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Figure4 Liver function testing and itching intensity in a BRIC2
patient during and after the course of 4PB therapy. (a) Serum
AST, ALT, v-GT (upper), T-Bil, D-Bil, and BA (lower) levels
were monitored during and after the period of 4PB therapy.
(b) Correlation of itching scores for the BRIC2 patient with se-
rum concentrations of ATX (upper) and BA (lower) in the pa-
tient during and after 4PB therapy. Pruritus severity was scored
from 0O (no pruritus) to 4 {cutaneous mutilation, with bleeding
and scairing) as described in Methods. The arrow and arrow-
head indicate the time point and period when the patient
underwent bilirubin absorption and NBD, respectively. v-GT,
y-glutamyltransferase; 4PB, 4-phenylbutyrate; ALT, alanine ami-
notransferase; AST, aspartate aminotransferase; ATX, autotaxin;
BA, bile acids; BRIC2, benign recurrent intrahepatic cholestasis
type 2; D-Bil, direct bilirubin; NBD, nasobiliary drainage; T-Bil,
total bilirubin; WT, wild type.
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surface-resident BSEP™" and BSEP™°7¢, the form found
most frequently in PFIC2 patients, and interrupted their
internalization and degradation, resulting in induction of
their expression at the plasma membrane.'**"?® Consid-
ering that p.D404G and p.V444A, the mutations found
in this BRIC2 patient, have an impact on BSEP that is sim-
ilar to, but milder than, the PFIC2-type mutation p.E297G
(Fig. 2),*?? itis most likely that 4PB therapy increased the
cell surface expression of BSEP in this BRIC2 patient
through the same mechanism as in PFIC2 patients with
the p.E297G mutation. This is consistent with the quanti-
tative polymerase chain reaction analysis showing that
transcriptional processing of BSEPP*%*C was unaffected
by the treatment with 4PB (Fig. 3a).

NBD has been employed successfully for resolving
cholestatic episodes in six of seven BRIC patients.®
Immediate, complete and long-lasting symptomatic
relief was elicited. In contrast, no apparent therapeutic
effect of 1 week of NBD was observed for the BRIC2
patient in this study. NBD eliminates bile constituents
including bile salts, bilirubin and pruritogens, and
interrupts their enterohepatic circulation, thereby im-
proving liver function and intractable pruritus. There-
fore, it may be less effective in BRIC patients such as
one in this study in whom biliary bile salt excretion
and bile flow formation were severely disrupted.
Medical therapy with 4PB that restores decreased
hepatocanalicular expression of BSEP, biliary secretion
of bile salts and bile flow formation is a reasonable
and promising avenue for treatment of the cholestatic
attacks in patients with this type of BRIC.

Treatment with 4PB may also have therapeutic potency
for episodic intrahepatic cholestasis in specific BRIC1 pa-
tients, because an in vitro analysis has shown that treatment
with 4PB partially restored the decreased expression of
ATP8B1 caused by ATP8BI mutations naturally occurring
in these patients.*® Therefore, it is conceivable that 4PB
therapy could relieve the cholestatic episodes in patients
with BRIC1 who retain protein activity of ATP8B1 per se.
Furthermore, even in the BRIC1 patients whose liver func-
tions are barely improved by treatment with 4PB, intracta-
ble itching, the main complaint in the cholestatic attacks of
patients with BRIC1, should disappear, because the anti-
pruritic potency of 4PB on cholestatic itching was indi-
cated in our previous study.’* In PFIC1 patients,
regardless of the lack of improvement in liver functions
assessed by biochemical and histological analysis, therapy
with 4PB significantly relieved sustained refractory pruri-
tus, made it possible for the patients to sleep well, and
thereby helped improve their quality of life and that of
their families.* The relief of intractable itching by 4PB
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therapy in the patient in this study might have been
achieved by not only the improvement in liver function
but also by its antipruritic effect, because the itching re-
solved prior to the improvement in liver function tests
and to the decrease in the factors suspected to be causally
associated with cholestatic pruritus. At present, the mecha-
nism underlying the relief of cholestatic pruritus by 4PB
therapy remains to be elucidated. Future studies will pro-
vide evidence regarding the clinical utility and safety of
treatment with 4PB in BRIC1 patients and a better under-
standing of the mechanisms responsible for the effects of
4PB therapy on cholestatic pruritus.

Our study indicates that 4PB is the first mechanism-
based drug against intrahepatic cholestasis in BRIC2 pa-
tients. Therapy with 4PB markedly improved liver function
and relieved intractable itching during a cholestatic epi-
sode in a patient with BRIC2. Together with the fact that
all the BRIC2-type mutations previously analyzed show
a similar impact on BSEP to that of the p.D404G and
p-V444A, mutations in this patient, this suggests that
4PB therapy should be effective in the majority of BRIC2
patients. Future clinical studies should be undertaken to
validate the favorable outcome and safety of 4PB treat-
ment in more patients than was possible in this study.
If its usefulness is confirmed, 4PB therapy could become
the preferred choice, instead of the existing medical and
invasive therapy, for attenuating cholestatic episodes in
BRIC2 patients. Clinical trials will be required to deter-
mine the utility and safety of 4PB as a therapy for
BRIC1 and other diseases with cholestatic pruritus.
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AUTOIMMUNE, CHOLESTATIC AND BILIARY DISEASE

Natural Killer Cells Regulate T Cell Immune Responses
in Primary Biliary Cirrhosis

Shinji Shimoda," Satomi Hisamoto,' Kenichi Harada,* Sho Iwasaka,' Yong Chong,' Minoru Nakamura,’
Yuki Bekki,* Tomoharu Yoshizumi,* Ken Shirabe,* Toru Ikegami,‘é’ Yoshihiko Maehara,* Xiao-Song He,?
M. Eric Gershwin,” and Koichi Akashi*

The hallmark of primary biliary cirrhosis (PBC) is the presence of autoreactive T- and
B-cell responses that target biliary epithelial cells (BECs). Biliary cell cytotoxicity is
dependent upon initiation of innate immune responses followed by chronic adaptive, as
well as bystander, mechanisms. Critical to these mechanisms are interactions between
natural killer (NK) cells and BECs. We have taken advantage of the ability to isolate rel-
atively pure viable preparations of liver-derived NK cells, BECs, and endothelial cells,
and studied interactions between NK cells and BECs and focused on the mechanisms
that activate autoreactive T cells, their dependence on interferon (IFN)-y, and expression
of BEC major histocompatibility complex (MHC) class I and II molecules. Here we
show that at a high NK/BEC ratio, NK cells are cytotoxic for autologous BECs, but are
not dependent on autoantigen, yet still activate autoreactive CD4" T cells in the pres-
ence of antigen presenting cells. In contrast, at a low NK/BEC ratio, BECs are not
lysed, but IFN-y production is induced, which facilitates expression of MHC class I and
IT molecules on BEC and protects them from lysis upon subsequent exposure to autor-
eactive NK cells. Furthermore, IFN-y secreted from NK cells after exposure to autolo-
gous BECs is essential for this protective function and enables autoreactive CD4" T
cells to become cytopathic. Conclusions: NK cell-mediated innate immune responses are
likely critical at the initial stage of PBC, but also facilitate and maintain the chronic
cytopathic effect of autoantigen-specific T cells, essential for progression of disease.
(Hepatorocy 2015;62:1817-1827)

here have been considerable efforts to define the
effector mechanisms that lead to biliary cell
destruction in primary biliary cirrhosis (PBC)."
4 Indeed, such work has defined the epitopes recognized

genase complex (PDC-E2), the immunodominant auto-
antigen in PBC, is an essential component of disease
pathogenesis.”'" Our laboratory has suggested, both
from work in human PBC and animal models of auto-

by autoimmune CD4™ and CD8™ T cells and autoanti-
body and has led to the thesis that a multlineage
response against E2 component of pyruvate dehydro-

immune cholangitis, that innate immune responses
shape acquired immune responses in the pathogenesis of
cholangitis."*'® Indeed, there is increasing recognition
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that an adaptive immune response requires significant
contributions from innate immunity, both in a normal
immune response and in a breach of tolerance.'>!”%!

PBC is an organ-specific autoimmune disease without
evidence of global defect in either innate or adaptive
responses.”>>? It is particularly noteworthy that the
liver, which normally functions to restore and maintain
tolerance, itself becomes the victim of an autoimmune
response, leading directly to portal inflammation and
destruction of biliary epithelial cells (BECs).***® More-
over, PBC reoccurs after liver transplantation, and
recent data suggest that, although BECs express Toll-
like receptors (TLRs) and can function as antigen pre-
senting cells (APCs), the BEC is itself only a victim of
an immune attack based upon its own unique apoptotic
properties, namely, that the major mitochondrial auto-
antigens of PBC remain immunologically intact within
an apoptotic bleb.****® Our laboratory has demon-
strated the ability to isolate BECs and phenotypically
defined individually isolated liver-infiltrating mononu-
clear cells.">***! We have taken advantage of this tech-
nology and the availability of human liver to study in
derail the role of activated narural killer (NK) cells in
the induction of autologous biliary epithelium cytotox-
icity. We propose, based on our dara, that the critical
bridge that links innate immune response with the
adaptive effector autoimmune responses characteristic of
PBC is activation of NK cells. Indeed, we demonstrate
herein that appropriate pretreatment of NK cells can
modulate BEC destruction. Furthermore, NK  cells
directly influence the ability of autoreactive CD4™ T
cells to destroy PDC-E2 peptide antigen-pulsed BECs.
Finally, interferon (IFN)-y appears to play a central role
in this switch from innate to acquired immunity, high-
lighting the important function of T helper (Th)1 cyto-
kines in PBC. We submit that further studies on the
switch mechanisms between innate and adaptive immu-
nity have the potential to alter the effector mechanisms
that lead to continued portal inflammation.

Materials and Methods

Subjects and Protocol. Explanted liver and spleen
from a total of 8 patients were used throughour this

HEPATOLOGY, December 2015

study, and, in all cases, their liver-derived mononuclear
cell (LMC) populations and intrahepatic BECs were iso-
lated and defined as described below. These eight
explanted organs included three3 livers with PBC and
five livers with hepatitis C virus (HCV) infection. We
should emphasize, as described below, that there were
no significant differences in the results derived from the
liver mononuclear cell or the BEC population from
either PBC or hepatitis C, and, ultimately, all data were
combined. Furthermore, the observation that liver sam-
ples from PBC and hepatitis C can be used for the cur-
rent study is consistent with our thesis that the BEC is a
victim as well as the established data that PBC reoccurs
post-transplantation. All eight livers were derived from
patients with end-stage cirrhosis, but in whom there was
no evidence of an acute liver process or any unrelated
disease. The 3 patients with PBC were known to have
high titer antimitochondrial antibodies, and the diagno-
sis was based on established criteria.*” In all cases, livers
were obtained after informed consent and all protocols
were approved by the research ethics committee of
Kyushu University (Fukuoka, Japan).

Isolation of Intrahepatic BECs and Endothelial
Cells From Liver. 1LMC populations were isolated as
previously described.”'? Briefly, liver specimens were
first digested with 1 mg/mL of collagenase type 1. Cells
from digested tissue were purified to obtain LMCs as
previously described.® Adherent cells within LMCs were
isolated after incubation of cells overnight in tissue-
culture plates. The adherent cell population was main-
tained in tissue culture undl cells reached full conflu-
ence, usually by day 14, and the nonadherent cell
population aspirated, washed, and cryopreserved in
medium containing 7.5% dimethyl sulfoxide and stored
in liquid nitrogen. BECs were separated from adherent
cells using CD326-conjugated (epithelial cell adhesion
molecule) MicroBeads (Miltenyi Biotec, Bergisch Glad-
bach, Germany) specific for epithelial cells. Cells were
then resuspended in medium consisting of a 1:1 mixrure
of Ham’s F12 and Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 5% fetal calf serum
(ECS), epithelial growth factor (10 ng/mL), cholera
toxin (10 ng/ml), hydrocortsone (0.4 pg/ml), tri-

Address veprint requests to: Shinji Shimoda, M.D., Ph.D., Medicine and Biosystemic Science, Kyushu University Graduate School of Medical Sciences, Puleuokea,
Japan. Email: sshimodu@intmed . med kyushu-u.acjp; fac: 81-92-642-5247; or M. Eric Gershwin, M.D., Division of Rheumarology, Allergy and Clinical bumu-
nology, University of California at Davis School of Medicine, 451 Health Sciences Drive, Suite 6510, Davis, CA 95616. E-mail: megershwin@uedavis.edu; fax:

+ 1-530-752-4669.
Copyright © 2015 by the American Association for the Study of Liver Diseases.
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iodothyronine (1.3 ug/l), transferrin (5 pg/ml), insulin
(5 pg/mL), adenine (24.3 pg/ml), and 10 ng/mL of
hepatocyte growth factor (R&D systems, Minneapolis,
MN) and cultured.’®?! Purity of cells was verified by
immunohistochemistry using antibodies (Abs) against
cytokeratins 7 and 19 (Dako, Glostrup, Denmark), and
only cultures that were >90% positive for these cytoker-
atins and >95% viable (as determined by trypan blue)
utilized for the studies are reported herein. Endothelial
cells (ECs) were separated from BECs and adherent cells
using CD31 microbeads specific for ECs. Cultures used
in the studies herein were berween four and six passages
to exclude the potential loss of phenotype after pro-
longed in vitro culture. The methods used herein have
all been previously described.'>1%1631

Gytotoxicity of NK Cells Against Autologous BECs
and ECs. All assays were performed with autologous
cell populations; the ability of NK cells to lyse BECs or
ECs was assessed using a previously described 8-hour
*ICr release assay against autologous BECs or ECs.'>%*
Briefly, detached BECs or ECs were labeled with 2 pCi/
well of >’Cr (Amersham Biosciences, Amersham, UK)
overnight, washed 3X in medium, and 5 X 10% cells
dispensed into individual wells of a 96-well round-bot-
tomed plate. To prepare effector NK cells, spleen was
mechanically disrupted and dissociated cells were fil-
tered through a 150-pum mesh and separated by Ficoll
centrifugation to obrtain spleen mononuclear cells
(SpMCs).>> As previously described,”'® SpMCs used
for the assay were stimulated for 3 days with the TLR3
ligand, poly (I:C), and TLR4 ligand, lipopolysaccharide,
each at an optimal concentration of 10 pg/ml. Acti-
vated spleen NK cells were purified using an NK cell
isolation kit (Miltenyi Biotec). Purity of the isolated NK
cell population was >90%, as determined by flow
cytometry with anti-CD56 monoclonal Ab (mAb; Mil-
tenyi Biotec) and viability >95%. Isolated activated NK
cells were added to triplicate wells with BEC or EC rar-
get cells at an effector/target cell radio of 50:1, 10:1, 2:1,
and 0.5:1 in a total volume of 200 pL in complete
RPMI medium. Controls consisted of triplicate wells
containing target cells cultured alone and target cells
incubated with 10% Triton X-100 to determine sponta-
neous and maximal *'Cr release, respectively. After incu-
bation of cocultures of the effector with target cells for 8
hours, 100 pL of supernatant fluid was collected from
each well and counted and the percentage of specific
>1Cr release calculated as (cpm of experimental release —
cpm of spontaneous release)/(cpm of maximal release —
cpm of spontaneous release) X 100 (%). In a modified
cytotoxicity assay, BECs were incubated with or without
autologous NK cells at an NK/BEC ratio of 0.5 for 24
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hours in the presence or absence of either IFN-y (final
concentration: 0.4, 2.0, or 10 ng/ml) or mAb to
NKG2D (final concentration: 25 pg/ml; Biolegend,
San Diego, CA), IFN-y, or human leukocyte antigen
(HLA) dass I (final concentration: 50 pg/mL; R&D sys-
temns). Cytotoxicity was quantitated as described above.

Analysis of Cellular Debris Released From the
Cytotoxicity Assay. To analyze the contents of the cel-
lular debris after NK cell-mediated lysis of BECs or
ECs, we first seeded BECs or ECs at a concentration of
1 X 10° cells/well in six-well plates in complete BEC
medium, a 1:1 mixture of Ham’s F12 and DMEM, sup-
plemented with 5% FCS, epithelial growth factor (10
ng/mlL), Cholera toxin (10 ng/mL), hydrocortisone (0.4
ug/ml), wi-iodo-thyronine (1.3 pg/lL), transferrin (5
pg/mlL), insulin (5 pg/mlL), adenine (24.3 pg/ml; all
from Sigma-Aldrich, St. Louis, MO) and hepatocyte
growth factor (10 ng/ml; R&D Systems), or
endothelial-specific medium (HuMedia-EG2) that
included cell growth factors (Kurabo, Osaka, Japan).
Activated NK cells were added to each well at 5 X 10°
cells/well (effector/target rato [E:T] ratio=350) for
BECs and ECs, and 1 X 10° cells/well (E:T ratio = 10)
for BECs, then cultured for 24 hours. Subcellular frag-
ments of BECs or ECs were isolated by filtration and
ultracentrifugation. Briefly, cell-culture supernatant fluid
was collected and two additional centrifugation steps
(500¢ for 5 minutes) were performed to remove remain-
ing cells and cell fragments. Supernatant fluid was then
passed through a 1.2um nonpyrogenic, hydrophilic
syringe filter. BECs fluid from an E:T ratio of 50 were
also used unfiltered as a positive control. After centrifu-
gation at 100,000¢ for 30 minutes, the pellet containing
microparticles was resuspended in lysis buffer contain-
ing a protease inhibitor cocktail (Roche Diagnostics,
Indianapolis, IN). Lysis was performed for 30 minutes
on ice. Protein content of the samples was determined
by bicinconic acid assay using a Nanodrop ND-1000
ultraviolet-visible Spectrophotometer (NanoDrop Tech-
nologies, Wilmington, DE). Each sample (20ug) was
diluted in loading buffer and subjected to standard
sodium dodecyl sulfate polyvinylidene fluoride mem-
brane separation. PDC-E2 was detected using our
standardized mAb, clone 2H-4C8, as previously
described.**

Proliferation Assays of T-Cell Clones That
Respond to PDC-E2 163-176. 'We took advantage of
our previously well described and well-characterized T-
cell clones that respond to PDC-E2 163-176. First, the
PDC-E2 163-176 peptide, GDLLAEIETDKATI, was
synthesized by F-moc chemistry using a peptide synthe-
sizer (Model Synergy; Applied Biosystems Inc., Foster

— 405 —



1820  SHIMODA ET AL.

City, CA). The peptide was purified by reverse-phase
high-pressure liquid chromatography (HPLC) to a
degree of >90% as determined by HPLC. Cryopre-
served T-cell clone TCC independent 1 that is specific
for PDC-E2 163-176 was thawed, tested for viability,
and our standardized proliferation assays performed.*

For antigen presentation, we used monocyte-derived
dendritic cells (DCs) prepared from HLA-DR53-
positive healthy donors, as described previously, with
minor modifications.’® Briefly, peripheral blood mono-
nuclear cells (PBMCs) isolated using Ficoll-Hypaque
were allowed to adhere overnight. After removing the
nonadherent cell fraction by gentle washing with
phosphate-buffered saline (PBS), the remaining adher-
ent cells were maintained in complete RPMI 1640
medium with 1,000 U/ml of human recombinant gran-
ulocyte macrophage colony-stimulating factor and 500
U/mL of human recombinant interleukin (IL)—4
(R&D Systems) for 7 days. At the end of the 7-day
incubation period, nonadherent cells were recovered as
DCs after gentle washing. DCs as antigen presenting
cells (APCs) were seeded ar 2 X 10° cells/well in 24-
well round-bottomed plates and incubated in the pres-
ence or absence of the microparticles from BECs or ECs
(250 pg/mL at final concentration) for 24 hours. For
positive control, DCs were pulsed with PDC-E2 163-
176 peptide (10 pg/mL at final concentration). Thence,
DCs were harvested, washed, and irradiated (3,000 rad).
The CD4 T-cell clone was seeded at 5 X 10% cells/well
in 96-well round-bottomed plates with irradiated HLA-
DR53-matched DCs (5 X 10% cells/well) that were pre-
pulsed or not pulsed with the microparticles or peptide
for 72 hours in the presence of 1 uCifwell of *H-thymi-
dine during the final 12 hours. Cells were then harvested
and *H-thymidine incorporation measured in a beta
scintillation counter.

Cytokine Analysis. For analysis of IFN-y secreted
by the T-cell clone, T cells were seeded at 5 X 107 cells/
well in 48-well plates with irradiated HLA-DR53-
matched DC (5 X 10° cells/well) as APC wicth PDC-E2
163-176 peptide (10 pg/mL at final concentration) or
the microparticles from BEC or EC (250 pug/ml at final
concentration) for 24 hours, and the supernatants har-
vested. For the analysis of cytokines secreted from NK
cells, activated NK cells were cocultured with BECs in
six-well plates with serial numbers of NK cells and
BEGCs in complete BEC medium for 24 hours, and the
supernatants harvested. Concentrations of cytokines in
harvested supernatants were evaluated by a sandwich
enzyme-linked immunosorbent assay (ELISA), using a
combination of unlabeled and biotin- or enzyme-
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coupled mAbs to IFN-y, tumor necrosis factor alpha
(TNEF-2), or lymphotoxin beta (IT-f; R&D Systems).

Cytotoxic Assay of Autoveactive T Cells. Cyro-
toxic activity of PDC-E2-specific CD4 T cells was
assessed using the T-cell clone, TCC independent 1, as
effector cells and HLA DR53-matched BECs as target
cells. BECs were preincubated with activated autologous
NK cells at an NK/BEC ratio of 0.5 for 24 hours. NK
cells were removed by washing 3X with PBS. The
adherent BEC population was harvested and dispensed
into a 96-well round-bottomed plate at 5 X 107 cells/
well. BECs were incubated with either PDC-E2 163-
176 peptide or a control peptide at 10 pg/ml. overnight.
T-cell clones were then added at T/BEC ratios of 50:1,
10:1, 2:1, and 0.5:1, and the cytotoxicity assay described
above was performed.

Flow Cytometry. To analyze surface expression of
HLA molecules, BECs were stained by indirect immu-
nofluorescence using optimal concentrations of mAb to
HLA-ABC, E, and DR (Biolegend) before or after
incubation with NK cells at an NK/BEC rartio of 0.5, in
the presence or absence of IFN-y at serial final concen-
trations, for 24 hours. Stained cells were analyzed by
flow cytometry.

Statistical Analysis. All experiments were per-
formed in triplicate, and results are presented as mean-
* standard deviation (SD). Comparisons between
groups were performed by Student 7 test. All analyses
were two-tailed, and P values <0.05 were considered
significant. Statistical analyses were performed using
Intercooled Stata software (version 8.0; Stata Corp LB
College Station, TX).

Results

Activated NK Cells Induced Release of PDC-E2
From Autologous BECs. We first examined the cyto-
toxicity of activated NK cells on autologous BECs or
ECs. NK cells isolated from TLR3-L- and TLR4-L-
stimulated SpMCs produced significant cytotoxicity
when cocultured with autologous BECs or ECs (Fig.
1A); this lysis was regulated by NKG2D and its recep-
tors (Fig. 1B). Importantly, intact PDC-E2 was detected
in the unfiltered or filtered lysates obrained from BECs,
but not in the filtered lysates of ECs (Fig. 1C). Of note,
filtration removed large cell debris resulting in isolation
of microparticles. These results indicate that undegraded
PDC-E2 is presented in microparticles released from
NK-lysed BECs, but not in the lysed ECs. A PDC-E2-
specific CD4 T-cell clone underwent proliferation in
response to these BEC-derived microparticles (Fig. 1D),
and furthermore, IFN-y production of these T cells
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Fig. 1. Activated NK cells cause damage of autologous BECs and release of autoantigen-containing microparticles. (A) Cytotoxicity of activated
NK cells against autologous BECs and ECs. SpMC isolated from 2 PBC patients and 5 non-PBC patients were cultured in vitro with a mixture of
TLR3-L and TLR4-L for 3 days, washed, and then used for isolation of NK cells, which was assayed for cytotoxicity against autologous BEC or EC tar-
get cells at serial E/Tratios in a standard 51¢r release assay. The assay was performed in triplicate and results expressed as mean = SD. Represen-
tative data from 1 PBC patient are shown. (B) Activated NK cells were added to cocultures, in triplicate, to bring the NK/BEC ratio to the indicated
levels for a standard 'Cr release assay, in the presence or absence of NKG2D Ab. (C) Westem blotting analysis for detecting PDC-E2 using a mAb
against PDC-E2. The whole lysate of NK-lysed BECs, or microparticles (MP) isolated by filtration and ultracentrifugation from cell lysates recovered
after induction of cytalysis with E/T ratio of 50 or 10, were analyzed. (D) Isolated microparticles (MP) were resuspended in PBS and sterilized by fil-
tration, then used as stimulating antigen in a standard 3H-TdR proliferation assay for the PDC-E2-specific CD4™ T-cell clone, TCC independent 13
For the purpose of control, the T-cell clone was incubated with the PDC-E2 163-176 peptide {P) or without the peptide (-). HLA DR53-matched irra-
diated monocyte-derived DCs were included in the assay as APCs. (E) Production of IFN-y by the PDC-E2-specific CD4™ T-cell clone stimulated with
microparticles from BECs or ECs as described in (C). Results are presented as mean = S.D. *Significant differences (P < 0.01) between Ag (-) ver-
sus PDC-E2 peptide or MP from BECs; **significant differences (P < 0.05) between anti-NKG2D Ab treatment is present or absent.
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correlated with their proliferation (Fig. 1E). Hence,
although both BECs and ECs were destroyed by NK
cells, the microparticles from the lysed BECs differ from
those from ECs in terms of their content of the autoan-
tigen PDC-E2 and their ability to activate PDC-E2-
specific CD4 T cells.

Phenotypic Changes of BECs Induced by NK
Cells. Next, we examined the influence of NK cells on
the cocultured BECs. For BECs not incubated with NK
cells, we detected expression of HLA-A, B, C, and E,
but not HLA-DR (Fig. 2A). After incubation of BECs
with NK cells at an NK/BEC ratio of 0.5, the majority
of BECs were not lysed and the levels of these major his-
tocompatibility complex (MHC) class I molecules and
HIA-DR increased significantly (Fig. 2A,B), indicating
that NK cells induced or enhanced expression of the
HLA class I and II molecules on cocultured BECs at low
NK/BEC ratio.

)+ (N )
HLA -ABC HLA -E HLA-DR

HLA -DR

Fig. 2. Effect of NK cells on
expression of MHC molecules on
BECs. BECs were cocultured with
or without activated NK cells for 24
hours at an NK/BEC ratio of 0.5.
Levels of cell-surface HLA-ABC, -E,
and HLA-DR were assessed by flow
cytometry.  (A)  Representative
fluorescence-activated cell sorting

~ plots. (B) Mean fluorescence inten-
sity (MF1) of staining for MHC mole-
cules on BECs with () or without
(-} preincubation with NK cells.

Cytokine Expression of NK Cells Induced by
BECs. We next evaluated the production of cytokines
by activated NK cells cocultured with BECs. In agree-
ment with a previous report,”” activated NK cells pro-
duce TNF-o and IFN-y at different NK/BEC rarios
(Fig. 3A), but did not produce LT-f (data not shown).
The level of secreted IFN-y increased with the number
of BECs (Fig. 3B). When activated NK cells were not
cocultured with BECs, the amount of secreted IFN-y
was negligible (Fig. 3B). These results indicate that
BECs induced a production of IFN-y from NK cells.

NK  Cell-Derived IFN-y Modulates HLA-
Dependent NK Cytotoxicity to BECs. NK cells lysed
autologous BEC efficiently at higher NK/BEC ratios
(Fig. 1A). Reduction of this ratio from 50 to 0.5 in the
coculture cytotoxicity assay resulted in diminished BEC

lysis. If BECs were pretreated with small numbers of
NK cells at an NK/BEC ratioc of 0.5, subsequent
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addition of NK cells to higher E/T ratios did not result
in lysis of BECs under the same assay conditions (Fig.
4A). To examine whether the protective effect of NK
pretreatment is mediated by cytokines produced by NK
cells in the presence of autologous BECs, IFN-y or
TNF-a were added to BECs that were not pretreated
with NK cells, followed by the NK/BEC coculture cyto-
toxicity assay. Addition of TNF-« at a concentration of
10 ng/mlL did not affect NK cell cytotoxicity against
aurologous BECs (data not shown). In contrast, addi-
tion of IFN-y significantly suppressed lysis of BECs,
which was reduced with an IFN-y concentration of 0.4
ng/ml and further reduced increased amounts of IFN-y
(Fig. 4A,B). Addition of IFN-y also resulted in induc-
tion of HLA-DR and increased levels of MHC class I
molecules on the surface of BECs (Fig. 4C). Addition of
anti-IFN-y mAb to BECs pretreated with NK cells abol-
ished the protection effect of NK pretreatment (Fig.
4A). In addition, blocking HLA class I by adding class
I-specific mAb to NK-pretreated BECs also abolished
the protective effect of NK pretreatment (Fig. 4A).
Taken together, these results suggest that exposure of

NKcells  1x10° 1x10° 1x10° 1x10°
BEC

0 5x10% 2x10% 1x10°

NK cells to autologous BECs induced IFN-y production
from NK cells, which, in turn, enhanced the expression
of class I MHC molecules on BECs and protected the
latter from cytotoxicity of NK cells.

Cytotoxicity of Autoreactive CD4" T-Cell Clone
Against BEC Is Enbhanced by NK Cells. Our previ-
ous work demonstrated that PDC-E2 peptide-specific
CD4" Tecell clones were cytotoxic against HLA-
matched BECs pulsed with PDC-E2 peptide in the
presence of IEN-y.%® Herein, we note that in the absence
of exogenous IFN-y, PDC-E2-specific CD4™ T cells
were unable to lyse PDC-E2 peptide-pulsed BECs, even
at high T/BEC ratios (Fig. 5). However, when PDC-E2
peptide-pulsed BECs were preincubated with NK cells
at an NK/BEC ratio of 0.5, T-cell clones were capable
of lysing the target BEC at T/BEC ratios ranging from
50 to 2 (Fig. 5). The effect of NK pretreatment was
abolished by the addition of mAb to IFN-y at all these
T/BEC ratios (Fig. 5). These data indicate that NK cells
were capable of enhancing the cytotoxicity of
autoantigen-specific CD4™ T cells against autologous
BECG:s.
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Fig. 4. IFN-y and HLA class | modulated NK cell cytotoxicity against BECs. BECs were mixed with activated autologous NK cells at an NK/BEC
ratio of 0.5 and incubated for 12 hours during preincubation (+). After preincubation, activated NK cells were added to cocultures, in triplicate,
to bring the NK/BEC ratio to the indicated levels for a standard %Cr release assay, in the presence or absence of anti-IFN-y Ab or anti-HLA class
| Ab. BECs without NK cell preincubation (-) were also used as target cells with or without addition of IFN-y. Results are presented as
mean * SD. *Significant difference (P < 0.01) between preincubation {+) versus preincubation (-}, preincubation (-) versus preincubation (-
) + IFN-y, preincubation (+) versus preincubation (+) + anti-IFN-y Ab, or preincubation (+) versus preincubation (+) + antl HLA Ab. (B) BEC
not preincubated with NK cells were cocultured with autologous activated NK cells at an NK/BEC ratio of 50 for a standard 5'Cr release assay in
the presence of IFN-y at the indicated concentrations. Results are presented as mean = SD. *Significant differences (P < 0.01) between IFN-y 0
versus 2.0 or 10. (C) BECs not preincubated with NK cells were cocultured for 24 hours in the presence of IFN-y at the indicated concentrations,
then analyzed for expression of MHC class | and Il molecules by flow cytometry. Results are presented as mean = SD. *Significant differences

(P < 0.01) between IFN-y 0 versus 2.0 or 10.

Discussion

In organ-specific autoimmune diseases, target cells
modify immunological responses and contribute to
pathology. BECs in PBC express cell- surface markers,
including HLA class I,>” CD40,% and DR5,*! m addi-
tion to chemokine (C-X3-C motif) ligand 1,* that
serve as an adhesion molecule; in general, these mole-
cules enhance immunological response. In contrast,
BECs in PBC also produce high levels of PG-E2 that
suppress immunological responses.’> In our previous
work, we reported that the cytotoxic activity of hepatic

NK cells from patients with PBC was increased com-
pared to NK cells from liver-diseased controls against
autologous BECs.>! In the work herein, there were no
statistically significant cytotoxic differences between
PBC and HCV patients, but the sample size was rela-
tively small and hence we expanded our investigation of
the interactions between NK cells and BECs in more
detail. We isolated NK cells from SpMCs after activa-
tion by TLR ligands and IL-2 stimulation; the number
of activated NK cells in the groups herein were similar
(data not shown). More important, we demonstrate that

at high NK/BEC ratios, NK cells attack BECs, resulting
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Fig. 5. NK cell pretreatment up-regulated cytotoxicity of autoreactive
CDA™ T cells against BECs. BECs, pulsed with the PDC-E2 163-176
peptide, were mixed with (+) or without (-) activated autologous NK
cells at an NK/BEC ratio of 0.5 and incubated for 24 hours. The PDC-
E2-specific CDA™ T-cell clone, TCC independent 1, was then added as
an effector cell at the indicated E/T ratios to BECs in trplicate, fol-
lowed by a standard 510y release assay in the presence or absence of
anti-IFN-y Ab. Results are presented as mean = SD. *Significant differ-
ences (P < 0.01) between preincubation (+) versus preincubation -)
ot preincubation (+) + anti-IFN-y Ab.

in release of autoantigens from injured BECs, which, in
turn, activate autoreactive 1 cells in the presence of
APCs (Fig. 1); at low NK/BEC ratios, NK cells do not
directly damage BECs, whereas IFN-y secreted from NK
cells induce expression of HLA class IT on BECs (Fig.
4C), which leads to destruction of BECs by autoreactive
CD4" T cells (Fig. 5). In contrast, we confirmed the
destruction of ECs by autoreactive CD4™ T cells after
exposure at low NK/autologous EC ratios (data not
shown). We speculate that TLR ligands, NK cells, and,
of course, autoreactive CD4" T cells surround BEGs,
but not ECs, within the microenvironment of a PBC
liver. Importantly, we demonstrate that at low NK/BEC
ratios, IEN-y produced from NK cells inhibits direct
cytotoxicity of NK cells toward autologous BEC (Fig.
4A,B). Of particular interest, destruction of BECs and
ECs by NK cells is neither PBC specific nor PDC-E2
specific (Fig. 1A), suggesting that autoreactive T-cell-
mediated acquired immunity becomes the dominant
immunological process only in established PBC that fol-
lows the initial nonspecific innate immune attack that
leads to breakdown of self-tolerance. This is supported
by the finding that in established PBC, not only Th17
cells, but also Thl cells infiltrate into the lesions of
chronic nonsuppurative destructive cholangiris with high
levels of IFN-y production derived from Thl cells.®

In addition to IFN-y that regulates expression of
HILA class I and II and plays a role in the interaction
between innate immunity and acquired immunity as
reflected herein, it is well known that IFN-o, primarily
produced by plasmacytoid DCs, leads to enhanced self-

e . . 44 .
reactivity in several autoimmune diseases. Previously,
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we demonstrated that IFN-z is necessary for activation
of NK cells in their destruction of BECs.>" As with
IFN-y, IFN-« is also known to influence HLA expres-
sion.*>%¢ However, preincubation of BECs with TFN-u
did not affect damage of BECs mediated by NK cells
(data not shown). Owing to the fact that IFN- pro-
motes activation and maturation of conventional DCs,
it is likely that type I IFN will enhance the antigen-
specific autoreactive T-cell response. The role of type 1
IFNGs in pathogenic acquired immunity in PBC should
be studied in the future.

The hallmark of acquired immunity in PBC are the
T- and B-cell responses targeted to PDC-E2. Because
glutathiolation does not occur in apoptotic BECs,
PDC-E2 is not degraded by caspases in PBC.* As
shown in the current work, PDC-E2 in apoprotic BECs
is presented in an immunologically intact form in
microparticles, which can be internalized by APCs by
the process of endocytosis™ " and presented to antigen-
specific T and B cells, resulting in activation of these
acquired immune cells after the initial arrack of BECs
by aurologous NK cells in the presence of professional
APCs. Tt is currently not known whether other paren-
chymal cells, such as hepatocytes, can also be damaged
by NK cells. This should also be examined in furure
studies, and, indeed, it is possible that subsequent to the
action of NK cells on autologous ECs, autoanrtigens
released from apoptotic ECs will be immediately
digested and therefore not presented by APCs. In such a
scenario, autoreactive responses would be reduced.
Finally, we note that a weakness of the study herein is
the small numbers of PBC livers and the surrogate use
of HCV livers. However, our thesis, as discussed above,
is that BECs are victims of an effector response, a
hypothesis supported by our previous data and by the
recurrence of PBC after liver transplants.

Memory-like NK cells induced by viral infection or
cytokine stimulation have been reported.*”*® In many
cases, such memory-like NK cells become antigen spe-
cific in their reactivation. Given that the majority of
memory NK cells reside in the liver,” we speculae that
memory NK cells may participate in the inflammartory
process of PBC in an antigen-specific way. The potential
role of memory NK cells in PBC in terms of their inter-
action with and modulation of T cells and acquired
immune responses either directly or indirectly”®”!

should also be explored.
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Abstract

Background The aim of this study was to analyze the out-
comes of deceased donor split liver transplantation (LT) in Japan.
Methods Among 257 deceased donor LTs, 36 recipients
underwent split LT until the end of 2014. The clinical data
of donors and recipients were collected from the national or-
gan transplant network and 11 liver transplant institutions,
and the outcomes of split LT were evaluated.

Results Most of the whole livers were divided using the
ex-situ splitting technique. Twelve livers were divided to
left lateral segment/extended right lobe grafts and six livers
to left lobe/right lobe grafts. The common underlying liver
diseases consisted of graft failure in 11 patients, followed
by acute liver failure in nine. Seventeen cases (48.6%)
suffered from surgical complications, including biliary com-
plications in six, all of which occurred in the cases receiv-
ing right-sided lobe grafts; intra-abdominal hemorrhage in
five; and vascular complications in four. The overall graft
I-year and 3-year survival rates were 91.0% and 87.1%,
respectively.

Conclusions An initial experience of deceased donor split
LT in Japan shows acceptable outcomes despite the high inci-
dence of surgical complications. Further advances in the de-
velopment of the splitting technique are necessary to expand
the application of split LT.
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Introduction

The number of deceased donor liver transplantation (DDLT)
has gradually increased in Japan since the enforcement of a
new law on organ transplantation in 2010. In contrast, living
donor liver transplantation (LDLT) has been an established
therapeutic option for patients with end-stage liver disease,
and LDLT has been adopted as an optional life-saving proce-
dure for the patients in urgent need of liver transplantation
(LT) [1]. The concept of an LDLT program should be
established, considering the donor safety as the first priority.
According to the surveillance of outcomes in living donors
from the Japanese Liver Transplantation Society (JLTS),
approximately 8% of the donors suffered from complications
related to liver donation, including death in one donor [2].

Split liver transplantation could be an excellent option for
the expansion of the donor organ pool, even if only slightly,
to overcome the challenge of limited graft resources, which
largely depend on living donors. However, increased morbid-
ity in recipients undergoing split LT has been reported, thus
leading to the need for extreme caution when considering this
procedure [3].

We herein retrospectively analyzed the initial outcomes
of split LT in Japan to focus on the present issues related to
this field.

Patients and methods

Among 257 DDLTs performed between February 1999 and
December 2014 in Japan, 36 recipients (14.0%) underwent
split LT. The deceased donor livers using split LT were di-
vided to two hepatic grafts, consisting of 12 left lateral seg-
ments (LLS)/extended right lobes (ERL) for each recipient
and six left lobes (LL) with middle hepatic vein (MHV)/ight
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