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ABSTRACT
Objective Kupffer cells (KCs) protect against 
hepatocellular carcinoma (HCC) by communicating 
with other immune cells. However, the underlying 
mechanism(s) of this process is incompletely understood.
Design FVB/NJ mice were hydrodynamically injected 
with AKT/Ras and Sleeping Beauty transposon to 
induce HCC. Mini- circle and Sleeping Beauty were used 
to overexpress microRNA- 206 in KCs of mice. Flow 
cytometry and immunostaining were used to evaluate 
the change in the immune system.
Results Hydrodynamic injection of AKT/Ras into mice 
drove M2 polarisation of KCs and depletion of cytotoxic T 
cells (CTLs) and promoted HCC development. M1- to- M2 
transition of KCs impaired microRNA- 206 biogenesis. 
By targeting Klf4 (kruppel like factor 4) and, thereby, 
enhancing the production of M1 markers including 
C- C motif chemokine ligand 2 (CCL2), microRNA- 206 
promoted M1 polarisation of macrophages. Indeed, 
microRNA- 206- mediated increase of CCL2 facilitated 
hepatic recruitment of CTLs via CCR2. Disrupting each 
component of the KLF4/CCL2/CCR2 axis impaired 
the ability of microRNA- 206 to drive M1 polarisation 
of macrophages and recruit CTLs. In AKT/Ras mice, 
KC- specific expression of microRNA- 206 drove M1 
polarisation of KCs and hepatic recruitment of CTLs 
and fully prevented HCC, while 100% of control mice 
died from HCC. Disrupting the interaction between 
microRNA- 206 and Klf4 in KCs and depletion of CD8+ T 
cells impaired the ability of miR- 206 to prevent HCC.
Conclusions M2 polarisation of KCs is a major 
contributor of HCC in AKT/Ras mice. MicroRNA- 206, by 
driving M1 polarisation of KCs, promoted the recruitment 
of CD8+ T cells and prevented HCC, suggesting its 
potential use as an immunotherapeutic approach.

INTRODUCTION
Hepatocellular carcinoma (HCC) is among the most 
prevalent and lethal cancers worldwide.1 Despite 
the development of effective antiviral therapeutics, 
the incidence of HCC continues to increase, in part 
driven by the epidemic of non- alcoholic fatty liver 
disease (NAFLD).2 The strong immune- mediated 
pathogenesis of HCC makes this malignancy partic-
ularly attractive for immunotherapies. Specifically, 
various factors of the host’s immunity to HCC are 
strongly geared towards immune- suppression by 
unresolved proinflammatory stimuli that accom-
pany hepatic fibrogenesis through immunoed-
iting.3 4 However, the complexity of the HCC 
tumour microenvironment (TME) highlights the 

presence of multiple non- redundant mechanisms 
of cancer immune- suppression, which synergises 
in defining a significant barrier of resistance to 
immunotherapy. Thus, understanding the under-
lying mechanisms of immunosuppression in HCC 
is critical for developing novel therapeutic agents 
without unwanted immune response.

Kupffer cells (KCs) account for approximately 
15% of the total liver cell population.5 6 KCs have 
long been considered to function primarily as 
scavenger cells responsible for removing partic-
ulate material from the portal circulation.5 Some 
studies, however, have reported the role of KCs 
in viral infections, after ischaemia- reperfusion 
injury and in the context of NAFLD.5 KCs express 

Significance of this study

What is already known on this subject?
 ► MiR- 206 is reduced in human hepatocellular 
carcinoma (HCC).

 ► KLF4 is a repressor of NF-κB signalling.

What are the new findings?
 ► Activation of AKT/Ras signalling shifts M1 to 
M2 polarisation of KCs, which impairs hepatic 
enrichment of cytotoxic T cells (CTLs).

 ► AKT/Ras signalling impairs biogenesis of miR- 
206 in Kupffer cells (KCs), which primarily 
accounts for reduced miR- 206 in HCC.

 ► KC- specific expression of miR- 206 fully prevents 
HCC and leads to a significant regression of 
advanced HCC tumours in AKT/Ras mice.

 ► KC- specific expression of miR- 206 reestablishes 
the ratio of M1/M2 KCs by driving M1 
polarisation of KCs, which triggers hepatic 
enrichment of CTLs.

 ► MiR- 206 promotes the production and release 
of CCL2 by modulating the KLF4- NFκB 
signalling in KCs.

 ► By activating the CCL2/CCR2 axis, miR- 206 
enhances the communication of macrophage 
with CD8+ T cells and thereby migration of 
CD8+ T cells.

 ► Disrupting the interaction between miR- 206 
and Klf4 and depletion of CD8+ T cells impair 
the ability of miR- 206 to prevent HCC.

How might it impact on clinical practice in the 
foreseeable future?

 ► Our data suggest that miR- 206 is a potential 
immunotherapeutic approach against HCC.
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histocompatibility complex (MHC) class I and class II, as well 
as costimulatory molecules and are able to initiate an antigen- 
specific immune response.7 Furthermore, KCs demonstrate 
phagocytic and cytokine- producing capacities, which differs 
from those of other infiltrating macrophages.8 Although the 
role of KCs in HCC remains controversial, there is compelling 
evidence that KCs represent an important line of defence against 
HCC.9

Macrophages can be induced into two distinct polarisation 
phenotypes: classically activated M1 and alternatively activated 
M2.10 There is a balance between M1 and M2 KCs in the healthy 
liver, with their opposing functions. In HCC, KCs undergo an 
M1 to M2 phenotypic shift, which promotes cancer growth by 
suppressing the adaptive immune system.11 M1 KCs suppress 
early HCC tumourigenesis by eliminating cancer cells as soldiers 
of adaptive immunity.10 It is now well established that polarisa-
tion of KCs is involved in CD8+ T cells recruitment and their 
inability to reach tumour cells is an important mechanism of 
resistance to immunotherapy.

Mechanistically, AKT activation is required for M2 activa-
tion.12 Coordinated activation of the AKT/mTOR and RAS/
MAPK cascades is also associated with biological aggressiveness 
and poor prognosis of HCC.13 This phenotype can be recapit-
ulated in vivo by hydrodynamically transfecting activated forms 
of AKT (myr- AKT) and NRas (NRas- V12) oncogenes (AKT/Ras) 
into the mouse liver.13 14 Our preliminary data showed that, in 
addition to hepatocytes, hydrodynamic delivery also activated 
AKT signalling in KCs, which led to dysregulation of microRNA 
(miRNAs). MiRNAs are a class of small non- coding RNAs that 
simultaneously fine tune many pathways.15 16 This character-
istic of miRNAs allows us to speculate that they could precisely 
regulate immune response and avoid excessive or inadequate 
immune response. In this study, we used AKT/Ras mice to inves-
tigate the contribution of KCs to immune homeostasis and HCC 
and determined how a miRNA modulated immunological path-
ways and HCC development.

MATERIALS AND METHODS
Construction of KC-specific expression vector for miR-206
A 400 bp fragment containing the miR- 206 precursor amplified 
from mouse genomic DNA was inserted into a pT3- EF1α vector. 
CD68 promoter was used to ensure KC- specific expression of 
miR- 206 (pT3- CD68p- miR- 206). To rule out non- specific effects 
of the plasmid, we generated a miR- 206 mismatched- expression 
vector, referred to as pT3- CD68p- scramble. Construct details 
for pT3- EF1α-myr- AKT, nRasV12/pT2- CAGGS and pCMV/
SB were described in our previous publication.17 The miR- 206 
precursor or scramble was inserted into a mini- circle (MC) 
vector (System Biosciences, California, USA) and referred to as 
MC- CD68p- miR- 206 or MC- CD68p- scramble. All MCs were 
prepared based on the manufacturer’s instructions.

Establishment of AKT/Ras mice
Eight- week- old FVB/NJ mice were obtained from Jackson Labo-
ratory (Farmington, Connecticut, USA). Hydrodynamic injec-
tion (HDI) was performed as previously described.17 To evaluate 
the effect of miR- 206 on AKT/Ras- induced HCC, mice (n=6) 
were hydrodynamically injected with 5 µg pT3- EF1α-myr- AKT, 
5 µg NRasV12/pT2- CAGGS, 10 µg pT3- CD68p- miR- 206 and 
0.8 µg pCMV/SB. Control mice (n=6) received 5 µg pT3- EF1α-
myr- AKT, 5 µg NRasV12/pT2- CAGGS, 10 µg pT3- CD68p- 
scramble and 0.8 µg pCMV/SB. The plasmid mixtures were 
diluted in 2 mL saline (0.9% NaCl), filtered through 0.22 µm 

filter and injected into the lateral tail vein of mice in 5–7 s. Mice 
were housed, fed and monitored in accordance with protocols 
approved by the committee for animal research at the University 
of Minnesota.

Therapeutic mouse model of AKT/Ras
To evaluate the therapeutic potential of miR- 206, 8- week- old 
FVB/NJ mice were injected with AKT/Ras as described previ-
ously.17 Three weeks postinjection of AKT/Ras, mice were 
treated with MC- CD68p- miR- 206 or MC- CD68p- scramble at a 
dose of 1.5 mg/kg (intravenously) weekly for 4 weeks.

Depletion of CD8+ T cells in mice
CD8+ T cell depletion was performed by intraperitoneal injec-
tion of 100 µg of CD8 monoclonal antibody (mAb) (Bio X cell, 
BE00223). Six mice were hydrodynamically injected with 4 µg 
pT3- EF1α-myr- AKT, 4 µg NRasV12/pT2- CAGGS, 10 µg pT3- 
CD68p- scramble and 0.72 µg pCMV/SB, and 12 mice were 
injected with 4 µg pT3- EF1α-myr- AKT, 4 µg NRasV12/pT2- 
CAGGS, 10 µg pT3- CD68p- miR- 206 and 0.72 µg pCMV/SB. 
One day postinjection, 12 mice were randomly allocated into 
two groups and treated with IgG1 isotype mAb (Bio X cell, 
BE0088) (n=6) or CD8 mAb (n=6). Mice were injected with 
mAb every 2 days for 7 weeks. Seven weeks postinjection, mice 
were sacrificed.

Statistical analysis
Statistical analysis was performed using GraphPad Prism Soft-
ware. Data derived from cell- line experiments were presented 
as mean±SEM and assessed by a two- tailed Student’s t- test. 
Two- way analysis of variance was used to compare statistical 
difference among multiple groups. Mann- Whitney test was used 
to evaluate the statistical significance for mouse experiments. 
P<0.05 was considered to be statistically significant.

Additional materials and methods are available in online 
supplemental material.

RESULTS
Activation of AKT/Ras signalling promoted M2 polarisation of 
KCs
HDI of AKT/Ras triggered lethal HCC (figure 1A, online supple-
mental figure 1A,B). AKT signalling activation in hepatocytes 
was thought to be the major cause of HCC development in AKT/
Ras mice. However, in addition to hepatocytes, HDI of AKT/Ras 
drove expression of AKT1 in KCs (online supplemental figure 
1C). Unfortunately, the contribution of AKT/Ras signalling in 
KCs to HCC is poorly understood. An increase in KCs and infil-
trating macrophages was observed in HCC tumours of AKT/Ras 
mice (online supplemental figure 1D–G). Considering the docu-
mented roles of M2 macrophages on protumour phenotypes,18 
we analysed the effect of AKT/Ras on M2 polarisation of KCs. 
In mice, HDI of AKT/Ras significantly increased expression 
of typical M2 markers in KCs (figure 1B). Conversely, expres-
sion of genes encoding M1 markers including inducible nitric 
oxide synthase (iNOS), CCL2, interleukin 6 (IL- 6) and tumour 
necrosis factor alpha (TNFα) was significantly reduced in KCs of 
AKT/Ras mice (figure 1C). To confirm this observation, CD206 
(mannose receptor C type 1, M2 marker), iNOS (M1 marker) 
and CLEC4F (C- type lectin domain family 4 member F, KC 
marker) were stained in livers of AKT/Ras mice. The number 
of M2 KCs (CD206+CLEC4F+) was considerably more prom-
inent (figure 1D,E, online supplemental figure 1H), while that 
of M1 KCs (iNOS+CLEC4F+) was significantly reduced in AKT/
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Ras mice (figure 1F,G, online supplemental figure 1H). Flow 
cytometry analysis confirmed an enhanced M1- to- M2 transi-
tion of KCs in AKT/Ras mice 5 weeks postinjection of AKT/Ras 

(online supplemental figure 2A–D). One- week postinjection of 
AKT/Ras, enhanced M2 polarisation of KCs was also observed 
in AKT/Ras mice (online supplemental figure 2E). In vitro, 

Figure 1 AKT/Ras activation promoted M2 polarisation of KCs. (A) Representative photos of livers of FVB/NJ mice injected with pT3- EF1α (control, 
n=6, 5 w.p.i.) and AKT/Ras (n=6, 5 w.p.i.). (B) mRNA levels of M2 marker genes encoding MGL2, IL- 10, MGL1 and ARG1 in KCs of two groups of 
mice. (C) mRNA levels of M1 marker genes in KCs of two groups of mice. (D–E) Immunostaining of CD206 (M2 marker) and CLEC4F (KC marker) and 
the ratios of M2 KCs (CD206+CLEC4F+) in livers of two groups of mice. Scale bar: 20 μm. (F–G) Immunostaining of iNOS (M1 marker) and CLEC4F 
and the ratios of M1 KCs (iNOS+CLEC4F+) in livers of two groups of mice. Scale bar: 10 μm. (H) Immunostaining of CLEC4F and phosphorylated- AKT 
(AKT- S473) in livers of human patients. Scale bar: 50 μm. (I) Immunostaining of CD8 and CLEC4F, and the numbers of CD8+ T cells per 1000 liver cells 
in two groups of mice. Scale bar: 100 μm. Data represent mean±SEM. **P<0.01 and ***p<0.001 (figure 1A–G and I: Mann- Whitney U test). ARG1, 
arginase 1; KCs, Kupffer cells; LW, liver weight; MGL2, macrophage galactose N- acetyl- galactosamine specific lectin 2; w.p.i., weeks postinjection of 
AKT/Ras.
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overexpression of AKT/Ras in KCs isolated from wild- type mice 
also triggered their M2 polarisation (online supplemental figure 
2F). Furthermore, activation of AKT signalling in KCs was a hall-
mark in HCC patients (figure 1H).

M1 KCs represent a significant source of chemoattractant 
molecules for CD8+ T cells. Consistent with reduced M1 KCs, 
both CD8+ T cells and CTLs (CD8+GrB+) were reduced in 
HCC tumours of AKT/Ras mice (figure 1I, online supplemental 
figure 2G–H). Taken together, activation of AKT/Ras signalling 
triggered M2 transition of KCs and reduced hepatic CTLs.

KC-specific expression of miR-206 prevented HCC in AKT/Ras 
mice
The exquisite ability of miRNAs to fine- tune gene expression 
makes them an ideal candidate to precisely modulate an imbal-
anced immune system.19 MiRNA profile revealed that microR-
NA- 206 (miR- 206) was one of the most reduced miRNAs in 
HCC tumours of AKT/Ras mice (online supplemental figure 
3A and table 1). Reduced miR- 206 was also observed in HCC 
patients with various aetiologies (online supplemental table 2). 
Low levels of miR- 206 predicted a poor survival rate of HCC 
patients (online supplemental figure 3B). Further analysis 
revealed that levels of miR- 206 were fivefold higher in KCs than 
in hepatocytes isolated from healthy mouse livers (figure 2A). 
HCC development led to a fivefold reduction of miR- 206 in 
KCs, while only a twofold reduction of miR- 206 was observed 
in hepatocytes isolated from tumours of AKT/Ras HCC mice 
(figure 2B), indicating that impaired biogenesis of miR- 206 in 
KCs primarily accounted for the observed reduction of miR- 206 
in livers of AKT/Ras mice. MiR- 206 was much lower in M2 KCs 
versus M1 KCs isolated from healthy mouse livers (figure 2C).

We investigated the effect of manipulating miR- 206 in KCs of 
AKT/Ras mice. HDI of pT3- CD68p- miR- 206 led to increased 
miR- 206 in KCs of AKT/Ras mice, while no significant change 
was observed in miR- 206 in hepatocytes of AKT/Ras mice 
(online supplemental figure 3C–E). Phenotypically, all AKT/Ras/
scramble mice died from HCC 6–8 weeks postinjection, while 
all miR- 206- treated AKT/Ras mice were healthy at this stage 
(figure 2D). On dissection, no tumour nodules were observed in 
AKT/Ras/miR- 206 mice (figure 2E). We next allowed AKT/Ras 
mice to develop HCC and then treated them with MC- CD68p- 
miR- 206 (figure 2F, online supplemental figure 3F). Within 5–9 
weeks postinjection of AKT/Ras, all scramble- treated mice died 
from HCC, while the AKT/Ras/miR- 206 mice appeared healthy 
(figure 2G). On dissection, 4 weeks of miR- 206 treatment led to 
a significant regression of advanced HCC induced by AKT/Ras 
(figure 2H).

MiR-206 attenuated M2 polarisation of KCs in AKT/Ras mice
HDI drove expression of miR- 206 primarily in KCs rather than 
infiltrating macrophages (online supplemental figure 3G). M2 
KCs suppresses CD8+ T cell recruitment to the TME.20 We next 
investigated the effects of KC- specific expression of miR- 206 
on M2 polarisation of KCs and hepatic recruitment of CD8+ 
T cells in AKT/Ras mice. Both total KCs and infiltrating macro-
phages were reduced in livers of AKT/Ras/miR- 206 mice (online 
supplemental figure 4A,B). Immunostaining and flow cytometry 
revealed that M1 KCs were markedly increased, while M2 KCs 
were decreased in livers of AKT/Ras/miR- 206 mice (figure 3A,B, 
online supplemental figure 4C–G). However, no HCC was 
identified in AKT/Ras/miR- 206 mice (figure 2E). Therefore, 
we cannot rule out the possibility that the M2- to- M1 switch of 
KCs in AKT/Ras/miR- 206 mice was due to lack of HCC rather 

than miR- 206- mediated activation of M1 polarisation of KCs. 
To exclude this possibility, we analysed M1/M2 KCs in AKT/Ras 
mice bearing tumours before and after miR- 206 injection (ther-
apeutic model). Again, KC- specific expression of miR- 206 drove 
M2- to- M1 switch of KCs in livers of AKT/Ras mice (figure 3C,D, 
online supplemental figure 5). Overall changes in M1/M2 KCs 
promoted us to explore general changes in the inflammation of 
the TME. Expression of anti- inflammatory marker genes was 
increased, while levels of proinflammatory genes were reduced 
in tumours of AKT/Ras mice (online supplemental figure 6A,B). 
In contrast, miR- 206 reversed the effects of AKT/Ras (online 
supplemental figure 6A,B). These results are consistent with 
the previous report that AKT signalling restricts proinflamma-
tory and promotes anti- inflammatory responses.21 KC- specific 
expression of miR- 206 also normalised intracellular oxidative 
stress that was elevated in AKT/Ras mice (online supplemental 
figure 6C).

Mechanistically, KC- specific expression of miR- 206 signifi-
cantly induced expression of genes encoding M1 markers 
including CCL2, iNOS, cyclooxygenase 2 (COX- 2), TNFα and 
IL- 6 in KCs rather than hepatocytes (figure 4A, online supple-
mental figure 7A). Serum levels of these cytokines were also 
significantly increased in AKT/Ras/miR- 206 mice (figure 4B). 
In contrast, mRNA levels of M2 marker genes and their serum 
levels were significantly reduced in AKT/Ras/miR- 206 mice 
(online supplemental figure 7B,C). CCL2 expression is triggered 
on exposure to inflammatory stimuli including IL- 6 and TNFα.22 
Simultaneous upregulation of CCL2, TNFα and IL- 6 confirmed 
the function of miR- 206 in inducing M1 polarisation of KCs. 
CCL2 is renowned for its ability to drive chemotaxis of CD8+ T 
cells and regulatory T cells (Tregs) via CCR2 (C- C motif chemo-
kine receptor 2).23 It was also reported that CCL2 attracted 
Tregs in HCC.24 Unexpectedly, our database mining revealed 
that CCL2 was significantly reduced in HCC, colon cancer, lung 
adenocarcinoma, lung squamous cell carcinoma and rectum 
adenocarcinoma versus adjacent normal tissues (figure 4C). 
Furthermore, low levels of CCL2 and CCR2 predicted a poor 
survival rate of HCC patients in the TCGA database (online 
supplemental figure 8A–C). A positive correlation of miR- 206 
with CCL2 and TNFα as well as CTL markers was observed 
in HCC patients (online supplemental figure 8D,E). These find-
ings led us to speculate that the CCL2- CCR2 axis could attract 
CD8+ T cells. Indeed, miR- 206 increased hepatic CD8+ T cells 
and CTLs (figure 4D,E, online supplemental figure 9A–D) and 
promoted aggregate of CD8+ T cells in proximity to KCs in AKT/
Ras/miR- 206 mice (both prevention and therapeutic models) 
(figure 4D,E, online supplemental figure 9E,F). Taken together, 
miR- 206 promoted M1 polarisation of KCs and hepatic recruit-
ment of CD8+ T cells.

MiR-206 drove M1 polarisation of human and mouse 
macrophages
We next performed gain of function for miR- 206 to promote 
M1 polarisation of mouse RAW264.7 and human THP- 1 
macrophages. Overexpression of miR- 206 in RAW264.7 and 
THP- 1 cells enhanced induction of M1 markers by 2.0- fold to 
21- fold (figure 5A,C) but significantly reduced mRNA levels 
of M2 markers (online supplemental figure 10). Flow cytom-
etry confirmed that miR- 206 led to a fivefold increase in iNOS 
positive RAW264.7 and THP- 1 cells (figure 5B,D). Together, 
miR- 206 promoted M1 polarisation of both human and mouse 
macrophages.
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KLF4 mediates the role of miR-206 in promoting M1 
polarisation of macrophages
MiRNAs inhibit expression of their targets. However, miR- 206 
upregulated Ccl2 in KCs. We, therefore, speculated that miR- 
206 promoted expression of Ccl2 in KCs via a dual inhibitory 
mechanism by which miR- 206 promoted transcription of Ccl2 
by targeting a transcription repressor of Ccl2. We first attempted 
to identify miR- 206 targets that were specifically expressed 

in macrophages. Combining database mining of single cells 
sequencing of hepatocytes and macrophages and bioinformatic 
prediction (online supplemental table 3), we identified seven 
potential targets of miR- 206 that were specifically expressed in 
macrophages (online supplemental table 4). Among the potential 
targets of miR- 206, KLF4 was the only gene encoding a tran-
scription repressor that could modulate macrophage polarisation 
by impairing the ability of NF-κB.25 The promoters of several 

Figure 2 KC- specific expression of miR- 206 prevented HCC in AKT/Ras mice. (A) miR- 206 levels in KCs and hepatocytes (HCs) isolated from wild- 
type FVB/NJ mice. (B) Levels of miR- 206 in KCs and HCs from FVB/NJ mice injected with pT3- EF1α (control, n=6, 5 w.p.i.) and AKT/Ras (n=6, 5 w.p.i.). 
(C) miR- 206 levels in M1 and M2 KCs isolated from wild- type FVB/NJ mice. (D) Kaplan- Meier survival curves of AKT/Ras mice injected with pT3- 
CD68p- scramble (AKT/Ras, n=6) or pT3- CD68p- miR- 206 (AKT/Ras/miR- 206, n=6). (E) Macroscopic and microscopic (H&E) appearance of livers from 
AKT/Ras/scramble (n=6, 5 w.p.i.) and AKT/Ras/miR- 206 mice (n=6, 5 w.p.i.). (F) Study design to evaluate the therapeutic effect of miR- 206 on HCC. 
(G) Kaplan- Meier survival curves of AKT/Ras mice injected with MC- CD68p- scramble (AKT/Ras, n=6) or MC- CD68p- miR- 206 (AKT/Ras/miR- 206, n=6). 
(H) Macroscopic and microscopic (H&E) appearance of livers from AKT/Ras (n=6, 3 w.p.i.), AKT/Ras/MC- CD68p- scramble (n=6, 7 w.p.i.) and AKT/Ras/
MC- CD68p- miR- 206 mice (n=6, 7 w.p.i.). Data represent mean±SEM. **P<0.01 (figure 2A–C and E: Mann- Whitney U test; figure 2D and G: log- rank 
test; figure 2H: two- way analysis of variance test). KCs, Kupffer cells; w.p.i., weeks postinjection of AKT/Ras.
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Figure 3 miR- 206 attenuated M2 polarisation of KCs in AKT/Ras mice. (A and B) Immunostaining of iNOS, CD206 and CLEC4F (KC- specific marker) 
and the ratios of M1 or M2 KCs in livers of AKT/Ras mice injected with pT3- CD68p- scramble (n=6, 5 w.p.i.) or pT3- CD68p- miR- 206 mice (n=6, 5 
w.p.i.). (C and D) Immunostaining of iNOS, CD206 and CLEC4F and the ratios of M1 or M2 KCs in livers of AKT/Ras (n=6, 3 w.p.i.), AKT/Ras/MC- 
CD68p- scramble (n=6, 7 w.p.i.) and AKT/Ras/MC- CD68p- miR- 206 (n=6, 7 w.p.i.) mice. Data represent mean±SEM. **P< 0.01 and NS (figure 3A–B: 
Mann- Whitney U test; figure 3C–D: two- way analysis of variance test). Scale bar: figure 3A and C: 10 μm; figure 3B and D: 20 μm. KCs, Kupffer cells; 
NS, no significance; w.p.i., weeks postinjection of AKT/Ras.
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Figure 4 miR- 206 promoted hepatic recruitment of CD8+ T cells by driving CCL2 production. (A) mRNA levels of M1 marker genes in KCs of AKT/
Ras/scramble (n=6, 5 w.p.i.) and AKT/Ras/miR- 206 (n=6, 5 w.p.i.) mouse cohorts. (B) Serum levels of TNFα, IL- 6 and CCL2 in two groups of mice. 
(C) mRNA levels of CCL2 in HCC, colon cancer (COAT), breast cancer (BRCA), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC) 
and rectum adenocarcinoma (READ) in the TCGA database (T: tumour; N: normal livers). Expression levels were shown as Log2 (TPM+1). (D) 
Immunostaining of CD8, CLEC4F and the numbers of CD8+ cells per 1000 liver cells in two group of mice. (E) Immunostaining of CD8 and CLEC4F 
and the numbers of CD8+ cells per 1000 liver cells in AKT/Ras (n=6, 3 w.p.i.), AKT/Ras/MC- CD68p- scramble (n=6, 7 w.p.i.) and AKT/Ras/ MC- CD68p- 
miR- 206 (n=6, 7 w.p.i.). Data represent mean±SEM. *P<0.05, **p<0.01 and ***p<0.001 (figure 4A, B D: Mann- Whitney U test; figure 4C: two- tailed 
Student’s t- test; figure 4E: two- way analysis of variance test). Scale bar: 100 μm. HCC, hepatocellular carcinoma; KCs, Kupffer cells; TPM, transcripts 
per million; w.p.i., weeks postinjection of AKT/Ras.
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M1 marker genes contain NF-κB binding sites.26 We, therefore, 
speculated that miR- 206 promoted CCL2 production by directly 
targeting the KLF4- NF-κB axis, which triggered M1 polarisation 
of KCs. The miR- 206 binding site within the 3′UTR of Klf4 was 
conserved between human and mouse (figure 6A). Both Klf4 and 
Ccl2 were primarily expressed in KCs compared with hepato-
cytes (figure 6B). Overexpression of miR- 206 in RAW264.7 
cells robustly decreased Klf4 but increased Ccl2 (figure 6C). 
Luciferase assay confirmed the direct binding of miR- 206 to 
the 3′UTRs of Klf4 in both mouse and human macrophages 
(figure 6D, online supplemental figure 11A,B). KLF4 impairs the 
recruitment of coactivators to NF-κB sites.25 Thus, we reasoned 
that KLF4 impaired the recruitment of cofactors that augment 
NF-κB (p65) transcriptional activity. Indeed, overexpression of 
p65 drove expression of M1 markers in RAW264.7 cells, while 
additional treatment of Klf4 offset the promoting effect of p65 
(figure 6E).

To determine whether KLF4 was essential for miR- 206 
to induce M1 polarisation, we employed a genome- editing 
approach to ablate the miR- 206 binding site within the 3’UTR 
of Klf4. Such a design impaired the ability of miR- 206 to 
repress expression of Klf4 in RAW264.7 cells (figure 6F). MiR- 
206 drove M1 polarisation of RAW264.7 cells, while ablation 
of the miR- 206 binding site abolished the effect of miR- 206 
(figure 6G–J, online supplemental figure 11C). Disrupting the 
interaction between miR- 206 and KLF4 also impaired the ability 

of miR- 206 to induce M1 polarisation of THP- 1 cells (online 
supplemental figure 11D,E). In addition, the KLF4- NFκB axis 
was repressed in KCs of AKT/Ras mice, while this signalling was 
recovered in KCs of AKT/Ras/miR- 206 mice (online supple-
mental figure 12). In sum, miR- 206, by modulating the KLF4- 
NF-κB axis, triggered M1 polarisation of macrophages.

MiR-206 enhanced expansion and migration of CD8+ T cells 
via the CCL2/CCR2 axis
High levels of CCL2 or CCR2 were closely related to improved 
survival in HCC (online supplemental figure 8B,C). CCL2 is 
associated with recruitment of CD8+ T cells.27 28 We, therefore, 
hypothesised that miR- 206, by promoting the CCL2/CCR2 
axis, recruited CD8+ T cells. We next cocultured CD8+ T cells 
with miR- 206- educated RAW264.7 cells. MiR- 206 drove CCL2 
secretion and expansion of CD8+ T cells (figure 7A,B). CD69 is 
an early activation marker of CD8+ T cells. CD154 allows CD8+ 
T cells to promote their own expansion.29 Indeed, CD8+ T cells 
showed high expression of Cd69 and Cd154 (figure 7C). MiR- 
206, by promoting CCL2 production in macrophages, enhanced 
migration of CD8+ T cells (figure 7D).

We next determined whether each component of the KLF4- 
CCL2- CCR2 axis was required for miR- 206 to activate M1 
polarisation and subsequent expansion and migration of CD8+ 
T cells. Ablation of the miR- 206 binding site within the 3′UTR 

Figure 5 miR- 206 triggered M1 polarisation of both human and mouse macrophages. (A and C) mRNA levels of M1 marker genes in RAW264.7 
and THP- 1 cells transfected with pT3- CD68p- miR- 206 (miR- 206) or pT3- CD68p- scramble (control). (B and D) Flow cytometry analysis of iNOS+ cells in 
RAW264.7 and THP- 1 cells transfected with pT3- CD68p- miR- 206 or pT3- CD68p- scramble. Data represent mean±SEM. **P<0.01 (figure 5: two- tailed 
Student’s t- test).
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of Klf4 impaired the ability of miR- 206 to induce CCL2 secre-
tion in RAW264.7 cells (figure 7A). This disruption also limited 
the ability of miR- 206 to promote expansion and migration of 
CD8+ T cells (figure 7B–D). CCL2 neutralisation and CCR2 
antagonism impaired the ability of miR- 206 to drive migration 
of CD8+ T cells (figure 7E,F), indicating that both CCL2 and 

CCR2 were required for miR- 206 to recruit CD8+ T cells. Abla-
tion of the miR- 206 binding site within the 3′UTR of KLF4 in 
the genome of THP- 1 cells also impaired the ability of miR- 206 
to drive proliferation and migration of CD8+ T cells (online 
supplemental figure 13). KCs from AKT/Ras mice showed a 
reduced ability to drive migration of CD8+ T cells, while this 

Figure 6 KLF4 mediated the role of miR- 206 in promoting M1 polarisation of macrophages. (A) Graphic representation of the conserved miR- 206 
binding motif within the 3’UTR of Klf4. Complementary sequence to the seed region of miR- 206 within the 3’UTR of Klf4 is conserved between human 
and mouse (highlighted in green). (B) mRNA levels of Klf4 and Ccl2 in hepatocytes and KCs isolated from wild- type FVB/NJ mice. (C) mRNA levels 
of Klf4 and Ccl2 in RAW264.7 cells transfected with pT3- CD68p- miR- 206 or pT3- CD68p- scramble (control). (D) Luciferase activities of the reporter 
constructs containing either wild- type or mutated 3’UTR of mouse Klf4 after transfection of pT3- CD68p- scramble (control) or pT3- CD68p- miR- 206. (E) 
mRNA levels of M1 maker genes in RAW264.7 Cells transfected with pT3- EF1α (control), pT3- p65 (p65) or a combination of pT3- Klf4 and pT3- p65 
(p65+KLF4). (F) Protein levels of KLF4 and CCL2 in three groups of RAW264.7 cells transfected with pT3- CD68p- scramble, pT3- CD68p- miR- 206 or a 
combination of pT3- CD68p- miR- 206 and a sgRNA designed to ablate the binding site within the 3’UTR of Klf4. (G) mRNA levels of M1 marker genes 
in three groups of RAW264.7 cells. (H) Levels of iNOS, COX- 2, TNFα and CCL2 in cell lysates of three groups of RAW264.7 cells. (I–J) Immunostaining 
of iNOS and the ratios of iNOS+ cells in three groups of RAW264.7 cells. Data represent mean±SEM. *P<0.05, **p<0.01, ***p<0.001 and NS (figure 
6B–D: two- tailed Student’s t- test; figure 6E–J: two- way analysis of variance test). COX- 2, cyclooxygenase 2; KCs, Kupffer cells; NS, no significance.
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loss was recovered in KCs isolated from AKT/Ras/miR- 206 mice 
(figure 7G,H). In AKT/Ras/miR- 206 mice, the appearance of 
CCL2 was positively correlated with CD8+ T cells (both preven-
tion and therapeutic models) (figure 7I–J).

Disrupting the interaction between miR-206 and Klf4 in part 
impaired the ability of miR-206 to prevent HCC
We set out to establish that the KLF4- CCL2 axis was the down-
stream effector for miR- 206 to prevent HCC development in 
vivo. To do so, we employed an AAV8- based CRISPR/Cas9 

technique to ablate the binding site of miR- 206 within the 3′UTR 
of Klf4 in the genome of KCs in AKT/Ras mice. Ablation of the 
miR- 206 binding site impaired the ability of miR- 206 to repress 
Klf4 in KCs and promote CCL2 production (figure 8A,B). 
Phenotypically, disrupting the interaction between miR- 206 and 
Klf4 was associated with recovered growth of HCC that was 
fully prevented by miR- 206 (figure 8C). Mechanistically, HDI 
of miR- 206 promoted the M2- to- M1 switch of KCs and hepatic 
recruitment of CD8+ T cells, while disrupting the interaction 
between miR- 206 and Klf4 brought levels of M1 KCs and CD8+ 

Figure 7 miR- 206 enhanced chemotaxis of CD8+ T cells by activating the CCL2/CCR2 axis. (A) Levels of CCL2 in the medium of RAW264.7 cells 
that were transfected with pT3- CD68p- scramble (control), pT3- CD68p- miR- 206 (miR- 206) or a combination of pT3- CD68p- miR- 206 and the sgRNA 
to ablate the binding site of miR- 206 within the 3’UTR of Klf4 (miR- 206+sgRNA). (B) Proliferation of CD8+ T cells cocultured with three groups of 
RAW264.7 cells. (C) mRNA levels of genes encoding CD69 and CD154 in CD8+ T cells that were cocultured with the three groups of RAW264.7 cells. 
(D) The migration ratios of CD8+ T cells cocultured with three groups of RAW264.7 cells. (E) The migration ratios of CD8+ T cells cocultured with three 
groups of RAW264.7 cells treated with pT3- CD68p- scramble (control), pT3- CD68p- miR- 206 or a combination of pT3- CD68p- miR- 206 and CCL2 mAb. 
CCL2 mAb was used to neutralise CCL2 in the culture medium. (F) The migration ratios of CD8+ T cells cocultured with three groups of RAW264.7 
cells treated with pT3- CD68p- scramble (control), pT3- CD68p- miR- 206 or a combination of pT3- CD68p- miR- 206 and CAS, a CCR2 antagonist. (G) 
The migration ratios of CD8+ T cells cocultured with KCs isolated from livers of FVB/NJ mice injected with pT3- EF1α (control, n=3, 5 w.p.i.), AKT/Ras/
scramble (n=3, 5 w.p.i.) or AKT/Ras/miR- 206 (n=3, 5 w.p.i.). (H) The migration ratios of CD8+ T cells cocultured with KCs isolated from livers of AKT/
Ras/MC- CD68p- scramble (n=3, 7 w.p.i.) and AKT/Ras/MC- CD68p- miR- 206 (n=3, 7 w.p.i.). (I–J) Immunostaining of CD8 and CCL2 in livers of the AKT/
Ras models of prevention and treatment. Scale bar: 100 µm. Data represent mean±SEM. *P<0.05; **p<0.01 and NS (figure 7A–G: two- way analysis 
of variance test. figure 7H: two- tailed Student’s t- test). NS, no significance; KCs, Kupffer cells; w.p.i., weeks postinjection of AKT/Ras.
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T cells to those seen in scramble- treated mice (figure 8D–I). 
Taken together, the KLF4- CCL2 axis, at least in part, mediated 
the ability of miR- 206 to drive M2- to- M1 polarisation of KCs 
and hepatic recruitment of CD8+ T cells and prevent HCC in 
AKT/Ras mice.

Depletion of CD8+ T cells eliminated the ability of miR-206 to 
prevent HCC development
We hypothesised that CTLs were the major downstream player 
for miR- 206 to prevent HCC. To test this, we depleted CD8+ 
T cells in AKT/Ras mice by intraperitoneal injection of CD8 or 
IgG1 mAb (control) (figure 9A). MiR- 206 inhibited expression 

of Klf4, which promoted CCL2 production, drove M1 polar-
isation of KCs and fully prevented HCC in AKT/Ras mice 
(figure 9B–E). In contrast, although miR- 206 recovered hepatic 
M1 KCs (figure 9C), depletion of CD8+ T cells offset the ability 
of miR- 206 to inhibit HCC development (figure 9E). In sum, 
CD8+ T cells were the downstream player of miR- 206 to inhibit 
HCC.

DISCUSSION
The efficacy of immunotherapy is limited by several unique prop-
erties of HCC, most notably the inherently tolerogenic nature 
of liver in both healthy and diseased states.11 In this study, we 

Figure 8 Disrupting the interaction between miR- 206 and Klf4 offset the role of miR- 206 in preventing HCC development. (A and B) mRNA levels of 
Klf4 in KCs and serum CCL2 in AKT/Ras mice injected with pT3- CD68- scramble (n=6, 8 w.p.i.), pT3- CD68- miR- 206 (n=6, 8 w.p.i.) or a combination of 
pT3- CD68- miR- 206 and the sgRNA (n=6, 8 w.p.i.). (C) Macroscopic and microscopic (H&E) appearance of livers of three groups of mice. (D–G) Ratios 
of M1 or M2 KCs in livers of three groups of mice. (H–I) Ratios of CTLs (CD8+GrB+) to CD8+ T cells in livers of three groups of mice. Data represent 
mean±SEM. **P<0.01 (figure 8: two- way analysis of variance test). HCC, hepatocellular carcinoma; KCs, Kupffer cells; w.p.i., weeks postinjection of 
AKT/Ras.
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identified a typical immune nature of HCC by which M2 polar-
isation of KCs impaired hepatic enrichment of CD8+ T cells. In 
contrast, miR- 206 drove M1 polarisation of KCs and hepatic 
recruitment of CD8+ T cells, thereby exhibiting the strong ther-
apeutic potential against HCC.

First, we observed that activation of AKT signalling accounted 
for M2 polarisation of KCs in AKT/Ras mice. To date, control 
of macrophage polarisation has largely been attributed to the 
function of a small group of factors including NF-κB, AP- 1, 
STATs and PPARs.25 Since the identification of miRNAs,30 
they have been implicated in human cancers and, in partic-
ular, miR- 206.17 18 31 32 With respect to miR- 206, its role in 
inhibiting proliferation of many types of cancers has been well 
studied.17 31 32 However, in HCC, the efficiency of HDI- based in 
vivo transfection of miR- 206 was only 30% of liver cells (online 
supplemental figure 3C). Therefore, it was unreasonable to 
conclude that the full prevention of HCC in AKT/Ras/miR- 206 
was caused by impaired proliferation of malignant hepatocytes. 

Immune escape of tumour cells is a typical characteristic of 
HCC.3 Indeed, miR- 206- mediated M1 polarisation of KCs, by 
driving hepatic recruitment of CTLs, at least in part, contributed 
to the robust inhibition of HCC in AKT/Ras mice. However, it 
cannot rule out the possibility that miR- 206 inhibited HCC by 
modulating other signalling cascades within the TME.

A second key observation was that miR- 206 promoted migra-
tion and expansion of CD8+ T cells by driving KCs to produce 
CCL2. While CCL2 binds promiscuously to CCR1- 5, it binds 
with a particularly high affinity to CCR2.33 The CCL2/CCR2 
signalling is best known for its role in regulating macrophage 
recruitment and polarisation.23 In addition to attracting M2 
macrophages, the CCL2/CCR2 axis was shown to also attract 
Tregs.34 It was reported that CCL2 was increased in HCC 
patients, and antagonising the CCL2/CCR2 axis impaired 
growth of HCC.35 However, our TCGA database analysis 
revealed that reduced CCL2 predicted a poor survival rate of 
HCC patients (online supplemental figure 8A,B). Notably, levels 

Figure 9 Depletion of CD8+ T cells impaired the ability of miR- 206 to prevent HCC. (A) Levels of CD8+ T cells in livers of AKT/Ras treated with 
scramble (n=6, 7 w.p.i.), miR- 206 and IgG1 mAb (n=6, 7 w.p.i.), or a combination of miR- 206 and CD8 mAb (n=6, 7 w.p.i.). (B) mRNA levels of Klf4 
in KCs and serum CCL2 in three groups of mice. (C and D) Ratios of M1 or M2 KCs in livers of three groups of mice. (E) Macroscopic and microscopic 
(H&E) appearance of livers in three groups of mice. Data represent mean±SEM. **P<0.01, ***p<0.001 and NS (figure 9: two- way analysis of 
variance test). HCC, hepatocellular carcinoma; KCs, Kupffer cells; mAb, monoclonal antibody; NS, no significance; w.p.i., weeks postinjection of AKT/
Ras.
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of CCL2 were also decreased in other types of human cancers 
in the TCGA database (figure 4C). In sarcoma and lung cancer 
patients, high expression of CCL2 was associated with an 
improved prognosis and better overall survival.36 37 The CCR2/
CCL2 axis was reported to be associated with increased migra-
tion of CTLs towards cancer cells.38 Based on these findings, we 
speculated that during the initiation and early stage of HCC, 
M1 polarisation of KCs activated the CCL2/CCR2 signalling, 
thereby facilitating the migration of CD8+ T cells to HCC. 
However, in advanced HCC, levels of circulating Tregs were 
significantly increased and CCR2 on the surface of Tregs rapidly 
depleted CCL2, which reduced the chance of CCL2 to interact 
with CCR2 on CD8+ T cells. Therefore, miR- 206, at least in 
part, and via the CCL2/CCR2 axis, contributes to attraction of 
CD8+ T cells.

Immunosuppression is a typical nature of HCC. Despite the 
strong role of miR- 206 in driving hepatic recruitment of CTLs, 
it cannot rule out the inhibitory effect of miR- 206 on immu-
nosuppression based on its strong inhibitory effect on HCC. In 
addition, CCR2 is also expressed in Tregs, urging us to evaluate 
the effect of miR- 206 on hepatic Tregs. Unexpectedly, decreased 
hepatic CD4+ T cells and elevated Tregs were observed in AKT/
Ras mice, while KC- specific expression of miR- 206 normalised 
their levels in AKT/Ras mice (both prevention and therapeutic 
models) (online supplemental figure 14A–F). FOXP3 itself is 
not enough for Tregs to exhibit suppressive function.39 IL- 10 
augments is required for Treg function and differentiation.40 We 
speculated that miR- 206, by inhibiting IL- 10 production, created 
an unfavourable environment for Treg differentiation. IL- 10 
is predominantly expressed in KCs versus hepatocytes (online 
supplemental figure 15A). KC- specific expression of miR- 206 
reduced both mRNA levels of Il- 10 in KCs and serum IL- 10 
that were elevated in AKT/Ras mice (online supplemental figure 
15B,C). This observation suggested that miR- 206, in addition to 
driving CTL recruitment, also suppressed hepatic immunosup-
pression, which might partially contribute to the full prevention 
of HCC in AKT/Ras mice.

Cenicriviroc (CVC), a CCR2/5 antagonist, had shown prom-
ising results against NASH/fibrosis.41 We next determined the 
effect of CVC on HCC in AKT/Ras mice. Unexpectedly, CVC 
treatment slightly accelerated growth of HCC in AKT/Ras mice 
(online supplemental figure 16). Further studies are needed to 
optimise the dose of AKT/Ras and CVC to allow AKT/Ras mice 
to survive for a long term so that we can study the role of CVC 
in promoting HCC development in AKT/Ras mice. Proinflam-
matory KCs can suppress early HCC tumourigenesis by elim-
inating cancer cells and can also sustain the chronic state of 
inflammation. A threshold of M1 KCs and timely termination 
of M1 polarisation of KCs is critical to maintain their ability to 
inhibit HCC but avoid excessive inflammation. It is our specu-
lation that miR- 206, by fine- tuning M1/M2 balance and TME, 
fully prevented HCC without excessive hepatic inflammation.

Finally, the full prevention of HCC by miR- 206- mediated M1 
polarisation of KCs underscores the role of miRNAs in main-
taining immune homeostasis. They are now well established as 
naturally occurring non- coding RNAs that fine- tune metabolic 
and functional pathways.42–44 This characteristic of miRNAs 
allows us to speculate that they regulate immune response in 
a highly precise manner, which avoids excessive and off- site 
effects. In summary, activation of AKT/Ras signalling triggered 
M2 polarisation of KCs, which subsequently impaired CTLs 
infiltration to the cancer site. MiR- 206 drove M1 polarisation 
of KCs and CCL2 production. Activation of CCL2/CCR2 signal-
ling facilitated hepatic recruitment of CD8+ T cells and fully 

prevented HCC. Based on the unique nature of miR- 206 to 
enhance immune surveillance, it represents a potentially novel 
immunotherapeutic agent against HCC.
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Supplemental Figure 1 Hydrodynamic injection of AKT/Ras led to activation of AKT 
signaling in hepatocytes and KCs and triggered the development of lethal HCC. (A) Kaplan-
Meier survival curves of FVB/NJ mice injected with pT3-EF1α (Control, n=6) or AKT/Ras (n=6) 
(log-rank test). (B) H&E staining (10X) of livers in two groups of mice. (C) qRT-PCR quantitation 
of AKT1 mRNA levels in hepatocytes and KCs in two groups of mice (Mann-Whitney test). (D-G) 
Total numbers of KCs (CLEC4F+F4/80+) and infiltrating macrophages (CD11bhighCLEC4F-) in 
FVB/NJ mice injected with pT3-EF1α (Control, n=6, 5 w.p.i) or AKT/Ras (n=6, 5 w.p.i) (Mann-
Whitney test). w.p.i: weeks post injection. (H) Immunostaining of iNOS, CD206 and CLECF4
(10X) in livers of two groups of mice (Mann-Whitney test). Data represent mean ± SEM. **p < 
0.01. Scale bar: 100 μm.
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2 
 
Supplemental Figure 2 HDI of AKT/Ras drove M1 to M2 switch of KCs in mice. (A-D) The ratios 
of M1 KCs (iNOS+CLEC4F+) or M2 KCs (CD206+CLEC4F+) in livers of FVB/NJ mice injected with 
pT3-EF1α (Control, n=6, 5 w.p.i) or AKT/Ras (n=6, 5 w.p.i) (Mann-Whitney test). (E) The ratios of 
M2 KCs in livers of FVB/NJ mice injected with pT3-EF1α (Control, n=3, 1 w.p.i) or AKT/Ras (n=3, 1 
w.p.i) (Mann-Whitney test). (F) Double immunostaining of CLEC4F and CD206 in KCs transfected 
with pT3-EF1α or AKT/Ras. KCs were isolated from wild-type FVB/NJ mice. (G-H) The ratios of 
CTLs (CD8+GrB+) in livers of FVB/NJ mice injected with pT3-EF1α (Control, n=6, 5 w.p.i) or 
AKT/Ras (n=6, 5 w.p.i) (Mann-Whitney test). Data represent mean ± SEM. **p < 0.01 and ***p < 
0.001. Scale bar: 100 μm. 
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3 

Supplemental Figure 3 Hydrodynamic injection of miR-206 led to a repression of HCC in 
AKT/Ras mice. (A) Levels of miR-206 in livers of mice injected with pT3-EF1α (Control, n=6, 5 
w.p.i) and AKT/Ras (n=6, 5 w.p.i) (Mann-Whitney test). (B) Low levels of miR-206 predicted a poor 
survival rate of HCC patients in the TCGA database (log-rank test). (C)  GFP-positive liver cells in 
mice injected with pT3-EF1α-scramble (n=6, 5 w.p.i) or pT3-EF1α-GFP-miR-206 (n=6, 5 w.p.i) 
(Mann-Whitney test). (D) Increased levels of miR-206 in KCs of AKT/Ras mice injected with pT3-
CD68p-miR-206 (n=6, 5 w.p.i) or pT3-CD68p-scramble (n=6, 5 w.p.i) (Mann-Whitney test). (E) 
Levels of miR-206 in hepatocytes of livers from two groups of mice (Mann-Whitney test). (F) Levels 
of miR-206 in KCs of AKT/Ras mice injected with MC-CD68p-scramble (n=6, 7 w.p.i) or MC-
CD68p-miR-206 (n=6, 7 w.p.i) (Mann-Whitney test). (G) Levels of miR-206 in KCs and MDMs 
(monocyte-derived macrophages) of FVB/NJ mice injected with pT3-CD68p-miR-206 (Mann-
Whitney test). Data represent mean ± SEM. **p < 0.01, ***p < 0.001 and ns: no significance.  
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4 

Supplemental Figure 4 KC-specific expression of miR-206 drove M2 to M1 switch of KCs in 
AKT/Ras mice. (A-B) Total number of KCs (CLEC4F+F4/80+) and infiltrating macrophages 
(CD11bhigh CLEC4F-) in livers of AKT/Ras mice injected with pT3-CD68p-scramble (n=6, 5 w.p.i) or 
pT3-CD68p-miR-206 (n=6, 5 w.p.i) (Mann-Whitney test). (C-F) The ratios of M1 or M2 KCs in livers 
of two groups of mice. (G) Immunostaining of iNOS, CD206 and CLEC4F (10X) in livers of two 
groups of mice. Data represent mean ± SEM. *p < 0.05 and ***p < 0.001. 
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5 

Supplemental Figure 5 KC-specific expression of miR-206 drove M2 to M1 switch of KCs in 
AKT/Ras mice bearing HCC. (A-D) The ratios of M1 or M2 KCs in livers of AKT/Ras (n=6, 3 
w.p.i), AKT/Ras/MC-CD68p-scramble (n=6, 7 w.p.i) and AKT/Ras/MC-CD68p-miR-206 (n=6, 7 
w.p.i) mice (two-way ANOVA test). (E) Immunostaining of iNOS, CD206 and CLEC4F (10X) in 
livers of three groups of mice (low magnification) (two-way ANOVA test). Data represent mean ± 
SEM. **p < 0.01 and ***p < 0.001.
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Supplemental Figure 6 miR-206 offset the ability of AKT/Ras to drive M1 to M2 
switch of KCs. (A) mRNA levels of M1 marker genes in livers of FVB/NJ mice 
injected with pT3-EF1α (control, n=6, 5 w.p.i), AKT/Ras/scramble (n=6, 5 w.p.i), or 
AKT/Ras/miR-206 (n=6, 5 w.p.i) (two-way ANOVA test). (B) mRNA levels of M2 
marker genes in livers of three groups of mice (two-way ANOVA test). (C) Levels of 
oxidative stress in livers of three groups of mice, as revealed by CellRox Red staining 
(two-way ANOVA test). Data represent mean ± SEM. *p < 0.05, **p < 0.01.
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7 
 
Supplemental Figure 7 KC-specific expression of miR-206 drove M1 polarization of KCs. (A) 
mRNA levels of M1 marker genes in hepatocytes of AKT/Ras mice injected with pT3-CD68p-
scramble (control, n=6, 5 w.p.i) or pT3-CD68p-miR-206 (n=6, 5 w.p.i) (Mann-Whitney test). (B) 
mRNA levels of M2 marker genes in KCs of two groups of mice (Mann-Whitney test). (C) Serum 
levels of IL-10 and TGFβ1 in two groups of mice (Mann-Whitney test). Data represent mean ± SEM. 
**p < 0.01, ***p < 0.001 and ns: no significance. 
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Supplemental Figure 8 Levels of miR-206 were positively correlated with M1 markers and CTL 
signatures. (A) Reduced CCL2 in HCC patients from the TCGA database (T: Tumor; N: normal liver 
tissues). TPM: transcripts per million. Expression levels were shown as Log2 (TPM+1) (two-tailed 
student’s t test). (B) Low levels of CCL2 predicted a poor survival rate of HCC patients in the TCGA 
database. Survival rates of HCC patients were determined via Kaplan–Meier analysis based on the 
data from the TCGA database (log-rank test). (C) The association between CCR2 levels and survival 
of HCC patients was determined via Kaplan-Meier analysis based on the data from the TCGA 
database (log-rank test). (D) A positive correlation between miR-206 and M1 markers of macrophages 
(CCL2 and TNFα) in the TCGA HCC cohort. R = Spearman’s correlation coefficient. TPM: 
Transcripts Per Million. (E) A positive correlation between miR-206 and CTL markers in the TCGA 
HCC cohort (two-tailed student’s t test). R = Spearman’s correlation coefficient. Data represent mean 
± SEM. *p < 0.05. 
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Supplemental Figure 9 KC-specific expression of miR-206 increased hepatic CTLs in AKT/Ras 
mice. (A-B) The ratios of CTLs in livers of AKT/Ras mice injected with pT3-CD68p-scramble (n=6, 5 
w.p.i) or pT3-CD68p-miR-206 (n=6, 5 w.p.i) (Mann-Whitney test). (C-D) The ratios of CTLs in livers 
of AKT/Ras (n=6, 3 w.p.i), AKT/Ras/MC-CD68p-scramble (n=6, 7 w.p.i) and AKT/Ras/MC-CD68p-
miR-206 (n=6, 7 w.p.i) mice (two-way ANOVA test). (E) Distance between CD8+ T cells and KCs in 
livers of FVB/NJ mice injected with pT3-EF1α (n=6, 5 w.p.i), AKT/Ras/pT3-CD68p-scramble (n=6, 5 
w.p.i), or AKT/Ras/pT3-CD68p-miR-206 (n=6, 5 w.p.i) (two-way ANOVA test). (F) Distance between 
CD8+ T cells and KCs in livers of AKT/Ras mice (n=6, 3 w.p.i), AKT/Ras/MC-CD68p-scramble (n=6, 
7 w.p.i) and AKT/Ras/MC-CD68p-miR-206 (n=6, 7 w.p.i) mice (two-way ANOVA test). Data 
represent mean ± SEM. **p < 0.01, ***p < 0.001 and ns: no significance.  
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Supplemental Figure 10 miR-206 inhibited M2 polarization of 
RAW264.7 and THP-1 cells. (A) mRNA levels of M2 marker genes 
encoding IL-10, CD206, MGL1, MGL2 and TGFβ1 in RAW264.7 cells 
transfected with pT3-CD68p-scramble or pT3-CD68p-miR-206 (two-tailed 
student’s t test). (B) mRNA levels of M2 marker genes encoding IL-10, 
CD209, MGL1, SRA1 and DECTIN1 in THP-1 cells transfected with pT3-
CD68p-scramble or pT3-CD68p-miR-206 (two-tailed student’s t test). Data 
represent mean ± SEM. *p < 0.05 and **p < 0.01. 
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Supplemental Figure 11 KLF4 was required for miR-206 to drive M1 polarization of RAW64.7 
and THP-1 cells. (A) Luciferase activities of the reporter constructs containing either the wild-type or 
mutated 3’UTRs of human KLF4 after miR-206 overexpression (two-tailed student’s t test). KLF4 
3’UTR-M: miR-206 binding site was mutated within the 3’UTR of KLF4. (B) mRNA levels of KLF4 
and CCL2 levels in THP-1 cells after miR-206 overexpression (two-tailed student’s t test). (C) CD206 
(M2 marker) staining and the ratios of CD206-positive cells in RAW264.7 cells transfected with pT3-
CD68p-scramble (control), pT3-CD68p-miR-206, or a combination of pT3-CD68p-miR-206 and the 
sgRNA (two-way ANOVA test). (D) iNOS (M1 marker) staining and iNOS-positive cells in THP-1 
cells transfected with pT3-CD68p-scramble (control), pT3-CD68p-miR-206, or a combination of pT3-
CD68p-miR-206 and the sgRNA (two-way ANOVA test). THP-1 cells were treated with PMA, IFN-γ 
and LPS. (E) DC-SIGN (M2 marker) staining and the ratios of DC-SIGN-positive cells in THP-1 cells 
transfected with pT3-CD68p-scramble (control), pT3-CD68p-miR-206, or a combination of pT3-
CD68p-miR-206 and sgRNA (two-way ANOVA test). THP-1 cells were treated with PMA, IL-4 and 
IL-13. Data represent mean ± SEM. **p < 0.01 and ns: no significance. 
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Supplemental Figure 12 KC-specific expression of miR-206 normalized the 
KLF4-NFκB axis that was dysregulated in AKT/Ras mice. (A) Protein levels 
of KLF4 in KCs of FVB/NJ mice injected with pT3-EF1α (control, 5 w.p.i), 
AKT/Ras/pT3-CD68p-scramble (5 w.p.i), or AKT/Ras/pT3-CD68p-miR-206 (5 
w.p.i) (two-way ANOVA test). (B) NF-κB activity in KCs of three groups of 
mice (two-way ANOVA test). We combined Percoll density gradient 
centrifugation and flow cytometry to isolate KCs from three groups of mice. The 
NF-κB activity in KCs was evaluated by NF-κB (p65) Transcription Factor 
Assay Kit. Data represent mean ± SEM. ***p < 0.001.
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Supplemental Figure 13 Ablation of the miR-206 binding site within the 3’UTR 
of KLF4 impaired the ability of miR-206 to drive M1 polarization of THP-1 
cells. (A) mRNA levels of KLF4 in THP-1 cells transfected with pT3-CD68p-
scramble (control), pT3-CD68p-miR-206 (miR-206), or a combination of pT3-
CD68p-miR-206 and the sgRNA (two-way ANOVA test). (B) Levels of CCL2 in the 
medium used for culturing three groups of THP-1 cells (two-way ANOVA test). (C) 
Proliferation of CD8+ T cells co-cultured with three groups of THP-1 cells (two-way 
ANOVA test). (D) The migration ratios of CD8+ T cells co-cultured with three 
groups of THP-1 cells (two-way ANOVA test). Data represent mean ± SEM. **p < 
0.01 and ns: no significance.
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Supplemental Figure 14 miR-206 increased hepatic CD4+ T cells and reduced Tregs in AKT/Ras 
mice. (A-B) Levels of hepatic CD4+ T cells in FVB/NJ mice injected with pT3-EF1α (control, n=6, 5 
w.p.i), AKT/Ras/pT3-CD68p-scramble (n=6, 5 w.p.i), or AKT/Ras/pT3-CD68p-miR-206 (n=6, 5 
w.p.i) (two-way ANOVA test). (C-D) Levels of hepatic CD4+ T cells in AKT/Ras (n=6, 3 w.p.i), 
AKT/Ras/MC-CD68p-scramble (n=6, 7 w.p.i), and AKT/Ras/MC-CD68p-miR-206 (n=6, 7 w.p.i) 
mice (two-way ANOVA test). (E) Flow cytometry analysis of Tregs (CD4+CD25+FoxP3+) in livers of 
FVB/NJ mice injected with pT3-EF1α (control, n=6, 5 w.p.i), AKT/Ras/pT3-CD68p-scramble (n=6, 5 
w.p.i), or AKT/Ras/pT3-CD68p-miR-206 (n=6, 5 w.p.i) (two-way ANOVA test). (F) Flow cytometry 
analysis of hepatic Tregs in AKT/Ras (n=6, 3 w.p.i), AKT/Ras/MC-CD68p-scramble (n=6, 7 w.p.i), 
and AKT/Ras/MC-CD68p-miR-206 (n=6, 7 w.p.i) mice (two-way ANOVA test). (G) The ratios of 
CTLs to Tregs in livers of FVB/NJ mice injected with pT3-EF1α (control, n=6, 5 w.p.i), 
AKT/Ras/pT3-CD68p-scramble (n=6, 5 w.p.i), or AKT/Ras/pT3-CD68p-miR-206 (n=6, 5 w.p.i) (two-
way ANOVA test). (H) The ratios of CTLs to Tregs in livers of AKT/Ras (n=6, 3 w.p.i), 
AKT/Ras/MC-CD68p-scramble (n=6, 7 w.p.i), and AKT/Ras/MC-CD68p-miR-206 (n=6, 7 w.p.i) 
mice (two-way ANOVA test). Data represent mean ± SEM. **p < 0.01, ***p < 0.001 and ns: no 
significance.  
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Supplemental Figure 15 KC-specific expression of miR-206 inhibited expression 
of IL-10. (A) mRNA levels of Il-10 in KCs and hepatocytes isolated from healthy 
livers of FVB/NJ mice (two-tailed student’s t test). (B) mRNA levels of Il-10 in KCs 
of five groups of AKT/Ras mice injected with pT3-EF1α (control, n=6, 5 w.p.i), pT3-
CD68p-scramble (n=6, 5 w.p.i, prevention model), pT3-CD68p-miR-206 (n=6, 5 w.p.i, 
prevention model), MC-CD68p-scramble (n=6, 7 w.p.i, therapeutic model), or MC-
CD68p-miR-206 (n=6, 7 w.p.i, therapeutic model) (two-way ANOVA test). (C) ELISA 
detection of serum IL-10 levels in five groups of mice (two-way ANOVA test). Data 
represent mean ± SEM. *p < 0.05, **p < 0.01 and ***p < 0.001.
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Supplemental Figure 16 CCR2 antagonist slightly promoted growth of HCC in AKT/Ras
mice. (A) Macroscopic appearance of livers from AKT/Ras mice treated with placebo (n=6, 5 
w.p.i) and cenicriviroc (n=6, 5 w.p.i) (Mann-Whitney U test). LW: liver weight. (B) Kaplan 
Meier survival curves of AKT/Ras mice injected with placebo (n=6) and cenicriviroc (n=6) 
(log-rank test). Data represent mean ± SEM. ns: no significance. 
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 Suppplemental Table 1 12 undetectable miRNAs in HCC tumors of AKT/Ras mice 

       miRNA ID 
Normalized Signal 

  Normal mice  HCC tumors of AKT/Ras mice 

mmu-miR-137 39.28 32.83 32.17 U U U 

mmu-miR-1892 37.57 83.04 37.53 U U U 

mmu-miR-1901 37.57 28.97 29.49 U U U 

mmu-miR-669i 37.57 32.83 32.17 U U U 

mmu-miR-291a-3p 35.86 48.28 32.17 U U U 

mmu-miR-207 34.15 40.55 34.85 U U U 

mmu-miR-346 32.44 32.83 29.49 U U U 

mmu-miR-206 29.03 28.97 29.49 U U U 

mmu-miR-186 23.91 46.35 29.49 U U U 

mmu-miR-466d-5p 22.2 34.76 48.25 U U U 

mmu-miR-547 22.2 32.83 34.85 U U U 

mmu-miR-688 22.2 44.42 37.53 U U U 

miRNA profiling of livers in normal mice (n=3) and HCC tumors of AKT/Ras mice (n=3) were performed 

using nCounter miRGE™ Assay (Nanostring Technologies, Seattle, WA) as described in Supplemental 

Methods. U represents undetectable. 
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Supplemental Table 2 

Sample 
ID Gender Age AFP (ug/L) Etiology 

Tumor size 
(cm) Cirrhosis 

miR-206 Fold 
Change 

(HCC/NL) 

1780990 F 45 840.1 HBV >5 N 0.22* 

1800744 M 43 4.3 HBV >5 Y 0.076831079** 

1737195 M 29 3 HBV >5 Y 5.54010783 

1804764 M 56 54.3 HBV >5 Y 0.443472251* 

1788650 F 63 115 HCV >5 Y 0.015425685** 

1807021 M 40 13.8 HBV <5 N 0.050560796** 

1808394 M 65 272.5 Ethanol >5 Y 0.05197743** 

1870401 M 51 7.5 HBV >5 Y 0.117566468* 

1807184 M 63 7.4 HBV >5 N 0.715375188 

1808993 F 80 3 Ethanol >5 Y 0.44* 

1809098 M 48 13821.9 HBV <5 Y 0.205056973* 

1810468 M 58 235.4 Ethanol >5 Y 12.53778927 

1812069 F 31 N/A HBV >5 N 1.278058857 

1817160 M 68 2.3 HBV >5 Y 0.052951871** 

1814239 M 53 52374.1 Ethanol >5 Y 0.154562302* 

1820136 M 62 4 Ethanol >5 Y 0.102179499* 

3360045 M 47 5 HBV >5 Y 0.455692561* 

3715596 F 49 25 HBV >5 Y 0.33* 

3450695 M 54 1443 HBV >5 Y 0.664267327 

3795881 M 43 33 Ethanol >5 Y 0.549453402* 

3341120 M 43 324 Ethanol >5 N 0.590369757* 

3327592 M 61 112 HBV >5 N 0.577092168* 

3684378 M 44 2312 HBV >5 N 0.336259862* 

3711355 M 52 2342 HBV >5 N 0.405231965* 

3640410 M 62 33 HCV <5 Y 0.823502475 

3656135 M 62 33 HBV >5 Y 0.212195036** 

3630945 M 37 232 HBV >5 Y 1.846301943 

3703656 M 45 88 Ethanol >5 Y 0.342248316** 

3679506 F 64 343 Ethanol <5 N 0.563214937* 

3726722 M 62 111 HBV >5 Y 0.621901094* 

3726523 M 39 2324 HBV >5 Y 0.477367904* 

3726524 M 44 1224 HCV >5 Y 0.282352387* 

3726525 M 49 551 HCV <5 Y 0.395463476** 

3726526 M 54 351 HCV <5 N 0.523423252* 

3726527 M 41 44 HCV <5 Y 0.489394723* 

3726528 F 66 51 HCV >5 Y 0.324253466* 

3726529 M 48 199 HCV >5 Y 0.829296152 

3726530 M 46 1211 HCV >5 Y 0.029341232*** 

3726531 M 48 199 Ethanol >5 N 0.032929615** 

3726532 M 66 878 HCV >5 Y 0.093561293** 
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MiR-206 expression was analyzed in 31 pairs of human HCC tumors and their adjacent normal 

tissues. HCC tumors with reduced miR-206 were highlighted in yellow. Data represent mean ± 

SEM. *p < 0.05 and **p < 0.01. 
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Supplemental Table 3 

Gene Symbol Macrophages Hepatocytes Fold Change 

Sirpb1c 1.141634767 0.005362951 212.874361

Clec4b1 1.426513236 0.007038019 202.6867555

Siglece 1.224718135 0.007987502 153.3293056 

Cx3cr1 1.75603259 0.012169781 144.2945103

Chil3 1.516213202 0.010813187 140.2189014

C5ar1 1.148039285 0.008802496 130.4220172

Clec4a3 3.124313588 0.024691482 126.534065

Tbxas1 1.035843553 0.008333971 124.2917156

Ms4a6d 1.831783204 0.014764291 124.0684842

Fcgr4 3.758069429 0.032547209 115.4651826

Igsf6 1.651406395 0.015309271 107.8696951

Bcl2a1a 1.111598509 0.010511626 105.7494349

Marco 1.323663012 0.012576746 105.2468589

Lair1 2.222373205 0.021276969 104.4497083

Hacd4 1.110953857 0.010923054 101.7072567

Gpr65 1.280740257 0.013317698 96.16829102

Lyz2 122.2611869 1.281345531 95.41625108

Ccl24 1.669087608 0.01822927 91.56085833

Fcgr3 4.170777842 0.046675449 89.35699455

Slc15a3 1.872123097 0.021592561 86.70222569

Hck 2.166308059 0.02549799 84.95995406

Lpcat2 1.236782967 0.014829532 83.39999988

Pilra 2.022541133 0.024556104 82.3640889

Ear2 3.843287928 0.046905477 81.93686908

Lst1 8.217838376 0.101820044 80.7094365

Pou2f2 2.48495659 0.031745789 78.27673113

Lilra5 1.13187625 0.014566823 77.70234114

Folr2 3.247663036 0.041960443 77.39820659

Ifitm6 1.154393611 0.014962723 77.15130535

Ms4a6c 5.539219516 0.072245365 76.67231685

Ccl6 6.794172843 0.088639947 76.64910769

S100a4 6.210574288 0.081308689 76.38266419

C1qa 29.89271362 0.399180745 74.88515915

Fabp7 3.564970348 0.049040531 72.69436679

Ctss 30.2839084 0.422719635 71.64064759

AF251705 3.324754397 0.046602948 71.34214765

Slc7a8 1.198258239 0.017021741 70.39575088

C1qc 30.67270945 0.437763356 70.06687296

Alox5ap 4.269203895 0.061088754 69.88526718

Vsig4 8.411912591 0.12192437 68.99287313

Cd207 1.960095717 0.02929799 66.90205427

Adgre4 1.538281465 0.02349611 65.46962306

Cybb 9.58584172 0.146803324 65.29717079

Basp1 2.362894692 0.038185602 61.87920494

Wfdc17 31.48470843 0.509756708 61.76418659

H2-DMb1 4.742284407 0.07712588 61.48758895

Lilrb4a 1.679740853 0.027538783 60.99546421

Ms4a7 2.743234367 0.04503677 60.91099266

Ly86 7.756938926 0.12986834 59.72925292

C3ar1 1.39012138 0.023352747 59.52710317

C1qb 37.10148842 0.623843085 59.47246882

Anxa1 1.101405753 0.018611861 59.17762619

Apbb1ip 1.871028699 0.031617824 59.17639048

Pla2g7 2.179232166 0.036976441 58.93569276

Spi1 4.756876497 0.080784043 58.88386271

Rassf4 1.757567764 0.029864568 58.85127031

Cd300a 2.968577517 0.05072194 58.52649794

Rgs2 7.134661133 0.122025623 58.46854913

Fcna 4.097652966 0.072218908 56.7393371

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Gut

 doi: 10.1136/gutjnl-2021-324170–14.:1 9 2021;Gut, et al. Liu N



Fcer1g 31.66692861 0.559002545 56.64898826 

Cd5l 26.89186273 0.475589443 56.54428021 

Epsti1 1.795651009 0.032263187 55.65634322 

Cd86 1.192990027 0.021468539 55.56922281 

Cd300ld 2.640806027 0.047952043 55.07181471 

Ms4a6b 2.04733101 0.037241442 54.97453643 

Csf1r 8.258835136 0.151436417 54.53665175 

Axl 3.719918821 0.069095368 53.8374558 

Clec4a2 2.00750837 0.037693072 53.25934617 

Adgre1 3.824877276 0.072281112 52.9166911 

Clec12a 3.782515523 0.072576165 52.11787538 

Gpnmb 2.120947314 0.04127651 51.38388187 

Ccr2 2.803415718 0.054687564 51.26239885 

Clec4n 1.525528048 0.029854426 51.0988906 

Cfp 4.908403856 0.096659157 50.78053656 

H2-DMa 5.515167665 0.109360926 50.43087935 

Ms4a4c 1.542912257 0.030728551 50.21103198 

Treml4 1.23142509 0.024698483 49.85832895 

Itgal 3.6632249 0.073978346 49.51752909 

Ap1s2 1.196606406 0.024409183 49.0227963 

Tyrobp 33.7462728 0.69477836 48.5712779 

Clec4a1 2.114429146 0.043735088 48.34628768 

Bcl2a1b 5.033584308 0.104393218 48.21754137 

Tgfbi 3.795998129 0.079043523 48.02415157 

H2-Eb1 43.73365395 0.916465203 47.71992849 

Fgr 1.06431963 0.02236269 47.59354219 

P2ry6 1.014225268 0.021357368 47.48830792 

Fcgr1 2.198633786 0.046476001 47.30686244 

Cd74 93.14724289 1.969374479 47.29788259 

Ifi27l2a 17.11115028 0.366721643 46.65977754 

Lrrc25 1.83409599 0.039451858 46.48947053 

Cd68 5.218040018 0.112626486 46.33048764 

Aif1 9.022275801 0.19549862 46.15007411 

Pltp 4.776940431 0.103747738 46.0438032 

Tm6sf1 1.757731723 0.039130406 44.91984374 

Sdc3 10.16771733 0.227620404 44.66962167 

AB124611 2.36455095 0.053171001 44.47068713 

Slc11a1 2.290156323 0.051641998 44.34677998 

H2-Aa 43.92306751 0.997867376 44.01693909 

Evl 1.87419708 0.042791305 43.79854926 

Trem2 5.497577236 0.127137212 43.24129143 

Cyba 18.0068081 0.418826123 42.99351715 

Nfam1 1.246526018 0.029158615 42.7498363 

AI607873 1.16789959 0.027595255 42.32247863 

Rgs10 3.310061054 0.079025022 41.88624021 

Klra2 1.435523511 0.034343536 41.79894321 

Gngt2 12.18742805 0.292969386 41.5996641 

Gpsm3 2.04173159 0.04934774 41.37436871 

H2-Ab1 49.02809408 1.204817881 40.69336524 

Fam129a 1.328326071 0.032688835 40.63546685 

Tnfaip8l2 1.321984516 0.03263449 40.50881494 

Plac8 16.84452475 0.431471756 39.03969267 

Laptm5 11.52587566 0.295452793 39.01088747 

Pla2g15 1.029946096 0.026560237 38.77774494 

Hcls1 2.476421187 0.063865338 38.77566869 

Soat1 1.572866945 0.040743926 38.60371593 

Fyb 5.751560654 0.149008479 38.59888171 

Cd52 18.25243697 0.482457849 37.83218992 

Prkcd 2.73090383 0.072189516 37.82964593 

Ifi30 3.6347836 0.097535501 37.26626267 

Bcl2a1d 1.589586094 0.042934825 37.0232345 

Ncf1 1.147834232 0.031367488 36.59311935 
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Ifi204 2.522199007 0.069098564 36.50146777 

S100a6 6.707186421 0.183998361 36.45242482 

Cd48 2.577759548 0.072040834 35.78192262 

Ncf2 2.756572616 0.079242447 34.78656604 

Pld4 3.130629598 0.090028069 34.7739281 

Cd72 2.418676704 0.070402943 34.35476702 

Ccl3 2.847518076 0.08296869 34.32039334 

Zeb2 5.34084358 0.156904357 34.03884814 

Il18bp 3.47179349 0.102670803 33.81480799 

Pkib 1.29104013 0.03870042 33.35984803 

Cd53 4.555764257 0.137387591 33.15993987 

Timp2 1.429455548 0.043282861 33.02590252 

Myo1f 1.246355769 0.037883635 32.89958234 

Cd44 4.366139018 0.133560076 32.69045024 

Pirb 1.85690361 0.056906867 32.63057181 

Evi2a 1.252070742 0.038802259 32.26798579 

Clec4f 11.90095452 0.370895318 32.08709828 

Hmox1 6.371983968 0.199750427 31.89972639 

Ctsc 11.04268503 0.350101812 31.54135355 

Tmsb4x 292.4606998 9.417145707 31.05619355 

Cyth4 1.753382305 0.056683961 30.93260023 

Crip1 13.43720414 0.442040645 30.39811902 

Gltp 2.189249623 0.072967314 30.00315488 

Metrnl 2.549821079 0.085861865 29.69678191 

Plek 1.919087931 0.064759885 29.63389961 

Pycard 2.104194286 0.073251558 28.72559087 

Fam105a 1.905555797 0.066384159 28.7049776 

Hexb 2.713111883 0.094553432 28.69395458 

Il1b 5.194211707 0.18198081 28.54263429 

Abi3 1.497219348 0.052823521 28.34380063 

Lgmn 21.43584835 0.759826311 28.21151103 

Mpeg1 8.543732847 0.30626729 27.89632823 

Fermt3 1.513916542 0.054410125 27.82416953 

Lgals3 17.36093974 0.632002734 27.46972253 

Fam46a 2.36111186 0.087160227 27.08932665 

Pf4 2.15106034 0.079896395 26.92312137 

Ncf4 1.698075857 0.063441562 26.76598437 

Emp3 3.592643111 0.134394515 26.73206649 

Arhgap30 1.470710103 0.055260078 26.61433274 

Nrros 1.41316954 0.053610114 26.36012936 

Tnfrsf1b 1.568947641 0.059589257 26.32937076 

Mmp12 3.17697217 0.121290894 26.19299821 

Selplg 1.456044809 0.056326301 25.85017626 

Cxcr4 1.168330257 0.045804181 25.50706576 

Capg 3.088227811 0.122911729 25.12557456 

Irf5 1.664940042 0.067414701 24.69698771 

Tnfaip8 1.376640159 0.055808076 24.66740045 

Mertk 1.273506451 0.051719306 24.62342497 

Cmtm7 2.188174229 0.089070905 24.5666554 

Ptgs1 2.132433005 0.087302446 24.42581053 

Itgb2 2.075882589 0.085201824 24.36429752 

Abcg1 1.695363099 0.06964642 24.34242993 

Arl4c 1.323785519 0.054718744 24.19254212 

Ccr5 1.552010344 0.064368032 24.1115084 

Rac2 3.709942334 0.154989584 23.93672038 

Rgs1 5.749921263 0.240597047 23.89855293 

Adgre5 2.835096827 0.119100424 23.80425469 

Cd84 1.81801562 0.077350685 23.50354906 

Coro1a 6.662300584 0.283978865 23.46055078 

Il1rn 1.522189722 0.065218984 23.33967242 

Cd300c2 1.982453111 0.085515745 23.18231702 

BC028528 1.077175359 0.046661086 23.08508977 
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Csf2rb 1.099417897 0.048393068 22.71849962 

Ckb 3.637177911 0.160902136 22.60490756 

Filip1l 1.500328852 0.066521423 22.55407032 

Itga4 1.307522007 0.058489852 22.35468141 

Sirpa 5.637319418 0.252926022 22.28841213 

Cd14 2.412280199 0.108409854 22.25148462 

Pilrb1 1.012068455 0.04581966 22.08808304 

Tmem51 1.17834792 0.053599416 21.98434252 

Pkm 4.521693061 0.205902897 21.96031783 

Trim30a 1.56597904 0.072638399 21.55855665 

Fam49b 3.963569359 0.184029791 21.53765071 

Kctd12 2.908704612 0.135909481 21.40177853 

Arhgdib 4.351648499 0.203573192 21.37633377 

Cotl1 6.601002276 0.314026799 21.0205062 

Slfn2 2.668086177 0.127285005 20.96151214 

Bin2 1.232812129 0.058942595 20.91547087 

Unc93b1 4.975872208 0.238334765 20.87766008 

Napsa 1.622968015 0.077957351 20.81866552 

Il10ra 1.17532354 0.056608887 20.76217361 

Sh3bgrl3 12.44184197 0.60298732 20.63367099 

Lpl 12.52483334 0.609194417 20.55966534 

Lcp1 6.800024939 0.333285842 20.40298171 

Gng2 1.029055312 0.050491747 20.38066364 

Ptpn18 5.078718042 0.251562099 20.18872502 

Lilr4b 1.255817583 0.062519592 20.08678468 

Ccl4 4.276994938 0.213766357 20.00780197 

Lcp2 1.597570371 0.080098011 19.94519403 

Vim 7.855198308 0.400585824 19.60927681 

Iqgap1 3.831214699 0.195620433 19.58494131 

Clec1b 3.601642314 0.189317811 19.02431839 

Ucp2 7.72472679 0.406409673 19.00724147 

Fxyd5 4.741140123 0.25352701 18.70072985 

Vsir 1.698531343 0.090830266 18.70005911 

Ly6c2 1.365499347 0.073069371 18.6877118 

Anxa3 2.373697044 0.131557061 18.04309876 

Tmem86a 1.489172089 0.083660335 17.80021666 

Ptprc 4.604729153 0.259364187 17.75391278 

Flna 1.522401566 0.085940757 17.71454685 

Marcks 7.862600461 0.450042336 17.47080182 

Sowahc 1.186360934 0.068373185 17.35126035 

Hspa1a 6.68741036 0.388267295 17.22372821 

Neurl3 1.207559666 0.071332096 16.92870017 

Dock10 1.514791702 0.090359317 16.76408977 

Psap 36.27264228 2.169053569 16.72279689 

Fam111a 1.115588505 0.066946616 16.66385206 

Slc40a1 6.79536914 0.40999522 16.5742643 

Irf8 2.911611565 0.177481579 16.40514797 

Ccrl2 1.263123541 0.07785167 16.22474561 

Mafb 6.925170347 0.430709085 16.07853326 

Grn 10.90117678 0.681733597 15.99037634 

Smpdl3a 4.702633241 0.297154633 15.82554239 

Ctsb 42.64640154 2.710923186 15.73132052 

Ptprj 1.672588238 0.106364384 15.72507803 

Sla 1.064782924 0.068166695 15.6202809 

Lsp1 2.479987991 0.159558642 15.54279956 

Pld3 1.477348905 0.095327876 15.49755399 

Gadd45b 2.527336345 0.164513952 15.36244382 

Vcam1 2.512437178 0.16382052 15.33652303 

Ehd4 1.572179252 0.103514974 15.18794037 

Tep1 1.087592368 0.071637315 15.18192534 

Cxcl2 3.269930178 0.218694908 14.9520179 

9930111J21Rik2 1.059013894 0.071219657 14.8696854 
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Samhd1 3.427991436 0.233664184 14.67058998 

Csf2ra 1.666664318 0.113863293 14.6374154 

Syk 1.476366343 0.101709217 14.51556099 

Plekho1 1.706985975 0.11775243 14.49639702 

Cbl 1.306513951 0.090330797 14.46366017 

Npc2 13.18558588 0.922442073 14.29421561 

Crlf2 1.202620871 0.08519524 14.11605708 

Srgn 7.462327661 0.532445976 14.01518276 

Dock2 1.030027299 0.073840297 13.94939269 

Abhd12 1.705953827 0.122955055 13.87461318 

Il6ra 1.20627746 0.08739699 13.80227694 

Ptpn6 3.087909013 0.224084536 13.78010758 

Prcp 1.468662647 0.10775491 13.6296587 

Ifngr1 3.369100308 0.248958428 13.5327827 

Lyn 3.084494613 0.2280087 13.52796895 

Wipf1 1.0044045 0.074677774 13.4498452 

Tgfbr1 1.380600964 0.104296363 13.23728771 

Itgb5 2.448573943 0.185639688 13.18992705 

Cytip 1.343323988 0.103486682 12.98064603 

Asah1 2.558328903 0.197926514 12.92565029 

Atp2b1 3.690497373 0.286718076 12.87151973 

Tmsb10 11.04162601 0.867629597 12.72619796 

Actn1 1.268816375 0.099719869 12.72380708 

Hpcal1 2.000114257 0.159664524 12.52697974 

Apobec1 1.65382975 0.132495115 12.48219415 

Ehbp1l1 1.000480487 0.080160264 12.48100289 

Adam17 1.191628036 0.095788353 12.44021845 

Ctsd 19.03243255 1.531261053 12.42925399 

Nckap1l 1.062165124 0.086714514 12.24898895 

Atf3 3.346090605 0.273236255 12.24614429 

Msn 3.247918385 0.267076086 12.16102285 

Celf2 2.140448337 0.179719076 11.9099674 

Plbd1 2.903156331 0.245597243 11.8208018 

Man2b1 3.067022232 0.260208452 11.78678943 

Gmfg 3.090569191 0.262395624 11.77828023 

Il10rb 1.930846231 0.164206817 11.75862407 

Hexa 4.887975088 0.416208817 11.74404503 

Cadm1 1.854003606 0.159945188 11.59149349 

Rasgef1b 1.159320022 0.101698074 11.39962613 

Ssh2 1.420967372 0.125389944 11.33238701 

Itm2c 3.364975434 0.300281247 11.20607919 

Ctsa 4.244148755 0.384872292 11.0274209 

Tgfb1 2.098134301 0.191269788 10.96950189 

Cxcl16 3.412779355 0.311381619 10.96011822 

Skil 1.225415864 0.111832822 10.957569 

Rhog 1.840488018 0.168893521 10.89732754 

Acp2 1.444407539 0.132740708 10.88142109 

Arpc1b 11.13805514 1.031370168 10.79927991 

Ppp1r18 1.410094257 0.130789291 10.78141984 

Cd83 1.396316706 0.130708544 10.68267355 

Lbh 1.186546143 0.113285342 10.47396002 

Lmo2 1.0205568 0.098613279 10.34908088 

Inpp5d 1.258550379 0.122450049 10.27807166 

Dnmt3a 1.116108078 0.108601415 10.27710438 

Fos 8.068777943 0.794906398 10.15060133 

Tcf7l2 1.578531919 0.156811101 10.06645517 

Slc3a2 2.190443203 0.218196632 10.03884974 

Sap30 1.032368576 0.102854665 10.03715851 

Rtp4 1.841270414 0.183692181 10.02367332 

Ier3 1.844220695 0.185581681 9.937514765 

Tnfaip2 2.974242173 0.300574516 9.895190759 

Dse 1.114984361 0.113336375 9.837833273 
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Gusb 1.403618585 0.143985638 9.748323545 

Ppt1 1.217935394 0.126244026 9.647469529 

Clic1 4.302792246 0.446230901 9.642524165 

Zfos1 1.568835228 0.16716321 9.385050861 

Cst3 27.27469416 2.910722269 9.370421373 

Nr4a1 3.006557707 0.324269061 9.271799467 

Sgpl1 1.358079502 0.149712068 9.071276084 

Snx5 3.211518682 0.358717214 8.952786643 

Sdcbp 6.787581696 0.759253239 8.939812631 

Hspa1b 3.543179766 0.399149109 8.876832457 

Msr1 1.97344049 0.223175248 8.842559861 

Acp5 4.668145508 0.529753299 8.811923431 

Tmem106a 1.405795891 0.160191349 8.77572915 

Atp6v1b2 2.144635791 0.245642231 8.730729168 

Lgals3bp 2.22358201 0.257287432 8.642404305 

Marcksl1 2.273184082 0.263205674 8.636531453 

Serpinb6a 2.733440147 0.317423457 8.611336329 

Asph 1.117000077 0.130464625 8.561708409 

Plekho2 1.361415069 0.159457182 8.537809661 

Ptpn1 2.724945957 0.31918277 8.537258941 

Sat1 16.72815828 1.962039026 8.525904968 

Leprot 1.15829993 0.136450026 8.488821614 

Atp1b3 2.575000917 0.304349611 8.460667679 

Itgav 1.080578712 0.128561096 8.405176571 

Nfkbiz 1.337787383 0.159559728 8.384242063 

Irf7 2.408945372 0.287413986 8.381447979 

Klf4 1.451787998 0.173724529 8.356839454 

Ifi203 1.808049076 0.216413322 8.354610794 

Camk2d 1.376415723 0.16633144 8.275138621 

Malat1 139.707932 17.00090666 8.217675374 

Nfkb1 1.432026911 0.17446529 8.208090624 

Ppt2 1.084003606 0.132212066 8.198976378 

Dusp2 1.731364841 0.212889186 8.1327045 

Akr1b3 1.393211683 0.171414169 8.127750997 
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Supplemental Table 4 

Gene Symbol Macrophage Hepatocyte Fold Change (M/H) 
ClipExp 

Num 
RBP PITA PicTar 

Ptpn1 2.724946 0.31918277 8.537258941 1 Ago2 1 1 

Klf4 1.451788 0.17372453 8.356839454 2 Ago1-4,Ago2 1 1 

Sh3bgrl3 12.44184 0.60298732 20.63367099 3 Ago1-4,Ago2 1 1 

Atp6v1b2 2.144636 0.24564223 8.730729168 6 Ago2 1 1 

Cbl 1.306514 0.0903308 14.46366017 1 Ago2 1 1 

Sat1 16.72816 1.96203903 8.525904968 1 Ago2 1 1 

Tmsb4x 292.4607 9.41714571 31.05619355 6 Ago1-4,Ago2 1 1 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Gut

 doi: 10.1136/gutjnl-2021-324170–14.:1 9 2021;Gut, et al. Liu N



1 

 

Supplemental Material 

Methods and Materials 

CRISPR/Cas9 to ablate the miR-206 binding site within the 3’UTR of Klf4 in the genome of 

KCs of mice 

The locations of sgRNA pairs were selected at the boundary of the miR-206 binding site within the 

3’UTR of Klf4 (kruppel like factor 4). Two sgRNAs were designed by CRISPOR and 

synthesized in IDT (Coralville, IA).
1
 The sgRNAs were further cloned into a pX601-AAV8-

CMV-SaCas9 (Addgene, Watertown, MA) backbone, termed AAV8-SaCas9-sgRNA. The 

AAV8 viruses were packaged and tittered in the Viral Vector Core of the University of 

Minnesota. AAV virus was delivered to mice intravenously via lateral tail vein injection. To 

ablate the miR-206 binding site within the 3’UTR of Klf4 in the genome of KCs of AKT/Ras 

mice, Group I mice (n=6) received 4 μg pT3-EF1α-myr-AKT, 4 μg NRasV12/pT2-CAGGS, 10 

μg pT3-CD68p-scramble and 0.72 μg pCMV/SB; Group II mice (n=6) received 4 μg pT3-EF1α-

myr-AKT, 4 μg NRasV12/pT2-CAGGS, 10 μg pT3-CD68p-miR-206, 0.72 μg pCMV/SB, and 

5x10
11 

GC AAV8-control viruses; and Group III mice (n=6) received 4 μg pT3-EF1α-myr-AKT, 

4 μg NRasV12/pT2-CAGGS, 10 μg pT3-CD68p-miR-206, 0.72 μg pCMV/SB, and 5x10
11 

GC 

AAV8-SaCas9-sgRNA viruses. Eight weeks post-injection, mice were sacrificed. 

Identification of miR-206 Targets.  

miRNAs inhibit gene expression by binding to their 3’UTRs. However, miR-206 significantly 

induced expression of Ccl2 in KCs. We, therefore, speculated that miR-206 promoted expression 

of Ccl2 by an unknown dual inhibitory mechanism by which miR-206 promoted transcription of 
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Ccl2 by directly targeting a transcription repressor that has a binding site within the promoter of 

Ccl2. Since we intended to explore how miR-206 induces Ccl2 in KCs, we first identified genes 

that were specifically expressed in macrophages versus hepatocytes. Such an analysis identified 

341 genes that were abundantly and specifically expressed in macrophages (Supplemental 

Table 3). To identify the genes whose 3’UTRs contain miR-206 binding motifs, we downloaded 

the target gene databases of miR-206 based on PITA, PICTAR, and Starbase (HITS-CLIP 

database).
2-4

 Only hits from PITA and PICTAR software that were confirmed in the database of 

Ago HITS-CLIP (high-throughput sequencing of RNAs isolated by crosslinking 

immunoprecipitation from Argonaute protein complex) were selected. Microsoft Access 2000 

was used to compare predicted targets for miR-206 with 341 genes that are highly and 

specifically expressed in macrophages. Only those genes that contained miR-206 binding sites 

and were highly and specifically expressed in macrophages were selected for further analysis, 

yielding seven potential targets of miR-206 (Supplemental Table 4). Geno Ontology analysis 

revealed that only KLF4 functions as a transcription repressor, leading us to focus on Klf4. 

 H&E Staining. Livers were fixed in 10% Formalin (Thermo Fisher Scientific, Agawam, CA) 

and examined using 4 μm thick, serial sections stained with hematoxylin and eosin which was 

carried out in the Comprehensive Cancer Center at the University of Minnesota. Images were 

captured on Panoptiq Digital Slide Imaging System. 

Cell Lines and Culture. RAW264.7 cells were purchased from ATCC (TIB-71) and cultured in 

DMEM (Gibco, Agawam, CA) supplemented with penicillin/streptomycin (Gibco) and 10% fetal 

bovine serum (FBS) (Invitrogen) at 37 °C in a 5% CO2 atmosphere. THP-1 cells were purchased 

from ATCC (TIB-202) and cultured in RPMI-1640 (Gibco) supplemented with 50 µM 2-

mercaptoethanol and 10% FBS. CD8
+
 T cells were isolated from mouse spleen using EasySep 
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Mouse CD8
+
 T Cell Isolation Kit per the manufacture’s instructions (Stemcell, Cambridge, MA) 

and cultured in DMEM supplemented with penicillin/streptomycin, 10% FBS, anti-CD3 

antibody (1 µg/ml, Biolegend), anti-CD28 antibody (1 µg/mL, Biolegend) and IL-2 (20 ng/mL, 

Stemcell). 

Hepatocyte and Kupffer Cell Isolations.  Mouse livers were enzymatically digested and 

hepatocytes and Kupffer cells (KCs) were isolated by Percoll (GE Healthcare, Maple Grove, 

MN) density gradient centrifugation. M1 and M2 state KCs were separated using a MACS-Based 

Method.
5
 Briefly, dissected livers were washed with cold HBSS and teared into pieces with 

forceps, and then incubated with Digestion Buffer (10 mL Collagenase Ⅳ (1 mg/mL) and 5 µL 

DNase Ⅰ (100 U/µl)) at 37 °C for 30 minutes. The cells were poured through 70 μm sterile nylon 

filter and centrifuged at 50 g for 5 minutes at 4 °C to collect hepatocytes. Cell supernatants were 

then centrifuged at 450 g for 8 minutes at 4 °C, washed twice with DMEM and treated with red 

blood lysis buffer for 5 minutes. After centrifugation at 400 g for 5 minutes at 4 °C, the cells 

were subjected to Percoll density gradient centrifugation as previously described.
6
 Isolated KCs 

were further separated into M1 and M2 populations. KCs were incubated with APC-conjugated 

iNOS antibody (M1) (eBioscience) or APC-conjugated CD206 antibody (M2) (Biolegend) at 4 

°C for 15 minutes. After the cells were washed twice, they were further incubated with anti-APC 

MicroBeads at 4 °C for 15 minutes. Cells were washed twice and subjected to the magnetic 

column separation. 

Cell Transfection. RAW264.7 cells were cultured in DMEM with 10% FBS, and THP-1 cells 

were cultured in RPMI-1640 (Gibco) supplemented with 50 µM 2-mercaptoethanol, 20 ng/ml 

PMA (Phorbol 12-myristate 13-acetate, Sigma, St. Louis, MO) and 10% FBS. IFNγ (20 ng/ml, 

R&D systems, Minneapolis, MN) and LPS (10 ng/ml, Sigma) were added to the medium for 24 
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hours to induce M1 state, and IL-4 (20 ng/ml, R&D systems) and IL-13 (20 ng/ml, R&D 

systems) were used for M2 state activation. 5×10
4
 of RAW264.7 or THP-1 cells were seeded in a 

24-well plate and allowed to adhere overnight. 24 hours later, the cells were transfected with 

pT3-CD68-scramble (Control), pT3-CD68p-miR-206 (miR-206), or pT3-CD68p-miR-206 and 

AAV8-SaCas9-sgRNAs using jetPEI-Macrophage DNA transfection reagent (Polyplus 

transfection, New York, NY) or Lipofectamine LTX with Plus Reagent (Invitrogen). Forty-eight 

hours post-transfection, cells were washed with cold PBS and collected for further analysis.  

 Immunofluorescence Staining. Liver samples were embedded in Tissue-Tek OCT embedding 

compound, and quickly frozen on dry ice. 6 µm-thick sections were cut with a Leica CM3050 S 

cryostat, air-dried, and fixed in 10% formalin (Thermo Fisher Scientific, Agawam, MA). 

Raw264.7 and THP-1 cells were plated on slides and fixed with cold acetone. Liver tissue and 

cell slides were blocked with PBS supplemented with 10% goat normal serum (Thermo Fisher 

Scientific, Agawam, MA) and 0.3% Triton X-100 at room temperature for 1 hour. After washing 

with PBST buffer (PBS with 0.1% Tween 20), slides were incubated with primary antibodies 

(CD8: Biolegend, San Diego, CA; iNOS: Abcam, Cambridge, MA; CD206: Bio-RAD, Hercules, 

CA; CLEC4F: R&D systems, Minneapolis, MN; CCL2: Novus Biologicals, Centennial CO; DC-

SIGN: R&D systems; AKT PHOSPHO S473: Rockland, Limerick, PA) at 4 °C overnight. The 

slides were then washed for 4 times and incubated with fluorescence-conjugated secondary 

antibodies (Alexa Fluor 594 Goat anti-Mouse IgG (H+L), Alexa Fluor 594 Goat anti-Rat IgG 

(H+L) and Alexa Fluor 647 Donkey anti-Goat IgG (H+L), Invitrogen) at room temperature for 1 

hour, and then covered with ProLong Diamond Antifade Mountant with DAPI (Thermo Fisher 

Scientific, Agawam, MA). Images were captured by Motorized Zeiss Axio Observer Z1 inverted 

scope with 40 x magnification in the immersion medium of air at room temperature. The images 
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were organized by Zen 3.2 software and processed by gramma adjustment. The ratios of iNOS
+ 

or CD206
+
 to CLEC4F

+
 staining were calculated according to the Image J quantification. 

Flow Cytometry Analysis of iNOS Staining. RAW264.7 and THP-1 cells were collected and 

stained with APC-conjugated anti-iNOS antibody (eBioscience, Agawam, MA). Briefly, 

RAW264.7 and THP-1 cell suspension was washed with 1× Permeabilization Buffer 

(eBioscience, Agawam, MA) and centrifuged at 450 g for 5 minutes at room temperature. Cell 

pellets were further suspended in 100 µL of 1× Permeabilization Buffer with anti-mouse 

CD16/CD32 antibody (BD pharmingen, San Diedo, CA). After incubation at 4°C for 10 minutes, 

cells were washed twice and stained with conjugated antibodies at 4°C for 30 minutes. Stained 

cells were then suspended in an appropriate volume of PBS and subjected to flow cytometry 

analyzer.  

Flow cytometry analysis of liver lymphocytes. Liver cells were collected and stained with 

antibodies to CD3 (Biolegend, San Diedo, CA), CD4 (BD pharmingen, San Diedo, CA), CD8 

(Biolegend), CD25 (Biolegend), FoxP3 (Biolegend) and Granzyme B (Biolegend). Briefly, cell 

suspensions were washed with 1× Permeabilization Buffer (eBioscience, Agawam, MA) and 

centrifuged at 450 x g for 5 minutes at room temperature. Cell pellets were further suspended in 

100 µL of 1× Permeabilization Buffer with anti-mouse CD16/CD32 antibody (BD pharmingen, 

San Diedo, CA). After incubation at 4°C for 10 minutes, cells were washed twice and stained 

with conjugated antibodies at 4°C for 30 minutes. Stained cells were then suspended in an 

appropriate volume of PBS and subjected to flow cytometry. For liver lymphocytes suspension 

preparation, dissected livers were digested in the Digestion Buffer (10 mL Collagenase Ⅳ (1 

mg/mL) and 5 µL DNase Ⅰ (100 U/µL)) at 37 °C for 30 minutes. The cells were poured through 

70 μm sterile nylon filter and centrifuged at 50 g for 5 minutes at 4 °C to remove hepatocytes. 
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The supernatant was centrifuged at 400 g for 5 minutes at 4 °C, washed for three times with 2% 

FBS PBS buffer, and then subjected to flow cytometry analysis. Levels of oxidative stress in 

livers was detected by CellROX™ Deep Red Flow Cytometry Assay Kit (Thermo Fisher 

scientific). 

LPS Treatment with RAW264.7 cells. pT3-KLF4 and pT3-p65 expression vectors were 

generated by insert KLF4 coding region into pT3-EF1α. To determine whether KLF4 is a 

repressor of M1 polarization of RAW264.7 cells, RAW264.7 cells were seeded in 1 mL 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS and 

penicillin/streptomycin in each well of a 12-well cell culture plate. 24 hours later, RAW264.7 

cells were transfected with pT3-EF1a, pT3-KLF4 or a combination of pT3-KLF4 and pT3-p65. 

After 24 hours of transfection, the cells were then washed with PBS before adding 1 mL serum-

free DMEM to each well. The cells were treated with 10 ng/mL lipopolysaccharide (LPS) 

(Sigma) for 24 hours at 37°C. 

Reporter Vector Construction and Luciferase Assay. To generate the luciferase reporter 3’UTR 

vectors, the Klf4 3’UTR was amplified from mouse cDNA using PCR, and inserted into the 

pMiR-Reporter vector (Ambion, Agawam, CA), referred as pMiR-Klf4. Two bases of the 

binding sites for miR-206 within the 3’UTR of Klf4 was mutated using QuikChange II Site-

Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) per the manufacture’s 

instructions, and referred to as pMiR-Mu-Klf4. Luciferase Assay were performed as previously 

described
7
. 

CFSE Staining. CD8
+
 T cells were stained with carboxyfluorescein succinimidyl ester (CFSE) 

(Sigma, St. Louis, MO) and subjected to flow cytometry analysis. Briefly, splenic CD8
+
 T cells 
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were washed twice with DMEM, and then incubated with CFSE (200 nM) at 37°C for 10 

minutes. After quenching CFSE via two volumes of ice cold FBS, T cells were washed twice 

with cold DMEM, and then cultured at 37°C with 5% CO2 for 2 days. After that, cells were 

suspended in an appropriate volume of PBS and subjected to flow cytometry analysis. 

Chemotaxis Assay of CD8
+
 T Cells. Three groups of RAW264.7 or THP-1 cells were transfected 

with pT3-CD68p-scramble (Control), pT3-CD68p-miR-206 or a combination of pT3-CD68p-

miR-206 and the sgRNAs used to ablate the miR-206 binding site within 3’UTR of klf4. In the 

bottom of 24-well plate, RAW264.7 or THP-1 cells were seeded at 1×10
5
 per well in 500 µL 

DMEM medium in the absence or presence of anti-CCL2 (10 μg/mL, R&D System, Cat. AF-

479-NA) or 10 nM CCR2 antagonist (Sigma, St. Louis, MO, CAS 445479-97-0). IgG1 isotype 

served as a control. 2×10
5
 splenic CD8

+
 T cells were seeded in 100 µL medium in the upper 8.0-

μm pore size insert (Corning, New York, NY). After four hours of incubation at 37 °C in a 5% 

CO2 atmosphere, the upper insert was removed, the number of CD8
+
 T cells that had migrated 

into the bottom plate was counted under the microscope, and the migration ratio calculated. 

RNA Isolation and Quantitative Reverse Transcription-PCR (qRT-PCR). Total RNA was 

isolated with Monarch Total RNA Miniprep Kit (Biolabs, Boston, MA). Briefly, 1 g RNA was 

used for cDNA synthesis with Superscript III reverse transcription reagent (Invitrogen, Carlsbad, 

CA) for assessing gene expression; and 50 ng RNA was used for miRNA-specific cDNA 

synthesis with the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems) for 

detecting miRNA expression. PCR amplification was performed as previously described.
7
 

Primers for qRT-PCR were designed with Primer Express software (Applied Biosystems). 

Relative changes in gene and miRNA expression were determined using the 2
-ΔΔCt

 method. 
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Western Blots and Antibodies. Proteins were extracted from cells and tissues using RIPA buffer 

(Cell Signaling Technology, Beverly, MA) with proteases inhibitors (Roche, Indianapolis, IN, 

USA). Protein concentration was measured using Pierce BCA Protein Assay Kit and 25~50 μg of 

total lysate was loaded and immunoblotted. KLF4 antibody (Cat# sc-166238) was purchased 

from Santa Cruz; CCL2 antibody (AF-479-NA) was purchased from R&D System and Anti-β-

actin (NB600-501) was purchased from Novus Biologicals.  

ELISA Assay. Quantitative measurement of TNFα, IL‑6, IL-10, CCL2 and TGFβ in cell culture 

medium or mice serum was performed following standard protocols. Mouse TNFα Immunoassay 

was purchased by R&D systems (Minneapolis, MN), CCL2 ELISA Kit was purchased from 

PromoCell (Heidelberg, Germany), IL-10 Mouse Instant ELISA Kit and Mouse IL‑6 ELISA Kit 

were purchased from Invitrogen, and Mouse TGFβELISA Kits were purchased from Abcam. 
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