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y8T Cells Suppress Liver Fibrosis via
Strong Cytolysis and Enhanced NK
Cell-Mediated Cytotoxicity Against
Hepatic Stellate Cells
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" School of Pharmaceutical Sciences, Institute of Immunopharmacology and Immunotherapy, Shandong University, Jinan,
China, 2 School of Life Sciences, Institute of Immunology, University of Science and Technology of China, Hefei, China

Liver fibrosis is the excessive accumulation of extracellular matrix proteins, resulting from
maladaptive wound healing responses to chronic liver injury. y3T cells are important in
chronic liver injury pathogenesis and subsequent liver fibrosis; however, their role and
underlying mechanisms are not fully understood. The present study aims to assess
whether 38T cells contribute to liver fibrosis regression. Using a carbon tetrachloride
(CCly)-induced murine model of liver fibrosis in wild-type (WT) and y8T cell deficient
(TCR3~/~) mice, we demonstrated that y8T cells protected against liver fibrosis and
exhibited strong cytotoxicity against activated hepatic stellate cells (HSCs). Further study
show that chronic liver inflammation promoted hepatic y3T cells to express NKp46, which
contribute to the direct killing of activated HSCs by y8T cells. Moreover, we identified that
an IFNy-producing y8T cell subset (y8T1) cells exhibited stronger cytotoxicity against
activated HSCs than the IL-17-producing subset (y3T17) cells upon chronic liver injury.
In addition, y3T cells promoted the anti-fibrotic ability of conventional natural killer
(cNK) cells and liver-resident NK (IrNK) cells by enhancing their cytotoxicity against
activated HSCs. The cell crosstalk between 8T and NK cells was shown to depend
partly on co-stimulatory receptor 4-1BB (CD137) engagement. In conclusion, our data
confirmed the protective effects of y8T cells, especially the y3T1 subset, by directly
killing activated HSCs and increasing NK cell-mediated cytotoxicity against activated
HSCs in CCl,-induced liver fibrosis, which suggest valuable therapeutic targets to treat
liver fibrosis.

Keywords: fibrosis, y3T cell, NKp46, cytotoxicity, y3T1, y3T17, CD137, cell crosstalk

INTRODUCTION

Liver fibrosis is a prevalent liver disease that can lead to cirrhosis and liver failure, accounting for
about 45% of deaths in industrialized countries (1). Liver fibrosis is characterized by excessive
accumulation of scar tissue resulting from ongoing inflammation and liver cell death during
chronic liver diseases. The scar tissue, comprising collagen-rich extracellular matrix, replaces
normal functional units of cells, leading to the progressive loss of organ function and eventual
failure (2). Hepatic stellate cells (HSCs) are the main effector cells in liver fibrosis because of their
capacity to transdifferentiate into collagen-producing myofibroblasts (3). In a normal liver, HSCs
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are quiescent, vitamin A-storing cells that show autofluorescence.
Following liver injury, HSCs become activated, lose their vitamin
A droplets, and transdifferentiate into extracellular matrix-
producing myofibroblasts, which promote hepatic fibrosis (4, 5).
Their location in the narrow space of Dissé between hepatocytes
and sinusoidal endothelial cells mean that HSCs contact closely
with other liver cell types. HSCs sense the changes of tissue
integrity and initiate innate immune cell activation. Accordingly,
certain immune cells interact with HSCs via cell-cell interactions
or by secreting soluble mediators, possibly influencing the
progress of liver fibrosis (3).

y8T cells are enriched in the liver, representing 3-5% of
total liver lymphocytes, and play an important role in various
liver diseases (6, 7). y3T cells are involved in liver fibrosis and
appear to show a protective function by directly killing activated
HSCs in murine liver fibrosis (8). However, the cellular and
molecular mechanism by which y3T cells alleviate liver fibrosis
is poorly understood.

Besides their direct role in killing activated HSCs, y8T
cells are indispensable to regulate natural killer (NK) cell-
mediated antitumor responses in a co-stimulatory receptor
4-1BB (CD137)-dependent manner, suggesting cell-crosstalk
between y3T cells and NK cells (9, 10). NK cells also play
an important role in alleviating the development of fibrosis
by killing activated HSCs (11, 12). Therefore, we sought to
determine whether y3T cells could regulate NK cell-mediated
cytotoxicity against HSCs through CD137 engagement during
the development of liver fibrosis. Recently, hepatic NK cells
were subdivided into CD49a™DX5~ liver-resident NK (IrNK)
cells and CD49a~DX5% conventional NK (cNK) cells (13-15).
The cNK cells protect against liver fibrosis by killing activated
HSCs in a TNF-related apoptosis inducing ligand (TRAIL)-
dependent manner; however, the role of IrNK cells, with high
TRAIL expression, in fibrosis has not been investigated (11).
Whether y3T cells could increase the anti-fibrotic effects of
IrNK cells or cNK cells is unknown. Therefore, we focused on
the mechanism by which y3T cells and NK cells (especially
IrNK cells) kill HSCs and the crosstalk between y3T cells and
IrNK/cNK cells during the development of liver fibrosis. To
achieve these aims, we used a carbon tetrachloride (CCly)-
induced mouse model of liver fibrosis in wild-type (WT) and y3T
cell deficient (TCR$ /) mice.

MATERIALS AND METHODS

Animals and Models of Fibrosis
Pathogen-free male C57BL/6] (5-6 weeks old) mice were
purchased from HFK Bioscience Co., Ltd. (Beijing, China).

Abbreviations: HSCs, hepatic stellate cells; CCly, carbon tetrachloride; WT, wild-
type; TCRS~/~, y8T cell deficient; y8T1, IFNy-producing y8T cells; y3T17, IL-
17-producing y8T cells; CD137, cotimulatory receptor 4-1BB; NK, natural killer;
cNK, conventional NK cells; IrNK, liver-resident NK cells; TRAIL, tumor necrosis
factor-related apoptosis-inducing ligand; CD137L, ligand of CD137; SR, Sirius red;
a-SMA, a-smooth muscle actin; FasL, CD95 ligand; DNAM-1, DNAX accessory
molecule-1; NCR, natural cytotoxicity receptors; GmB, granzyme B; TUNEL,
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end-labeling; DAPI,
2-(4-amidinophenyl)-1H-indole-6-carboxamidine; LMNCs, liver mononuclear
cells; FACS, fluorescence activated cell sorting; ALT, aminotransferase activities;
CFSE, carboxyfluorescein succinimidyl ester.

C57BL/6]-derived TCR3~/~ mice (TCR8~/~, male, 5-6 weeks
old) and C57BL/6I-derived-NKp46’/ ~ (NCR18%/¢fP) mice were
purchased from The Jackson Laboratory (Bar Harbor, ME,
USA). The genotype identification of TCR3 ™/~ and NKp46~/~
mice were shown in Supporting Figures 1A,B. Experiments
were performed with age- and sex-matched animals at 6-
12 weeks of age under ethical conditions, according to the
guidelines for experimental animals from Shandong University
and were approved by the Committee on the Ethics of Animal
Experiments of Shandong University. Liver fibrosis was induced
by intraperitoneal injections of CCly (Fuyu, Tianjin, China) at
0.6 mL/kg body weight mixed with corn oil (Sigma-Aldrich Co.,
St. Louis, MO, USA), thrice-weekly for 4 weeks (8). For the
cytokine neutralization experiments, fibrosis-induced mice were
simultaneously injected intraperitoneally with 100 pg anti-IL-
17A monoclonal antibodie (mAb) (TC11-18H10.1; Biolegend,
San Diego, CA, USA) or anti-IFNy mAb (XMG1.2; Biolegend,
San Diego, CA, USA), twice weekly for 4 weeks.

Histological Analysis and Serum

ALT Measurement

Liver tissues were fixed with 4% paraformaldehyde for 24h,
dehydrated, embedded in paraffin and sectioned at 5pm.
The paraffin-embedded sections were stained with hematoxylin
and eosin (H&E) according to the standard protocols of
our laboratory, as previously described (16). Sirius Red (SR)
staining was performed on liver tissue sections to determine
liver fibrosis according to a standard protocol (17). In brief,
liver sections were stained with 0.4% SR in saturated picric
acid for 0.5h, and then washed, dehydrated and examined
by light microscopy. Sirius red-positive areas were quantified
in five non-overlapping random fields on each slide using
Image ] software (NIH, Bethesda, MD, USA). Serum alanine
aminotransferase (ALT) activities were measured using an ALT
(GPT) kit (Nanjing, China).

Immunohistochemistry

Liver paraffin sections (5um) were deparaffinized and
dehydrated, and microwave antigen retrieval was performed
following peroxidase quenching with 3% H,O, for 10min.
Subsequently, the sections were blocked with 10% goat serum
(C0265, Beyotime, Shanghai, China) for 30min at room
temperature (RT). The primary antibody mouse anti-a-smooth
muscle actin (a-SMA) antibody (Ab5694, Abcam, Cambridge,
U.K.) was diluted 1/200, incubation overnight at 4°C. A Biotin
conjugated goat polyclonal to rabbit IgG (SP-9000, ZSGB-BIO,
Beijing, China) was used at dilution at 1/200 as the secondary
antibody followed by incubation with horseradish peroxidase
(HRP)-Streptavidin for 30 min and then staining was detected
with  3,3’-diaminobenzidine tetrahydrochloride (DAB) for
5-10 min. For better documentation, the tissue sections were
counterstained with hematoxylin.

Immunofluorescence

The freshly isolated livers were frozen in optimal cutting
temperature (O.C.T.) compound (Sakura Finetek, Torrance, CA,
USA, Inc.) and tissue sections were sliced into 5 pm-thickness,
stored at —80°C. For a-SMA or desmin immunostaining,
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sections were thawed to RT, fixed with pre-cold acetone for
10 min, and then rehydrated in phosphate-buffered saline (PBS)
for 10 min. Thereafter, the sections were permeabilized with
1% Triton X-100 in PBS for 20 min, blocked with blocking
buffer (10% goat serum in PBS) for 30min at RT, and
then incubated with primary anti-a-SMA antibody (Ab5694,
Abcam, Cambridge, U.K.) or anti-desmin antibody (ab15200,
Abcam, Cambridge, U.K.), overnight at 4°C. The sections
were then washed three times with PBS and incubated with
a secondary AF594-conjugated Goat anti-rabbit IgG (H&L)
antibody (SA00006-4, Proteintech, USA) or AF488-conjugated
Goat anti-rabbit IgG (H&L) (A0423, Beyotime, Shanghai, China)
for 1h at RT.

For bi-color immunofluorescence staining of a-SMA and
Y3TCR (T cell receptor) or ydTCR and NKp46, liver sections
were incubated with 5% bovine serum albumin (BSA) for
30 min and followed by incubation with anti-TCR gamma +
TCR delta antibody [GL-3] [fluorescein isothocyante (FITC)]
(ab118864, Abcam, 1/20) and anti-a-SMA antibody (1/200) or
with hamster anti-TCRy/d antibodies (14-5711-82, Invitrogen,
USA, 1:100) and anti-NCR1 antibodies (ab214468, Abcam,
1/200), overnight at 4 °C. After washing, the sections were
incubated with a secondary AF594-conjugated Goat anti-rabbit
IgG (H&L) antibody or AF488-conjugated Goat anti-rabbit IgG
(H&L) and AF594-conjugated Goat anti-hamster IgG (H&L)
(405512, Biolegend, USA) for 1h at RT. After repeated washes,
the sections were mounted with 2-(4-amidinophenyl)-1H-
indole-6-carboxamidine (DAPI) (C1002, Beyotime, Shanghai,
China, 1/1000) and visualized using a confocal microscope
(LSM780, Zeiss, Germany) or scanned using the StrataFAXS Plus
system (TissueGnostics GmbH, Vienna, Austria) and analyzed
by StrataQuest.

Isolation of Primary HSCs

Primary HSCs were isolated according to the standard protocols
of our and other laboratories, as previously described (18, 19).
In brief, mouse livers were perfused in situ with perfusion buffer
containing 0.075% collagenase type I (1723329, Gibco, Carlsbad,
CA, USA) and digested with digestion buffer containing 0.009%
collagenase type I and 0.02% DNase I (10104159001, Roche,
Indianapolis, IN, USA). The cell suspension was centrifuged at
50 x g for 3 min at RT to remove hepatocytes, and repeated three
times. The supernatant was centrifuged at 450 x g for 10 min.
The cell pellet was then resuspended in 15% OptiPrep gradient
(11145421, AXIS-SHIELD PoC AS, Oslo, Norway) and overlayed
11.5% OptiPrep gradient and 1,640 medium. After centrifuging
at 1,400 x g, the cell fraction in 1,640 medium and 11.5%
OptiPrep interphase was gently aspirated for HSCs isolation.
Cell viability was determined by trypan blue staining. Cell purity
was confirmed according to its three major characteristics: Its
star-like shape, perinuclear lipid droplets, and vitamin A-specific
auto-fluorescence (20).

Immunocytostaining

Primary HSCs were prepared as described above. After seeding
on coverslips for 5 days, the adherent-wall cultured primary
HSCs were fixed with 4% paraformaldehyde for 15min at RT

and washed with PBST (0.1% Tween-20 in PBS). They were then
permeabilized with ice-cold 1% Triton X-100 in PBS for 10 min
and blocked with 10% goat serum for 1h at RT. The cells then
were incubated with primary antibodies which were diluted in
PBS with 0.5% BSA for overnight at 4°C. Cells were washed
with PBS three times and incubated with diluted fluorochrome-
conjugated secondary antibodies for 1 h at RT. DAPI was used for
nucleus staining. After repeated washes, the cells were mounted
and viewed under a confocal microscope.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end-labeling (TUNEL) assays were performed using a
commercially available kit (C1089, Beyotime, Shanghai, China)
following the manufacturer’s instructions. Thereafter, the
coverslips were incubated with 5% BSA for 30 min at RT and
then incubated with anti-a-SMA primary antibodies at 37°C for
1h. Coverslips were washed with PBST three times and then
incubated with the secondary Alexa Fluor 488-labeled Goat
Anti-Rabbit IgG (H+L) antibody for 1h at RT, washed three
times, and incubated with DAPI for 5min. Fluorescent images
were visualized using a confocal microscope.

Flow Cytometry Analysis and Cell Sorting
Liver mononuclear cells (LMNCs) were isolated as previously
described (21). In brief, mouse livers were freshly harvested and
LMNCs were isolated by density gradient centrifugation. The
LMNCs were counted using an automated cell counter (TC20,
Bio-Rad, Hercules, CA, USA).

Fluorescent mAbs against, CD49a (Ha31/8), CD49b (DX5),
y3TCR (GL3), NKp46 (29A1.4), NKG2D (CX5) were purchased
form BD Biosciences (San Jose, CA, USA). mAbs against
y8TCR (eBioGL3) and TRAIL (N2B2) were purchased from
eBioscience. Abs against CD3e (145-2C11), NKI1.1 (Killer cell
lectin-like receptor subfamily B, member 1; PK136), NKG2A
(Natural Killer Group Protein 2; 16A11), CD69 (H1.2F3), CD137
(17B5), CD107a (1D413), DNAM-1 (DNAX accessory molecule
110E5), interferon gamma (IFNy) (XMG1.2), IL-17A (Tcll-
18H10), Fas ligand (FasL) (MFL3), granzyme B (GmB) (GB11)
were purchased from Biolegend. After blocking non-specific
Fc receptor (FcR) binding with anti-CD16/32 (eBioscience),
the LMNCs were then stained with the indicated fluorescent
mAbs for surface molecules. For intracellular markers, cells were
stimulated with phorbol myristate acetate (PMA) and ionomycin.
After surface staining, cells were fixed, permeabilized, and stained
with the mAbs against the indicated intracellular molecules or
isotype control Abs. Cells were analyzed by fluorescence activated
cell sorting (FACS) Aria III (BD). Data were analyzed using the
Flow Jo software (Treestar Inc., Ashland, OR, USA).

Adoptive Transfer of y§T Cells

The adoptive transfer of y3T cells assay was performed as
described previously (8). Liver 3T cells of WT mice were isolated
using FACS-sorting. About 100,000 y8T cells or normal saline
in the same volume were intravenously injected into TCR3 ™/~
mice once a week following treatment with CCly thrice weekly
for 4 weeks.
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Co-culture Experiments and Lysis Assay
Primary HSCs, which were isolated by density gradient
centrifugation as described above, were cultured in 1,640
medium in 96-well plates at 10,000 cells per well for 5
days, developing culture-activated HSCs. The cytolytic activities
of y38T cells, IrNK cells, or cNK cells were assessed using
a lactate dehydrogenase (LDH) release assay. The culture-
activated HSCs were used as target cells. Liver y8T cells,
IrNK cells, and c¢NK cells were isolated from livers of CCly-
treated WT mice. These isolated cells were incubated with
culture-activated HSCs at an effector:target ratio of 2:1 in the
presence or absence of specific blocking antibody for 12h,
respectively. To detect the cytotoxicity of y3T cells and NK
cells after CD137L blockade against activated HSCs, y3T cells
isolated from CCly-treated WT mice were co-cultured with
IrNK cells or ¢NK cells isolated from CCly-treated TCR3~/~
mice at the ratio of 1:1. These co-cultured cells were then
incubated with activated HSCs at an effector:target ratio of
2:1 in the presence or absence of anti-CD137L blocking
antibody (107108, Biolegend, San Diego, CA, USA) for 12h.
Cytotoxicity was measured using an LDH Cytotoxicity Assay Kit
(C0017, Beyotime, Shanghai, China). Cytotoxicity was calculated
as follows:

lysis (%) = [1 — (A of cocultured cells — A of effector cells)/
A of target cells] x 100%.

A, absorbance.

The time-lapse cytotoxicity of 3T cells, IrNK cells, and cNK
cells against activated HSCs was measured by counting the
numbers of adherent live HSCs at different time points using a
Biotek Cytation 5V. In brief, primary HSCs were isolated and
cultured in 24-well plates at 100,000 cells per well for 5 days.
YT cells, IrNK cells, and cNK cells from the livers of CCly-
treated WT mice were obtained by FACS-sorting and labeled
with carboxyfluorescein succinimidyl ester (CFSE). These CFSE-
labeled effector cells were incubated with culture-activated HSCs
at an effector:target ratio of 2:1 for 12 h. The numbers of CFSE-
negative adherent HSCs were monitored in real time using a
Biotek Cytation 5V. Cytotoxicity was calculated as follows:

Lysis (%) = (1- the numbers of CFSE-negative adherent HSCs
at indicated time point/the numbers of CFSE-negative adherent
HSCs at the initial time after co-culturing) x100%.

Statistical Analyses

The data were statistically analyzed by the Statistical Package
for the Social Sciences (SPSS) software (V.16.0, SPSS Inc.,
Chicago, IL, USA). Data are presented as the mean =+ standard
error of the mean (SEM). Differences among more than two
groups were assessed by one-way analysis of variance (One-
Way ANOVA) and differences between two groups were assessed
using Independent-Samples T-Test. A P-value < 0.05 was
considered statistically significant (*P < 0.05; **P < 0.01;
4D < 0.001).

RESULTS

8T Cell Deficiency Exacerbates Liver

Fibrosis Upon Chronic Liver Injury

To investigate the role of y3T cells in chronic liver diseases,
we established a murine model of liver fibrosis in WT and
TCRS™/~ mice via intraperitoneal injection of CCly. The
TCR8~/~ mice displayed more severe liver fibrosis than the
WT mice (Figures 1A,B). Hematoxyin and eosin (H&E) stained
liver tissue sections showed more severely damaged liver
architecture and more significant inflammatory infiltration
in the livers of TCRS™/~ mice than in those of the WT
mice (Figure 1B). Sirius Red (SR) staining showed increased
extracellular ~ collagen  deposition, immunohistochemical
(IHC) staining demonstrated higher expression of a-SMA, a
marker of activated HSCs further confirming the markedly
increased liver fibrosis in TCR3™/~ mice compared with
WT mice (Figures 1B,C). Immunofluorescence staining for
a-SMA and desmin also revealed more significant activation
of HSCs in TCR3™/~ mice than in WT mice after repeated
CCly injections (Supporting Figures 2A,B). In addition, the
fibrosis process was shown accompanied by elevated levels of
serum ALT and hydroxyproline (HYP) (Figures 1D,E). And
there were more significant intrahepatic CD45%leukocyte
accumulation in CCly-treated TCRS™/~ mice compared with
CCly-treated WT mice Supporting Figure 2C), suggesting
that missing y38T cells might promote the infiltration
of inflammatory cells into liver tissue and then lead to
the death of hepatocytes. These data strongly suggested
that y3T cells have a protective role during CCly-induced
liver fibrosis.

8T Cells Recruit and Co-localize With
HSCs in the Fibrotic Liver and Promote
HSCs Apoptosis

To investigate how y3T cells prevent liver fibrosis during CCly-
induced chronic liver injury, we analyzed the changes in the
frequency and numbers of liver 3T cells using flow cytometry
following fibrosis. The proportion of y8T cells increased
significantly from 2.09 £ 0.24 to 5.38 £ 0.40% after repeated
CCly administration compared with the controls (Figures 2A,B).
The absolute numbers of y3T cells in liver tissues also
markedly increased (Figure 2B). Thus, chronic inflammation
might promote the recruitment of y8T cells. HSCs are the major
contributor to the formation of fibrosis because of their ability
to transdifferentiate into collagen-producing myofibroblasts (22).
Therefore, we hypothesized that the accumulated 3T cells might
interact with activated HSCs during CCly-induced liver fibrosis.
We analyzed the distribution of y3T cells and activated HSCs
in fibrotic liver using bi-color immunofluorescence staining for
v3T cells (y8TCR) and activated HSCs (a-SMA). We observed
larger numbers of ySTCR' T cells (green) accumulated in
the fibrotic livers, and these y3T cells were located close to
activated HSCs (a-SMA™, Red) in the periportal region and
fibrotic septa during liver fibrosis (Figure 2C), which suggested
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FIGURE 1 | TCRS™/~ mice develop more severe hepatic fibrosis upon chronic liver injury. Liver fibrosis was induced in WT and TCR$~/~ mice by intraperitoneal
injection of CCly (0.6 ml/kg) three times per week for 4 weeks. (A) Representative photograph of livers from WT and TCR8~/~ mice treated with CCly or corn ail
[control (Ctrl)]. (B) Representative H&E and Sirius Red (SR) staining of frozen liver sections from WT and TCR$~/~ mice, and immunohistochemistry (IHC) for a-SMA in
the livers of WT and TCR8~/~ mice. Scale bar: 200 um. (C) Quantification of matrix deposition from SR staining (left) and expression of a-SMA (right) as shown in (B).
Data are shown as mean + SEM (n = 4). (D) Serum ALT levels in WT and TCRs ™/~ mice at 48 h after the last CCly injection (top) and at the indicated time points
(bottom). (E) Serum hydroxyproline (HYP) contents were measured by ELISA. *P < 0.05, **P < 0.01, **P < 0.001.
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that these infiltrating y3T cells might directly interact with
activated HSCs.

Consequently, we hypothesized that the accumulated y8T
cells could prevent liver fibrosis by killing activated HSCs. We
first observed the role of hepatic y3T cells in inducing the
apoptosis of activated HSCs by co-culturing isolated hepatic
y8T cells with culture-activated HSCs, and then detecting
HSCs apoptosis in frozen liver section from CCly-treated WT
and TCR3~/~ mice. The primary HSCs were isolated from
WT mice by density gradient centrifugation and cultured
in 24-well culture plates to induce culture-activated HSCs
(23). Freshly isolated primary HSCs were non-proliferating
(quiescent), retinoid-storing cells with autofluorescence after
ultraviolet excitation, which allowed their identification. Thus,
the purity of the isolated HSCs was determined by detecting
the autofluorescence under ultraviolet light. Quiescent HSCs on
the plates will lose vitamin A droplets and transdifferentiate
into a myofibroblast-like phenotype that mimic the process
of activation that is thought to occur in vivo (24). As
shown in Supporting Figure 3A, almost all of freshly isolated
primary HSCs exhibited autofluorescence under ultraviolet light.
And increased expression of a-SMA was observed from the

3rd day and sustained for at least 18 days after isolation
Supporting Figures 3B,C). Then we co-cultured these culture-
activated HSCs with freshly-isolated hepatic y8T cells from CCly-
treated WT mice. Immunofluorescence double staining for a-
SMA and TUNEL was performed to assess HSC apoptosis. The
activated HSCs were shown undergo apoptosis after co-culturing
with y8T cells (Figures 3A,B). The nuclei of HSCs co-cultured
with y3T cells also displayed representative apoptotic features,
such as chromatin condensation and margination (Figure 3C).
We also observed that hepatic y§ T cells may induce the
inactivation of activated HSCs, as evidenced by the decreased
expression of a-SMA in HSCs after co-culturing with hepatic y8
T cells (Figure 3D). In addition, significant cytolytic activity of
y8T cells against activated HSCs were detected at different time
points (Figure 3E). These results suggested that hepatic 3T cells
could directly kill activated HSCs.

To confirm this effect in vivo, we performed
immunofluorescent double staining for a-SMA and TUNEL in
frozen liver sections from fibrotic models of WT and TCR3 ™/~
mice. Loss of y8T cells significantly inhibited the apoptosis of
activated HSCs in fibrotic livers, consistent with the in vitro
results (Figure 3F). Then, hepatic y8T cells isolated from WT
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FIGURE 2 | Increased 3T cells infiltration and their co-localization with activated HSCs in fibrotic livers. (A) Representative FACS plots of y3T cells in livers of WT mice
treated with CCl4 or corn oil [control (Ctrl)]. (B) (Left) Statistical analysis of the percentage of y8T cells in CD45 leukocytes. (Right) Absolute cell number of hepatic
y8T cells. Data are shown as mean + SEM. (C) Liver sections (frozen) of WT mice treated with CCly or corn oil (Ctrl) were stained for a-SMA to identify activated HSCs
(red) and y8TCR to identify y8T cells (green). Nuclei were counterstained with DAPI (blue). An arrow indicates the detailed view of indicated area. ***P < 0.001.

mice were transferred into TCRS™/~ mice once per week
during the process of treating with repetitive CCly injections
(Supporting Figures 4A-C), according to a previous reported
method (8). Severe fibrosis and liver damage were markedly
alleviated after transferring hepatic y3T cells from WT mice, as
displayed by reduced extracellular collagen deposition and serum
ALT levels (Figures 3G-I). These data confirmed the protective
effects of y8T cells by directly killing activated HSCs or inducing
inactivation of activated HSCs in CCly-induced liver fibrosis.

Chronic Inflammation Promotes Hepatic
8T Cells Expression of NKp46, Which Is
Involved in the Enhanced Killing of
Activated HSCs by y3T Cells

y8T cells express certain natural killer receptors, such as
NKG2D, DNAX accessory molecule-1 (DNAM-1), and natural
cytotoxicity receptors (NCR) NKp30 and NKp44, which are
involved in the activation and cytolytic capacity of y8T cells
(25). We investigated whether chronic inflammation during
liver fibrosis changed the expression levels of these receptors
on Y3T cells. CCly-induced chronic inflammation significantly
increased the expression of NKp46, but decreased the expression
levels of NKG2D, DNAM-1, and NKG2A on hepatic y3T

cells (Figures 4A-C and Supporting Figures 5A-C). Although
NKG2D and DNAM-1 exhibited lower expression upon chronic
liver injury, hepatic 3T cells exhibited strong cytotoxic potential
upon chronic liver injury, as evidenced by the higher expression
of CD107a, GmB, and perforin (Figures 4A,B). Therefore, we
proposed that the higher expression of NKp46 and the lower
expression of NKG2A contributed to the strong cytotoxic
potential of y8T cells in CCly-induced liver fibrosis. Noticeably,
NKp46 is the only NCR found in mice (26). Interestingly,
we observed that hepatic y3T cells could acquire NKp46
expression following CCly-induced liver fibrosis (Figures 4A,B).
Immunofluorescence double staining for YdTCR and NKp46
further confirmed that hepatic y3T cells express NKp46 in
fibrotic livers (Figure 4C). Most hepatic y3T cells in fibrotic livers
expressed NKp46, but those in normal livers barely expressed
NKp46 (Supporting Figures 5A-C).

We then confirmed whether y3T cells kill activated HSCs
through NKp46-mediated cytotoxicity. First, we tested whether
the activated HSCs expressed the ligand of NKp46 (NKp46-L).
The ligands for mouse NCR1 are unknown; therefore, we stained
the activated HSCs with an NCR1-Ig fusion protein. As shown in
Figure 4D, activated HSCs (a-SMA™) could be stained by NCR1-
Ig, which indicated that activated HSCs expressed NKp46L. We
then assessed the lytic functions of y3T cells against activated
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24-well plates for 5 days, and then co-cultured with isolated hepatic y8T cells from CCls-treated WT mice. HSCs were stained with anti-a-SMA antibodies (green) and
TUNEL (red) to identify apoptotic cells. Nuclei were counterstained with DAPI (blue). (B) Quantification of the expression of TUNEL as shown in (A). (C) DAPI staining
for apoptotic nuclei of activated HSCs after co-culturing with or without y3T cells. The HSCs co-cultured with y8T cells (+ y3T cells) showed apoptosis characterized
by the chromatin becoming highly coacervate, nuclear envelope breakdown, and the production apoptotic bodies. An arrow indicates a representative apoptotic
HSCs. (D) Immunofluorescence staining for a-SMA in activated HSCs after co-culturing with hepatic y8 T cells for 24 h (+ 3 T) or activated HSCs alone (HSCs alone).
(E) Activated HSCs were incubated with or without y3T cells at an effector:target ratio of 2:1 for 36 h. The time-lapse lysis (%) was calculated by counting the
numbers of adherent live HSCs at different time points. (F) Frozen sections of livers from fibrotic WT and TCRs~/~ mice were stained with TUNEL (green) and
anti-a-SMA antibody (red), scale bar: 50 um. The dotted area in the slide was enlarged and shown in the inset. (G) Representative H&E staining, SR staining, and IHC
for a-SMA of liver sections. Scale bar: 200 um. (H) Quantification of matrix deposition from SR staining as shown in (G). (I) Serum ALT levels in CCly-treated WT mice

and TCR& ™/~ mice after adoptively transferring hepatic y3T cells or normal saline in the same volume. *P < 0.05.

HSCs in the presence of NCR1-Ig, which could block the binding
between NKp46 on y3T cells and NKp46L on the activated
HSCs. We found that NCR1 blockade significantly attenuated
y8T cell- mediated lysis of activated HSCs (Figure 4E). In
addition, hepatic y3T cells derived from NCR1™/~ mice also
exhibit impaired lytic functions compared with those from
WT mice (Figure 4F). Thus, we concluded that NKp46 is the
predominant receptor involved in killing HSCs during chronic
liver injury.

Notably, the lysis ability of y3T cells against activated HSCs
was only partly decreased following NKp46 blockade, suggesting
that other factors are involved in the cytotoxicity of y8T cells
against HSCs. Death receptor-mediated apoptosis is involved in
the cytotoxicity of NK cells or T cells (27). Figures 4A,B showed

that hepatic y8T cells from CCly-induced fibrotic mice expressed
higher levels of TRAIL and FasL than those isolated from control
mice, which suggested that hepatic y3T cells might induce the
apoptosis of activated HSCs in a TRAIL- or FasL-dependent
manner. To test this, we compared the lytic functions of y3T
cells against activated HSCs in the presence of FasL-specific
and TRAIL-specific blocking antibodies, respectively. Figure 4E
showed that blockade of TRAIL and FasL significantly attenuated
the lytic ability of y8T cells against activated HSCs. However,
NKp46 blockade, FasL blockade, or TRAIL blockade, separately,
only partly inhibited the lysis ability of y3T cells against
activated HSC, while blocking all three simultaneously caused
extreme attenuation of y3T cells-mediated lysis (Figure 4E).
Taken together, our results revealed that hepatic y3T cells exert
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FasL, CD107a, GmB, perforin, IFNy, IL-17, CD69 expression on hepatic y3T cells from WT mice treated with corn ail (Ctrl) and CCly. (B) The statistical percentages or
mean fluorescence intensity (MFI) are shown (n = 10-15). (C) Representative immunofluorescence double staining image of frozen liver fibrotic sections (n = 3)
stained for y8T cells (ySTCR™, green) and NKp46 (NKp46™, red) and counterstained with DAPI (blue). Scale bars, 50 um. Arrows indicate y8TCR and NKp46 double
positive cells. (D) Representative images of culture-activated HSCs (a-SMA™T, green) in vitro which stained for NKp46-L with NCR1 Fc chimera (NCR1-lg) (red) and
counterstained with DAPI. Scale bars, 50 wm. (E) The primary HSCs were isolated from WT mice, 5 days after adherent culture, co-cultured with isolated hepatic y3T
cells at an effector: target ratio of 2:1 in the presence or absence of NCR1-lg, TRAIL-, or FasL-specific neutralizing antibodies for 12 h, respectively. The cytotoxicity of
hepatic y3T cells against activated HSCs were measured using a lactate dehydrogenase (LDH) assay. (F) The hepatic y3T cells isolated from CCl,-treated WT and
NCR1~/~ mice were co-cultured with activated HSCs at an effector:target ratio of 2:1 for 12 h, the cytotoxicity was measured using an LDH assay. “P < 0.05,
**P < 0.01, **P < 0.001.

their lytic functions against activated HSCs in NKp46-, TRAIL-,
and FasL-dependent manner.

IFNy-Producing y3T Cells Exhibit More
Significant Protection Upon Chronic

Liver Injury

Based on their cytokine production, y3T cells are usually divided
into two subsets: IFNy-producing y3T (y3T1) cells and IL17-
producing y8T (y3T17) cells (7, 28). The two subsets might
have different roles in the pathogenesis of liver diseases, but
have not been clarified. As shown in Figures 4A,B, hepatic y3T
cells produced high levels of IFNy and IL-17 upon chronic liver
injury. Through comparing the expression levels of receptors
and effector molecules on the two y3T subsets, we found

that y3T1 cells exhibited higher expression levels of NKp46,
CD107a, GmB, perforin, TRAIL, and FasL than y3T17 cells
upon chronic liver injury (Figure5A). We next examined
whether IFNy or IL-17 is responsible for the development of
liver fibrosis by comparing the degree of liver fibrosis upon
in vivo blockade of IFNy and IL-17A in WT and TCR8~/~
mice mice. H&E staining and SR staining showed more severe
damage to the liver architecture and increased extracellular
collagen deposition in IFNy-blockade WT mice, while there
was minor remission in IL-17A-blockade WT mice compared
with non-blockade WT mice following fibrosis, and neither
IENy nor IL-17A blockade affected fibrosis in TCR8 ™/~ mice
(Figures 5B,C). Further, in vitro killing assay showed that
y8T1 cells exhibited higher cytotoxicity against activated HSCs
than y8T17 cells (Figure5D). These results suggested that
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IENY exerts a protective role during the development of liver
fibrosis and that hepatic ydT cells, especially y3T1 subset,
play a significant protective role during the development of
liver fibrosis.

3T Cells Promote the Anti-fibrotic Ability
of cNK and Lrnk Cells by Enhancing Their
Cytotoxicity Against Activated HSCs

y8T cells are able to interact with other immune cells upon
activation (9, 29). NK cells, particularly cNK cells, inhibit the

development of fibrosis by killing activated HSCs in a TRAIL-
dependent manner (11). However, the role of IrNK cells, with
high TRAIL expression, in fibrosis is unknown. Therefore, we
investigated whether y8T cells influenced the progress of liver
fibrosis indirectly by interacting with ¢NK and IrNK cells.
Through in vitro co-culture experiments, we observed that both
cNK and IrNK cells could induce the apoptosis of HSCs and
efficiently kill activated HSCs (Figures 6A-C); therefore, we
investigated whether y3T cells are responsible for regulating
liver fibrogenesis by crosstalk with IrNK or c¢NK cells. We
compared the percentages and absolute numbers of total NK,
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FIGURE 6 | y3T cells deficiency attenuates the anti-fibrotic functions of both I'NK and cNK cells. (A) Culture-activated HSCs after co-culturing with I'NK cells (+IrNK)
or cNK cells (+cNK) were stained with anti-a-SMA antibodies (green) and TUNEL (red) to identify apoptotic cells. Nuclei were counterstained with DAPI (blue).

(B) Quantification of the expression of TUNEL as shown in (A). (C) Activated HSCs were incubated with Ir'NK cells or cNK cells at an effector:target ratio of 2:1 for
36 h, respectively. The time-lapse lysis (%) were calculated by counting the numbers of adherent live HSCs at different time points. (D) Hepatic cNK cells and I'NK
cells isolated from corn oil-treated WT mice (WT Ctrl), CCl4-treated WT mice (WT CCly), and CCly -treated TCR8~/~ mice (TCRs~/~ CCly) were co-cultured with
activated HSCs at an effector:target ratio of 2:1, respectively. The cytotoxicity of hepatic cNK cells and Ir'NK cells against activated HSCs was measured using a LDH
assay. (E-H) (Left) Representative histograms of NKG2D, NKp46, DNAM-1, and NKG2A expression on cNK cells and IrNK cells were determined by FACS. (Right)
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I'NK, and cNK cells in livers of WT and TCR$™/~ mice
following fibrosis, and found that they did not differ between WT
mice and TCRS ™/~ mice (Supporting Figures 6A-D). However,
the percentages and absolute numbers of IrNK cells were
significantly lower in fibrotic livers from CCly-treated TCR3 ™/~
mice compared with those in CCly-treated WT mice, while the
percentages and absolute numbers of hepatic ¢tNK cells were
significantly increased in CCly-treated TCRS™/~ mice compared
with those in CCly-treated WT mice, which demonstrated
that ydT cell deficiency altered the composition of NK cell
subpopulations (Supporting Figures 6A-D).

We further compared the cytotoxicity of hepatic ¢cNK cells
and IrNK cells against activated HSCs from CCly-treated WT
mice compared with corn oil-treated WT mice. Both ¢NK and

IrNK cells from fibrotic livers exhibited impaired cytolytic ability
(Figure 6D). To further investigate whether y3T cells affect the
anti-fibrotic effects of cNK and IrNK cells in fibrotic livers, we
isolated hepatic cNK and IrNK cells from CCly-treated WT mice
or TCR3™/~ mice, and then detected their cytotoxicity against
activated HSCs. Both hepatic ¢cNK and IrNK cells from CCly-
treated TCR3 ™/~ mice exhibited markedly lower lysis ability
against activated HSCs, compared to those from CCly-treated
WT mice (Figure 6D), suggesting that loss of y8T cells impaired
the cytolytic ability of both ¢<NK and IrNK cells.

NK cell responses are governed by a balance between
activating and inhibitory receptors; therefore, we examined
the receptor expression on IrNK and cNK cells from WT
or TCR3/~ mice following fibrosis. Loss of y3T cells
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FIGURE 7 | y8T cells deficiency impairs the expression of cytotoxic effector molecules of Ir'NK and cNK cells upon chronic liver injury. (A=E) Liver mononuclear cells
were isolated from WT or TCR$~/~ mice with or without CCly continuous administration, respectively. (Left) The expression of Perforin, GmB, FasL, TRAIL, and IFNy
on cNK cells and Ir'NK cells were determined by FACS. (Right) Statistical analysis is shown, n = 9-12. *P < 0.05, **P < 0.01, **P < 0.001.

strongly limited the expression of NK cell killer activating
receptors (NKG2D, NKp46, DNAM-1) on both IrNK and cNK
cells upon chronic liver injury (Figures 6E-G); however, it
barely affected the expression of NK cell inhibitory receptor,
NKG2A (Figure 6H).

We then examined levels of cytotoxic effector molecules in
cNK and IrNK cells. The levels of perforin, GmB and FasL as
well as the production of IFNy in hepatic ¢cNK and IrNK cells
decreased significantly in CCly-treated TCRS ™/~ mice compared
with those in CCly-treated WT mice (Figures 7A-C,E). However,
the expression of TRAIL unchanged (Figure 7D). Taken together,
these results indicated that y8T cells might promote the functions
of I'NK and cNK cells by enhancing NK cell activation and
augmenting the expression of cytotoxic effector molecules
(perforin, GmB, FasL, and IFNy).

Crosstalk Between y3T Cells and cNK Cells

as Well as IrNK Cells

There is a crosstalk between y8T cells and NK cells, by which
y8T cells increase NK cell-mediated cytotoxicity against tumor

via engagement of the co-stimulatory receptor 4-1BB (CD137)
(9). To further investigate how y3T cells promote the anti-fibrotic
effects of IrNK and cNK cells in CCly-induced liver fibrosis, we
tested whether CD137 participates in the regulation of NK cell
effector activities in fibrotic livers. We assessed the expression of
CD137’s ligand (CD137L) on hepatic y3T cells and the expression
of CD137 on ¢NK and IrNK cells upon chronic liver injury. The
expression of CD137L on hepatic y8T cells increased after liver
fibrosis (Figure 8A). Correspondingly, the levels of CD137 on
IrNK and cNK cells also increased in the liver fibrosis model
(Figure 8B). Then, we compared the cytotoxicity of hepatic cNK
or IrNK cells co-cultured with y8T cells from fibrotic livers
against activated HSCs in the presence or absence of a CD137L-
specific blocking antibody. We found that CD137 blockade did
not impair the direct lytic functions of hepatic cNK and IrNK
cells against HSCs; however, in the ¢NK or IrNK and y38T cell
co-culture system, the increased lytic functions of hepatic ctNK
and IrNK cells against activated HSCs promoted by y3T cells
were significantly attenuated in the presence of the CD137L-
specific blocking antibody (Figures 8C,D), which suggested that
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FIGURE 8 | The crosstalk between y3T cells and cNK cells as well as IrNK cells. (A) Liver mononuclear cells were isolated from WT mice with or without CCly
continuous administration, respectively. (Left) The expression of CD137 ligand (CD137L) on hepatic y8T cells was determined by FACS. (Right) Statistical analysis is
shown, n = 6. (B) (Left) The expression CD137 on hepatic cNK and Ir'NK cells was determined by FACS, respectively. (Right) Statistical analysis is shown, n = 6.

(C, D) The culture-activated HSCs were co-cultured with isolated hepatic IrNK cells or cNK cells with/without y8T cells at an effector:target ratio of 2:1 in the present
or absence of CD137L-specific blocking antibody (anti-CD137L) for 12 h, respectively. The cytotoxicity against activated HSCs was determined using LDH assay.
(E) Schematic model for the anti-fibrotic functions of hepatic y8T cells in CCls-induced liver fibrosis, through directly killing against activated HSCs dependent on
NKp46-mediated cytotoxicity, and increasing NK cells-mediated cytotoxicity against activated HSCs through CD137-CD137L interaction in CCly-induced liver

the CD137-CD137L interaction plays a major role in the process
of V3T cells’ contribution to the cytotoxicity of cNK and IrNK
cells against activated HSCs.

DISCUSSION

The roles of y3T cells in fibrogenesis remain incompletely
understood. Some studies revealed that y8T cells might inhibit
fibrogenesis by inducing apoptosis of activated HSCs in a FasL-
dependent manner, while others emphasized the pathogenic role
of y3T cells through IL-17A-mediated enhancement of HSCs

activation in CCly-induced liver injury and liver fibrosis (8,
19, 30). In the present study, we demonstrated the key role
of y8T cells in the modulation of liver fibrosis, using a CCly-
induced liver fibrosis model in WT and TCR$™/~ mice. Our
data revealed that y3T cells attenuate fibrogenesis by directly
killing activated HSCs via NKp46-mediated release of cytolytic
granules and death receptor-mediated apoptosis. Moreover, we
confirmed that y8T cells also enhance the anti-fibrotic effects of
IrNK and cNK cells, partly dependent on the CD137-CD137L
interaction (Figure 8E).

Natural killer receptors were initially described as NK cell-
specific receptors, including lectin-type receptors, NCRs, and
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killer immunoglobulin receptors, and the balance between
activating and inhibitory signals controls NK cell functionality
(31, 32). However, some natural killer receptors (e.g., NKG2D
and DNAM-1) are expressed by y3T cells. Particularly, NKG2D
is constitutively expressed on most ydT cells and plays critical
roles in discriminating stressed cells (transformed or infected)
from healthy cells (33, 34). Notably, y8T cells usually do
not express NCRs under normal conditions, but acquire the
expression of NCRs, such as NKp30 and NKp44, to enhance their
effector function during viral infection or tumorigenesis (33). For
instance, NKp30 and NKp44 are highly induced on V31T cells
after continued activation by y8TCR stimulation in the presence
of IL-2 or IL-15, and the inducible NCRs endows V311T cells
with enhanced cytotoxicity against leukemia cells and increased
ability to control of virus infection (35, 36). Although NKp46
can also be induced on V317 T cells, they do not enhance V81T
cells-mediated cytotoxicity against tumor cells (35). As the only
NCR found in mice, the enigmatic role of inducible NKp46 on
y8T cells remains unclear. To date, there has been no report on
the expression of NCR on y3T cells during chronic inflammation-
induced liver injury or liver fibrosis. In the present study, we
found that CCly stimulation-induced chronic liver injury induces
the expression of NKp46 on activated y3T cells, which was
confirmed by flow cytometry and immunofluorescence staining
(Figures 4A-C and Supporting Figure 5). In addition, chronic
inflammation stimulated the activated HSCs to express NKp46L
(Figure 4D). The acquisition of NKp46 significantly promoted
the cytolytic activity of y3T cells against HSCs, as confirmed by
NCR1 blocking and in NCR1~/~ mice (Figures 4E,F). Although
TRAIL and FasL also contributed to the enhanced cytotoxicity
of y8T cells against HSCs, this is the first report of the inducible
expression of NKp46 on hepatic y8T cells and its critical role
in enhancing the activation and function of y3T cells during
chronic inflammation.

y8T cells show phenotypic and functional heterogeneity and
comprises diverse subsets with distinct anatomical locations and
distinct functional properties (37, 38). The contradictory roles of
y8T cells in liver fibrosis might be associated with the roles of
these different subsets (39). Based on their cytokine production,
y8T cells are usually divided into two subsets: y3T1 and y3T17
cells (40). Human y3T cells are usually divided into two major
structural subsets according to their TCR® chain usage: V31 and
V82T cells (28, 41). The majority of liver resident y3T cells in
human chronic liver disease were V32~ y3T cells, which mainly
produce cytokines IFNy and TNFa (42). Murine y3T cells are
usually divided into 7 structural subsets (Vy1-Vy7) based on
their Vy usage (43). We have detected the murine hepatic y3T
subset distribition and found that murine liver mainly composed
of two main subsets: Vy1Ty8T and Vy4Ty8T subsets (data
not shown). It is reported that hepatic Vy1Ty3T cells mainly
produce IFNy and TNFa, which is consistent with V82~ y3T
cells in human chronic liver disease, while hepatic Vy4Ty3T
cells produce both IL-17 and IFNy (43, 44). In the present
study, we compared the different effects of y8T1 and y8T17 in
CCly-induced liver fibrosis and found that y3T1 cells express
higher levels of NKp46 and cytolytic effector molecules, and
thus exert stronger cytotoxic potential against activated HSCs

than y8T17 cells. IFNy seems to exert a markedly anti-fibrotic
ability, characterized by more severe fibrosis in CCly-treated
IFNy-blockade mice, compared with that in CCly-treated WT
mice (Figure 5). Although IL-17A was implicated in promoting
liver fibrosis by inducing HSCs activation (30), we only observed
a slight decrease in the degree of fibrosis during IL-17A blockade
in CCly-induced fibrosis. These results suggest that the anti-
fibrotic effect of IFNy overwhelms the IL-17A-mediated pro-
fibrotic effect in CCly-induced fibrosis. Considering the similarity
of murine y3T1 or Vy1Ty8T cells and human V82~ 3T cells,
we proposed that our study may provide inspiration for the
investigation of y8T cell-based therapies in patient cohorts.

y8T cells are believed to mediate or regulate immune-
mediated diseases through interactions with other immune
cells (45). NK cells were reportedly involved in inhibiting the
development of fibrosis by killing activated HSCs. Particularly,
cNK cells protect against liver fibrosis by killing activated
HSCs in a TRAIL-dependent manner; however, the role of
IrNK cells in fibrosis is unclear (11). In the present study,
we demonstrated that ¢tNK and IrNK cells exert anti-fibrotic
effects by killing activated HSCs. However, CCly-induced
chronic inflammation impaired the antifibrotic capacity of
NK cells (Figure 6D), which was consistent with a previous
report (46). Notably, y3T cells enhanced the anti-fibrotic
effects of IrNK and cNK cells, as evidenced by the decreased
cytotoxity of both NK cell types against activated HSCs by
from CCly-treated TCRS™/~ mice. y8T cells augment NK cell-
mediated antitumor cytotoxicity through CD137 engagement
(9). Our results demonstrated that y3T cells could increase
the anti-fibrotic functions of cNK and IrNK cells through the
CD137-CD137L interaction following fibrosis. To the best of
our knowledge, this study is the first to describe crosstalk
between y8T cells and NK cells during fibrosis development.
However, CD137L blockade only partly, but not completely,
inhibited the lytic ability of NK cells against activated HSCs
in the presence of y8T cells suggesting that other factors
may also contribute to the interaction between y3T cells and
NK cells.

The preventive role of y3T cells in attenuating CCly-induced
liver injury is not only attributed to the direct and indirect
killing of activated HSCs, but also possibly involved in the
protection of hepatocytes. We observed that lack of y3T
cells not only exacerbates liver fibrosis, but also resulted in
elevated serum ALT levels, accompanied with more significant
intraheptic leukocyte accumulation, compared to CCly-treated
WT mice (Supporting Figure 2C), suggesting that missing y3T
cells might promote the infiltration of inflammatory cells to liver
tissue and then lead to the death of hepatocytes. The results
indicated that hepatic y8T cells might inhibit the infiltration
of inflammatory cells to liver tissue during fibrosis, although
the precise effect and mechanism need further investigation.
In accordance with this opinion, Linda Hammerich’s paper
also found higher intrahepatic leukocytes infiltration when
inhibiting accumulation of 8T cells, while the adoptive transfer
of y8T cells reduced hepatic inflammation and fibrosis upon
chronic injury in CCR6™/~ mice (8). In addition, the direct
role of y3T cells on HSCs during liver fibrosis includes
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inducing both the apoptosis of HSCs and the inactivation of
activated HSCs.

In summary, based on TCR8™/~ mice, we identified the
protective role of y8T cells by directly killing activated HSCs
via NKp46-mediated cytotoxicity and TRAIL-and FasL-mediated
apoptosis in a CCly-induced liver fibrosis model. y3T1 cells
play a major protective role during the process. In addition,
y8T cells significantly enhanced NK cell-mediated cytotoxicty
activity against activated HSCs in a co-stimulatory receptor
CD137-dependent manner. Therefore, our study provides a
detailed insight into the mechanisms of 3T cell-mediated anti-
fibrotic effects and suggests valuable therapeutic targets to treat
liver fibrosis.

AUTHOR CONTRIBUTIONS

ML designed and performed experiments, analyzed data, and
wrote the manuscript. YH and YY performed experiments and
analyzed data. ZT provided essential deficient mice, provided
guidance, and suggestions for the study. CZ conceived and

REFERENCES

1. Liu L, You Z, Yu H, Zhou L, Zhao H, Yan X, et al. Mechanotransduction-
modulated fibrotic microniches reveal the contribution of angiogenesis in
liver fibrosis. Nat Mater. (2017) 16:1252-61. doi: 10.1038/nmat5024

2. Friedman SL, Sheppard D, Duffield JS, Violette S. Therapy for fibrotic
diseases: nearing the starting line. Sci Transl Med. (2013) 5:167srl.
doi: 10.1126/scitranslmed.3004700

3. Weiskirchen R, Tacke F. Cellular and molecular functions of hepatic stellate
cells in inflammatory responses and liver immunology. Hepatobiliary Surg
Nutr. (2014) 3:344-63. doi: 10.3978/j.issn.2304-3881.2014.11.03

4. Tacke E Weiskirchen R. Update on hepatic stellate cells: pathogenic role in
liver fibrosis and novel isolation techniques. Expert Rev Gastroenterol Hepatol.
(2012) 6:67-80. doi: 10.1586/egh.11.92

5. Tan Z, Liu Q, Jiang R, Lv L, Shoto SS, Maillet I, et al. Interleukin-33 drives
hepatic fibrosis through activation of hepatic stellate cells. Cell Mol Immunol.
(2018) 15:388-98. doi: 10.1038/cmi.2016.63

6. Li E Hao X, Chen Y, Bai L, Gao X, Lian Z, et al. The microbiota
maintain homeostasis of liver-resident gammadeltaT-17 cells in a
lipid antigen/CD1d-dependent manner. Nat Commun. (2017) 7:13839.
doi: 10.1038/ncomms13839

7. Wang X, Tian Z. gammadelta T cells in liver diseases. Front Med. (2018)
12:262-8. doi: 10.1007/511684-017-0584-x

8. Hammerich L, Bangen JM, Govaere O, Zimmermann HW, Gassler N, Huss
S, et al. Chemokine receptor CCR6-dependent accumulation of gammadelta
T cells in injured liver restricts hepatic inflammation and fibrosis. Hepatology.
(2014) 59:630-42. doi: 10.1002/hep.26697

9. Maniar A, Zhang X, Lin W, Gastman BR, Pauza CD, Strome SE,
et al. Human gammadelta T lymphocytes induce robust NK cell-mediated
antitumor cytotoxicity through CD137 engagement. Blood. (2010) 116:1726-
33. doi: 10.1182/blood-2009-07-234211

10. Cairo C, Surendran N, Harris KM, Mazan-Mamczarz K, Sakoda Y, Diaz-
Mendez F et al. Vgamma2Vdelta2 T cell costimulation Increases NK cell
killing of monocyte-derived dendritic cells. Immunology. (2014) 144:422-30.
doi: 10.1111/imm.12386

11. Fasbender F, Widera A, Hengstler JG, Watzl C. Natural killer cells and liver
fibrosis. Front Immunol. (2016) 7:19. doi: 10.3389/fimmu.2016.00019

12. Gao B, Radaeva S. Natural killer and natural killer T cells in liver fibrosis.
Biochim Biophys Acta. (2013) 1832:1061-9. doi: 10.1016/j.bbadis.2012.09.008

13. Peng H, Wisse E, Tian Z. Liver natural killer cells: subsets and roles in liver
immunity. Cell Mol Immunol. (2016) 13:328-36. doi: 10.1038/cmi.2015.96

supervised the study, designed experiments, analyzed and
interpreted data, and wrote the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81771686, 91842305) and the National
Major Science & Technology Project for Control and Prevention
of Major Infectious Diseases in China (2018ZX10301401).

ACKNOWLEDGMENTS

The authors thank TissueGnostics Asia Pacific Limited for
professional technical support for image scanning and analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.00477/full#supplementary-material

14. Liu M, Zhang C. The Role of Innate lymphoid cells in immune-mediated liver
diseases. Front Immunol. (2017) 8:695. doi: 10.3389/fimmu.2017.00695

15. Peng H, Sun R. Liver-resident NK cells and their potential functions. Cell Mol
Immunol. (2017). 14:890-4. doi: 10.1038/cmi.2017.72

16. Li Y, Liu M, Zuo Z, Liu J, Yu X, Guan Y, et al. TLR9 Regulates
the NF-kappaB-NLRP3-IL-1beta pathway negatively in salmonella-induced
NKG2D-mediated intestinal inflamation. J Immunol. (2017) 199:761-73.
doi: 10.4049/jimmunol.1601416

17. Borkham-Kamphorst E, Herrmann J, Stoll D, Treptau ], Gressner AM,
Weiskirchen R. Dominant-negative soluble PDGF-beta receptor inhibits
hepatic stellate cell activation and attenuates liver fibrosis. Lab Invest. (2004)
84:766-77. doi: 10.1038/labinvest.3700094

18. Yuan Y, Han Q, Li S, Tian Z, Zhang J. Wnt2b attenuates HSCs activation
and liver fibrosis through negative regulating TLR4 signaling. Sci Rep. (2017)
7:3952. doi: 10.1038/s41598-017-04374-5

19. Seo W, Eun HS, Kim SY, Yi HS, Lee YS, Park SH, et al. Exosome-mediated
activation of toll-like receptor 3 in stellate cells stimulates interleukin-17
production by gammadelta T cells in liver fibrosis. Hepatology. (2016) 64:616-
31. doi: 10.1002/hep.28644

20. Maschmeyer P, Flach M, Winau F. Seven steps to stellate cells. J Vis Exp. (2011)
51:2710. doi: 10.3791/2710

21. TangL, Peng H, Zhou J, Chen Y, Wei H, Sun R, et al. Differential phenotypic
and functional properties of liver-resident NK cells and mucosal ILCls. |
Autoimmun. (2016) 67:29-35. doi: 10.1016/j.jaut.2015.09.004

22. Mederacke I, Hsu CC, Troeger JS, Huebener P, Mu X, Dapito DH, et al.
Fate tracing reveals hepatic stellate cells as dominant contributors to
liver fibrosis independent of its aetiology. Nat Commun. (2013) 4:2823.
doi: 10.1038/ncomms3823

23. Oben JA, Yang S, Lin H, Ono M, Diehl AM. Acetylcholine promotes
the proliferation and collagen gene expression of myofibroblastic
hepatic stellate cells. Biochem Biophys Res Commun. (2003) 300:172-7.
doi: 10.1016/S0006-291X(02)02773-0

24. Friedman SL. The virtuosity of hepatic stellate cells. Gastroenterology.
(1999) 117:1244-6.

25. Ribeiro ST, Ribot JC, Silva-Santos B. Five layers of receptor signaling in
gammadelta T-cell differentiation and activation. Front Immunol. (2015) 6:15.
doi: 10.3389/fimmu.2015.00015

26. Gur C, Doron S, Kfir-Erenfeld S, Horwitz E, Abu-Tair L, Safadi R,
et al. NKp46-mediated killing of human and mouse hepatic stellate cells
attenuates liver fibrosis. Gut. (2012) 61:885-93. doi: 10.1136/gutjnl-2011-3
01400

Frontiers in Immunology | www.frontiersin.org

March 2019 | Volume 10 | Article 477


https://www.frontiersin.org/articles/10.3389/fimmu.2019.00477/full#supplementary-material
https://doi.org/10.1038/nmat5024
https://doi.org/10.1126/scitranslmed.3004700
https://doi.org/10.3978/j.issn.2304-3881.2014.11.03
https://doi.org/10.1586/egh.11.92
https://doi.org/10.1038/cmi.2016.63
https://doi.org/10.1038/ncomms13839
https://doi.org/10.1007/s11684-017-0584-x
https://doi.org/10.1002/hep.26697
https://doi.org/10.1182/blood-2009-07-234211
https://doi.org/10.1111/imm.12386
https://doi.org/10.3389/fimmu.2016.00019
https://doi.org/10.1016/j.bbadis.2012.09.008
https://doi.org/10.1038/cmi.2015.96
https://doi.org/10.3389/fimmu.2017.00695
https://doi.org/10.1038/cmi.2017.72
https://doi.org/10.4049/jimmunol.1601416
https://doi.org/10.1038/labinvest.3700094
https://doi.org/10.1038/s41598-017-04374-5
https://doi.org/10.1002/hep.28644
https://doi.org/10.3791/2710
https://doi.org/10.1016/j.jaut.2015.09.004
https://doi.org/10.1038/ncomms3823
https://doi.org/10.1016/S0006-291X(02)02773-0
https://doi.org/10.3389/fimmu.2015.00015
https://doi.org/10.1136/gutjnl-2011-301400
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Liu et al.

v8T Cells Suppress Liver Fibrosis

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chavez-Galan L, Arenas-Del Angel MC, Zenteno E, Chavez R, Lascurain R.
Cell death mechanisms induced by cytotoxic lymphocytes. Cell Mol Immunol.
(2009) 6:15-25. doi: 10.1038/cmi.2009.3

Wu D, Wu P, Qiu E Wei Q, Huang J. Human gammadeltaT-cell subsets and
their involvement in tumor immunity. Cell Mol Immunol. (2017) 14:245-53.
doi: 10.1038/cmi.2016.55

Hovav AH. Human gammadelta T cells: rapid, stable and clonally reactive.
Cell Mol Immunol. (2017) 14:646-8. doi: 10.1038/cmi.2017.33

Tan Z, Qian X, Jiang R, Liu Q, Wang Y, Chen C, et al. IL-17A plays a critical
role in the pathogenesis of liver fibrosis through hepatic stellate cell activation.
J Immunol. (2013) 191:1835-44. doi: 10.4049/jimmunol.1203013

Correia DV, Lopes A, Silva-Santos B. Tumor cell recognition by gammadelta T
lymphocytes: T-cell receptor vs. NK-cell receptors. Oncoimmunology. (2013)
2:€22892. doi: 10.4161/0nci.22892

Sun C, Sun H, Zhang C, Tian Z. NK cell receptor imbalance and NK
cell dysfunction in HBV infection and hepatocellular carcinoma. Cell Mol
Immunol. (2015) 12:292-302. doi: 10.1038/cmi.2014.91

Silva-Santos B, Strid J. Working in “NK Mode”: natural killer group 2 member
D and natural cytotoxicity receptors in stress-surveillance by gammadelta T
cells. Front Immunol. (2018) 9:851. doi: 10.3389/fimmu.2018.00851

Legut M, Cole DK, Sewell AK. The promise of gammadelta T cells and the
gammadelta T cell receptor for cancer immunotherapy. Cell Mol Immunol.
(2015) 12:656-68. doi: 10.1038/cmi.2015.28

Correia DV, Fogli M, Hudspeth K, da Silva MG, Mavilio D, Silva-Santos B.
Differentiation of human peripheral blood Vdeltal+ T cells expressing the
natural cytotoxicity receptor NKp30 for recognition of lymphoid leukemia
cells. Blood. (2011) 118:992-1001. doi: 10.1182/blood-2011-02-339135
Hudspeth K, Fogli M, Correia DV, Mikulak ], Roberto A, Della Bella S, et al.
Engagement of NKp30 on Vdeltal T cells induces the production of CCL3,
CCL4, and CCL5 and suppresses HIV-1 replication. Blood. (2012) 119:4013-6.
doi: 10.1182/blood-2011-11-390153

Bonneville M, O’Brien RL, Born WK. Gammadelta T cell effector functions:
a blend of innate programming and acquired plasticity. Nat Rev Immunol.
(2010) 10:467-78. doi: 10.1038/nri2781

Chen H, He W. Human regulatory gammadeltaT cells and their functional
plasticity in the tumor microenvironment. Cell Mol Immunol. (2018) 15:411-
3. doi: 10.1038/cmi.2017.73

39.

40.

41.

42,

43.

44,

45.

46.

Hammerich L, Tacke F. Role of gamma-delta T cells in liver inflammation
and fibrosis. World ] Gastrointest Pathophysiol. (2014) 5:107-13.
doi: 10.4291/wjgp.v5.i2.107

Paul S, Singh AK, Shilpi, Lal G. Phenotypic and functional plasticity of
gamma-delta (gammadelta) T cells in inflammation and tolerance. Int Rev
Immunol. (2014) 33:537-58. doi: 10.3109/08830185.2013.863306

Meraviglia S, Dieli F. Clonal expansion shapes the human VdeltalT
cell receptor repertoire. Cell Mol (2018)  15:96-8.
doi: 10.1038/cmi.2017.66

Hunter S, Willcox CR, Davey MS, Kasatskaya SA, Jeffery HC, Chudakov
DM, et al. Human liver infiltrating gammadelta T cells are composed of
clonally expanded circulating and tissue-resident populations. J Hepatol.
(2018) 69:654-65. doi: 10.1016/j.jhep.2018.05.007

Munoz-Ruiz M, Sumaria N, Pennington DJ, Silva-Santos B. Thymic
determinants of gammadelta T cell differentiation. Trends Immunol. (2017)
38:336-44. doi: 10.1016/}.it.2017.01.007

Fahl SP, Coffey E Wiest DL. Origins of gammadelta T cell effector
subsets: a riddle wrapped in an enigma. J Immunol. (2014) 193:4289-94.
doi: 10.4049/jimmunol.1401813

He Y, Wu K, Hu Y, Sheng L, Tie R, Wang B, et al. gammadelta T cell and
other immune cells crosstalk in cellular immunity. J Immunol Res. (2014)
2014:960252. doi: 10.1155/2014/960252

Li X, Zhang M, Liu J, Huang Z, Zhao Q, Huang Y, et al. Intrahepatic NK
cells function suppressed in advanced liver fibrosis. Eur J Clin Invest. (2016)
46:864-72. doi: 10.1111/eci.12669

Immunol.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Liu, Hu, Yuan, Tian and Zhang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

15

March 2019 | Volume 10 | Article 477


https://doi.org/10.1038/cmi.2009.3
https://doi.org/10.1038/cmi.2016.55
https://doi.org/10.1038/cmi.2017.33
https://doi.org/10.4049/jimmunol.1203013
https://doi.org/10.4161/onci.22892
https://doi.org/10.1038/cmi.2014.91
https://doi.org/10.3389/fimmu.2018.00851
https://doi.org/10.1038/cmi.2015.28
https://doi.org/10.1182/blood-2011-02-339135
https://doi.org/10.1182/blood-2011-11-390153
https://doi.org/10.1038/nri2781
https://doi.org/10.1038/cmi.2017.73
https://doi.org/10.4291/wjgp.v5.i2.107
https://doi.org/10.3109/08830185.2013.863306
https://doi.org/10.1038/cmi.2017.66
https://doi.org/10.1016/j.jhep.2018.05.007
https://doi.org/10.1016/j.it.2017.01.007
https://doi.org/10.4049/jimmunol.1401813
https://doi.org/10.1155/2014/960252
https://doi.org/10.1111/eci.12669~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	γδT Cells Suppress Liver Fibrosis via Strong Cytolysis and Enhanced NK Cell-Mediated Cytotoxicity Against Hepatic Stellate Cells
	Introduction
	Materials and Methods
	Animals and Models of Fibrosis
	Histological Analysis and Serum ALT Measurement
	Immunohistochemistry
	Immunofluorescence
	Isolation of Primary HSCs
	Immunocytostaining
	Flow Cytometry Analysis and Cell Sorting
	Adoptive Transfer of γδT Cells
	Co-culture Experiments and Lysis Assay
	Statistical Analyses

	Results
	γδT Cell Deficiency Exacerbates Liver Fibrosis Upon Chronic Liver Injury
	γδT Cells Recruit and Co-localize With HSCs in the Fibrotic Liver and Promote HSCs Apoptosis
	Chronic Inflammation Promotes Hepatic γδT Cells Expression of NKp46, Which Is Involved in the Enhanced Killing of Activated HSCs by γδT Cells
	IFNγ-Producing γδT Cells Exhibit More Significant Protection Upon Chronic Liver Injury
	γδT Cells Promote the Anti-fibrotic Ability of cNK and Lrnk Cells by Enhancing Their Cytotoxicity Against Activated HSCs
	Crosstalk Between γδT Cells and cNK Cells as Well as lrNK Cells

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


