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Abstract
The stimulator of interferon genes (STING) in macrophages plays a crucial role in nonalcoholic fatty liver disease (NAFLD)
progression. However, there is a lack of evidence from large samples of patients to validate a deleterious role for STING in
NAFLD. Moreover, sources of STING-expressing cells that are related to NAFLD remain to be definitively characterized. To
investigate STING expression and explore its correlation with NAFLD progression in human subjects, our study involved
liver samples from 98 NAFLD subjects and 8 controls. STING and p-TBK1 expression in nonparenchymal liver cells was
analyzed and correlated with NAFLD pathological features. Numbers of STING+ cells were increased in livers from
nonalcoholic steatohepatitis (NASH) patients compared with controls, especially in the liver portal tract of NASH patients
with fibrosis (p < 0.05). Moreover, numbers of STING+ cells in livers of NASH patients were increased with aggravation of
inflammation grade and fibrosis stage (p < 0.05). STING was mainly expressed in macrophages, including monocyte-derived
macrophages (CCR2+, S100A9+), Kupffer cells (CD68+) and CD163+ macrophages. Compared with controls, numbers of
STING+/CCR2+ and STING+/S100A9+ cells were significantly increased in livers from NASH patients with fibrosis and
positively correlated with liver inflammation grade and fibrosis stage (p < 0.05). However, numbers of STING+/CD68+ and
STING+/CD163+ cells were significantly increased in livers from NASH patients with advanced fibrosis and correlated only
with aggravation of fibrosis stage (p < 0.05). Furthermore, compared with controls, NASH patients exhibited significantly
increased STING+/p-TBK1+ cell numbers. In a coculture system, the amount of p-TBK1 and the mRNAs of IL1β and IL6 in
THP1 macrophages, as well as the amount of α-SMA and the mRNAs of Col1a1, Fn and TGFβ1 in LX2 cells were
significantly increased upon STING activation in macrophages (p < 0.05). Therefore, increased STING expression in MoMFs
appears to be indicative of NAFLD progression, and STING could be a new target for NAFLD therapy.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is a series of
diseases extending from nonalcoholic fatty liver (NAFL,
only steatosis) to nonalcoholic steatohepatitis (NASH,
steatosis and inflammation) and subsequent fibrosis that
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lead to cirrhosis and predispose to hepatocellular carcinoma
(HCC) [1–4]. It is estimated that 25% of the general
population in the whole world is NAFLD, and the incidence
of NAFLD is increasing gradually. The mortality of
NAFLD-related liver disease is increased, especially in the
stage of advanced fibrosis [4, 5]. NAFLD is estimated to
become the leading cause of liver failure and transplantation
worldwide by 2020 [6]. However, there is no approved
therapy for NAFLD. Therefore, it is urgent to better
understand the pathogenesis of NAFLD/NASH with the
hope of developing new therapeutic approaches.

In the liver, accumulation of toxic lipid species initiates
or exacerbates the pathogenesis of NAFLD. When lipotoxic
species are accumulated excessively, they act as stimulators
to provoke endoplasmic reticulum (ER) oxidative stress and
promote the development and progression of liver inflam-
mation and fibrosis in NASH [7]. Stimulator of interferon
genes (STING), an ubiquitously expressed transmembrane
protein on the membrane of ER, can be activated by ER
stress [8–10]. Activated STING has been reported to acti-
vate the downstream signaling cascades and, consequently,
to promote hepatocyte injury and dysfunction in hepato-
cytes and in a high-fat diet (HFD) mouse model [11–14].
Such evidence suggests that the STING signaling pathway
is participated in the progression of NASH. Luo et al.
revealed that STING expression in liver sections of NAFLD
patients was increased and illustrated that the deleterious
role of STING in NASH is mediated by enhancing the
proinflammatory reaction of macrophages [15]. Con-
sistently, Yu et al. validated that STING-mediated inflam-
mation in Kupffer cells (KCs) contributes to NAFLD
development in methionine- and choline-deficient diet
(MCD) and HFD mouse models [16]. However, the mac-
rophage sources of STING in human liver remain unknown.

Macrophages are a very heterogeneous population in the
context of liver diseases [17]. In humans, hepatic macrophages
consist of liver resident macrophages, namely KCs, and
monocyte-derived macrophages (MoMFs), which are recrui-
ted to the liver from peripheral circulation [18, 19]. When the
liver is damaged, activated KCs (CD68+ macrophages) can
produce various proinflammatory cytokines and chemokines,
leading to inflammatory cells and lymphocytes infiltration and
sterile inflammation response [20]. The abundance of CCR2+

MoMFs, S100A9+ macrophages (the inflammatory phenotype
of CCR2+ MoMFs) and CD163+ macrophages was increased
during the progression of NAFLD, especially in the inflam-
matory and fibrotic stages of this disease [18, 21, 22]. Hepatic
macrophages have been proposed to promote NASH pro-
gression through influencing of hepatocyte steatosis, attraction
of inflammatory lymphocytes, stimulation of angiogenesis,
and/or promotion of liver fibrosis [23–26]. However, the sig-
naling pathway(s) through which macrophages participate in
NASH development need to be elucidated. STING is

expressed on macrophages and appears to be a critical member
of the signaling pathways responsible for NAFLD pathogen-
esis. To date, however, the cellular sources of STING+ mac-
rophages and the relationship of these macrophages with the
progression of NAFLD are unknown. In our current research,
we examined the cell sources of STING-expressing macro-
phages and correlated the expression of STING with the
progression of NAFLD in 106 human liver samples, and
investigated the mechanisms by which STING signaling
pathway is involved in NAFLD progression.

Materials and methods

Human liver samples and preparation

Formalin-fixed and paraffin-embedded (FFPE) liver tissues
were obtained from the Department of Pathology at Peking
University People’s Hospital and The Fifth Medical Center
of PLA General Hospital. This study was approved by the
Ethics Committee of both hospitals (2017PHB133-01) and
conformed to the ethical guidelines of the 1975 Declaration
of Helsinki. All participants have signed the informed
consent. Liver tissues included 98 samples from subjects
(≥18 years of age) with biopsy-proven NAFLD/NASH and
8 samples from healthy donors. Patients with various viral
hepatitis, alcoholic liver disease (ALD), drug-induced liver
disease, autoimmune liver disease, cholestatic liver disease
or hereditary metabolic liver disease were excluded.

Each of the 106 samples was sectioned at 4 μm thickness
for immunohistochemistry (IHC) and stained with hema-
toxylin and eosin (H&E) and Masson trichrome for histo-
logical assessment. Liver histology for all cases was
evaluated by two specialized pathologists who were blinded
to the patient details according to the NASH Clinical
Research Network (NASH-CRN) System (steatosis was
scored from 0 to 3, ballooning was scored from 0 to 2,
lobular inflammation was scored from 0 to 3, portal
inflammation was scored from 0 to 2 and liver fibrosis was
scored from 0 to 4) [27–29].

Multiplex staining

To identify STING expression in different liver cells, multi-
plex immunofluorescence staining was performed on FFPE
slides using a PANO 7-plex IHC kit (Panovue, Beijing, China,
cat. 0004100100) according to the manufacturer’s instructions.
The primary antibodies used for staining are listed in Table 1,
and the concentration and staining order of the antibodies were
optimized in advance. The slides were serially incubated with
primary antibodies and horseradish peroxidase-conjugated
secondary antibodies and subjected to tyramide signal ampli-
fication (TSA).
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After each round of TSA operation, the slides were heat-
treated by microwave for antigen retrieval and antibody
stripping. After all antigens had been labeled, counter-
staining was performed using 4′-6′-diamidino-2-pheny-
lindole (DAPI, Sigma-Aldrich, Missouri, USA, cat. D9542).

Multispectral imaging

Images were acquired using the Mantra Quantitative Pathol-
ogy Imaging System (PerkinElmer). Representative regions of
interest were chosen, and multiple fields of view were
acquired at ×200 magnification as multispectral images.

Image analysis

The multispectral images were analyzed using InForm
image analysis software 2.4 (PerkinElmer). The spectral
library was built based on the single-stained slides for each
fluorophore, and unstained sections were used to extract the
spectrum of autofluorescence of the tissues.

Five fields (×200) of each sample were randomly selected
and captured for analysis. The number of cells in the portal
tract (per portal tract area) and liver lobule tissue were
quantified. The numbers of STING+ cells and STING+

macrophages in per visual field were shown as the means ±
standard deviations (SDs).

Cells coculture, detection and analysis

THP1 cells (human monocyte) were differentiated into
THP1 macrophages. After differentiation, THP1 macro-
phages were seeded on six-well upper transwell insert (0.4
µM) and treated with 2′3′-cyclic guanosine monophosphate-
adenosine monophosphate (2′3′-cGAMP, 20 µg/mL) and/or
palmitate (PA,1 mM) for 24 h. After stimulation, THP1
macrophages were added to LX2 cells for coculture

experiments. After coculturing for 24 or 48 h, supernatants
of cocultures were collected. Also, total RNA or protein of
THP1 macrophages and/or LX2 cells were extracted and
analyzed. Detailed methods were provided in the Supple-
mentary Methods. The information of primary antibodies
used for Western Blotting were shown in Table 2.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
Version 5.0a (GraphPad Software Inc., San Diego, CA,
USA). Comparisons of various STING+ macrophage
numbers among different NAFLD groups were analyzed by
one-way ANOVA. Differences in various STING+ macro-
phage abundance in the liver lobule and portal tract in
subgroups were evaluated with the Mann−Whitney U test.
Differences in cell protein, mRNA and cytokine levels
between two coculture groups were analyzed using the
Mann−Whitney U test. Two-sided p values less than 0.05
were considered to indicate significance.

Results

Summary of the clinical and liver histology data

All 98 NAFLD patients and 8 healthy control samples were
divided into five groups according to the NASH-CRN system,
namely the Control, Steatosis, NASH-fibrosis 0 (F0), NASH-
fibrosis 1-2 (F1-2) and NASH-fibrosis 3-4 (F3-4) groups.
Clinical data were summarized in Table 3. There were 56
females (57%), with a mean age of 45 years (range: 18−76
years), among the NAFLD patients. In all, 38 patients (39%)
were overweight, and a further 33 patients (34%) were obese.

Compared with control samples, liver samples of patients
with steatosis showed increased fat deposition, those of
NASH patients without fibrosis (NASH-F0) showed
increased ballooning degeneration and inflammatory cell
infiltration, and those of NASH patients with fibrosis
showed increased collagen deposition as indicated by H&E
and Masson trichrome staining (Fig. 1), confirming the
existence of liver steatosis, inflammation and/or fibrosis.

Table 2 Summary of primary antibodies used for western blotting

Primary
antibody target

Isotype Supplier Product no. Dilution

STING rabbit mAb CST 13647 1:1000

TBK1 rabbit mAb CST 3504 1:1000

phospho-TBK1 rabbit mAb CST 5483 1:1000

α-SMA rabbit mAb CST 19245 1:1000

GAPDH HRP-
mouse mAb

Proteintech HRP-60004 1:5000

Table 1 Summary of primary antibodies used for TSA-IHC

Primary
antibody target

Isotype Supplier Product no. Dilution

STING rabbit mAb CST #13647 1:1000

CD68 mouse mAb Origene ZM-0060 Ready-to-
use

CCR2 rabbit mAb Abcam ab176390 1:400

S100A9 rabbit pAb Abcam ab63818 1:400

CD163 rabbit mAb CST #93498 1:800

CD36 mouse mAb Origene TA500921 1:50

CD1c mouse mAb Origene TA505384 1:150

SMA mouse mAb Leica PA0943 Ready-to-
use

phospho-TBK1
(Ser 172)

rabbit pAb Affinity AF8190 1:100
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NASH patients showed significantly increased liver
STING+ cells, which were increased with the
aggravation of inflammation and liver fibrosis

To address the relevance between STING and human
NAFLD progression, we analyzed STING expression in
liver biopsies of controls and NAFLD patients ranging from
steatosis to NASH-F0, NASH-F1-2 and NASH-F3-4 groups
(Table 3). STING+ cells were scattered in the liver lobule
and portal tract, and the intensity of staining in livers of
NASH patients was much stronger than that in livers of
controls (Fig. 2a). Compared with healthy controls, NASH
patients exhibited increased STING+ cell populations
(all p < 0.05), especially NASH patients with fibrosis
(NASH-F1-2 vs. control, p= 0.019; NASH-F3-4 vs.

control, p < 0.001) (Fig. 2b), and the increased STING+ cell
numbers were mainly located in the portal tract (all p <
0.05) (Fig. 2c). Compared with NASH patients with fibrosis
stage of 1-2, NASH patients with fibrosis stage of 3-4
exhibited a greater increase in the numbers of STING+ cells
in the portal tract (p < 0.001) (Fig. 2c).

To verify the relevance of the expression of STING to
the progression of steatosis, inflammation and fibrosis, we
analyzed the numbers of STING+ cells in liver samples at
different steatosis, lobular inflammation, portal inflamma-
tion grades and fibrosis stages among patients compared
with the other liver histology scores (Supplementary
Table 2: Table S2). In Lobular inflammation (LI) group 1,
compared with NAFLD patients whose lobular inflamma-
tion score was 0, patients whose lobular inflammation score

Table 3 Clinical and histologic data for human NAFLD patients and healthy controls

Control
(n= 8)

Steatosis
(n= 10)

NASH-F0
(n= 17)

NASH-F1-2
(n= 51)

NASH-F3-4
(n= 20)

Sex (F/M) 5/3 3/7 6/11 29/22 18/2

Agea, year 41 ± 21 40 ± 15 34 ± 13 49 ± 21 61.5 ± 10

BMIa, b, kg/m2 23.88 ± 4.22 26.46 ± 2.05 24.09 ± 3.04 27.05 ± 4.45 26.71 ± 4.71

ALTa, U/L 25 ± 11 34 ± 42 78 ± 99 64 ± 76 46 ± 57

ASTa, U/L 26 ± 12 23 ± 13 41 ± 35 49 ± 43 52 ± 39

GGTa, U/L 42 ± 26 36 ± 58 49 ± 63 59 ± 65 75 ± 77

Glua, mg/dL 5.10 ± 0.68 4.52 ± 0.42 4.9 ± 0.69 5.17 ± 1.70 5.10 ± 1.28

TGa, mg/dL 1.45 ± 1.51 1.33 ± 0.49 3.97 ± 2.41 1.96 ± 2.38 1.58 ± 1.53

Liver histologya

Steatosis 0 ± 0 1 ± 0 1 ± 0 1 ± 1 1 ± 0

Lobular inflammation 0 ± 0 0 ± 0 1 ± 0 1 ± 1 1 ± 1

Portal inflammation 0 ± 0 0 ± 0 0 ± 0 1 ± 1 2 ± 0

Fibrosis 0 ± 0 0 ± 0 0 ± 0 1 ± 1 4 ± 1

F female, M male, BMI body mass index, ALT alanine transaminase, AST aspartate transaminase, GGT gamma-glutamyl transferase, TG
triglyceride, IQR interquartile range, F fibrosis
aClinical data and liver histology scores are presented as the median ± IQR
bBMI-CHINA Chinese criteria [48]

Fig. 1 NAFLD patients showed increased fat deposition, inflammatory
cell infiltration, ballooning degeneration and collagen production.
Liver sections from controls and patients with NAFLD were stained

with H&E (top row, magnification ×100) and Masson trichrome
(bottom row, magnification ×100)
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was 1 exhibited increased STING+ cell numbers in the liver
lobule (p= 0.008) (Supplementary Fig. 1: Fig. S1A). In LI
group 2 and Fibrosis (F) group 1, compared with patients
whose lobular inflammation grade was 1 and fibrosis stage
was 1-2, patients whose lobular inflammation grade was 2-3
and fibrosis stage was 3-4 had increased STING+ cell
numbers in both the liver lobule and portal tract (all p <
0.05) (Supplementary Fig. 1: Fig. S1B-1C). In F group 2,
compared with patients whose fibrosis stage was 0 or 1-2,
patients whose fibrosis stage was 3-4 exhibited increased
STING+ cell populations, mainly in the portal tract (p=
0.017, p < 0.001) (Supplementary Fig. 1: Fig. S1D).

By TSA-IHC, we observed that STING was mainly
expressed in macrophages (CCR2+, S100A9+, CD68+ and
CD163+ cells), although it was poorly expressed in liver
sinusoidal endothelial cells (LSECs, CD36+ cells), dendritic
cells (DCs, CD1c+ cells) and hepatic stellate cells (HSCs,
SMA+ cells) (Supplementary Fig. 2: Fig. S2A-2B). To
further characterize the dynamics of STING in NAFLD,
STING expression in different macrophages during NAFLD
progression needs to be clarified.

NASH patients with fibrosis showed increased liver
STING+/CCR2+ and STING+/S100A9+ cells, which
were elevated with the aggravation of inflammation
and fibrosis

To investigate the relevance of STING in CCR2+ cells to
human NAFLD progression, we analyzed STING+/CCR2+

cells in healthy controls and NAFLD patients. Compared
with healthy controls, NAFLD patients exhibited increased

STING+/CCR2+ cell numbers in the liver (Fig. 3a), espe-
cially NASH patients with fibrosis (NASH-F1-2 vs. control,
p= 0.006; NASH-F3-4 vs. control, p < 0.001) (Fig. 3c). In
NASH patients with fibrosis stage of 1-2, increased num-
bers of STING+/CCR2+ cells were mainly observed in the
liver lobule (p= 0.006); in NASH patients with fibrosis
stage of 3-4, the increased numbers existed in both the liver
lobule (p= 0.033) and the portal tract (p < 0.001) (Fig. 3d).
Strikingly, compared with NASH patients with fibrosis
stage of 1-2, NASH patients with fibrosis stage of 3-4 had a
greater increase in the numbers of STING+/CCR2+ cells in
the portal tract (p < 0.001) (Fig. 3d).

S100A9+ cells are a proinflammatory cellular phenotype
of CCR2+ cells. To further characterize the infiltrating
CCR2+ cells, we analyzed the expression of STING on
S100A9+ cells. Compared with controls, NAFLD patients
exhibited increased STING+/S100A9+ cell populations in
the liver (Fig. 3b), especially NASH patients with fibrosis
stage of 3-4 (NASH-F3-4 vs. control, p= 0.009) (Fig. 3e).
The numbers of STING+/S100A9+ cells were increased
mainly in the portal tract (NASH-F1-2 vs. control, p=
0.004; NASH-F3-4 vs. control, p= 0.002) (Fig. 3f).
Remarkably, compared with NASH patients with mild
fibrosis, NASH patients with advanced fibrosis exhibited a
greater increase in the numbers of STING+/S100A9+ cells
in the portal tract (p < 0.001) (Fig. 3f).

The expression of STING in CCR2+ cells and S100A9+

cells was analyzed at different inflammation grades and
fibrosis stages (Supplementary Table 2: Table S2).

In LI group 2, compared with patients whose lobular
inflammation grade was 1, patients whose lobular inflammation

Fig. 2 Liver sections from NASH patients showed increased STING+

cells. a Representative images of liver sections from patients with
NAFLD (n= 98) and controls (n= 8) that were stained for STING
(green). Quantification of STING+ cells by TSA-IHC staining in the
whole section field (b), and in the portal tract and liver lobule (c). For

each sample, the STING+ cells (green) were counted in five high-
power fields; magnification ×200. *p < 0.05, ***p ≤ 0.001: patients
with different stages of NAFLD vs. controls. #p < 0.05, ###p ≤ 0.001:
comparison between two closer NAFLD stages
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grade was 2-3 displayed increased numbers of STING+/
CCR2+ cells and STING+/S100A9+ cells in both the liver
lobule and the portal tract (all p < 0.05) (Supplementary
Figs. 3–4: Figs. S3A, S4A). In Portal inflammation (PI)
group 1, compared with patients whose portal inflammation
grade was 0, patients whose portal inflammation grade was
1-2 exhibited increased numbers of STING+/CCR2+ cells
in both the liver lobule and the portal tract, and increases in
the STING+/S100A9+ cell populations were observed
mainly in the portal tract (all p < 0.05) (Supplementary
Figs. 3–4: Figs. S3B, S4B). In F groups 1 and 2, compared
with the patients whose fibrosis stage was 1-2 or 0, patients
whose fibrosis stage was 3-4 displayed increased numbers
of STING+/CCR2+ and STING+/S100A9+ cells, mainly in
the portal tract (all p < 0.05) (Supplementary Figs. 3–4:
Figs. S3C-3D, S4C-4D).

NASH patients with advanced fibrosis showed
increased liver STING+/CD68+ and STING+/CD163+

cells, which were elevated with the aggravation of
fibrosis

KCs were indicated by the marker CD68. To investigate the
relevance of STING in CD68+ cells to human NAFLD
progression, we analyzed STING+/CD68+ cells in livers of
healthy controls and NAFLD patients. STING+/CD68+

cells were scattered in livers of healthy controls and
NAFLD patients and were mainly located in the liver lobule
(Fig. 4a). Compared with healthy controls, only NASH
patients with fibrosis stage of 3-4 exhibited increased
numbers of STING+/CD68+ cells (NASH-F3-4 vs. control,
p= 0.030) (Fig. 4d), and the increased STING+/CD68+ cell
populations were largely present in the portal tract (NASH-
F3-4 vs. control, p < 0.001) (Fig. 4e). Remarkably, com-
pared with NASH patients with fibrosis stage of 1-2, NASH
patients with advanced fibrosis displayed a greater increase
in the numbers of STING+/CD68+ cells in the portal tract
(p < 0.001) (Fig. 4e).

CD163 is a marker of anti-inflammatory macrophages, and
liver biopsy stained by TSA-IHC revealed that nearly all
CD68+ cells expressed CD163 (Fig. 4b), thereby indicating
that STING expression in CD163+ cells may be similar to
that in CD68+ cells. We selected 24 samples from all parti-
cipants to explore STING expression in CD163+ cells during
NASH development. STING+/CD163+ cells were mainly
located in the liver lobule (Fig. 4c). Compared with healthy
controls, only NASH patients with advanced fibrosis dis-
played increased numbers of STING+/CD163+ cells (NASH-
F3-4 vs. control, p= 0.009) (Fig. 4f). The increased numbers
of STING+/CD163+ cells were mainly in the portal tract
(NASH-F1-2 vs. control, p < 0.001; NASH-F3-4 vs. control,
p= 0.033) (Fig. 4g). Remarkably, compared with NASH

Fig. 3 Liver sections from NASH patients with fibrosis showed
increased STING+/CCR2+ cells and STING+/S100A9+ cells.
a, b Representative images of liver sections from patients with NAFLD
(n= 98) and controls (n= 8) that were stained for STING (green),
CCR2 (red) and S100A9 (red). Quantification of STING+/CCR2+ cells
and STING+/S100A9+ cells (yellow, white arrows) by TSA-IHC

staining in the whole liver field (c, e), and in the portal tract and liver
lobule (d, f). For each sample, the STING+/CCR2+ cells and STING+/
S100A9+ cells (yellow, white arrows) were counted in five high-power
fields; magnification ×200. *p < 0.05, **p ≤ 0.01 and ***p ≤ 0.001:
patients with different stages of NAFLD vs. controls. #p < 0.05, ###p ≤
0.001: comparison between two closer NAFLD stages. F fibrosis
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patients with fibrosis stage of 1-2, NASH patients with
fibrosis stage of 3-4 exhibited a greater increase in the num-
bers of STING+/CD163+ cells in both the liver lobule (p=
0.013) and the portal tract (p= 0.004) (Fig. 4g).

In F groups 1 and 2, compared with patients whose
fibrosis stage was 1-2 or 0, patients whose fibrosis stage was
3-4 displayed a significant increase in the numbers of
STING+/CD68+ cells, mainly in the portal tract (both p <
0.05) (Supplementary Fig. 5: Fig. S5A-5B). In F group 2,
compared with patients whose fibrosis stage was 1-2,
patients whose fibrosis stage was 3-4 also displayed a sig-
nificant increase in the numbers of STING+/CD163+ cells,
mainly in the liver lobule (p= 0.031) (Supplementary
Fig. 5: Fig. S5C). There were no differences in the numbers
of STING+/CD68+ cells or STING+/CD163+ cells in either
the LI or PI groups.

STING induced macrophage activation through
TBK1 phosphorylation in NASH patients

To investigate the mechanisms underlying the role of the
STING signaling pathway in NASH progression, we
stained liver sections for phospho-TANK-binding kinase 1

(p-TBK1), a downstream protein activated by STING. In
healthy controls and NASH patients, TBK1 was phos-
phorylated in nonparenchymal cells, especially in macro-
phages. Furthermore, STING was found colocalized with
activated TBK1 (p-TBK1). Compared with healthy con-
trols, NASH patients with mild or advanced fibrosis
exhibited increased numbers of STING+/p-TBK1+ cells
(Fig. 5a). Compared with patients whose lobular inflam-
mation grade is 1 (NASH-LI1), numbers of STING+/p-
TBK1+ cells were increased in NASH patients whose lob-
ular inflammation grade is 2 (NASH-LI2) (Fig. 5b). These
results suggest that the STING-TBK1 signaling pathway in
macrophages was activated during NASH.

TBK1 phosphorylation induced upon STING
activation in macrophages promoted the production
of proinflammatory cytokines and activation of
HSCs

To illustrate the extent to which the STING signaling
pathway in macrophages is involved in NASH progression,
we examined the effect of STING-driven macrophage
activation on HSCs responses in vitro. In cocultures,

Fig. 4 Liver sections from NASH patients with fibrosis showed
increased STING+/CD68+ cells and STING+/CD163+ cells.
a Representative images of liver sections from patients with NAFLD
(n= 98) and controls (n= 8) that were stained for STING (green) and
CD68 (red). b Representative images of liver sections from patients
with NAFLD that were stained for STING (green), CD68 (red) and
CD163 (magenta). c Representative images of liver sections from
patients with NAFLD (n= 19) and controls (n= 5) that were stained
for STING (green) and CD163 (red). Quantification of STING+/

CD68+ cells and STING+/CD163+ cells (yellow, white arrows) by
TSA-IHC staining in the whole section field (d, f), and in the portal
tract and liver lobule (e, g). For each sample, STING+/CD68+ cells
and STING+/CD163+ cells (yellow, white arrows) were counted in
five high-power fields; magnification ×200. *p < 0.05, **p ≤ 0.01 and
***p ≤ 0.001: patients with different stages of NAFLD vs. controls.
#p < 0.05, ##p ≤ 0.01 and ###p ≤ 0.001: comparison between two closer
NAFLD stages
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cGAMP and/or PA treatment caused significant increases in
STING expression, TBK1 phosphorylation in THP1 mac-
rophages and in α-SMA amount in LX2 cells (all p < 0.05)
(Fig. 6a, b), indicating the relationship between STING
signaling pathway and HSCs activation. Moreover, the
mRNA levels of IL1β and IL6 in cGAMP- and/or PA-
treated THP1 macrophages incubated with LX2 cells were
significantly higher than their respective levels in control
(without cGAMP)-treated THP1 macrophages incubated
with LX2 cells (all p < 0.05) (Fig. 6c). The mRNA levels of
α-SMA, Col1a1, Fibronectin (Fn) and TGFβ1 in LX2 cells
incubated with cGAMP/PA-treated THP1 macrophages
were significantly higher than their respective levels in LX2
cells incubated with control-treated THP1 macrophages (all
p < 0.05) (Fig. 6d). Compared with control coculture sys-
tem, the IL1β levels were significantly increased in condi-
tioned media of cocultures of cGAMP/PA-treated THP1
macrophages and LX2 cells after incubation for 48 h (both
p < 0.05) (Fig. 6e). Therefore, these results suggested that
TBK1 phosphorylation in macrophages upon STING acti-
vation increased macrophage cytokine production and sti-
mulated HSCs activation.

Discussion

Our research suggested that STING was associated with
NAFLD development. Notably, STING was mainly
expressed in macrophages, especially in MoMFs, and the

expression of STING in MoMFs was positively correlated
with liver inflammation grade and fibrosis stage in human
NAFLD. In addition, activation of STING signaling path-
way in macrophages enhanced inflammatory responses and
increased HSC fibrogenic reaction in vitro. Therefore, we
demonstrated that STING appears to promote NAFLD
progression through MoMFs.

STING is an essential regulator of the innate immune
signaling pathway [8]. The STING signaling pathway is
also involved in endothelial inflammation in diet-induced
obesity, hepatocyte apoptosis in ALD and hepatocellular
death in liver fibrosis in mouse models [10, 11, 30]. In the
liver, STING is mainly expressed in nonparenchymal cells,
especially macrophages [9, 13, 14]. In our study, we
observed that STING expression in liver tissues was asso-
ciated with liver inflammation and fibrosis progression in
NAFLD patients. Of note, STING was mainly expressed in
MoMFs (CCR2+ and S100A9+ macrophages), CD68+

macrophages and CD163+ macrophages, as indicated by
the results from TSA-IHC. Luo et al. found that STING was
associated with hepatic inflammation in very few human
NAFLD samples and showed that STING was mainly
expressed in immune cells, including macrophages. How-
ever, their study did not address the sources of STING-
expressing cells [15]. Owing to the role of macrophages in
regulating the pathogenesis and progression of NAFLD by
stimulating hepatocyte steatosis and inflammation and
promoting liver fibrosis [23–26, 31], we postulated that
STING+ macrophages were involved in liver inflammation

Fig. 5 TBK1 was significantly
activated and colocalized
with STING in liver sections
of NASH patients.
a Representative images of
stained liver sections from
healthy controls and NASH
patients with fibrosis.
b Representative images of
stained liver sections from
NASH patients whose
inflammation grade was 1 and 2.
STING+ cells (green, white
arrows) and STING+/p-TBK1+

cells (red+ green, white arrows)
by TSA-IHC staining were
shown in the whole liver field;
magnification ×200
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and fibrosis aggravation in human NAFLD development.
This was indeed the case according to the findings of this
study (see below).

During acute or chronic liver injury, MoMFs represent the
predominant macrophage populations that are attracted
through CCR2 to the liver injury sites [26, 32, 33]. In the
human livers, CCR2 is expressed in all MoMFs [34]. In our
study, we showed that the numbers of STING+/CCR2+ and
STING+/S100A9+ macrophages were increased in NASH
patients with fibrosis and that the numbers of these two types
of macrophages were increased in livers with aggravation of
liver inflammation and fibrosis. Regarding to the relationship
between MoMFs and liver inflammation, S100A9 is expressed
at the early stage of monocytes differentiating to macrophages,
and S100A9+ cells are the inflammatory cellular phenotype of
CCR2+ macrophages [33, 35–37]. For instance, CCR2+ and
S100A9+ proinflammatory MoMFs are abundantly present in
the liver portal tract in acetaminophen-induced acute liver
failure (AALF) patients [36]. With regard to the relationship
between MoMFs and liver fibrosis, CCR2+ and S100A9+

cells are significantly increased in NASH patients with fibro-
sis, and inhibition of infiltrating macrophages with cenicriviroc
(a CCR2/CCR5 antagonist) is associated with reduced
fibrosis [21, 38]. In our study, we observed that the increases
in STING+/CCR2+ and STING+/S100A9+ macrophage

numbers were associated with inflammation and fibrosis
aggravation in NASH patients. Thus, it was very likely that
STING-expressing MoMFs played an important role in
NAFLD liver inflammation and fibrosis progression.

Liver resident macrophages are CD68+ cells, which are
critical sentinels that ensure liver homeostasis [35]. In the
present study, we observed that STING+/CD68+ and
STING+/CD163+ macrophage populations were increased
in NASH patients with fibrosis and that the numbers of
these two types of macrophages were increased with
aggravation of liver fibrosis. This finding implies a likely
contribution of STING-expressing CD68+ cells to NASH
progression and is consistent with the findings of a study by
Gadd et al. The latter revealed that CD68+ cell counts
increased according to the progression of NASH, especially
in fibrosis stage of 2-4 [39]. In the liver, KCs express
CD163, a marker of M2 macrophages, which can increase
fibrogenesis and tissue remodeling [36, 40–42]. Moreover,
CD163+ cells cluster in livers of NASH patients and
increase in NASH patients with increasing fibrotic or cir-
rhotic stage [21, 22]. In our study, the increases in STING+/
CD68+ and STING+/CD163+ macrophage numbers were
correlated with increases in fibrosis stage. Thus, it is likely
that STING-expressing KCs also participated in NAFLD
fibrosis progression.

Fig. 6 Phosphorylation of TBK1 in macrophages enhanced proin-
flammatory cytokine production and HSC activation in vitro. a, b The
amount of STING and p-TBK1 in THP1 macrophages (a) and α-SMA
in LX2 cells (b) of cocultures. c The relative mRNA levels of IL1β and
IL6 in cGAMP/PA-treated THP1 macrophages of cocultures. d The
relative mRNA levels of α-SMA, Col1a1, Fn and TGFβ1 in LX2 cells

of cocultures. e The concentrations of IL1β in conditioned media of
cocultures of cGAMP/PA-treated THP1 macrophages and LX2 cells.
For (a−e), LX2 cells were cocultured with cGAMP- and/or PA-treated
THP1 macrophages for 24 or 48 h. *p < 0.05, **p ≤ 0.01. AU
arbitrary unit
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MoMFs can release proinflammatory and profibrogenic
cytokines, which in turn promote inflammatory reactions,
activate HSCs and increase the production of collagen in
chronically inflamed livers [18, 43]. Consistent with this
mechanism, activation of the STING signaling pathway in
MoMFs appeared to induce cytokine production, which in
turn promoted liver inflammation and fibrosis. In our study,
the amount of p-TBK1, a downstream activated marker of
STING, was significantly increased in liver sections of
NASH patients compared to sections from controls. Addi-
tionally, p-TBK1 was colocalized with STING in non-
parenchymal cells, suggesting STING induction of TBK1
activation. To validate a role for STING-TBK1 signaling in
NAFLD, we also performed macrophage-HSC cocultures,
and showed that the mRNA levels of proinflammatory
factors in THP1 macrophages and the protein and mRNA
levels profibrogenic mediators in HSCs were increased
upon STING activation in THP1 macrophages. It has been
well documented that STING is an essential adaptor protein
in the DNA sensing pathway. In response to stimulation by
dinucleotides, STING residing in the ER translocates into
the Golgi apparatus, where it interacts with TBK1 and
induces TBK1 activation [44–47]. Considering this, it is
conceivable that activation of the STING-TBK1 signaling
pathway was involved in NASH development.

The present study was not able to address the sources of
the stimuli or specific signaling pathways that led to STING
activation in the liver biopsy samples. In addition, future
studies are needed to address how the factors released by
macrophages upon STING activation promote NAFLD
progression.

In conclusion, we demonstrated that the expression of
STING in MoMFs was correlated with liver inflammation
and fibrosis progression while confirming the relevance of
STING to human NAFLD. Therefore, STING expression
may predict the status of NASH. Additionally, targeting
STING to inhibit MoMFs activation is likely a promising
therapeutic or preventive approach for NAFLD.
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