxic effector T cells. However, such immune regulatory
effects of LSECs have been observed only in a model in which the
interaction of soluble exogenous Ags and its corresponding trans-
genic TCRs occurs. Thus, the capacity of LSECs to regulate a
polyclonal population of nontransgenic T cells with allogeneic
specificity remains to be elucidated.

We demonstrated that host LSECs actively endocytose alloge-
neic splenocytes injected via the portal vein. Host LSECs that en-
docytose allogeneic splenocytes highly expressed MHC class II
molecules and CD80 costimulatory molecules, probably due to the
processing of endocytosed allogeneic cells and presentation of al-
loantigens. It is possible that the LSECs process the endocytosed
allogeneic splenocytes and subsequently present alloantigens to
naive CD4™ T cells through interaction between autologous MHC
class IT molecules and TCRs. Such Ag presentation by LSECs
might negatively regulate CD4™ T cells with indirect allospecific-
ity. The cumulative surface area of LSECs is very large, and he-
patic microcirculatory parameters allow frequent contact between
LSECs and passenger leukocytes. Considering the large volume of
blood that passes through the liver daily, it is probable that LSECs
are ideally positioned within the liver to establish peripheral im-
mune tolerance (17, 51). We conducted a T cell transendothelial
migration assay to mimic the structural features of the interaction
between LSECs and T cells. In this system, the responsiveness of
naive CD4™ T cells to stimulus with syngeneic splenic APCs
pulsed with allogeneic C2D splenocytes was abrogated by trans-
migration across LSECs that endocytosed allogeneic C2D spleno-

LSECs THAT ENDOCYTOSE ALLOGENEIC CELLS SUPPRESS T CELLS

cytes; this indicates that T cells with indirect allospecificity could
be negatively regulated by direct contact with LSECs that present
alloantigens (Fig. 4). We also demonstrated that the up-regulation
of FasL expression on LSECs that endocytosed allogeneic cells
could contribute to their immunosuppressive potential on alloan-
tigen recognition via the indirect pathway. The deficiency of FasL
on LSECs in mutant mice significantly attenuated their suppressive
property toward CD4™ T cells with indirect allospecificity (Fig. 6).
Because there appears to be a residual inhibitory effect of LSECs
on T cells even in the absence of FasL, mechanisms other than the
Fas/FasL pathway may also be involved in the LSEC-induced im-
munosuppression of CD4™ T cells. Based on the previously re-
ported results demonstrating the importance of CD40/CD154-me-
diated costimulation in indirect presentation models (52, 53),
insufficient expression of costimulatory molecules, i.e., significant
down-regulation of CD40 expression on the LSECs that endocy-
tosed allogeneic cells (Fig. 3), might contribute to their immuno-
suppressive effects.

Endothelial cells have been shown to activate T cell responses
toward alloantigens, thereby triggering transplant rejections (54).
However, recently, it has been reported that endothelial cells ex-
posed to IL-10, IFN-a, and/or vitamin D3 induce the expression of
Tg-like transcript (ILT)3 in endothelial cells, thereby tolerizing
them (55). TLT3 belongs to a family of Ig-like inhibitory receptors
that are structurally and functionally related to killer cell inhibitors
and contains ITIMs (56-58) that mediate the inhibition of cell
activation by recruiting tyrosine phosphatase Src homology pro-
tein-1 (57). Because various hemopoietic cells (i.e., intrahepatic
macrophages, dendritic cells, NK cells, NK T cells) that reside in
the liver have a capacity to release anti-inflammatory mediators,
including IL-10, the expression of ILT3 in LSECs might be in-
duced by factors unique to the liver microenvironment. The pos-
sibility of such an alternative explanation for LSEC-induced im-
munosuppression of T cells with indirect allospecificity remains to
be elucidated.

In this study, although we proved that T cells with indirect al-
lospecificity lose their reactivity on exposure to LSECs that endo-
cytose alloantigens, at least partially through Fas/FasL interaction,
the relevance of such a mechanism with regard to the acceptance
of heart allografts after a portal injection of allogeneic cells re-
mains unclear. The adaptive transfer of BALB/c LSECs that had
endocytosed B6 C2D splenocytes into BALB/c mice prolonged the
survival of subsequently transplanted B6 C2D hearts; however,
this effect was not long lasting. This indicates that the immuno-
suppressive effect of LSECs on T cells plays a significant role at
least in the early phase after the portal injection of allogeneic cells.
However, further investigations are required to clarify the respon-
sibility of LSECs for persistent acceptance of heart allografts after
a portal injection of allogeneic cells. In the present study, MHC
class Tl-deficient heart allografts appeared to be more susceptible
to persistent acceptance induced by a portal injection of allogeneic
cells than MHC class II-expressing heart allografts. It is possible
that the immunosuppressive effect of the portal injection of donor
cells is more efficient in T cells with indirect allospecificity than in
T cells with direct allospecificity. Alternatively, it is also possible
that grafts that do not express MHC class I molecules merely
survive longer than grafts that express these molecules. In either
case, the influence of a portal injection of donor cells on T cells
with direct allospecificity remains to be elucidated. Previous stud-
ies have shown a prolonged allograft survival after an intrathymic
injection of donor MHC peptides. This suggests that the manipu-
lation of the indirect pathway can alter the course of rejection
when both direct and indirect responses are available (59, 60);
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