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Liver-resident NK cells suppress autoimmune cholangitis
and limit the proliferation of CD4" T cells
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Liver-resident NK cells are distinct from conventional NK cells and play an important role in the maintenance of liver homeostasis.
How liver-resident NK cells participate in autoimmune cholangitis remains unclear. Here, we extensively investigated the impact of
NK cells in the pathogenesis of autoimmune cholangitis utilizing the well-established dnTGFBRII cholangitis model, NK cell-deficient
(NfiI3™/7) mice, adoptive transfer and in vivo antibody-mediated NK cell depletion. Our data demonstrated that disease progression
was associated with a significantly reduced frequency of hepatic NK cells. Depletion of NK cells resulted in exacerbated
autoimmune cholangitis in dnTGFBRII mice. We further confirmed that the DX5-CD11c™ liver-resident NK cell subset colocalized
with CD4" T cells and inhibited CD4™ T cell proliferation. Gene expression microarray analysis demonstrated that liver-resident NK
cells had a distinct gene expression pattern consisting of the increased expression of genes involved in negative regulatory

functions in the context of the inflammatory microenvironment.
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INTRODUCTION

Primary biliary cholangitis (PBC) is an autoimmune liver disease
characterized by lymphocytic infiltration in portal tracts, the
destruction of intrahepatic small bile duct epithelial cells, and the
production of anti-mitochondrial antibodies (AMAs)."™* Clinical
studies suggest that the frequency and absolute number of NK
cells are increased in both the liver and peripheral blood in PBC
patients. The cytotoxicity and perforin expression of PBC NK cells
are increased, but inflammatory cytokine secretion by NK cells is
decreased.®> These studies indicate a role for NK cells in the
pathogenesis of PBC.

Dominant-negative transforming growth factor  receptor Il
(dnTGFBRIIl) mice are transgenic for the directed expression of a
dominant-negative form of the type Il TGFP receptor under the
control of the CD4 promoter lacking the CD8 silencer.®” This
mouse model mimics several key phenotypic features of human
PBC, including the spontaneous production of AMAs, lymphocytic
liver infiltration with periportal inflammation and an inflammatory
cytokine profile.® In addition to liver disease, dnTGFBRII mice also
develop colitis, and crosstalk between the liver and colon plays an
important role in the pathogenesis of autoimmune cholangitis
(data not shown). Using this model, we elucidated the function of
various immune cells, including CD8" T cells,”"" B cells,'
iNKT cells'® and regulatory T cells,'* in the pathogenesis of PBC.

In this study, we focused on the role of NK cells, especially liver-
resident NK cells, in the pathogenesis of autoimmune cholangitis.

The liver contains an abundance of NK cells, which account for
25-40% of the hepatic lymphocyte population in humans and
10-20% of this population in mice.”””"” NK cells are involved in
various liver diseases, including hepatitis C,'®%° hepatitis B,>' 2
nonalcoholic fatty liver disease and fibrosis.**** Nuclear factor
interleukin-3, or Nfil3 (also known as E4-binding protein 4, or
E4bp4), is an essential transcription factor for the early develop-
ment of the NK cell lineage. The ablation of Nfil3 expression
results in a dramatic reduction in mature NK cells.”**” Recently,
several groups have reported the existence of a distinct liver-
resident NK subset (CD49b~ or DX57), which phenotypically and
functionally differs from conventional splenic NK cells.?33°
Hepatic NK cells have enhanced cytotoxic activity against
autologous biliary epithelial cells.>'3? In contrast, central nervous
system-resident NK cells exhibit a protective role in murine
experimental autoimmune encephalomyelitis.3'* Therefore, the
precise role of liver-resident NK cells in PBC is unclear.

In this study, we addressed the involvement and underlying
mechanisms of NK cells in the pathogenesis of PBC. First, we
found that the progression of the disease in dnTGFBRIl mice was
negatively correlated with the number of liver-resident NK cells.
Next, utilizing NK cell deficient (Nfil3~/7) mice, adoptive transfer
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and antibody-mediated NK cell depletion, we demonstrated that
the loss of NK cells in dnTGF(BRIl mice resulted in aggravated
biliary disease associated with an increase in T cells, especially
CD4™ T cells. Furthermore, we found that only DX5 NK cells but
not DX5" NK cells inhibited CD4" T cell proliferation and co-
localized with CD4" T cells. Finally, we demonstrated that the
suppressive function of DX5~ NK cells was enhanced in an
inflammatory environment. Our data demonstrated the immuno-
suppressive role of liver-resident NK cells in the pathogenesis of
biliary disease. Targeting liver-resident NK cells may be a tissue-
specific therapeutic strategy for PBC.

MATERIALS AND METHODS

Mice

dnTGFBRII mice (B6.Cg-Tg(Cd4-TGFBR2)16FIv/J) and Rag1™~ mice
(B6.12957-Rag1"™™M°™/J) were initially purchased from the Jackson
Laboratory (Bar Harbor, Maine, USA). Foxp3° mice were kindly
provided by Professor A.Y. Rudensky (Memorial Sloan Kettering
Cancer Center).>* dnTGFBRII-Foxp3°" mice were obtained by
backcrossing dnTGFBRIl mice with Foxp3®F® mice. NK cell-
deficient (Nfil3™'") mice were kindly donated by Professor
Zhigang Tian (University of Science and Technology of China).
All mice were on a C57BL/6 background. To generate NK~/~
dnTGFBRIl mice, dnTGFBRII mice were bred with Nfil3*/~ mice to
obtain Nfil3*/~ dnTGFBRIl mice; Nfil3™~ dnTGFBRIl mice were
then bred with Nfil3™~ mice to obtain Nfil3™~ dnTGF@RII (NK ™/~
dnTGFBRIl) mice. Rag1 ™'~ mice were bred with Nfil3™~ mice to
obtain Nfil3™~ Rag1™~ mice, which were then backcrossed to
obtain Nfil3™~ Rag1~’~ mice and Nfil3™/~ Rag1™'~ mice. Finally,
male Nfil3™~ Rag1™~ mice were bred with female Nfil3™~
Rag1~’~ mice to generate Nfil3~'~ Rag1~"~ (NK~/~ Rag1~/") mice.
Nfil3 knockout and transgenic TGFBRIl mice were identified by
PCR. Thirteen to fifteen-week-old male or female dnTGFBRII and
NK™~ dnTGFBRIl mice were used in all experiments, unless
otherwise noted. All mice were housed in individually ventilated
cages under specific pathogen-free conditions in a controlled
environment (22 °C, 55% humidity, and a 12-h day/night cycle). All
animal experimental protocols conformed to the guidelines
outlined in the Guide for the Care and Use of Laboratory Animals
by the Laboratory Animal Center, School of Life Sciences,
University of Science and Technology of China.

Experimental protocol

Four experimental protocols were followed. (a) First, mice with
different stages of disease, including the asymptomatic stage
(3-4 weeks), early stage (6-8 weeks) and typical symptom stage
(13-15 weeks), were used to analyze the changes in NK cells
during the progression of liver inflammation. We performed
linear regression analysis of the percentage of hepatic NK cells
versus the number of hepatic MNCs to assess the relationship
between liver NK cells and inflammation in the typical symptom
stage. (b) Second, to demonstrate the role of NK cells in liver
disease, we used three mouse models, including NK~/~
dnTGFBRIl mice, NK~~ Rag1™~ mice with adoptive transfer of
splenic T cells and mice with PK136 antibody-mediated
depletion of NK cells. Histopathology, flow cytometry and
ELISAs were used to assess the severity of liver disease. (c)
Third, we performed immunofluorescence staining to analyze
the distribution of liver NK cells in dnTGF{RIl mice and in vitro
suppression assays to test the immunosuppressive function of
liver-resident NK cells. We also compared liver-resident NK cell
populations between WT mice and dnTGFBRII mice. (d) Finally,
we performed gene expression microarray analysis of liver-
resident NK cells from WT and dnTGFBRII mice and then applied
gene set enrichment analysis (GSEA) to confirm the enhanced
immunosuppressive function of liver-resident NK cells in
dnTGFBRII mice.
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Adoptive transfer

Splenic CD8™ T cells and CD4™ T cells were isolated from 10-14-
week old dnTGFBRIl mice and transferred as described.’ Briefly,
CD8" T cells or CD4T T cells were purified from splenic
mononuclear cells by positive selection with anti-CD8 or anti-
CD4 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). A
total of 1x10° CD8" T cells and 1x10° CD4" T cells were
cotransferred into Ragl™~ mice or NK™~ Rag1™~ mice by
intravenous injection. After 3 to 4 weeks, the recipients were
sacrificed. Liver tissue sections were prepared for H&E staining and
flow cytometric analysis.

Depletion of NK cells by an anti-PK136 antibody

The PK136 hybridoma was kindly donated by Professor Zhigang
Tian (University of Science and Technology of China). To obtain
the anti-PK136 antibody, 5 x 10° PK136 hybridoma B lymphocytes
were injected intraperitoneally into naive pretreated Ragl~’~
mice.>>3® After 2-3 weeks, peritoneal fluid was collected, and
200 pl of peritoneal fluid or PBS was injected into the peritoneal
cavity of dnTGFBRII mice (8 weeks old) every two weeks. Mice
were sacrificed at 12 weeks of age for H&E staining and flow
cytometric analysis.

Histopathology

Liver tissues were fixed in 10% formaldehyde for 24 h, embedded
in paraffin and cut into 4-um sections, stained with H&E, and
evaluated using light microscopy. The severity of tissue damage
and inflammation were evaluated by a pathologist in a blinded
fashion as previously described.®” First, the degree of portal
inflammation was evaluated and scored according to the most
severe lesions, as follows: 0, no change; 1, minimal inflammation;
2, mild inflammation; 3, moderate inflammation; and 4, severe
inflammation. In addition, the degree of inflammation frequency
in a specimen was determined by the percentage of affected
tissue within all hepatic lobules per specimen and scored as
follows: 0, none; 1, 1-10%; 2, 11-20%; 3, 21-50%); and 4, more than
50%. Finally, a summary score that accounted for both the severity
and frequency analyses was generated as the sum of these scores.
We note that the lobular inflammation was scored in the same
fashion as the portal inflammation. Second, bile duct damage was
evaluated first by the degree of severity in the most severe lesions,
as follows: 0, no change; 1, epithelial damage (only cytoplasmic
changes); 2, epithelial damage with cytoplasmic and nuclear
changes; 3, nonsuppurative destructive cholangitis (CNSDC); and
4, bile duct loss. To obtain an integrated evaluation, the severity
and frequency scores were summed.

Serum and liver tissue cytokines

Serum and liver tissue were collected from 13-15-week-old
dnTGFBRIl and NK™'~ dnTGFBRII mice. IFN-y, IL-6 and TNF-a levels
in serum and liver tissues were measured using a BD™ Cytometric
Bead Array (CBA) Mouse Inflammation Kit (BD Bioscience, San
Jose, CA, USA). Data were collected using a FACSVerse flow
cytometer with CBA software.

ELISA for anti-mitochondrial antibodies (AMAs)

Serum was collected from 13 to 15-week-old dnTGFBRII and NK~/~
dnTGFPBRII mice. Serum AMA levels were measured by ELISA using
recombinant E2 component of pyruvate dehydrogenase (PDC-E2),
2-oxoglutarate dehydrogenase (OGDC-E2) and branched chain 2-
oxo-acid dehydrogenase (BCOADC-E2).”

Flow cytometry

Liver mononuclear cells were prepared as previously described.*®
The spleen was disrupted between two glass slides, suspended in
PBS and passed through a nylon mesh, and erythrocytes were
lysed. After blocking with anti-FcR blocking reagent (BioLegend,
San Diego, CA, USA), cells were incubated with the indicated
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fluorescence-labeled monoclonal Abs in the dark at 4°C for 20 min
and were then washed with PBS. The stained cells were analyzed
using the BD FACSVerse™ (BD Biosciences). mAbs included anti-
CD44 FITC (IM7), anti-CD62L PerCP/Cy5.5 (MEL-14), anti-CD3 Alexa
Fluor 647 (17A2), anti-CD19 APC/Cy7 (6D5), anti-NK1.1 PE/Cy7
(PK136), anti-CD4 Pacific Blue (RM4-5), anti-CD8a V500 (53-6.7),
anti-CD69 FITC (H1.2F3), anti-DX5 PE (DX5), anti-TRAIL PE (N2B2),
anti-CD11c PerCP/Cy5.5 (N418), anti-PD-L1 APC (10F.9G2), anti-
KLRG1 APC (2F1/KLRG-1). All antibodies were purchased from
BioLegend except anti-CD8a V500 (BD Biosciences). Brilliant Violet
421-labeled PBS-57-loaded and unloaded mCD1d tetramers
(#22189, #22191) were kindly provided by the NIH Tetramer Core
Facility. Acquired data were analyzed with FlowJo software (Tree
Star, Inc., Ashland, USA).

Immunofluorescence analysis

Immunofluorescence staining was performed as previously
described.® Briefly, livers from 8-week-old dnTGFRII mice were
fixed with 4% paraformaldehyde for 4 h and dehydrated in a 30%
sucrose solution overnight. Liver tissues embedded with OCT were
cut into 7-um sections and blocked with 10% homologous serum
at RT for 1h. Antibodies, including BV421-conjugated anti-CD4
(RM475), Alexa Fluor 647-conjugated anti-NKp46 (29A1.4), PE-
conjugated anti-DX5 (DX5) and PE-conjugated anti-TRAIL (N2B2),
(BioLegend) were incubated with the liver sections overnight in a
humidified chamber. Images were acquired and visualized by
confocal microscopy (LSM710, Carl Zeiss, Germany).

Cell sorting

To obtain hepatic NK cells, hepatic mononuclear cells were first
isolated from 6-8-week-old dnTGFBRIl mice. Cells were stained
with FITC-conjugated anti-CD3, PE/Cy7-conjugated anti-NK1.1, PE-
conjugated anti-DX5 and PerCP/Cy5.5-conjugated anti-CD11c
antibodies. Total hepatic NK cells were first enriched for
NK1.1*CD3 cells using a FACSAria (BD Biosciences). Two NK
subsets were then sorted: DX57CD11c'® NK cells and DX5-CD11c"
NK cells. The purity of the sorted cells was greater than 95%.
Conventional splenic CD4" T cells were isolated from 6-8-week-
old female dnTGFBRII-Foxp3°F" mice. First, total CD4™" T cells were
magnetically sorted with anti-CD4 microbeads (Miltenyi Biotech,
Germany). Total CD4" T cells were labeled with PE-conjugated
CD4 antibody, and conventional CD4" T cells were sorted as
CD4"Foxp3 ™~ cells. Supporter cells were prepared by labeling the
splenic cells from dnTGFPBRII-Foxp3°™ mice with PE/Cy7-conju-
gated anti-NK1.1 and PE-conjugated anti-CD4 and anti-CD8. Then,
supporter cells were sorted as NK1.1°CD4°CD8" cells. The cells were
treated with 25 pg/mL mitomycin C (Sigma, MO, USA) for 30 min
at 37 °C, followed by four washes.

In vitro suppression assay

Conventional splenic CD4Foxp3™ T cells sorted from 6-8-week-old
female dnTGFBRII-Foxp3°™ mice were labeled with Cell Trace
Violet (Life Technologies, Carlsbad, CA, USA). DX5-CD11c" or
DX57CD11¢"° NK cells were cultured with Cell Trace Violet-labeled
CD4"Foxp3™ conventional T cells (5 x 10%) at the indicated ratios in
the presence of soluble anti-CD3 (1 pg/ml), anti-CD28 (1 pg/ml)
(BioLegend) and mitomycin C-treated (Sigma, MO, USA) splenic
supporter cells (1 x 10°). After 72 h of coculture, cells were stained
with a propidium iodide solution (BioLegend) for 15 min to
exclude dead cells, and T cell proliferation was assessed by Cell
Trace Violet dilution. Acquired data were analyzed with the FlowJo
software proliferation module.

Microarray gene exEression study

Hepatic DX5°CD11c™ NK cells were sorted from dnTGFBRIl and WT
mice by fluorescence-activated cell sorting (FACS) to a purity of
greater than 95%. Total RNA was extracted with a RNAiso Plus Kit
(Takara, Dalian, China). Purified RNA was subjected to microarray
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analysis with an Affymetrix GeneChip® Mouse Transcriptome
Assay 1.0, performed by Shanghai Biotechnology Corporation. All
microarray data are available in the Gene Expression Omnibus
database (http://www.ncbi.nlm.nih.gov/gds) under the accession
number GSE99809. Expression fluorescence values were log2
transformed. Heat map analysis was conducted using TreeView
and Cluster 3.0 software. Gene set enrichment analysis (GSEA) was
performed by the JAVA program (http://www.broadinstitute.org/
gsea) using the MSigDB C5:BP GO biological process collection
(1320 gene sets available). A total of 1000 random gene set
permutations were carried out, and the significance threshold was
set at P < 0.05 with a FDR of <0.2.

Statistical analysis

All data are shown as the means + SEMs. Statistical significance
was determined by a two-tailed unpaired Student’s t-test.
Correlations between parameters were assessed using linear
regression analysis in GraphPad Prism. P-values of <0.05 were
considered statistically significant.

RESULTS

Correlation between PBC progression and hepatic NK cells

The percentage of dnTGFBRIl hepatic NK cells was significantly
higher in the asymptomatic stage (3-4 weeks; the number of
hepatic MNCs was less than 3 x 105, similar to that in WT mice)
(P=0.0005) and early stage (6-8 weeks, hepatic MNC number
5-10 x 10°) (P=0.0036) but lower in the symptomatic stage of
disease (13-15 weeks, hepatic MNC number>10x10% (P=
0.0305) compared to that in age-matched WT littermate controls
(Fig. 1a, left panel). However, there were higher numbers of NK
cells in the livers of dnTGFBRII mice at all stages than in the livers
of the WT littermate controls (P=0.0011; P<0.0001; P < 0.0001)
(Fig. 1a, right panel). Correlation analysis showed that the number
of hepatic mononuclear cells was negatively correlated with the
frequency of liver NK cells at the age of 13-15 weeks (* = 0.3281,
P =0.0204) (Fig. 1b). The frequency of liver NK cells was negatively
correlated with the number of hepatic CD4™" T cells (* = 0.4156,
P=0.0039) (Fig. 1c) but not with the number of hepatic CD8"
T cells (* = 0.0287, P=0.5016) (Fig. 1d). The statistical analysis of
cell numbers also demonstrated a negative correlation between
CD4* T cells and NK cells but not CD8" T cells (Figs. 1e, f). These
results suggested that NK cells may play an important role in the
immunological pathogenesis of autoimmune cholangitis.

Deletion of NK cells exacerbates autoimmune cholangitis in
dnTGFBRIl mice

Nfil3 is required for the development and maturation of NK cells.?®
We generated Nfil3™/~ dnTGFBRII mice as NK~/~dnTGFpRII mice.
There were few NK cells in the livers of NK”dnTGFBRIl mice.
Histological examination of liver tissue sections indicated that
deletion of NK cells aggravated liver inflammation in dnTGFfRII
mice at the age of 13-15 weeks (Fig. 2a). These mice exhibited
more lymphocytes infiltrating around the portal tracts (P < 0.0001)
and more severe bile duct damage (P < 0.0001) than dnTGFRII
mice (Fig. 2b). The expression levels of inflammatory cytokines,
including IL-6 (P = 0.0005, P = 0.0002) and TNF-a (P = 0.0067, P =
0.0042), were significantly higher in both serum and liver tissues,
while IFN-y (P = 0.0458, P = 0.6505) expression was elevated in the
liver tissues but not in the serum of NK™/~dnTGFBRIl mice
compared with that in dnTGFBRII mice (Fig. 2¢, d). PBC is
characterized by the presence of anti-mitochondrial Abs (AMAs).>
AMAs can react with an epitope on the E2 subunit of the pyruvate
dehydrogenase enzyme complex (PDC-E2), the E2 subunit of the
functionally related 2-oxo-acid dehydrogenase complex branched
chain 2-oxo-acid dehydrogenase (BCOADC-E2), and the E2 subunit
of 2-oxoglutarate dehydrogenase (OGDC-E2).*® Indeed, here, we
observed higher levels of serum autoantibodies against PDC-E2
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(P=0.0122), OGDC-E2 (P =0.0188) and BCOADC-E2 (P=0.0298)
in NK~/~dnTGFBRIl mice than in dnTGFBRII mice (Fig. 2e).

To investigate the regulatory function of NK cells, we
cotransferred splenic CD4" T cells and CD8" T cells derived from
dnTGFBRII mice into Rag1~’~ or NK~/"Rag1~/~ mice. Histopatho-
logical analysis revealed that NK~’~Rag1~’~ recipients developed
more severe liver inflammation than Rag1 ™/~ recipients (Fig. 3a).
NK~~Rag1™~ recipients also exhibited more lymphocytes
infiltrating around the portal tracts (P =0.0006) and more severe
bile duct damage (P=0.0003) and lobular inflammation (P=
0.0017) than Rag ™/~ recipients (Figs. 3a, b). In addition, we used an
anti-PK136 antibody to deplete NK cells and further confirmed the
role of NK cells in the pathogenesis of PBC. The anti-PK136
antibody effectively depleted NK cells in the liver (Fig. 3c).
Histopathological analysis of liver sections revealed that NK-
depleted mice developed more severe liver inflammation around
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the portal vein than control mice (Fig. 3d and Supplementary
Figure 1a).

The CD4™ T cell response is enhanced in NK~/~dnTGFpBRII mice

Consistent with the liver histopathology, the number of infiltrating
cells in NK~/~dnTGFBRII mice was significantly increased com-
pared with that in dnTGFBRII mice (P < 0.0001) (Fig. 4a). In parallel,
the number of T cells (CD3TNK1.17) (P— =0.0017) and iNKT cells
(CD3"CD1d-tetramer™) (P < 0.0001) was markedly increased after
NK deletion in dnTGFBRIl mice, while the number of B cells was
unchanged (P=0.4742) (Fig. 4b). The expanded T cells mainly
consisted of CD4™ T cells (P=0.0006) rather than CD8" T cells
(P=0.5479) in NK/~dnTGFBRIl mice with respect to the
population in dnTGFRII mice (Fig. 4c). We found that the number
of effector memory CD4" T cells (CD44"CD62L ") was significantly
increased in NK™"~dnTGFBRIl mice (P=0.0003) (Figs. 4d, e). In
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tissue homogenate (d) from Tg (n = 10) and NK~/~ Tg mice (n =6). e Serum levels of anti-PDC-E2, anti-OGDC-E2 and anti-BCOADC-E2 in Tg
mice (n=10) and NK~/~ Tg mice (n = 8). *P < 0.05; **P < 0.01; ***P < 0.001
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for liver portal inflammation, bile duct damage and lobular inflammation in NK~/~Rag1~’~ mice (n =7) and Rag1~’~ mice (n=10). c-d An
anti-PK136 antibody was intraperitoneally injected into dnTGFBRII mice every two weeks, and the mice were sacrificed 4 weeks later.
¢ Representative depleting effect of the anti-PK136 antibody on liver NK cells. d Representative H&E staining of liver sections from anti-PK136

antibody-treated and control mice

contrast, the numbers of cells in the central memory CD8" T
(CD447CD62L™) and effector memory CD8' T (CD447CD62L")
subsets were not altered (Figs. 4d, f). Similar results were obtained
in the adoptive transfer model; the numbers of hepatic MNCs (P =
0.0346) and CD3™ T cells (P = 0.0318) were significantly increased
in NK~'~Rag1~’~ recipients (Fig. 5a). CD4™ T cells (P = 0.0067) but
not CD8" T cells (P=0.5946) were dominant in CD3% T cell
expansion (Fig. 5b). The ratio of CD4" T to CD8" T cells was
markedly higher in NK~/"Rag1~/~ mice than in Rag1~’~ control
mice (P =0.0057) (Fig. 5¢). In mice depleted of NK cells with the
anti-NK1.1 antibody, we found that the total number of hepatic
mononuclear cells (P = 0.4168) was not changed (Fig. 5d), but the
number of hepatic T cells (P=0.0225), including CD4" T cells

Cellular & Molecular Immunology (2020) 17:178 - 189

(P=0.0288) and CD8" T cells (P=0.0149), was significantly
increased (Figs. 5e, f). The number of effector memory CD4™"
T cells (P = 0.0320) as well as that of CD8" T cells (CD44*CD62L")
(P=0.0156) was significantly increased in NK-depleted mice
(Figs. 5g, h).

DX5-CD11c" liver-resident NK cells inhibit CD4™ T cell
proliferation in vitro

Liver-resident NK cells are distinct from other NK cell populations.
DX5 is typically used to distinguish these two groups of cells, and
hepatic DX5~ NK cells express high levels of CD11¢.*® Hence,
CD11c and DX5 were used to define DX5 CD11c™ cells as liver-
resident NK cells and DX5+CD11¢" cells as conventional NK cells
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in WT mice and dnTGFRII mice (Fig. 6a). The ratio of DX5 CD1 1ch
to DX57CD11c' NK cells was significantly lower in dnTGFBRII mice
than in wild-type mice both in the early stage (6-8 weeks) (P =
0.0009) and typical symptom stage (13-15 weeks) (P = 0.0003)
(Fig. 6b). Liver-resident NK cells are also defined as TRAIL"DX5~
cells in the mouse liver.*' By immunofluorescence staining of DX5
and TRAIL, we found a divergent distribution of conventional NK
cells and resident NK cells in the liver of dnTGFBRII mice.
NKp46"DX5~ and NKp46 TRAIL" liver-resident NK cells but not
NKp46"DX5" or NKp46TTRAIL™ NK cells, were colocalized with
CD4" T cells (Fig. 6¢), suggesting interactions between liver-
resident NK cells and CD4™ T cells. Next, hepatic DX5CD11c™ or
DX5'CD11c" NK cells from dnTGFBRII mice were sorted and
cocultured with conventional CD4" T cells from dnTGFBRII mice.
Liver-resident NK cells but not conventional NK cells effectively
suppressed CD4" T cell proliferation in an in vitro suppression
assay (Fig. 6d).

The expression of genes involved in the negative regulation of the
immune response is enhanced in dnTGFBRII mice

We sorted hepatic DX5~NK cells from WT and dnTGFBRII mice and
performed microarray analysis. There were 36,996 transcripts
upregulated and 28,954 transcripts downregulated in DX5~ NK

SPRINGERNATURE

cells from dnTGFBRII mice relative to their expression levels in
DX5™ NK cells from WT mice. Transcripts with a fold change of 3 or
higher are listed in Fig. 7a. We evaluated the effects of the
inflammatory environment on liver-resident NK cells by compar-
ing the gene expression profiles using gene set enrichment
analysis (GSEA). Genes involved in the negative regulation of the
immune response (P=0.02, FDR=0.13, ES=0.43) and the
immune effector process (P=0.005, FDR=0.08, ES =0.5) were
enriched in liver-resident NK cells from dnTGFRII mice (Figs. 7b, c)
compared with their expression in liver-resident NK cells from WT
mice, suggesting that the suppressive function of liver-resident NK
cells is associated with the inflammatory hepatic
microenvironment.

DISCUSSION

We previously reported that mice expressing a dominant negative
form of TGF(BRII under the control of the CD4 promoter lacking the
CD8 silencer spontaneously develop autoimmune cholangitis.”
dnTGFBRII mice exhibit the major serological and histological
characteristics of human PBC. Conventional immune cells, includ-
ing CD4" T cells, CD8" T cells and iNKT cells, and inflammatory
cytokines, such as IL-6, IL-12p35, IL-12p40 and IFN-y, play
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important roles in the pathogenesis of autoimmune cholangitis in
dnTGFBRIl mice.! The interaction between immune cell subsets is
still not well defined. NK cells are a relatively abundant population
among liver-resident immune cells. Clinical studies have demon-
strated an increase in the frequency and absolute number of
hepatic NK cells in patients with PBC, but the functional
significance of this difference is unclear.’

Herein, we used Nfil3-deficient mice backcrossed to dnTGFfRII
mice to obtain NK~/~dnTGFBRII mice. Although the number of

Cellular & Molecular Immunology (2020) 17:178 - 189

hepatic NK1.1* cells was markedly decreased in Nfil3”dnTGFRRII
mice, there was a small residual population of hepatic NK1.1*
cells. These data are consistent with those of a recent study
showing that Nfil3 is crucial for the development, phenotype,
fitness and survival of circulating NK cells but is not strictly
required for the development of tissue-resident NK cells.® We
used two additional models to further confirm the role of NK cells
and obtained similar results showing that NK cell deficiency
exacerbated autoimmune cholangitis. Notably, we reported that
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iNKT cells exacerbate liver injury in dnTGFBRII mice and that a lack
of CD1d-restricted iNKT cells resulted in significantly decreased
hepatic lymphoid cell infiltration and liver injury in
CD1d”"dnTGFBRII mice.”® In the present study, anti-PK136
effectively depleted NK cells as well as NK1.17CD3" NKT cells in
the liver. However, portal inflammation was not alleviated when

SPRINGERNATURE

both NK and NKT populations were depleted in anti-PK136-treated
dnTGFRII mice. Instead, an increased number of cellular infiltrates
in the liver, including effector memory CD4* and CD8™ T cells, was
observed, suggesting an important regulatory function of NK cells
in controlling hepatic T cells. More importantly, we demonstrated
that unlike their conventional counterpart, DX5 CD11c" liver-
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Fig.7 Gene expression profile of liver-resident NK cells in an inflammatory environment. a Gene expression comparison of DX5~NK cells from
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WT and Tg mice. Microarray analyses were performed with two biological replicates per group

resident NK cells protected against liver inflammation, colocalized
with CD4™" T cells, and inhibited CD4" T proliferation in dnTGF@RII
mice. Utilizing our mouse models, we explored the functions of
liver-resident NK cells, which cannot be accomplished in a clinical
study. However, we cannot exclude the possibility that DX5~ NK
cells are a heterogeneous population. In addition, the reason that
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only DX5~ NK cells colocalized with CD4T T cells in an
inflammatory environment needs to be further explored. In
addition to inhibiting CD4" T cell responses, NK cells suppress
liver damage by other means. For example, it has been shown that
the antifibrotic activity of NK cells in experimental liver injury
occurs through the killing of activated hepatic stellate cells (HSCs)
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in NKG2D-dependent and tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL)-dependent manners.>>*? Additionally,
CXCL10 can promote liver fibrosis by preventing NK cell-
mediated HSC inactivation. Additionally, NK cells can participate
in crosstalk with other immune cells. NK cells may perform
protective roles in either suppressing cholestatic liver injury by
stimulating Kupffer cell-dependent IL-6 production®® or inhibiting
T cell hepatitis by inducing T and NKT cell apoptosis.'®**

Recent studies have demonstrated that NK cells exhibit distinct
phenotypic and functional characteristics in different tissues.*®
One unique aspect of liver immunology is the large number of
liver-resident NK cells. Previously, many studies of liver NK cells in
PBC were based on bulk liver NK cells from rodents or human
peripheral blood, and the role of different subsets of liver NK cells
was less defined. We explored the functions of conventional NK
cells and liver-resident NK cells separately and demonstrated the
immunosuppressive role of liver-resident NK cells. We found
higher levels of PD-L1 on liver-resident NK cells from dnTGFpRII
mice than on those from WT mice (Supplementary Figure 1b). The
interaction between NK cells and CD4" T cells may play an
important role in the suppressive function of liver-resident NK
cells. DX57 NK cells had a more suppressive effect in an
inflammatory environment than in a normal liver environment.
GSEA analysis showed enhanced negative regulation of liver-
resident NK cells in dnTGFBRII mice. The total numbers of NK cells
were increased, but the ratio of DX5 :DX5" NK cells was
significantly decreased, indicating that the balance between these
regulatory and effector NK cell subsets was disrupted in dnTGF{RII
mice. We acknowledge that two limitations remain in our study.
First, we note that there were no adoptive transfer experiments to
further address the regulatory function of DX5-CD11c™ liver-
resident NK cells that we observed in Nfil3 ™/~ dnTGFBRII mice and
in the in vitro inhibition assays. It has been indicated that NK cells
can adjust their reactivity through the altered engagement and
ligation of receptors.***” Thus, it is still not clear whether the
regulatory function of liver-resident NK cells depends on the
inflammatory environment in dnTGFBRIl mice. Second, we
demonstrated that liver-resident NK cells colocalized with CD4 +
T cells in inflamed liver tissues. However, it is still unknown how
this NK population interacts with CD4 = T cells. Further studies are
needed to fully understand NK cell biology and the interaction
and crosstalk between different subsets of NK cells and other
immune cells.

In summary, we demonstrated the immunosuppressive function
of liver-resident NK cells. Targeting liver-resident NK cells by
enhancing their regulatory function may be a tissue-specific
therapeutic strategy for PBC.
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