) JOURNAL
Research Article OF HEPATOLOGY

Viral Hepatitis

KLRG1+ natural Killer cells exert a novel antifibrotic
function in chronic hepatitis B

Graphical abstract Authors
KLRG1+NK cell Hepatic stellate cell Ratna S. Wijaya, Scott A. Read, Stephen
Schibedi, ..., Jacob George, Mark W. Douglas,
OPN
Q'/_\ Golo Ahlenstiel

HSC apoptosis
g\/ celleyclearrest|  Correspondence
Activating g.ahlenstiel@westernsydney.edu.au

SYKL receptor (G. Ahlenstiel)

L ]
DAB2, © ++

. @ —
IPKLZZ:;/ \‘ KLRG1 %dhggn y & Lay summary
. | ¥ L a» Individuals that are chronically infected
. \\ / IFN-y v.o @o.D’ recepter with hepatitis B virus (HBV) possess an
et Granzyme o gv ¥ increased number of immune cells, called
TRAIL natural killer (NK) cells expressing the

surface marker KLRG1 in the blood and
liver. Here, we demonstrate that these
specific NK cells are able to Kkill activated
stellate cells in the liver. Because acti-
vated stellate cells contribute to liver
scarring, i.e. fibrosis, and subsequent liver
dysfunction in individuals with chronic
HBV infection, KLRG1+ NK cells are a
novel immune cell type that can limit
o KLRG1+ NK cells are associated with reduced fibrosis stage in ~ liver scarring.
patients with chronic HBV.

Highlights
e Patients with chronic HBV possess increased circulating and
hepatic KLRG1+ NK cells.

e KLRG1+ NK cells possess a mature phenotype expressing
elevated CD57 and DNAM-1, and reduced NKp46 and
NKG2A.

e KLRG1+ NK cells induce hepatic stellate cell apoptosis in a
TRAIL and CD44-osteopontin dependent manner.
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Background & Aims: Natural killer (NK) cells are known to
exert strong antiviral activity. Killer cell lectin-like receptor sub-
family G member 1 (KLRG1) is expressed by terminally differen-
tiated NK cells and KLRG1-expressing lymphocytes are known
to expand following chronic viral infections. We aimed to eluci-
date the previously unknown role of KLRG1 in the pathogenesis
of chronic hepatitis B (CHB).

Methods: KLRG1+ NK cells were taken from the blood and liver
of healthy individuals and patients with CHB. The phenotype
and function of these cells was assessed using flow cytometry
and in vitro stimulation.

Results: Patients with CHB had a higher frequency of KLRG1+
NK cells compared to healthy controls (blood 13.4 vs. 2.3%,
p <0.0001 and liver 23.4 vs. 2.6%, p <0.01). KLRG1+ NK cells were
less responsive to K562 and cytokine stimulation, but demon-
strated enhanced cytotoxicity (9.0 vs. 4.8%, p <0.05) and IFN-y
release (8.0 vs. 1.5%, p <0.05) via antibody dependent cellular
cytotoxicity compared to their KLRG1— counterparts. KLRG1+
NK cells possessed a mature phenotype, demonstrating stronger
cytolytic activity and IFN-y secretion against hepatic stellate
cells (HSCs) than KLRG1— NK cells. Moreover, KLRG1+ NK cells
more effectively induced primary HSC apoptosis in a TRAIL-
dependent manner. Increased KLRG1+ NK cell frequency in the
liver and blood was associated with lower fibrosis stage
(FO/F1) in patients with CHB. Finally, the expression of CD44,
degranulation and IFN-y production were all increased in
KLRG1+ NK cells following stimulation with osteopontin, the
CD44 ligand, suggesting that HSC-derived osteopontin may
cause KLRG1+ NK cell activation.

Conclusions: KLRG1+ NK cells likely play an antifibrotic role
during the natural course of CHB infection. Harnessing this
antifibrotic function may provide a novel therapeutic approach
to treat liver fibrosis in patients with CHB.
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Lay summary: Individuals that are chronically infected with
hepatitis B virus (HBV) possess an increased number of immune
cells, called natural killer (NK) cells expressing the surface
marker KLRG1 in the blood and liver. Here, we demonstrate that
these specific NK cells are able to kill activated stellate cells in
the liver. Because activated stellate cells contribute to liver scar-
ring, i.e. fibrosis, and subsequent liver dysfunction in individuals
with chronic HBV infection, KLRG1+ NK cells are a novel
immune cell type that can limit liver scarring.

© 2019 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.

Introduction
Natural killer (NK) cells are a primary effector population
responsible for the innate immune response to viral infection,
representing approximately 5-15% of blood and 40-60% of
hepatic lymphocytes.’?> While NK cells play a role in controlling
hepatitis B virus (HBV) infection,>™ they act as a double-edged
sword, contributing to liver injury through sustained activation
and tissue damage.'% "3

In humans, NK cells are historically divided into 2 subsets
according to the expression of CD56: CD56%™ NK cells represent
approximately 90% of circulating NK cells and demonstrate
strong cytolytic capacity, whereas CD56""8" NK cells constitute
the remaining 10% of NK cells and are strong producers of
cytokines.'*!> With shorter telomeres and later appearance fol-
lowing haematopoietic stem cell transplantation,'®!” CD56%4™
cells are considered further differentiated than CD56°€" NK
cells. They can nonetheless continue to differentiate, losing
NKG2A and acquiring CD16, killer immunoglobulin-like recep-
tors (KIRs), CD57, and Kkiller cell lectin-like receptor G1 (KLRG1)
surface markers that appear sequentially during NK cell
maturation. 22

KLRG1 is an inhibitory receptor of the C-type lectin-like fam-
ily.>®> Approximately 20% of human CD4+ T cells and 40% of
CD8+ T cells express KLRG1, most of which are effector or mem-
ory T cells.?* KLRG1 expressing cells possess poor proliferative
capacity indicative of senescence, but still maintain their ability
to exert effector functions.”*?° During persistent viral
infections such as human cytomegalovirus (HCMV),%”?® human
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immunodeficiency virus (HIV),>® and Epstein-Barr virus infec-
tion,”®3%3! the proportion of KLRG1+ T cells increases in periph-
eral blood. The interaction of KLRG1 with its ligand, E-cadherin,
results in inhibition of cytotoxic activity, suggesting that KLRG1
may raise the activation threshold of T cells.*>*> As a resul,
KLRG1 may limit the antiviral activity of T cells, thus
contributing to viral persistence.>® Unlike T cells, the role of
KLRG1 on NK cells remains uncertain, particularly in chronic
HBV infection.

In this study, we examined the quantity, phenotype and
functional characteristics of KLRG1+ NK cells in healthy controls
and patients with chronic HBV (CHB). Patients with CHB had a
significantly higher frequency of mature KLRG1+ NK cells than
healthy controls. These mature KLRG1+ NK cells rely on anti-
body dependent cellular cytotoxicity (ADCC) as a distinct effec-
tor mechanism. Moreover, peripheral blood KLRG1+ NK cells are
negatively correlated with serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels and enriched
in patients with CHB and no or mild fibrosis, suggesting a role of
KLRG1+ NK cells in limiting liver injury and fibrosis. Conse-
quently, KLRG1+ NK cells may play an important part in control-
ling the progression of liver disease during CHB infection.

Materials and methods

Patients and healthy donors

Blood samples were collected from 33 patients with CHB and
from 10 age-matched healthy controls. Peripheral blood
mononuclear cells (PBMCs) were isolated using Ficoll-Paque
Plus (GE Healthcare Life Sciences, UK) and cryopreserved for
concurrent analysis. Ethics approval was obtained from the
Western Sydney Local Health District and University of Sydney.
All individuals signed informed consent to participate in the
study (HREC2002/12/4.9(1564)). Patient characteristics are
summarized in Table 1.

Immune cell purification
NK cells from healthy controls were magnetically isolated from
PBMCs using the NK cell negative isolation kit according to the
manufacturer’s instructions (Miltenyi Biotec, Bergisch-
Gladbach, Germany). NK cell purity was >95% for all experi-
ments, assessed by flow cytometry.

Intrahepatic lymphocyte cell isolation was done by enzy-
matic digestion, based on described protocols.>”® Briefly, liver
was minced into 1 mm? pieces, digested using RPMI 1640
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medium containing 10% foetal calf serum (FCS), 0.1 mg/ml type
IV collagenase, and 1 pg/ml DNase I, then incubated at 37 °C for
30 min with gentle agitation. Cells were passed through a
70 pm cell strainer and the cell suspension was assessed by flow
cytometry. All flow/cell sorting panels are available in the
supplementary materials and supplementary CTAT table.

Quantification of IFN-y production

Cells were cultured at a density of 3x10° cells/ml in complete
medium (RPMI 1640 with L-glutamine medium containing
10% FCS, 10 mM/L HEPES pH 7.4, 100 IU/ml penicillin, 100 pg/
ml streptomycin) at 37 °C and 5% CO, overnight. PBMCs were
next stimulated with either (1) interleukin (IL)-12 (0.5 ng/ml;
Sino Biological Inc., Beijing, China) and IL-15 (20 ng/ml; Sino
Biological Inc.), (2) IL-12 (0.5 ng/ml) and IL-18 (100 ng/ml; Sino
Biological Inc.), or (3) complete medium for 14 h. GolgiPlug (BD
Biosciences) was added, and cells were incubated for 4 h. Cells
were next labelled with surface antibodies (Supplementary
materials and methods), then fixed and permeabilized with
Cytofix/Cytoperm (BD Biosciences) and labelled with an IFN-y
antibody.

Degranulation and IFN-y production upon target cell
stimulation

CD107a expression was used to assess NK cell cytotoxicity
following target cell co-culture. Cells patients with CHB
(5 x 10° cells/ml) were incubated with K562 target cells at a
ratio of 1:1 with an anti-CD107a antibody to monitor degranu-
lation. To assess ADCC against Raji cells, 1 pg/ml of anti-CD20
(rituximab; BioVision, Inc.) was added during co-culture. After
1 h, GolgiStop and GolgiPlug were added, incubation was con-
tinued for an additional 5 h, and cells were labelled with NK
phenotyping antibodies.

HBV antigen NK cell culture

Purified NK cells or PBMCs were cultured in RPMI 1640 medium
containing 10% human serum from patients with CHB (HBV sur-
face antigen [HBsAg] (+) and ALT level <60 IU/ml), patients with
non-alcoholic fatty liver disease (NAFLD) (HBsAg (—) and ALT
level <60 IU/ml), FCS, and 1 pg/ml recombinant HBV antigen
(HBV core antigen [HBcAg, ab119471], HBV e antigen [HBeAg,
ab91273], and HBsAg [ab73749], purchased from Abcam
[Cambridge, MA, USA]) for 7 days. IL-15 (1 ng/ml) was added
to support NK cell survival, with 50% of the medium being
replenished every 3 days.

Table 1. Characteristics of healthy controls and patients with chronic hepatitis B, chronic hepatitis C, and NAFLD.

Clinical data Healthy controls Chronic hepatitis B Chronic hepatitis C NAFLD
Case 10 33 10 10
Age (years) 442 +9.6 46.2+11.9 47311 46.4+8.3
Gender (male/female) 5/5 21/12 5/5 5/5
HBeAg (+/-) 0/10 5/28 0/10 0/10
HBsAg (+/-) 0/10 33/0 0/10 0/10
ALT (U/L) n.a. 40+21.6 47 +239 59.5+33.5
AST (U/L) n.a. 25.7+11.2 36.9+38.7 27.8+12.8
HBV DNA level (log;o IU/ml) n.a. 32+19 n.a. n.a.
Fibrosis stage

0-1 n.a. 27 7 5

2-3 n.a. 6 3 5

Data are showed as mean * SD (standard deviation).

ALT, alanine aminotransferase; AST, aspartate aminotransferase; HBeAg, hepatitis B early antigen; HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus; n.a., not

applicable; NAFLD, non-alcoholic fatty liver disease.
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NK cell co-culture with hepatic stellate cells

The LX-2 immortalized human hepatic stellate cell (HSC) line
was cultured at 37 °C with 5% CO, in Dulbecco’s Modified
Eagle’s Medium containing 10% FCS, 100 IU/ml penicillin, and
100 pg/ml streptomycin. Progressive activation of LX-2 cells in
culture was confirmed by the increase in mRNA expression of
the ACTA2 gene that encodes for o-smooth muscle actin
(o-SMA) protein, quantified by quantitative real-time PCR
(gPCR) during different time points (Fig. S1). NK cells (+IFN-o
pre-activation) were co-cultured with LX-2 cells at the effector
target ratio (E:T) of 10:1 for 6 h and IFN-y and degranulation
were measured as above.

Apoptosis assay

To differentiate NK cells from HSCs for flow analysis, LX-2 and
primary human HSCs (hHSCs) (SciencCell, USA) were stained
with 5 pM carboxyfluorescein succinimidyl ester (CFSE, Cayman
Chemicals) for 10 min at room temperature and washed,
before 5 x 10% cells/well were seeded in a 24-well plate.
IFN-o.  stimulated CD3-CD56%™CD16""¢"KLRG1—and CD3-
CD569™CD16PM 8N KLRG1+ NK cells were co-incubated with
HSCs for 6 h at an E:T ratio of 1:1 % the neutralizing tumour
necrosis factor-related apoptosis-inducing ligand (TRAIL) anti-
body (clone RIK-2; 10 pg/ml; Biolegend). LX-2 and primary
hHSCs were harvested, and apoptosis studied by staining with
propidium iodide and annexin V conjugated to allophycocyanin
(BD Biosciences) according to the manufacturer’s instruction.
Target cells alone were used as controls.

RNA extraction and quantitative real time qPCR

NK cell RNA was extracted using the Favorgen total RNA mini
kit and complementary DNA (cDNA) was synthesized according
to the manufacturer’s protocol (M-MLV reverse transcriptase,
Promega). PCR probes and primers are available in supplemen-
tary materials and supplementary CTAT table.

Statistical analysis

Data were analysed with GraphPad Prism Version 7. The
Mann-Whitney U test was used to compare variables between
2 independent groups, the Wilcoxon matched-pairs test was
used for individual comparisons of paired groups, and Spearman
rank correlation analysis was performed to examine correla-
tions. In all analyses, a 2-tailed p value of less than 0.05 was
considered statistically significant.

Results

KLRG1+ NK cells frequency is elevated in CHB patients

To examine the effect of CHB infection on circulating NK cells,
blood NK cells were phenotyped based on KLRG1 expression
by flow cytometry. NK cell frequencies were not significantly
different between healthy controls (n=10) and patients with
CHB (n =33) (Fig. 1A), however, a larger population of KLRG1+
NK cells were present in patients with CHB (13.4 vs. 2.3%,
p <0.0001, Fig. 1B). The phenotype of KLRG1+ NK cells was sim-
ilar in healthy controls and patients with CHB (Fig. S2). Com-
pared to CD56""8" NK cells, KLRG1 was highly expressed on
CD56%™ NK cells (13.2 vs. 0.1%, p <0.0001, Fig. 1B), supporting
its role as a maturation marker. To confirm the larger percent-
age of KLRG1+ NK cells in patients with CHB compared to
healthy controls, we utilized an unbiased analysis of non-
linear dimensionality reduction approach via t-stochastic
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neighbour embedding (t-SNE). As presented in the 2D t-SNE plot
in Fig. 1C, there was a markedly different distribution of NK cells
within the CHB CD56%™ area when compared to healthy control
samples. We further found that the KLRG1 marker was highly
expressed in this area within CHB samples (Fig. 1C), confirming
our findings using manual gating. Furthermore, a larger popula-
tion of CD16+ cells was present in the KLRG1+ population (80.8
vs. 76%, p <0.01, Fig. 1D) that additionally expressed higher
levels of CD16 as represented by geometric mean fluorescence
intensity (gMFI) (4,812.1 vs. 4,337.3, p <0.001, Fig. 1D). A signif-
icant upregulation of the FCGR3A gene encoding CD16 (2.14 vs.
1.4-fold change; p <0.01, Fig. 1D) on KLRG1+ was confirmed by
gqPCR.

We next investigated differences in maturation stage by
studying CD57 and KIR, both of which reflect the mature pheno-
type of CD569™CD16"8" NK cells (Fig. 2A).?> A greater fre-
quency of CD57 positive cells (79.2 vs. 74.6%, p <0.05, Fig. 2B)
and gMFI (9,851 vs. 5,425.5, p <0.01, Fig. 2B) were measured
on KLRG1+ than KLRG1- NK cells, with minimal differences in
KIR expression between subsets (Fig. 2B). We also investigated
the expression of NK cell activating and inhibitory receptors
(NKp46, DNAM-1, and NKG2A) on KLRG1+ and KLRG1- NK
cells. Consistent with previous reports,'®??> we found NKp46
and NKG2A were expressed at a lower frequency and density
(gMFI) on the surface of KLRG1+ compared with KLRG1— NK
cells (NKp46; 38.8% vs. 50.3%, p<0.0001 and gMFI 337.6 vs.
355, p <0.05, Fig. 2B; NKG2A; 2.3% vs. 7.2%, p <0.0001 and gMFI
558.9 vs. 561.7, p<0.01, Fig. 2B). The expression level of
DNAM-1 (CD226) was significantly higher in frequency (77.6%
vs. 74.2%, p<0.05, Fig. 2B) and gMFI (1,454.5 vs. 1,240.4,
p <0.01, Fig. 2B) on KLRG1+ compared to KLRG1— NK cells. In
contrast to chronic HCMV infection,?®3°-4? there was no differ-
ence in the frequency (18.2 vs. 21%, p > 0.05, Fig. 2B) and gMFI
(916.1 vs. 980.9, p > 0.05, Fig. 2B) of NKG2C expression on NK
cell populations. Representative flow analysis of KLRG1+ and
KLRG1— NK cell surface markers are shown in Fig. S3. NK cell
receptor expression was confirmed by qPCR, demonstrating a
1.8-fold increase in CD57 (B3GAT1) (p <0.05), 3.6-fold reduction
in NKp46 (NCR1) (p <0.05), 2.1-fold reduction in NKG2A (KLRC1)
(p<0.01), and 2-fold increase in DNAM-1 (CD226) (p <0.01,
Fig. 2C) mRNA expression in KLRG1+ versus KLRG1— NK cells.

KLRG1+ NK cells possess superior antibody dependent
cellular cytotoxicity

To assess NK cell function in relation to KLRG1 expression, I[FN-y
production and degranulation were examined following cyto-
kine treatment and target cell co-culture. While no differences
in IFN-y expression were observed following IL-12/15 stimula-
tion, IL-12/18 stimulation resulted in fewer IFN-y producing
KLRG1+ NK cells compared to KLRG1— NK cells (9.5 vs. 14.9%,
p <0.001, Fig. 3A). Consistent with flow cytometry results,
KLRG1+ NK cell IFNG expression was reduced following IL-
12/18 treatment compared to KLRG1- NK cells (2.0 vs.
4.5-fold change; p <0.05, Fig. 3A).

KLRG1+ NK cell activation in response to the K562 target cell
co-culture was also diminished compared to KLRG1- cells.
IFN-y production was reduced in KLRG1+ NK cells (0.9 vs.
2.8%, p <0.05, Fig. 3B), as was degranulation, measured using
CD107a (12.2 vs. 14.4, p <0.01, Fig. 3B). qPCR results confirmed
these findings, demonstrating reduced KLRG1+ NK cell IFNG
(0.7 vs. 1.6-fold change, p <0.05, Fig. 3B) and GZMB (1.1 vs.
2.0-fold change, p<0.05, Fig. 3B) expression after K562
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Fig. 1. Increased KLRG1 expression on CD56%™ NK cells in patients with CHB. (A) PBMCs obtained from 10 HCs and 33 patients with CHB were investigated
for the total frequency, CD56""#", and CD56%™ NK cells. (B) NK cells were gated based on CD3-CD56+ and assessed for the expression KLRG1. Distribution of
KLRG1 expression between CD56"" and CD56%™ subset in patients with CHB (left graph). Frequency of total KLRG1+ NK cell (KLRG1+ CD56"€" and
CD56%™) in HCs and patients with CHB (right graph). (C). Dimensionality reduction using t-SNE. Flow cytometry data from HCs and CHB (gated on single cells,
live, CD19-, and CD3-CD56+) were concatenated, transformed and plotted in 2D t-SNE plots using R software. Encircled areas indicate the NK cell subset
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hepatitis B virus infection; HCs, healthy controls; NK, natural killer; PBMCs, peripheral blood mononuclear cells; t-SNE, t-stochastic neighbour embedding.

challenge. As in patients with CHB, KLRG1+ NK cells from
healthy controls showed reduced effector activities following
stimulation with cytokines and target cells (Fig. S4). These data
suggest that KLRG1+ NK cells have reduced functionality
towards standard stimuli, akin to reduced cytokine sensitivity
that has been documented in highly differentiated NK cells.?>*

KLRG1+ NK cell activation can additionally occur through
CD16 recognition of antibody bound antigen, called the ADCC
pathway.** To evaluate the capacity for ADCC by KLRG1+ NK
cells, PBMCs from patients with CHB were co-cultured with
CD20-expressing Raji cells + the anti-CD20 monoclonal anti-
body rituximab. In contrast to our previous findings, KLRG1+
NK cells showed increased IFN-y production (8.0 vs. 1.5%,
p<0.05, Fig. 3C) and degranulation (9.0 vs. 4.8%, p <0.05,
Fig. 3C) following stimulation with anti-CD20+ Raji cells com-
pared to KLRG1— NK cells. KLRG1+ NK cells additionally demon-
strated a 1.8-fold increase in IFNG (p <0.05) and a 2.9-fold
increase in GZMB expression (p <0.05, Fig. 3C) compared to
KLRG1— NK cells.

KLRG1 is upregulated on FceRIy-negative NK cells
Considering that effective ADCC is a hallmark of FceRIy-
negative NK cells (g-NK cells or gamma-negative NK cells), we
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examined KLRG1 expression in this context. We gated on
CD56%™ NK cells to identify FceRly-negative and FceRIy-
positive NK cells**~*® and analysed KLRG1 expression in these
subsets (Fig. 4A). Our results showed the expression of KLRG1
was significantly increased on FceRly-negative NK cells com-
pared to FceRIy-positive NK cells (16.6 vs. 11.9%, p <0.01,
Fig. 4A). To verify whether KLRG1+ NK cells belong to the group
FceRly-negative NK cells in general, we performed qPCR on
sorted KLRG1+ and KLRG1— NK cells for genes that are known
to be related to FceRIly-negative NK cells. Indeed, KLRG1+ NK
cells had significantly lower expression of FCER1G mRNA encod-
ing for FceRlIy (1.6 vs. 3.7-fold change, p <0.01, Fig. 4B). In addi-
tion, the KLRG1+ NK cells showed decreased expression of genes
typically decreased in FceRIy-negative NK cells,*® for example
signalling molecules SYK (0.4 vs. 1.34, p <0.01, Fig. 4B), DAB2
(1 vs. 2.1, p<0.05, Fig. 4B) and transcriptional regulators PLZF
(0.8 vs. 1.6, p<0.05, Fig. 4B) and IKZF2 (1.5 vs. 1.9, p <0.05,
Fig. 4B).

Given the strong association between HCMV infection and
the presence of FceRly-negative NK cells,*® we further investi-
gated whether the KLRG1+ NK cells persist in patients with
CHB based on HCMV exposure. We tested IgG HCMV antibody
titres and found no significant difference in KLRG1 expression
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based on HCMV serology status either in healthy controls or
patients with CHB (Fig. S6). This indicates that increased fre-
quency of KLRG1+ NK cells was likely due to HBV infection,
and not CMV exposure.

Chronic hepatitis B infection stimulates the expression of NK
cell KLRG1

To examine whether the expression of KLRG1 is induced by per-
sistent antigen stimulation, we cultured NK cells from healthy
controls for 7 days with either (1) CHB serum (HBsAg (+) and
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ALT level <60 IU/ml), (2) NAFLD serum (HBsAg (—) and ALT level
<60 IU/ml), or (3) FCS as a control. CHB serum had no effect on
CD56™ NK cell CD16, CD57, or KIR, but stimulated KLRG1 sur-
face expression (CHB vs. FCS; 4.1 vs. 0.9%, p <0.01 and gMFI:
2,042.5 vs. 1,685, p <0.05, CHB vs. NALFD; 4.1 vs. 0.5%, p <0.01
and gMFI: 2,042.5 vs. 1,602.3, p <0.05, Fig. 5A). Indeed, CHB
serum stimulated an activated NK cell phenotype, increasing
the frequency of CD69 positive cells compared to FCS controls
(9.2 vs. 1.1%, p<0.01 and gMFI: 1,508.8 vs. 1,123.3, p <0.05,
Fig. 5A). Representative flow dot plots are shown in Fig. S6.
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Furthermore, there was no significant difference in KLRG1+
NK cells after culture with HBV serum from HBeAg positive or
negative patients (Fig. 5B). Additionally, the percentage of
KLRG1+ NK cells within patients with CHB in the presence or
absence of HBeAg was similar (Fig. 5C) and no correlation was
found between the percentage of KLRG1+ NK cells and HBsAg
concentration (Fig. 5C). However, a significant increase in
KLRG1 expression was observed in PBMCs stimulated with puri-
fied HBsAg (p <0.05) or serum from a patient with acute HBV for
7 days, compared to PBMCs cultured with FCS or NAFLD serum
(Fig. 5D), suggesting that antigen stimulation is required for
induction of KLRG1 expression. A similar pattern of KLRG1
expression on CD8+ T cells has been observed during persistent
antigen stimulation in chronic viral infection.?*>!

Peripheral KLRG1+ NK cells are activated and correlate
negatively with liver injury serum markers

CD69 expression levels were measured to determine the activa-
tion state of CD564™CD16P" 8" NK cells in relation to KLRG1
expression: The frequency of the activation marker CD69 was
significantly higher on KLRG1+ NK cells than KLRG1— NK cells
in patients with CHB (14.6 vs. 6.6%, p<0.0001 and gMFI:
1,385.6 vs. 1,154.2, p <0.0001, Fig. 6A). This was confirmed by
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gPCR, showing an increase in CD69 mRNA expression on
KLRG1+ NK cells (3.4 vs. 1.7-fold change; p <0.05, Fig. 6A).

Peripheral KLRG1+ NK cells in patients with CHB showed a
negative correlation with levels of ALT (r: —0.538, p =0.0012,
Fig. 6B) and AST (r: —0.542, p=0.0011, Fig. 6B). Additionally,
we found peripheral and intrahepatic KLRG1+ NK cells are
enriched in patients with CHB and no or mild fibrosis stage
(FO-F1) compared to moderate fibrosis stages (F2-F3), as
assessed by liver biopsy or transient elastography (Fibroscan)
(peripheral: 14.8 vs. 7%, p <0.05; intrahepatic: 38.8 vs. 8%,
p <0.05, Fig. 6C)

Hepatic KLRG1+ NK cells are enriched in the livers of chronic
hepatitis B patients

To better understand the relationship between KLRG1+ NK cells
in peripheral blood and liver, we performed phenotyping of
hepatic NK cells from liver resections from 13 patients undergo-
ing surgery for colorectal metastases or hepatocellular carci-
noma (HCC): 8 patients were HBsAg (+), anti-HBc (+), anti-HBs
(=) and 5 patients were HBsAg (-), anti-HBc (-), anti-HBs
(—). We observed NK cells were slightly enriched in liver com-
pared to peripheral blood both in healthy controls and patients
with CHB (Fig. 7A). KLRG1+ NK cells were significantly enriched
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in liver of patients with CHB compared to non-CHB controls
(23.4 vs. 2.6%, p <0.01, Fig. 7A).

These findings prompted us to further characterize whether
KLRG1+ NK cells were liver-resident NK cells. Because the
expression of CD69 is high on liver-resident NK cells**°° and
correlates with other liver-resident NK cells markers such as
CXCR6 and CD49a,*9°'->3 we investigated KLRG1 expression
based on CD69 positivity on intrahepatic NK cells subsets. Using
t-SNE plots, we identified distinct CD69+ and CD69— NK cell
populations (Fig. 7B), and further, that CXCR6 and CD49a mark-
ers were highly expressed on CD69+ NK cells (Fig. 7C). These
findings are in line with previous publications®>** that identi-
fied CD69 as a tissue retention marker.

Additionally, KLRG1 was highly expressed in CD69— com-
pared to CD69+ NK cells, as measured by gMFI (723.8 vs.
566.8, p <0.05, Fig. 7C). Mature NK cell characteristics such as
lower CD56 expression and higher CD16 and CD57 expression
were found in the CD69— NK cell subset (Fig. 7C). Altogether,
these findings suggest that intrahepatic KLRG1+ NK cells were
not liver-resident NK cells, but more closely resemble the
peripheral KLRG1+ NK cell phenotype.

Finally, to investigate the activation state of intrahepatic
KLRG1+ NK cells, we compared the expression of NKp44 activat-
ing receptor within CD69— and CD69+ NK cell subsets. Unlike
the other natural cytotoxicity receptors, NKp30 and NKp46,
which are constitutively expressed, NKp44 is only expressed
after NK cell activation.’>° The expression of NKp44 was signif-
icantly higher on KLRG1+ NK cells compared to KLRG1— NK
cells, as measured by gMFI (228.6 vs. 126.3, p <0.05, Fig. 7C).

Antifibrotic activity of KLRG1+ NK cells

To assess whether KLRG1+ NK cells possess antifibrotic activity,
we examined their ability to kill activated stellate cells. IFN-o
was used to stimulate NK cells, as it has been extensively used

258

to treat chronic HBV and limit the progression of liver fibro-
sis.>”>8 NK cells were sorted based on KLRG1 expression and
treated + 1,000 U/ml IFN-a for 14 h. Following co-culture with
LX-2 cells for 6 h, KLRG1+ NK cell IFN-y production was signif-
icantly increased compared to KLRG1- cells in the absence (3
vs. 0.3%, p<0.05, Fig. 8A) or presence (6.1 vs. 1%, p<0.01,
Fig. 8A) of IFN-a stimulation. Consistent with IFN-y production,
KLRG1+ NK cells demonstrated stronger cytotoxicity than
KLRG1— NK cells against LX-2 cells after IFN-o0 stimulation
(26.9 vs. 13.3%, p <0.01, Fig. 8A). To validate these findings, NK
cells were sorted based on KLRG1 expression and treated + -
IFN-o.. IFNG and GZMB mRNA expression was significantly
increased on KLRG1+ compared to KLRG1— NK cells following
LX-2 co-culture in the absence (IFNG: 3.1 vs. 1.2; GZMB: 3.2 vs.
2.2, p<0.05, Fig. 8B) or presence (IFNG: 4.4 vs. 2.3; GZMB: 4.2
vs. 1.9, p <0.05, Fig. 8B) of IFN-a treatment.

Apart from granzyme/perforin-dependent and IFN-y-
mediated mechanisms, NK cells can limit fibrosis progression
via TRAIL-, FasL-, or NKG2D- interactions with activated HSC
receptors.”® To determine whether KLRG1+ NK cells can induce
LX-2 cell death via these mechanisms, we performed pheno-
typic analysis of TRAIL, FasL, and NKG2D expression on
CD569™CD16PM M KLRG1+ and KLRG1— NK cells in the presence,
or absence, of IFN-o. TRAIL expression alone was significantly
upregulated on KLRG1+ NK cells compared to KLRG1— NK cells
(13.5vs. 9.2%, p <0.01, Fig. 8C) following IFN-a stimulation. Con-
sistently, a significant increase in TRAIL (TNFSF10) mRNA in
KLRG1+ NK cells was measured following IFN-o treatment
(1.9-fold increase, p <0.05, Fig. 8C). TRAIL receptor expression
on LX-2 cells was assessed by qPCR for 7 days after plating,
demonstrating maximal expression on day 7, consistent with
increased activation status (Fig. S1). Consistent with IFN-y and
cytotoxicity assays, KLRG1+ NK cells were more effective at
inducing apoptosis of LX-2 cells (Annexin V+) compared to
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KLRG1-NK cells (10.6 vs. 0.4%, p <0.01, Fig. 8D). The apoptotic
role of TRAIL was confirmed in blocking experiments, where
pre-incubation with a neutralizing TRAIL antibody significantly
decreased LX-2 apoptosis in KLRG1+ NK cells (10.6 vs. 2.2%,
p <0.01, Fig. 8D), but not in KLRG1— NK cells.

To confirm the antifibrotic function of KLRG1+ NK cells with
activated HSCs, we used primary hHSCs that more closely
resemble in vivo activated HSCs. A progressive increase of hHSC
TRAIL-R2 (DR5) mRNA expression was observed in parallel with
progressive hHSC activation after plating (Fig. S1). Similar to
their ability to kill LX-2 cells, KLRG1+ NK cells killed primary
hHSCs more effectively than KLRG1— NK cells (16.1 vs. 10.8%,
p <0.01, Fig. 8D), and blocking TRAIL with a neutralizing anti-
body significantly reduced the TRAIL-mediated apoptosis by
KLRG1+ NK cells (16.1 vs. 10.7%, p <0.01, Fig. 8D), but not by
KLRG1— NK cells. Taken together, this shows a mechanism by
which KLRG1+ NK cells may limit liver fibrosis by killing acti-
vated HSCs.

HSC-derived osteopontin (OPN) has recently been associated
with the promotion of HSC activation, collagen deposition and
fibrogenesis.®°"°* Along with HSC activation, increased
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concentrations of OPN were detected in the supernatant of
LX-2 cultures (Fig. S1). To determine whether KLRG1+ NK cells
potentially interact with OPN, we examined the surface expres-
sion of OPN receptors CD44 and VLA-4 on NK cells, and found
that CD44 only was highly expressed on KLRG1+ NK cells com-
pared to KLRG1- NK cells (19,398.1 vs. 12,784.2, p<0.01,
Fig. 8E). To confirm whether the antifibrotic effect of KLRG1+
NK cells is mediated by osteopontin, NK cells were incubated
with 1 pg/ml of recombinant OPN after which NK cell activation
status was measured: IFN-y secretion and degranulation were
significantly increased in KLRG1+ NK cells compared to KLRG1—
NK cells (IFN-y; 3.6 vs. 1.2, p<0.01; CD107a; 37.5 vs. 31.9%,
p <0.01, Fig. 8F) supporting an antifibrotic effect. These findings
suggest that activation of KLRG1+ NK cells can be mediated by
OPN, which is produced by activated HSCs, and thus reduce liver
fibrosis.

Discussion
HBV infection remains a major public health concern, with more
than 257 million people chronically infected and at high risk of
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developing liver failure, cirrhosis, and HCC.°®> The mechanism of ~immune response. Because NK cells play an important role in
HBV chronicity remains ill-defined but involves a complex the early stages of host defence against viral infection, an
interaction between viral immune suppression and the host impaired NK cell response may contribute to viral persistence
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proportion of IFN-y and CD107a positive cells following culture with 1 pg/ml osteopontin. Mann-Whitney U tests were performed for comparisons of 2
independent groups and Wilcoxon’s tests were performed for comparisons of paired groups. Data are showed as mean + SEM, *p <0.05, **p <0.01. gMFI,
geometric mean fluorescence intensity; hHSCs, human hepatic stellate cells; NK, natural killer; qPCR, quantitative real-time PCR.

in HBV infection.*®%-57 Unfortunately, the NK cell response that
drives viral clearance also contributes to liver injury and subse-
quent fibrosis in CHB.!?1268-70 Nonetheless, emerging evidence
suggests that NK cell populations in the liver can have
antifibrotic activities by killing activated HSCs, or via the
production of the antifibrogenic cytokine, I[FN-y.>”->971-78

Recent studies in mice and humans have demonstrated the
presence of significant heterogeneity among NK cells based on
maturation stage and functional capability,'®’?-8! making it
unclear which NK cell population possesses antifibrotic poten-
tial. We have demonstrated that KLRG1+ NK cells can poten-
tially inhibit liver fibrosis by targeting activated stellate cells
in a TRAIL-dependent manner. Furthermore, we have estab-
lished a link between KLRG1+ NK cells in the regulation of liver
fibrosis, as well as the protection against liver injury, a common
precursor of liver fibrosis. Therefore, the production of KLRG1+
NK cells in patients with CHB may offer advantageous clinical
effects for treating liver fibrosis.

The effect of KLRG1 expression on NK cells and their biolog-
ical role in chronic HBV infection remains unknown. We have
shown a significant increase in KLRG1+ NK cells in patients with
CHB compared to healthy donors. KLRG1 expression is elevated
on CD56%™ NK cells and is co-expressed with CD16 and CD57
surface markers, indicative of NK cell maturity. This mature
state relates to the reduced IFN-y and cytotoxic responses to
cytokine stimulation’>** and target cell co-culture that we
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observe as well as to the elevated ADCC immune
responses by recognition of antibody-coated target cells
(Fig. 3).468487 Moreover, we found that KLRG1 was highly
expressed on FceRIy-NK cells that expand during HCMV or
chronic HBV/HCMV co-infection and represent memory-like
NK cells.*®#® While KLRG1+ NK cells share similar expression
of maturation markers (1CD57), signalling molecules (|Syk,
|DAB2), and transcription factors (|PLZF, |Helios) with FceRIy-
NK cells, we found that KLRG1 is upregulated on NK cells of
patients with CHB regardless of HCMV serology status
(Fig. S5). In addition, we found no correlation between KLRG1
+ NK cells with NK cells subsets that expand during HCMV
infection (KIR+CD57+NKG2C+)%° (Fig. S5). These findings sug-
gest that the presence of KLRG1+ NK cells in patients with
CHB is not affected by the presence of HCMV infection.

In HBV infection, NK cell cytolytic activity is positively corre-
lated with liver injury, as measured by ALT or AST levels and
liver histological activity index.'®'*> We found a negative corre-
lation between the gMFI of KLRG1 on NK cells and serum ALT/
AST levels suggesting an opposite effect. The low cytotoxicity
of KLRG1+ NK cells may be mediated by the inhibitory function
of KLRG1 that prevents hepatocyte lysis by binding to its biolog-
ical ligand E-cadherin on hepatocytes.’® Additionally, it may be
mediated by the low expression of NKp46 activating receptor,
which plays a significant role in regulating NK cell cytotoxicity
during HBV infection. Indeed, the abundance of NKp46+ NK cells
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correlates with NK cytotoxicity in several viral infections’!91:92

and blocking NKp46 reduces NK cytotoxicity against HepG2 cell
lines.91'93'94

Our finding that KLRG1+ NK cells can stimulate HSC apopto-
sis indicates that they may represent a unique NK cell popula-
tion with antifibrotic potential. These findings are in line with
published works showing inhibition of HSC proliferation, activa-
tion and induction of HSC apoptosis via NK cell IFN-y produc-
tion and cytotoxicity.”'~’> Although KLRG1+ NK cells lack
NKp46 receptor expression which has previously been shown
to play a role to in liver fibrosis,”' the loss of E-cadherin, the
ligand for KLRG1, on activated HSCs (Fig. S1) could mediate
the activation of KLRG1+ NK cells via the reduction of inhibitory
signals in the regulation of NK cell activity. In addition, IFN-o
enhanced NK cell activation and attenuation of liver fibrosis
progression have been reported in patients with HCV®>°® and
HBV,>”*® prompting our examination of its effects (Fig. 8). Our
results demonstrate that IFN-o stimulates TRAIL-mediated
HSC killing by KLRG1+ NK cells in vitro, indicating that IFN-o
may not only be beneficial for inhibiting viral replication in
patients with HBV, but also in limiting liver fibrosis progression
by activating KLRG1+ NK cells. Finally, we found that KLRG1+
NK cells can be activated by OPN, which is produced by acti-
vated HSCs, suggesting a novel antifibrotic role for KLRG1+ NK
cells.

The stimulus required to induce the production of KLRG1+
NK cells remains uncertain; however, we have demonstrated
that HBV antigen is likely required. By culturing NK cells from
healthy donors with serum from patients with CHB and NAFLD
with similar ALT (<60 IU/ml) or recombinant HBV antigen, we
found that KLRG1 expression is induced in the presence of
HBV antigen alone. These data suggest that an antigenic stimu-
lus, as is present in the HBV vaccine or during active infection, is
capable of stimulating KLRG1+ NK cell maturation.

In conclusion, we have shown that KLRG1+ NK cells persist in
the blood and liver of patients with CHB, where they display a
mature phenotype. Their inability to produce IFN-y after cyto-
kine stimulation and limited cytotoxic activity are consistent
with their differentiated status. KLRG1+ NK cells are however
more responsive to ADCC stimulus and display a greater capac-
ity to induce HSC apoptosis, perhaps explaining their enrich-
ment in patients with no or mild fibrosis. A better
understanding of the factors that influence KLRG1 expression,
NK cell maturation, and the antifibrotic activity of KLRG1+ NK
cells may provide insight into novel therapeutic strategies to
limit fibrosis in CHB.
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