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distinct inflammation-associated subset of MSCs, namely AIF1*CSF1R*
MSCs, which existed in the microenvironment before the occurrence of liver
cancer. Furthermore, we found that this MSC subgroup is likely to be
induced by TNF-a stimulation through the TNFR1/SIRT1 (sirtuin 1) pathway.
In a rat primary liver cancer model, we showed that MSCs with high
SIRT1 expression (Ad-Sirt1-MSCs) promoted macrophage recruitment and
synergistically facilitated liver cancer occurrence by secreting C-C motif
chemokine ligand (CCL) 5. Interestingly, depletion of macrophages or
knockdown of CCL5 expression in Ad-Sirt1-MSCs attenuated the promotive
effect of Ad-Sirt1-MSCs on liver inflammation and hepatocarcinogenesis
(HCG). Finally, we demonstrated that SIRT1 up-regulated CCL5 expression
through activation of the AKT/HIF1« signaling axis in MSCs.

Conclusions: Together, our results show that MSCs, which are mobilized to
the injured site, can be educated by macrophages. In turn, the educated
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MSCs are involved in generating a chronic inflammatory microenvironment

and promoting HCG.

INTRODUCTION

HCC remains an important cause of cancer-related
mortality worldwide.['l HCC is relatively insidious and is
generally diagnosed at an advanced stage with a poor
prognosis. Additionally, heterogeneity in HCC makes
targeted treatments less effective.? These facts
prompted us to focus on preventing HCC. However, the
mechanism of liver cancer development is not fully
understood, which greatly limits HCC prevention. Pri-
mary liver cancer is an inflammation-related cancer,
given that >90% of HCCs arise from hepatic injury and
inflammation. The inflammatory microenvironment com-
prises many noncancerous cells, including lymphocytes,
mesenchymal stem cells (MSCs), and fibroblasts.!
Unmasking the characteristics of the tumor-related
microenvironment may help us understand the molecular
mechanism of hepatocarcinogenesis (HCG).

MSCs are an important component of the chronic
inflammatory microenvironment, because of their char-
acteristic of chemotaxis to the damaged site.[
MSCs have shown great potential in tissue regener-
ation, wound repair, and maintenance of tissue
homeostasis.[5¢! Early research suggested that MSCs
were directly involved in damage repair; later, many
studies showed that MSCs mainly exert immunosup-
pressive effects rather than being involved in cell
replacement.”! Furthermore, the immunomodulatory
function of MSCs is two-sided and highly plastic. MSCs
act as sensors of inflammation and are able to adopt a
pro- or anti-inflammatory phenotype by interacting with
inflammatory microenvironments.!® Our previous work
reported that administration of MSCs at the early stage
of HCG can inhibit liver cancer.l'% However, owing to
the lack of specific markers to monitor endogenous
MSCs, research on the physiological roles of endoge-
nous MSCs is progressing slowly. In fact, it is still
unclear whether the immunomodulatory ability of
endogenous MSCs is also plastic. The phenotypes
and roles of MSCs in HCG remain unknown.

Single-cell RNA sequencing (scRNA-seq), a high-
throughput sequencing technology, has developed greatly
in recent years. In a recent issue of Nature, Ramachandran
et al. used scRNA-seq to reveal previously unidentified cell
types, which contribute to liver fibrosis progression.['! The
development of scRNA-seq approaches has allowed
investigators to discover new cellular states and uncover
the genetic heterogeneity of a specific cell type. In a report
in Cell, the investigators used scRNA-seq data from
mouse bone marrow stromal cells to identify Lepr* MSCs,

which produce hematopoietic stem cell regulators. The
expression profile of one subset of Lepr* MSCs suggested
differentiation toward the osteoblastic lineage.['?! Addition-
ally, another group used scRNA-seq to identify two distinct
subsets of profibrotic bone marrow MSCs in a mouse
model of myelofibrosis.['31 Therefore, scRNA-seq may
provide a powerful tool for detailed understanding of the
status and function of endogenous MSCs under physio-
and pathological conditions.

Most investigators agree that during HCG, MSCs are
mobilized to the injured area where they are exposed to an
inflammatory environment. Therefore, in this study, we
used scRNA-seq to analyze the properties and verified
functions of MSCs during HCG in the rat model. We
identified a distinct subset of inflammation-associated
MSCs (AIF1*CSF1R* MSCs), which is present in the
inflammatory microenvironment before the occurrence of
liver cancer. Then, we further investigated the function of
this MSC subset in the development of liver cancer. Our
findings reveal an MSC subset that is associated with
HCG and shed light on the crosstalk between the chronic
inflammatory environment and endogenous MSCs, which
will allow us to better understand the mechanism under-
lying liver cancer occurrence.

MATERIALS AND METHODS
Animals

The rats used in our study were 2- to 3-month-old
(weighing 200-300g) male wild-type Sprague—
Dawley (SD) rats, which were purchased from
Shanghai Jihui Laboratory Animal Care Co., Ltd.
Tnf'~ rats, Tnfrsfla™~ rats, and Tnfrsf1b™'~ rats were
all established by the Nanjing Xungi Biotechnology
Company.['¥l Briefly, exon 1 of the Tnf gene was
targeted to induce DNA deletions with the caspase-9/
single-guide  RNA microinjection. Rat tails were
collected for identification of mutant alleles by
sequence analysis. Tnfrsfla™" rats and Tnfrsf1b™'-
rats were constructed using the same approach.
Results showed a 34-bp deletion in exon 2 of the
Tnfrsf1a gene in Tnfrsf1a™~ rats and a 2-bp deletion in
exon 3 of the Tnfrsflb gene in Tnfrsf1b™~ rats
(Figure S3A,B). Tnf, Tnfrsfla, and Tnfrsf1b genotyp-
ing primers are described in Table S1. All animal
protocols were approved by the Institutional Animal
Care and Use Committee of the Institute of Health
Sciences, and all animals received humane care



436 | TNF-o. INDUCED AIF1*CSF1R* MSC PROMOTE HEPATOCARCINOGENESIS
(A) .
DEN Digestion
SDrat 1 t t 1 8 =
o @
(Male) nor D4 D8 D12 D16T ¢ 10X Genomics
iy %@
' Single cell
| - i Sndece
2 0 5 g 3 ) 12
20
(B) 0
[«}
215
Nor D4 D D12 D16T @
210
©
£
£ 5
1]
=
=
£, l& .
& & o“’o@o@? ¢
©) (D)
e E Expression
0.0
( X ] NK
® Nor X X ) Neu y 35
D4 [ ] . DC I7,0
e D8 X X Mono
D12 = pDC -lo value
D16P 5@ 2d sc g‘gg )
! ® ;
i ®o HPAC s i
¢ ®@ | BEC $i
UMAPT—— §§§§§§’£2§§§§§§§ﬁ%%§§§°8§§
o O o D m u‘f Iﬁ-
0 n 7]
(E) (F)
PG Cd44 (&
s xcl12 Nt5e(CD73) Pdgfrb
= ¢
e NK
DC 0.0 0.0 0.0 0.0
a Mo 1 2. -‘ 430
1 ; Mono I I 0 I lg 0
Neu - .
o W
N ‘ e BEC @ &
! < HPAC 9 -
= SC
UMAP1 -
() (H)
= 204 .
Q
‘2 ek
= 15
3] e
& 104 .
L — *
3
o 54 A
o
* ol 1
<
> P

PDGFRB/CD73/DAPI

according to the criteria outlined in the Guide for the

Care and Use of Laboratory Animals.

Patient samples

Specimens of liver cancer tissue were obtained from

32 patients with liver cancer who

hepatic resection at the
Second Military Medical

Third Affiliated Hospital of
University from 2001 to

2007. Specimens were analyzed by histological and
multicolor immunohistochemistry (IHC) staining. Pre-
vious informed consent was obtained, and the study

protocol was approved by

underwent University.

the Ethics Committee of the

Third Affiliated Hospital of Second Military Medical
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FIGURE 1 Dissecting hepatocarcinogenesis in rats with scRNA-seq. (A) Schematic of the schedule for collection and processing of liver
tissue for scRNA-seq and the gross appearance of livers of rats exposed to DEN for 0 weeks (Nor), 4 weeks (D4), 8 weeks (D8), 12 weeks (D12)
and 16 weeks (D16). Yellow arrows show tumor nodules. (B) Representative H&E image of liver tissue from DEN-treated rats. The right panel
shows the inflammation score of liver tissue. D16T, tumor tissue at DEN16W; D16P, peritumoral tissue at DEN16W. The oval shows tumor tissue
in the H&E image. (C) Uniform manifold approximation and projection (UMAP) plot of single cells from livers of rats exposed to DEN. The different
time points are indicated by different colors. (D) Classification and identification of cells according to expression of characteristic marker genes.
(E) UMAP plot of all cell types (indicated by colors). B, B cells; T, T cells. (F) UMAP plot of the relative expression of each marker gene (Cd44,
Cxcl12, Ntbe, and Pdgfrb) from lowest expression (gray dots) to highest expression (red dots) in SCs of panel E. (G) Presence of PDGFRA*CD73*
cells (white arrows) in liver tissue samples at different stages was detected using IHC staining. Scale bars, 20 ym. (H) Percentage of
PDGFRpB*CD73" cells in the different samples. *p < 0.05; ***p < 0.001. n = 5 for each group. Bmp2, bone morphogenetic protein 2; C1qa,
complement C1q A chain; C1gc, complement C1q subcomponent subunit C; Clec9a, C-type lectin domain containing 9A; Csf3r, colony stimulating
factor 3 receptor; Cxcr2, C-X-C motif chemokine receptor 2; Eng, endoglin; Epcam, epithelial cell adhesion molecule; Fcgr2b, Fc fragment of IgG
receptor llb; Fenb, ficolin B; Gapt, GRB2 binding adaptor protein, transmembrane; Krt, keratin; Ncr1, natural cytotoxicity triggering receptor 1;
Nkg7, natural killer cell granule protein 7; Otc, ornithine transcarbamylase; pDC, plasmacytoid dendritic cells; S7100a8, S100 calcium-binding

protein A8; Siglech, sialic acid-binding immunoglobulin-like lectin H.

Statistical Analysis

All data are presented as mean+SD. Statistical
analysis was performed using Prism GraphPad (version
7.0; GraphPad Prism, San Diego, CA). Parameters from
treatment groups were compared statistically using
unpaired two-tailed Student ¢ test or one-way ANOVA
with the post hoc Tukey test. Significance was
expressed as: *p < 0.05, **p < 0.01, and ***p < 0.001.

RESULTS

scRNA-seq analysis reveals that
mesenchymal stem cell-like cells exist
during HCG

In order to create a single-cell atlas during HCG, rats
were given 0.1% diethylnitrosamine (DEN; Sigma-
Aldrich, St. Louis, MO) in their drinking water to establish
a primary liver cancer model. Liver images showed that
obvious tumor nodules were observed only at
16 weeks of DEN treatment (DEN16W; Figure 1A,
Figure S1A). Inflammatory status was evaluated from
hematoxylin—eosin (H&E) images according to grade of
necroinflammatory activity. At DEN4W, livers showed
mild inflammation. Compared to DEN4W, inflammatory
scores increased significantly at DEN8W (D8), then
exhibited a slower increase after DEN8W. The inflam-
mation score of tumor tissue at DEN16W (D16T) was
decreased compared to that in peritumor tissue at
DEN16W (D16P; Figure 1B). We harvested liver tissue
samples from rats treated with DEN at 0, 4, 8, 12, and
16 weeks to perform scRNA-seq analysis (Figure 1A). To
initially characterize cells in livers at single-cell resolution,
we used the 10x Chromium protocol to sequence 39,598
cells from the six rat samples (Figure 1C). Our analysis
identified 10 major clusters, which correspond to T cells,
B cells, natural killer cells (NKs), dendritic cells (DCs),
macrophages (My), monocytes (Mono), neutrophils
(Neu), bile duct epithelial cells (BECs), hepatic
parenchymal cells (HPACs), and stromal cells (SCs),

based on marker gene expression (Figure 1D,E).
Interestingly, some stem-cell-related markers, such as
Cd44 and ecto-5'-nuclectidase (Nt5e; CD73), were
highly expressed in a small proportion of these stromal
cells, and other stemness landmarks, such as C-X-C
motif chemokine ligand 12 (Cxcl/12), S100 calcium-
binding protein A6 (S700a6), matrix Gla protein,
platelet-derived growth factor receptor (Pdgfra), Pdgfrb,
and leptin receptor (Lepr), also exhibited expression
patterns similarto Cd44 (Figure 1F, Figure S1B,C). Many
of these markers are used to identify MSCs isolated from
bone marrow, umbilical cord, and so on.['>'8 Thus, we
defined this subgroup of stromal cells as mesenchymal
stem-cell-like cells (MSCLCs). To validate the RNA-
sequencing results at the protein level, we performed
immunofluorescence costaining of PDGFRp and CD73 in
liver sections and found that a PDGFRp" CD73" MSCLC
subpopulation exists throughout the development of liver
cancer (Figure 1G,H).

Annotation of the heterogeneous MSCLCs
during HCG

In order to further analyze the heterogeneity of MSCs in
HCG, 598 MSCLCs from six liver samples in Figure 1E
were subjected to subgroup analysis (Figure 2A). We
identified eight subpopulations of MSCLCs with distinct
sets of marker genes (Figure 2B). The proportion of
MSCLC subgroups in different liver samples is shown in
Figure 2C. Then, we noticed that a unique MSCLC
subpopulation (cluster 6, MSCLCB) is only enriched in
the DEN8W (D8) sample. MSCs in livers at DEN8W are
located in the chronic inflammatory microenvironment
before tumor formation and are closely related with
HCG.['0171 To delineate the functional profile of MSCLCS,
we visualized coordinately expressed gene groups and
noticed that cluster 6 was enriched for ontology terms
relevant to “inflammatory response” (Figure 2D). Besides
common markers, such as Pdgfrb or Ntbe (CD73;
Figure 1E), MSCLC6 was uniquely characterized by a
high expression of inflammatory-response—related
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genes, namely Tgfbi, colony stimulating factor 1 receptor
(Csf1r), allograft inflammatory factor 1 (Aif1), Cd74, and
retinol binding protein 4 (Rbp4; Figure 2D,E). Csfir
encodes a tyrosine-protein kinase receptor that acts as a
cell-surface receptor for CSF1 and IL34 and plays an
important role in inflammatory processes.'®l Aijf
encodes allograft inflammatory factor 1, a regulator of
macrophage activation and function.'¥ MSCLC6 also
expressed some inflammasome-related genes, such
as NLR family pyrin domain containing 3 (Nirp3),
caspase 1 (Casp?), ll1b, and /118 (Figure 2F).
To validate the existence of this AIF1*CSF1R*
subpopulation (MSCLC6) in vivo, we performed
multicolor IHC staining of rat liver tissues and observed
that CD73*AIF1*CSF1R"* cells specifically existed at
DEN8W, whereas they were barely discovered at other
stages of DEN treatment. Similarto CD73*AIF1"CSF1R"
cells, PDGFRB*AIF1*CSF1R* cells were also detected
mainly at DEN8W (Figure 2G,H, Figure S1D,E). Taking
these results together, we considered MSCLC6 to be an
AIF1*CSF1R* population, prominently enriching at
DEN8W, and may play a proinflammatory role.

Macrophage-derived TNF-a acts on the
AIF1*CSF1R* MSCLC subgroup through
TNF receptor 1

The immunomodulation function of MSCs is not con-
stitutive and must be “licensed” by the inflammatory
microenvironment.l’l Thus, in order to find out which
immune cells are involved in regulating the immuno-
modulatory properties of the MSCLC6 subpopulation,
we performed multicolor IHC staining to assess the
geographical location of MSCLCs relative to different
immune cells. Results showed the physical juxtaposi-
tion of macrophages (CD68" cells) and MSCLCs
(PDGFRp*CD73* cells). T cells, marked by CD3, and
neutrophils, marked by myeloperoxidase (MPO), were
rarely observed and were located far away from
MSCLCs (Figure 3A). This indicated that there might
be an interaction between macrophages and MSCLCs.
Sequence-based clustering of rat liver macrophages
(M), as shown in Figure 1D, were identified to seven
subpopulations (Figure 3B, Figure S2A,B). Importantly,
macrophage subpopulation 3 (M@3) and macrophage
subpopulation 4 (Mg4) were enriched for ontology terms
relevant to inflammatory response, positive regulation of
monocyte chemotaxis, and T-cell proliferation in view of
special genes. Thus, Mp3 and M¢4 may be regarded as
proinflammatory M. Cells in subpopulation Mp4 were
dominant in liver samples from rats treated with DEN for
4 weeks (D4) and, specifically, expressed marker genes
like Fc fragment of IgG receptor llla (Fcgr3a), folate
receptor beta (Folr2), peroxiredoxin 1 (Prdx1), and
C-X-C motif chemokine ligand 9 (Cxcl9; Figure 3C,D). In
contrast to the M4 population, which peaked at D4, the

M@3 population was relatively stable at different time
points of DEN treatment (Figure 3D).

Next, we sought to investigate the interactions
between macrophages and MSCLCs. We used paired
ligand-receptor (L-R) analyses to gain insights into the
potential relationships between macrophages and
MSCLCs. A set of TNF-related L-R pairs was enriched
in the Mp4 and MSCLC6 subsets, as highlighted in
Figure 3E. Notably, only M@4 was predicted to
interact with MSCLC6 (AIF1"CSF1R* MSCLC)
through TNF-based axes (Tnf-Tnfrsfla, Tnf-Ltbr,
and so on; Figure 3E). Among four genes related to
TNF signaling (Tnfrsf1a, Tnfrsf1b, Fas, and receptor
interacting serine/threonine kinase 1 [Ripk1]),
Tnfrsfla exhibited the highest expression in
MSCLC6 (Figure 3F). The ELISA assay further
showed that the serum level of TNF-a was
maintained at a high level between DEN4W and
DEN8W (Figure 3G). Multicolor IHC staining of liver
tissue at DEN8W also demonstrated that AIF1 and
CSF1R are colocalized with TNFR1 (Figure 3H). All
these data suggest that macrophages potentially
interact with AIF1* CSF1R* MSCLCs (MSCLC6)
through TNF-TNFR1.

Continual TNF-a stimulation up-regulates
sirtuin 1 in MSCs

In previous studies, we demonstrated that sirtuin 1
(SIRT1) contributes to the immune-enhancement effect
of MSCs in the colon cancer liver metastasis model.[20!
To determine the mechanism by which TNF-a poten-
tially induces the emergence of AIF1*CSF1R* MSCLCs
(proinflammatory phenotype), we next examined
whether TNF-a could up-regulate SIRT1 expression to
induce proinflammatory MSCs. Immunofluorescence
assays confirmed the colocalization of SIRT1 and
proteins in the TNF receptor 1 (TNFR1)-AIF1/CSF1R
signaling axis at DEN8W (Figure 4A,B). This suggests
that high expression of SIRT1 is closely correlated with

TNFR1 expression in both CD73*AlF1* and
CD73*CSF1R* cells. To mimic the in vivo
microenvironment, we used recombinant TNF-a

(rTNF-a) to treat MSCs in vitro. rTNF-a (1 ng/ml)
significantly up-regulated SIRT1 expression in MSCs
after 14 days of treatment (Figure 4C,D). To verify the
receptor that rTNF-a acts on, MSCs isolated from
Tnfrsfia™~ rats and Tnfrsf1b™'~ rats were treated with
rTNF-a to assess SIRT1 expression (Figure A4E,
Figure S3A, B). Up-regulation of SIRT1 was abolished
in MSCs"s1a~/~ when exposed to rTNF-a for 14 days,
indicating that SIRT1 up-regulation induced by TNF-a is
dependent on TNFR1 (Figure 4F,G). To further identify
the role of TNF-a on SIRT1 expression in MSCs, Tnf™/~
rats were treated with DEN (Figure 4H). In wild-type
rats, we found high expression of SIRT1 in CD146*
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cells at DEN8W, which was consistent with the scRNA- our results suggest that continual stimulation with a low
seq data. In contrast, SIRT1*CD146* cells were seldom level of TNF-a can up-regulate SIRT1 expression
observed in Tnf"'~ rats at DEN8W (Figure 41). Together, in MSCs.
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The effect of MSCs with high SIRT1
expression on HCG

expression of SIRT1 by transduction with adenoviral
vector (Ad-Sirt1-MSCs). The transduction efficiency of
both Adeno-GFP (green fluorescent protein) and
Adeno-Sirt1 was almost 85%, and there was no
significant difference between them (Figure S4A).

To explore the role of MSCs with a proinflammatory
phenotype in HCG, we constructed MSCs with high
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FIGURE 4 TNF-a enhances SIRT1 expression in MSCs through TNFR1. (A) Multicolor IHC staining of CD73, AIF1, TNFR1, and SIRT1 in
livers of rats at DEN8W. Yellow arrows indicate CD73*AIF1*TNFR1*SIRT1* cells. (B) Multicolor IHC staining of CD73, CSF1R, TNFR1, and
SIRT1 in livers of rats at DEN8W. Yellow arrows indicate CD73*CSF1R*TNFR1*SIRT1* cells. Scale bars, 20 um. (C) Rat bone-marrow—derived
MSCs were treated with recombinant TNF-a (1 or 10 ng/ml) for 14 days, then cell lysates were prepared and subjected to western blotting analysis.
(D) Semiquantitative analysis of the western blotting results in panel C. n = 3 for each group. ***p < 0.001. (E) Schematic procedure for isolating
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Expression of SIRT1 was confirmed in Ad-
Sirt1-MSCs by PCR and western blotting assay
(Figure S4B, C). Overexpression of SIRT1 in MSCs
had no effect on the proliferation and migration
capacity of the MSCs (Figure S4D—F). In order to
explore the effect of Ad-Sirt1-MSCs on HCG,
SD rats with DEN ftreatment were administered
with PBS, MSCs, Ad-GFP-MSCs, and Ad-Sirt1-MSCs
(Figure 5A). Ad-GFP-MSCs and Ad-Sirt1-MSCs
showed similar migration capacity from tail vein to

liver in vivo (Figure S5A). Injection of MSCs and
Ad-GFP-MSCs led to prolonged survival and
effectively inhibited tumorigenesis, whereas rats in
the Ad-Sirt1-MSCs group showed the shortest mean
survival time (Figure 5B,C). At DEN12W, obvious
tumor nodules were only observed in the Ad-Sirt1-
MSCs group (Figure S5B, C). Moreover, the Ad-Sirt1-
MSCs group showed a significant increase in the
number of detectable HCC nodules and the maximal
tumor diameters relative to the other groups at
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Ad-Sirt1-MSCs aggravate liver injury by
enhancing inflammation

The finding that Ad-Sirt1-MSCs can increase the
susceptibility of rats to chemical carcinogens prompted
us to examine the effect of Ad-Sirt1-MSCs on liver injury
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FIGURE 5

MSCs with SIRT1 overexpression (Ad-Sirt1-MSCs) have a tumor-promoting effect in HCG. (A) Schematic diagram for trans-

plantation of MSCs during DEN-induced HCG in rats. PBS or MSCs/Ad-GFP-MSCs/Ad-Sirt1-MSCs (1 x 10°) was administered by i.v. injection.
(B) Survival curves of rats in the PBS, MSCs, Ad-GFP-MSCs, and Ad-Sirt1-MSCs groups (n = 7). (C) Gross appearance of livers in rats from the
four experimental groups. Visible tumors are indicated by the black arrows. (D) Tumor incidence, tumor number, and maximum tumor volume in
rats at DEN16W. n = 4 for each group. (E) H&E staining of livers in the different treatment groups at DEN9W. (F) Serum levels of ALT and AST
levels were tested at DEN9W. n = 4 for each group. (G) Representative images showing staining of DEN16W liver sections for indicators related
to liver injury. (H) Histological semiquantification analysis of TUNEL and p-H,AX staining. n = 5 for each group. (I) Serum levels of inflammatory
factors were detected at DEN9W by the Bio-Plex Pro rat cytokine assay and are displayed as a heatmap. On the x axis, the sample names

(e.g., PBS_1, PBS_2, PBS_3, and PBS_4) indicate four different rats at the same time point. Scale bars, 100 ym. Values are shown as mean
+SEM (*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant). ALT, alanine aminotransferase; AST, aspartate aminotransferase; HP, high

power field (400x); SAC, sacrifice.

in the early stage of HCG. At DEN9W, the groups
receiving MSCs and Ad-GFP-MSCs showed reduced
liver damage, as judged by gross examination and
biochemical index detection, whereas Ad-Sirt1-MSCs
had the opposite effect and led to aggravated liver-
injury (Figure 5E,F, Figure S5F). Further examination
also showed an increased number of terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)-positive cells and p-H,AX-positive cells in the
Ad-Sirt1-MSCs group, consistent with more severe liver
fibrosis in this group (Figure 5G,H, Figure S5F, G). All
the data confirmed that administration of Ad-Sirt1-MSCs
aggravated DEN-induced liver damage. We next
explored how Ad-Sirt1-MSCs exacerbate liver injury.
Given the vital role of inflammation in liver injury and
HCG, we examined liver inflammation reaction at
DEN9SW. H&E staining revealed increased infiltration
of inflammatory cells in the Ad-Sirt1-MSC group
compared to the other two groups (Figure 5E).
Accordingly, compared with the other groups, the level
of proinflammatory cytokines (IL-4, IL-1p, IFN-y, TNF-a,
and so on) was greatly increased, whereas the level of
anti-inflammatory cytokines IL-10 and IL-2 was reduced
in the Ad-Sirt1-MSCs group (Figure 51). These results
indicate that Ad-Sirt1-MSCs enhanced inflammatory
reaction in the liver, instead of exerting an
immunosuppressive effect.

Macrophages are essential for the
proinflammatory and tumor-promoting
effects of Ad-Sirt1-MSCs

Next, we sought to find out the type of immune cells that
Ad-Sirt1-MSCs mainly act on. Based on the scRNA-seq
data, we performed paired L-R analyses to gain insights
into the potential regulatory relationships between
MSCs and liver nonparenchymal cells (including
immune cells). Correlation analysis indicated that MSCs
interacted more closely with macrophages than with T
cells (Figure 6A). Thus, we next verified the effect of Ad-
Sirt1-MSCs on macrophages in the liver. The data
showed that many more CD11b*CD68* macrophages
infiltrated into livers of the Ad-Sirt1-MSCs group relative
to the other three groups, and most of the infiltrated
macrophages in the Ad-Sirt1-MSCs group were positive

for CD86, which is regarded as an M1 marker
(Figure 6B,C, Figure S6A, B). Collectively, the results
indicate that these more abundant macrophages in the
Ad-Sirt1-MSC group are predominantly derived from
monocytes in the bone marrow, instead of the
amplification of resident Kupffer cells. To further
confirm whether the tumor-promoting effects of Ad-
Sit1-MSCs rely on macrophages, we depleted
macrophages by i.p. injection of GdCl; during HCG
in the Ad-Sirt1-MSCs group?" (Figure S6C).
Immunostaining of CD68 verified the efficiency of
GdClz-induced macrophage depletion in the liver
(Figure S6D, E). Furthermore, macrophage depletion
in the Ad-Sirt1-MSCs group resulted in a significant
attenuation of inflammatory reaction and liver injury at
DEN9W (Figure S6F-H). Accordingly, macrophage
depletion attenuated the promotion of HCC by Ad-
Sirt1-MSCs. A dramatic decrease in the number of
detectable HCC nodules and maximal tumor diameters
was observed in the Ad-Sirt1-MSCs + GdCl; group
relative to the other groups (Figure 6D-F). This
indicates that the effect of Ad-Sirt1-MSCs on HCC
promotion was dependent on increased infiltration of
macrophages.

Ad-Sirt1-MSCs promote macrophage
recruitment and migration, but not
expansion, in the liver

Considering that macrophage expansion and recruit-
ment are both important factors leading to increased
infiltration in the liver, we explored whether Ad-
Sirt1-MSCs acted on the proliferation or migration of
macrophages. No distinct difference in the level of
growth factors, such as granulocyte colony-stimulating
factor, colony-stimulating factor, colony-stimulating
factor, and VEGF, was observed between the Ad-
Sirt1-MSCs group and the other two groups. Notably,
higher levels of chemokines, such as C-C motif
chemokine ligand (CCL) 3, CCL5, and CCL20, were
detected in rats receiving Ad-Sirt1-MSCs (Figure 6G,
Figure S7D, E), which implies that Ad-Sirt1-MSCs may
play a role in macrophage migration. To further
confirm the essential role of Ad-Sirt1-MSCs on
macrophage function, Cell Counting Kit-8 and
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transwell assays were performed. Ad-Sirt1-MSCs had
no obvious effect on the proliferation of rat alveolar
macrophage cell line NR8383 (Figure S7A). NR8383
cells are not adherent, so rat primary peritoneal
macrophages (PPMac) were used for the migration
assay. We found that Ad-Sirt1-MSCs significantly

[] Ad-Sirt1-MSCs shct!
[ Ad-Sirt1-MSCs shce!®

[] Ad-Sirt1-MSCs s"Ct
[] Ad-Sirt1-MSCs ="¢<'*

promoted the migration of PPMac compared with Ad-
GFP-MSCs and MSCs (Figure S7B, C). We measured
the levels of CCL3, CCL5, and CCL20 in the transwell
system and found that the CCL5 level in the Ad-
Sirt1-MSCs group was higher than that in other groups
(Figure S7F). In summary, the results indicate that
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FIGURE 6 CCL5 is involved in the promotive effect of Ad-Sirt1-MSCs on macrophage migration. (A) Number of ligands and receptors in
significant L-R pairs in the cell populations. (B) Flow cytometric analysis of CD11b*CD68* macrophages in livers at DEN9W. (C) Quantitative
analysis of the percentage of CD68-positive cells in CD45* cells isolated from livers. n = 3 for each group. (D) Gross appearance and H&E staining
of livers in the PBS, Ad-Sirt1-MSCs, and Ad-Sirt1-MSCs + GdCl; groups. (E,F) Number and the maximum volume of tumor nodules were detected
in each liver. n = 4 for each group. (G) Serum level of CCL5 was measured at DEN9W. n = 3 for each group. (H) Transwell migration assay for rat
primary macrophages treated with anti-CCL5 antibody or not (as control) and cocultured with MSCs for 48 h. (I) Number of migrated cells in the
transwell assay. (J) CCLS5 levels in the coculture system were measured by ELISA assay. n = 3 for each group. (K) Flow cytometric analysis of
CD11b* and CD68" cells in livers of rats treated with PBS, Ad-Sirt1-MSCsshC"", and Ad-Sirt1-MSCsshce!> at DEN9W. (L) Quantitative analysis of
the percentage of CD68™ cells in CD45" cells isolated from livers of rats at DEN9W. n = 3 for each group. (M) Representative pictures of liver
specimens at DEN16W. Black arrows show the visible tumors. (N) Tumor numbers and the maximum tumor volume were measured at DEN16W.
n = 4 for each group. Scale bars, 100 um. Values are shown as mean + SEM (**p < 0.01; ***p < 0.001; ns, not significant).

CCL5, but not CCL3 and CCL20, may contribute to
macrophage migration.

CCL5 is involved in the promotive effect of
Ad-Sirt1-MSCs on macrophage migration

We hypothesized that the high CCL5 level secreted by
Ad-Sirt1-MSCs is responsible for macrophage recruit-
ment and migration. To test this hypothesis, a CCL5-
neutralizing antibody was used in the transwell system.
As expected, in the groups receiving no anti-CCL5
(control), the number of migrated PPMac in the Ad-
Sirt1-MSCs group was almost 3 times higher than that
in the Ad-GFP-MSCs group. The enhancement of
PPMac migration by Ad-Sirt1-MSCs was obviously
attenuated by anti-CCL5, which indicates that Ad-
Sirt1-MSCs probably promote macrophage migration
through CCL5 (Figure 6H,l). The ELISA assay
confirmed that the CCLS5 level in the transwell system
was indeed reduced with anti-CCL5 treatment
(Figure 6J). To further assess the role of CCL5 in
macrophage migration, rat recombinant CCL5 protein
was added into the transwell system. The result showed
a dose-dependent relationship between CCL5 level and
the number of migrated PPMac (Figure S7G). In the
process of HCG, the level of CCL5 expression was
highly consistent with the number of CD68" macro-
phages (Figure S7H). Correlation analysis confirmed
that CCL5 expression was correlated with CD68
expression (r = 0.8648, p < 0.01; Figure S7I).

Next, to determine the role of CCL5 in Ad-
Sirt1-MSCs—induced macrophage recruitment and
tumor progression, we stably reduced the expression
of CCL5 in Ad-Sirt1-MSCs using short hairpin
RNAs (shRNAs). RT-PCR and ELISA results
showed that the shRNA variant, shCcl5 #3, reduced
the expression of CCL5 by nearly 70% compared
to Ad-Sirt1-MSCsshc  (Figure S7J). Then, Ad-
Sirt1-MSCss"Ce> were constructed and transplanted
into DEN-treated rats. Results showed that the
percentage of CDG68-positive cells in the liver was
significantly decreased in the Ad-Sirt1-MSCsshCeld
group compared to the Ad-Sirt1-MSCs group
(Figure 6K,L, Figure S7K). More important, maximal

tumor diameters and relative liver weight were
significantly decreased in the Ad-Sirt1-MSCsshCed
group, although no significant difference in the number
of detectable tumors (> 1 mm) was observed between
the Ad-Sirt1-MSCss"C"  and Ad-Sirt1-MSCsshCc5
groups (Figure 6M,N). These results suggest that
CCL5 deficiency alleviates the promotive effect of Ad-
Sirt1-MSCs on HCC development. However, the
number of tumors was still increased by nearly 1.5-
fold in the Ad-Sirt1-MSCs®h¢c!> group compared with
the PBS group (Figure 6N). We speculate that this is
probably because the CCL5 level in the Ad-Sirt1-
MSCss"Cel5 group is higher than the basal expression
in the PBS group.

SIRT1 up-regulates CCL5 expression
through the protein kinase B/hypoxia-
inducible factor 1 subunit alpha signaling
pathway

To get a better understanding of the mechanism by
which Sirt1 up-regulates CCL5 expression, we per-
formed RNA profiling to identify which signaling path-
ways are induced by SIRT1 in MSCs and then may
induce CCL5 expression. Two independent samples of
MSCs, Ad-GFP-MSCs and Ad-Sirt1-MSCs, were col-
lected and then RNA-seq analysis was performed.
Results showed a total of 680 differentially expressed
genes (DEGs) in Ad-Sirt1-MSCs compared to Ad-GFP-
MSCs (Figure 7A). Among them, 368 were up-regulated
and 312 were down-regulated. The Venn diagram in
Figure 7B represents the degree of overlap for genes
found to be up- or down-regulated in Ad-Sirt1-MSCs or
Ad-GFP-MSCs relative to MSCs (controls). We found
that 161 of the above-mentioned 680 Ad-GFP-MSCs
versus Ad-Sirt1-MSCs DEGs overlapped with MSCs
versus Ad-GFP-MSCs DEGs. In order to exclude the
effect of pure adenovirus transduction on the RNA
expression profile in MSCs, we chose to use only the
remaining 519 DEGs in our subsequent analysis. The
519 DEGs were examined by Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis, and
eight signaling pathways were significantly enriched
(Figure 7C). Furthermore, western blotting assays were
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used to confirm the key signaling pathway(s) regulated
by SIRT1 in MSCs. SIRT1 significantly promoted
the phosphorylation of protein kinase B (AKT),
but not other candidate pathways, such as the
mitogen-activated protein kinase, NF-xB, and Janus
kinase/signal transducer and activator of transcription

signaling (Figure 7D,E). Exposing Ad-Sirt1-MSCs
to MK-2206 (AKT inhibitor) decreased the pho-
sphorylation of AKT and the expression of Ccl5
mRNA (Figure 7F,G). This indicates that the SIRT1-
induced up-regulation of CCL5 expression depends on
AKT phosphorylation.
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FIGURE 7 SIRT1 up-regulates CCL5 expression through the AKT/HIF1a signaling axis in MSCs. (A) Volcano plot showing DEGs for Ad-Sirt1-
MSCs versus Ad-GFP-MSCs at 48 h after adenovirus transduction. (B) Venn diagram analysis of DEGs after pair-wise comparison of three
experimental groups. (C) KEGG enrichment analyses of 519 DEGs from Ad-Sirt1-MSCs versus Ad-GFP-MSCs. The eight most significantly
enriched KEGG pathways are illustrated as bubbles. (D) Protein expression related to MAPK signaling was measured by Western blotting
analysis. (E) Western blotting analyses to detect levels of proteins related to the AKT and NF-xB signaling pathways. (F) Ad-Sirt1-MSCs were
treated with AKT inhibitor (MK-2206), and phosphorylation of AKT (Ser473) was assayed by western blotting analysis. (G) Cc/5 mMRNA expression
was analyzed in Ad-Sirt1-MSCs treated with AKT inhibitor. (H) HIF1a protein expression was assessed by western blotting assay. (I) Ad-Sirt1-
MSCs were treated with AKT inhibitor (MK-2206), and HIF1a protein expression was assayed by western blotting. (J) Real-time PCR analysis of
HIF1a mRNA expression in different groups. (K) Western blottings were used to confirm knockdown of HIF1a at the protein level after 48-h
transduction. (L) Cc/5 mRNA level was measured in both Ad-GFP-MSCs and Ad-Sirt1-MSCs after transduction with HIF1a siRNA. (M) UMAP plot
showing the relative expression of Sirt1, Akt1, Hifla, and Ccl5 from lowest expression (gray dots) to highest expression (red dots) in the MSCLC
subpopulations of Figure 2B. The red oval indicates Sirt1, Akt1, Hif1la, and Ccl5 expression in MSCLC6 (AIF1*CSF1R* MSCs) according to
scRNA-seq data. AKT, protein kinase B; ERK, extracellular signal-regulated kinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; JAK,
Janus kinase; MAPK, mitogen-activated protein kinase; p-p38, phosphorylated p38; p-p65, phosphorylated p65; p-AKT, phosphorylated AKT; p-
ERK, phosphorylated ERK; PI3K, phosphoinositide 3-kinase; p-JNK, phosphorylated JNK; p-STAT1, phosphorylated STAT1; Rap1, Ras-related

protein 1; STAT, signal transducer and activator of transcription.

Furthermore, to determine the effector of SIRT1-
mediated activation of AKT signaling, we investigated
the role of hypoxia-inducible factor 1 subunit alpha
(HIF1a). HIF1a is regarded as a transcription factor of
Ccl5,22 and the HIF1a pathway is enriched in KEGG
analysis of the DEGs, as shown in Figure 7C. We
demonstrated that overexpression of SIRT1 in MSCs
up-regulated HIF1a expression, and the AKT inhibitor,
MK-2206, reduced HIF1a expression in Ad-Sirt1-MSCs
(Figure 7H,I). These data indicate that AKT acts
upstream of HIF1a. We previously showed that SIRT1
up-regulates CCL5 expression in MSCs to promote
macrophage infiltration. To determine whether HIF1«a
affects CCL5 expression in MSCs, HIF1a small
interfering RNAs (siRNAs) were transfected into Ad-
Sirt1-MSCs. HIF1a deficiency significantly diminished
Ccl5 expression in Ad-Sirt1-MSCs compared to
the control group (Figure 7J-L). Then, we examined
the expression patterns of Sirt1, Akt, Hif1a, and Ccl5 at
the single-cell level in rat liver tissue. In MSCLC6
(AIF1*CSF1R* MSCs), the patterns of Akt, Hif1a, and
Ccl5 expression were extremely similar to those of Sirt1
(Figure 7M). Together, these results imply that SIRT1
regulates CCL5 expression through the AKT-HIF1a
signaling pathway.

AIF1*CSF1R* MSCs in peritumoral tissue
correlate with hepatic fibrosis and
recurrence of liver cancer

Next, to explore the potential association of
AIF1*CSF1R* MSCs in peritumoral tissue of patients
with clinical outcomes, we performed multicolor IHC
staining of CD73, PDGFRp, AlF1, and CSF1R on tissue
microarrays containing 38 primary liver cancer speci-
mens with long-term clinical follow-up data. Consistent
with our findings in rats, we observed the presence of
inflammation-related AIF1*CSF1R* MSCs (shown as
CD73*PDGFRpB*AIF1*CSF1R* cells) in peritumoral
tissue of patient samples. Then, according to the

number of AIF1*CSF1R* MSCs, patients were divided
into two groups: AIF1*CSF1R* MSCs Low (15 of 32;
46.9%) and AIF1* CSF1R* MSCs High (17 of 32;
53.1%; 6 patient specimens with suboptimal staining
were excluded; Figure 8A,B). Furthermore, we
quantified the fibrin deposition in the two groups, and
found that the AIF1*CSF1R* MSCs High group had the
most fibrin deposition in the specimens, whereas the
AIF1*CSF1R* MSCs Low group had minimal collagen
deposition (Figure 8C). This indicates that the
abundance of AIF1*CSF1R* MSCs is associated with
liver fibrosis. Furthermore, patients in the AIF1*CSF1R*
MSCs High group had a higher 1-year tumor recurrence
rate compared to patients in the AIF1*CSF1R* MSCs
Low group (1-year cumulative tumor recurrence rate:
64.7% vs. 33.3%, log rank test, p = 0.0324; Figure 8D).
This finding indicates that the number of AIF1*CSF1R*
MSCs in peritumoral tissue may be useful in predicting
the recurrence of liver cancer.

DISCUSSION

Accumulating evidence suggests that both endogenous
and exogenous MSCs can migrate to inflamed tissue
and participate in tissue repair.2324 However, the
functional contributions of MSCs during the develop-
ment of liver cancer are far from fully understood. Our
previous studies showed that early infusion of MSCs
has a suppressive effect on DEN-induced liver
cancer.['" However, the physiological roles of endoge-
nous MSCs were not verified owing to a lack of specific
markers to monitor MSCs in vivo.2%l Recently, Zhou
et al. found that the LepR is a marker highly enriched in
MSCs from bone marrow.!28! Fate-mapping showed that
LepR™ cells are the main source of bone formation.
Additionally, Kramann et al. reported that GLI family
zinc finger 1 (Gli1) is a marker of MSCs in adult tissue.
Gli1* MSCs are regarded as progenitors of vascular
smooth muscle cells in vascular remodeling.2”l How-
ever, MSCs are a complex mixture of cells, and it is
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difficult to understand the overall characteristics and
functions of MSCs with single-marker tracing. Here, we
used scRNA-seq analysis to unmask the functions of
MSCs during HCG. scRNA-seq is a popular method for

transcriptome expression analysis at the single-cell
insight into the existence
types and cell

level, which can give
and behavior

of different cell
subsets.[?8l By scRNA-seq, we identified a unique
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FIGURE 8

Number of AIF1*CSF1R* MSCs in peritumoral tissue is correlated with hepatic fibrosis and recurrence of liver cancer. (A,B) Left

two panels: Sections of human peritumoral liver tissues were stained with H&E and Sirius Red. Scale bars, 100 um. Right panels: immuno-
fluorescence images of human peritumoral liver tissues stained with antibodies against CD73, PDGFRp, AlF1, and CSF1R. Nuclei were detected
with DAPI. Yellow arrows show the AIF1*CSF1R* MSCs. Scale bars, 20 ym. (C) Fibrin deposition (% area) was analyzed based on Sirius Red
staining in patient tissue in the Low and High groups in panel A. Values are shown as mean + SEM (***p < 0.001). (D) Kaplan—Meier curves
showing the cumulative recurrence rate for liver cancer patients in the Low and High groups. (E) Schematic model of the mechanism by which
AIF1*CSF1R* MSCs, stimulated by TNF-a, contribute to construction of a chronic inflammatory microenvironment, which promotes HCG. In
summary, MSCs are educated by the chronic inflammatory environment to promote inflammation and HCG through the TNFR1/SIRT1/HIF1a/

CCLS5 signaling axis.

inflammation-associated AIF1*CSF1R* MSC subset,
which exists in the inflammatory microenvironment
before liver cancer occurrence. In fact, the number of
cells captured by single-cell sequencing technology is
limited, especially for MSCs; therefore, some MSC
subsets may still await discovery.

Indeed, the immunomodulatory effects of MSCs
need to be “licensed” by inflammatory stimulation.
Furthermore, the role of MSCs in immunomodulation
is plastic: MSCs can be rendered immunosuppressive
in the presence of strong inflammation, whereas weak
inflammation induces MSCs to exert an immune-
enhancement effect.[2230] Here, we found that only
macrophages were physically juxtaposed with
MSCLCs, and macrophages may interact with
AIF1*CSF1R* MSCs through Tnf-Tnfrsf1a. TNF-a plays
an important role in the survival, migration, and
immunoregulation properties of MSCs.3:321 A recent
study reported that TNF-a-stimulated MSCs secreted
more IL-8 and exhibited enhanced recruitment of
polymorphonuclear granulocytes.®3l Here, we showed
that another chemokine, CCL5, is regulated in MSCs by
TNF-a through TNFR1/SIRT1 and, subsequently, pro-
motes macrophage infiltration in the liver. CCL2/C-C
motif chemokine receptor 2 signaling is the major
chemotactic axis involved in the recruitment of mono-
cytes and macrophages.3*3! In our study, we also
observed a high level of CCL2 in the liver, but there was
no significant difference between the group treated with
Ad-Sirt1-MSCs and the other groups. In support of our
findings, studies have reported the specific effect of
CCL5 on macrophage recruitment in both adipose
tissue and the tumor microenvironment.[36:371 Of course,
we do not rule out the role of CCL2 in macrophage
migration: We noticed that antibody neutralization
of CCL5 could not completely inhibit macrophage
migration, and this may be attributed to the activity
of CCL2.

SIRT1, a well-studied deacetylase, is involved
in functional regulation of the immune response,
including macrophages.l3839 SIRT1 is regarded as a
key regulator of macrophage self-renewal and
apoptosis.“041  Furthermore, increasing evidence
shows that SIRT1 overexpression can promote macro-
phage activation and M1 polarization in the context of
liver inflammation.2431 MSCs also possess immune
regulation capacity and are closely related to immune

cells. Here, we showed that SIRT1 is highly expressed
in proinflammatory MSCs (AIF1"CSF1R* MSCs) after
TNF-a stimulation and promotes CCL5 expression and
macrophage migration by phosphorylating AKT at
serine 473 (Serd73). Similarly, Liu et al. reported that
SIRT1 promoted Rictor transcription, which triggered
the phosphorylation of AKT at Serd73 in primary
hepatocytes and liver cancer cells.*¥l Furthermore, by
using coimmunoprecipitation and glutathione S-trans-
ferase pull-down assays, researchers also verified that
SIRT1 directly interacts with histone H3 and phosphor-
ylates H3™® in osteosarcoma cells.*5! These outcomes
demonstrate that SIRT1, apart from its histone deace-
tylase and methylase activity, also exhibits histone
phosphoryl transferase activity.

In summary, we identified that a subset of
AIF1*CSF1R* MSCs, with high expression of SIRT1,
exists in the inflammatory microenvironment. We
investigated the influence of MSCs with high SIRT1
expression (Ad-Sirt1-MSCs) in HCG. We showed that
Ad-Sirt1-MSCs promote macrophage infiltration and
liver cancer initiation and progression, which might be
mediated by the secretion of CCL5. Furthermore, SIRT1
up-regulates CCL5 expression in MSCs mainly through
the AKT/HIF-1a signaling pathway. Our findings reveal
an MSC subset that is associated with HCG and shed
light on the crosstalk between the chronic inflammatory
environment and endogenous MSCs. These discov-
eries will allow us to better understand the immunor-
egulation capacity of endogenous MSCs and the
mechanism underlying liver cancer.
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