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Vitamin D receptor (VDR) mediates the quiescence of activated
hepatic stellate cells (aHSCs) by regulating M2 macrophage
exosomal smooth muscle cell-associated protein 5 (SMAP-5)
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Abstract: An effective therapeutic regimen for hepatic fibrosis requires a deep understanding of the pathogenesis mechanism.
Hepatic fibrosis is characterized by activated hepatic stellate cells (aHSCs) with an excessive production of extracellular matrix.
Although promoted activation of HSCs by M2 macrophages has been demonstrated, the molecular mechanism involved remains
ambiguous. Herein, we propose that the vitamin D receptor (VDR) involved in macrophage polarization may regulate the
communication between macrophages and HSCs by changing the functions of exosomes. We confirm that activating the VDR
can inhibit the effect of M2 macrophages on HSC activation. The exosomes derived from M2 macrophages can promote HSC
activation, while stimulating VDR alters the protein profiles and reverses their roles in M2 macrophage exosomes. Smooth
muscle cell-associated protein 5 (SMAP-5) was found to be the key effector protein in promoting HSC activation by regulating
autophagy flux. Building on these results, we show that a combined treatment of a VDR agonist and a macrophage-targeted
exosomal secretion inhibitor achieves an excellent anti-hepatic fibrosis effect. In this study, we aim to elucidate the association
between VDR and macrophages in HSC activation. The results contribute to our understanding of the pathogenesis mechanism
of hepatic fibrosis, and provide potential therapeutic targets for its treatment.

Key words: Hepatic fibrosis; Hepatic stellate cell (HSC); Macrophage; Exosome; Vitamin D receptor (VDR); Smooth muscle
cell-associated protein 5 (SMAP-5)

1 Introduction hepatic stellate cells (aHSCs) are the primary effec-
tor cells for hepatic fibrosis. They can transform into

Hepatic fibrosis is a common pathological pro-  myofibroblast-like cells and produce a large amount
cess of many chronic liver diseases caused by continu-  of extracellular matrix in response to various liver in-

ous liver damage (Pellicoro et al., 2014). The morbidity juries (Yin et al., 2013; Cai et al., 2022). Growing evi-
of hepatic fibrosis caused by various etiologies is in-

creasing rapidly all over the world (Mokdad et al.,
2014). Although there has been great progress in the
treatment of hepatic fibrosis, an effective treatment is
still lacking because of the poor therapeutic effect
or serious side effects of the drugs currently on the
market (Kisseleva and Brenner, 2021). Activated

dence indicates that reversing the activation status of
HSCs to quiescence could contribute to the regression
of hepatic fibrosis (Lu et al., 2021; Shen et al., 2022).
Thus, a more detailed understanding of the underlying
mechanism of HSC activation might provide potential
targets for novel antifibrosis therapy.

Macrophages, including those derived from mono-
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dominant M2 macrophages in the injured liver have



Therefore, hindering macrophage polarization to M2
phenotypes would be beneficial for the suppression of
HSC activation.

Previous studies have shown that the vitamin D
receptor (VDR), the main molecule enabling vitamin
D to exert its biological function, participates in regu-
lating macrophage polarization (Liu et al., 2006;
Zhou et al., 2020). VDR is highly expressed in macro-
phages, and activation of liver macrophage VDR can
ameliorate liver inflammation, steatosis, and insulin
resistance (Dong et al., 2020). Moreover, vitamin D
deficiency is common in patients with hepatic fibrosis
(Konstantakis et al., 2016), and regulation of VDR
activity is involved in the development of hepatic fi-
brosis (Ding et al., 2013; Duran et al., 2016; Wang
et al., 2020). Considering the significance of VDR in
the regulation of macrophage activity, we wondered
whether VDR may regulate macrophages and thus af-
fect the activation of HSCs, as well as how we might
modulate their communication. Exosomes, extracellu-
lar vesicles derived from various cells, usually serve
as a communicator among cells via their harbored car-
gos including proteins, RNAs, and DNAs (Thery et al.,
2018; Kalluri and LeBleu, 2020; Shen et al., 2022).
Due to the diverse composition and higher loading,
the exact underlying role of protein in the exosomes
that mediate the communication between macrophages
and HSCs, especially after the regulation of VDR, re-
mains unclear.

Herein, we proposed to elucidate the role of the
VDR of M2 macrophages in HSC activation involv-
ing regulation of the protein profile of exosomes de-
rived from macrophages. The results contribute to the
understanding of the underlying mechanism of HSC
activation in fibrotic microenvironments with abun-
dant M2 macrophages, thus offering potential targets
and promising strategies for the treatment of hepatic
fibrosis.

2 Materials and methods
2.1 Isolation of primary cells

Primary Kupffer cells were isolated from 8-week-
old male C57BL/6J mice by sequential pronase and
collagenase IV digestion, followed by density gradient
centrifugation. In detail, after anesthesia with pento-
barbital sodium (3 mg/kg body weight), the mouse
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liver was perfused with Hank’s balanced salt solution
(HBSS) via the portal vein, and then perfused sequen-
tially with pronase (0.05%, mass fraction) and colla-
genase 1V (0.05%, mass fraction). After digestion, the
liver was mashed ex vivo in a dish, incubated at 37 °C
in HBSS containing 0.05% (mass fraction) collage-
nase IV and 2% (mass fraction) deoxyribonuclease.
The suspension was then centrifuged at 50g for 3 min
to separate non-parenchymal cells from hepatocytes
and cellular debris. Kupffer cells were collected by
density gradient centrifugation in 25% over 50% (vol-
ume ratio) Percoll. The cells were then re-suspended
in Roswell Park Memorial Institute (RPMI)-1640
medium containing 10% (volume fraction) fetal bovine
serum (FBS) and 1% (volume fraction) Pen-Strep.
After culturing for 4 h, the medium was changed to re-
move non-adherent cells. Primary HSCs were isolated
using a single-step Percoll gradient as previously
reported, after anesthesia and in situ perfusion by
pronase/collagenase IV (Qu et al., 2018). Isolated
HSCs were then cultured in RPMI-1640 medium con-
taining 10% FBS and 1% Pen-Strep for 40 h prior to
end-point assays.

2.2 Polarization of THP-1 and primary Kupffer cells

THP-1 cells were differentiated to MO macro-
phage, an adherent phenotype, by treatment with
50 nmol/L phorbol 12-myristate 13-acetate (PMA) for
72 h. THP-1-derived MO macrophages and primary
Kupffer cells were stimulated by co-supplementation
of 200 ng/mL lipopolysaccharide (LPS) and 100 ng/mL
interferon-y (IFN-y) for 24 h to polarize towards the
M1 phenotype, or 20 ng/mL interleukin-4 (IL-4)
for 24 h to polarize towards the M2 phenotype (Li
et al., 2022). The macrophages were then cultured
with 20 pmol/L GW4869 for 24 h to inhibit exosome
secretion.

2.3 Isolation and polarization of human peripheral
blood-derived macrophages

Once human blood samples were obtained, gra-
dient centrifugation was performed using human per-
ipheral blood cell separation solution to isolate the
peripheral blood mononuclear cells (PBMCs). After
centrifugation, the interface between the plasma (top)
and red (bottom) layer was collected carefully and
used for the isolation of monocytes. Then the PBMCs
were resuspended in serum-free RPMI-1640, counted,
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and adjusted to a concentration of 1x107 cells/mL.
After 4 h, non-adherent cells were carefully washed
away with warm phosphate-buffered saline (PBS), and
then the adherent cells were cultured for 5 d in RPMI-
1640 supplemented with 15% FBS and 20 ng/mL
macrophage colony-stimulating factor (M-CSF).

2.4 Exosome isolation and purification

Exosomes were isolated using an Exosome Con-
centration kit, in accordance with the manufacturer’s
instructions. Briefly, after centrifugation at 3000g for
10 min to eliminate dead cells and cell debris, condi-
tioned medium was mixed with binding buffer at 10:1
(volume ratio). Binding resin was added and mixed
gently for 15 min, and then the suspension was spun
at 3000g for 2 min. The supernatant was then discard-
ed and the pellets were transferred into spin columns,
re-suspended in washing buffer, and spun once again
as above. The final pellet was re-suspended in elution
buffer, and centrifuged at 3000g for 2 min. The fil-
trate was a concentrated exosome solution.

2.5 Mass spectrometry-based proteomics

Extracted peptides (six fractions per sample) were
analyzed using nanoscale liquid chromatography cou-
pled to tandem mass spectrometry (nanoLC-MS/MS)
in a Thermo Fisher Orbitrap Fusion system (Thermo
Scientific, USA). Samples were analyzed using ac-
quisition strategies. Specifically, sequential collision-
induced dissociation (CID)-electron transfer disso-
ciation (ETD)-MS2 acquisition was performed to MS1
precursor in a CID-MS2-MS3-ETD-MS2 approach.
Mass difference-dependent CID-MS3 acquisitions
were triggered subsequently if a unique mass dif-
ference in the CID-MS2 spectrum was observed.
Calibrated charge-dependent ETD parameters were
enabled.

2.6 Short hairpin RNA (shRNA) transfection in vivo

Adeno-associated virus-mediated shRNA (AAV-
shRNA; GeneChem, Shanghai, China) was applied
to hepatic fibrosis model mice at 9.33x10" vector ge-
nomes (v.g)’kg body weight by vein injection. Mice
were sacrificed after four weeks.

2.7 Statistical analysis

Statistical analyses were performed using GraphPad
Prism 8.0.1 software. All graphical data are presented

as meantstandard error of mean (SEM). Statistical sig-
nificance was determined using two-tailed Student’s
t-tests or one-way analysis of variance (ANOVA).

3 Resuults

3.1 Regulation of the polarization of macrophages
by VDR, leading to suppression of HSC activation

To explore the role of VDR in the polarization of
macrophages, the expression levels of VDR and its
target genes in THP-1-derived M0, M1, and M2 macro-
phages were determined by western blot and reverse
transcription-polymerase chain reaction (RT-PCR)
(Figs. 1a, Sla, and S1b; primer sequences for RT-PCR
were listed in Table S1; cell lines and cell polarization
reagents were listed in supplementary methods). Com-
pared to that of MO macrophages, the expression of
VDR was decreased in M2 macrophages. Then to
confirm that the activation of VDR can influence the
polarization of macrophages, THP-1-derived macro-
phages were treated with calcipotriol (50 nmol/L), a
kind of VDR agonist, and the expression levels of M1
and M2 macrophage biomarkers, cluster of differenti-
ation 86 (CD86) and CD206, were detected by flow
cytometry analysis. After treatment with calcipotriol,
CD206 was significantly down-regulated in M2 macro-
phages while CD86 was slightly up-regulated in M1
macrophages (Fig. 1b). Besides, the polarization from
MO to M2 was significantly inhibited after treatment
with calcipotriol (Fig. S1c).

It has been proved that there is interaction be-
tween macrophages and HSCs (Chen et al., 2020; Hu
et al., 2021). We also found that clophosome-mediated
macrophage depletion suppressed collagen accumula-
tion in hepatic fibrosis mice (Fig. S1d). To investigate
the effects of different polarization state macrophages
on the activation of HSCs, conditioned media of MO,
M1, and M2 macrophages were each co-cultured with
human HSC line, LX-2. Cell counting kit-8 (CCK-8)
assay showed a remarkably promoted proliferation of
LX-2 cells cultured in M2 macrophage-conditioned
medium, which was suppressed by calcipotriol, sugges-
ting that activation of VDR might inhibit the function
of M2 macrophages (Fig. 1c, the method of CCK-8
assay was listed in supplementary methods). Beside the
proliferation, the expression levels of collagen I and
a-smooth muscle actin (a-SMA) were also obviously
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Fig. 1 Effect of VDR on the polarization of macrophages, leading to suppression of HSC activation. (a) Expression of
VDR in different phenotypes of macrophages was examined by western blot. Representative gel electrophoresis bands
are shown. Protein expression levels were quantified by densitometry and normalized to the expression of B-actin. Data
are expressed as mean+SEM (n=5). * P<0.05, " P<0.01, ™ P<0.001. The same method of quantification and data expression
were used in (¢), (d), and (). (b) Flow cytometry analyses of CD86 in THP-1-derived M0 and M1 and calcipotriol-treated
M1 macrophages, and CD206 in THP-1-derived M0 and M2 and calcipotriol-treated M2 macrophages. (c) Cell growth
curves of LX-2 cultured in control medium, THP-1-derived M0-, M1-, and M2-conditioned media (upper curve), and
cell growth curves of LX-2 cultured in control medium, THP-1-derived M2-conditioned medium and calcipotriol-treated
M2-conditioned medium (lower curve). Data are expressed as mean+SEM (n=6). (d) Expression of collagen I and a-SMA
in LX-2 co-cultured with different macrophages was examined by western blot. Representative gel electrophoresis bands
are shown (n=5). (¢) CLSM images of LX-2 cultured in different conditioned media, co-stained for a-SMA (green) and
Hoechst (blue), showed activation of LX-2. Scale bar=5 pm. (f) Expression of collagen I and a-SMA in primary HSCs
co-cultured with different macrophages was examined by western blot. Representative gel electrophoresis bands are shown
(n=5). VDR: vitamin D receptor; HSC: hepatic stellate cell; SEM: standard error of mean; CD86: cluster of differentiation
86; Cal: calcipotriol; Max: maximum; Con: control; CM: conditioned medium; OD,,: optical density at 450 nm; a-SMA:
o-smooth muscle actin; KD: knockdown; CLSM: confocal laser scanning microscope; KC: Kupffer cell (Note: for
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).



252 | J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2023 24(3):248-261

raised in LX-2 cells after treatment with M2 macro-
phage-conditioned medium (Figs. 1d and Sle). These
results suggested that the HSCs become highly acti-
vated when co-cultured with M2 macrophages.

To further confirm that VDR participates in HSC
activation by macrophages, M1 and M2 macrophages
were treated with calcipotriol to activate VDR, or
with transfected small interfering RNA (siRNA) to
knock down VDR, and then co-cultured with HSCs.
LX-2 activation was inhibited after co-culturing with
calcipotriol-treated M2 macrophages, but further in-
creased after co-culturing with VDR-knockdown M2
macrophages (Figs. 1d, le, and S1le-S1g). Similar
results were also found in the primary HSCs and
Kupfter cells isolated from C57BL/6 mice by single-
step Percoll gradient, after in situ perfusion by pronase/
collagenase IV (Fig. 1f).

In summary, these results suggested that macro-
phages, especially the M2 phenotype, promote the acti-
vation of HSCs, and this effect can be down-regulated
by VDR activation.

3.2 Regulation of the activation of HSCs by exosomes
derived from macrophages

Exosomes were isolated from macrophage-
conditioned medium using an Exosome Concentration
kit, at a concentration of 7.38x10° particles/g and with an
average size of (136.9+£58.7) nm (Fig. 2a). The dynam-
ics of 1,1'-dioctadecyl-3,3,3",3'-tetramethylindodicar-
bocyanine, 4-chlorobenzenesulfonate salt (DiD)-labeled
macrophage-derived exosomes internalized by LX-2
cells was visualized and quantified (Fig. S2a), prov-
ing that exosomes released by macrophages can be ab-
sorbed by HSCs.

To confirm the regulatory effect of macrophage-
derived exosomes on HSC activation, LX-2 cells
were treated with exosomes isolated from conditioned
medium of THP-1-derived MO, M1, and M2 macro-
phages. The CCK-8 assay showed that the prolifera-
tion of LX-2 cells co-cultured with M2 exosomes was
significantly increased (Fig. 2b). The expression of
collagen I and a-SMA was also noticeably increased
(Figs. 2¢, S2¢, and S2d). GW4869 is a neutral sphin-
gomyelinase inhibitor preventing the formation of
intraluminal vesicles, and is widely accepted as being
able to block exosome production. When LX-2 cells
were co-cultured with M2 macrophages treated with
GW4869, the increased cell proliferation and activation

were both significantly inhibited (Figs. 2b-2d, S2g,
and S2h); the non-cytotoxic assay of GW4869 is
shown in Fig. S2b. Then, MO and M2 macrophage-
conditioned media were collected and ultracentrifuged
at 100 000g for 70 min to obtain exosome-free condi-
tioned medium. After treatment with M2-conditioned
medium with depleting of exosomes (M2-dExo), the
activation of LX-2 cells was significantly inhibited
compared with the full-component conditioned me-
dium (Figs. S2e and S2f), confirming that M2 macro-
phage exosomes mediate the pro-activation of HSCs.

Moreover, since M2 macrophage exosomes me-
diated the pro-activation of HSCs, activating the VDR
of M2 macrophages could block this interaction and
inhibit HSC activation. This confirmed that the VDR
pathway is non-redundantly upstream of exosome-
mediated signaling to HSCs (Fig. S2i). When exo-
somes were removed by ultracentrifugation, the activa-
tion of HSCs was also inhibited although calcipotriol
was not present. The same results were found in pri-
mary Kupffer cells and primary HSCs isolated from
mouse liver (Figs. 2c and S2j), as well as in human
PBMC:s (Fig. S3).

Next, to verify the important role of macrophage
exosomes in vivo, GW4869 (2.5 mg/kg body weight)
was given to mice to inhibit the secretion of exo-
somes. Liposomes were used as GW4869 carriers due
to their unique properties of retention in the liver and
being absorbed mostly by liver macrophages. As illus-
trated in the treatment schedule (Fig. S4a), GW4869
encapsulated in liposome (GWLP) was intravenously
injected (i.v.) into carbon tetrachloride (CCl,)-induced
hepatic fibrosis mice. The VDR agonist calcipotriol
(20 pg/kg body weight) was administered by oral gavage.
The distribution of GWLP showed co-localization with
CD206-positive macrophages in the liver (Fig. S4b).
After the mice were sacrificed and the corresponding
detection performed, the results showed that treatment
with calcipotriol or GWLP alone showed significant
inhibition of collagen I and a-SMA expression, while
after combined treatment, the fibrosis was much more
inhibited (Fig. 2e). Meanwhile, the calcipotriol and
GWLP combined treatment showed better repair of
liver tissue structure, as shown by hematoxylin and
eosin (H&E) staining, more decreased collagen de-
position, as shown by Masson’s trichrome staining, and
down-regulated a-SMA protein expression, as shown
by immunofluorescence analysis (Figs. 2f, S4c, and
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Fig. 2 Regulation of the activation of HSCs by exosomes derived from macrophages. (a) Electron microscope images,
representative western blots of CD63 and ALIX, and nanoparticle tracking analysis of macrophage exosomes, purified
with an Exosome Concentration kit. Representative gel electrophoresis bands are shown (#=3). Scale bar=100 nm. The
method of nanoparticle tracking analysis was listed in supplementary methods. (b) Cell growth curves of LX-2 treated
with control medium, M0-, M1-, and M2-derived exosomes (left). Cell growth curves of LX-2 cultured in control
medium, M2-conditioned medium, and GW4869-treated M2-conditioned medium (right). Data are expressed as mean+
SEM (n=6). (c) Expression of collagen I and a-SMA in LX-2 treated with different macrophage exosomes or conditioned
medium was examined by western blot (left two sets). Expression of collagen I and o-SMA in primary HSCs was
examined by western blot (right). Representative gel electrophoresis bands are shown. (d) CLSM images of LX-2
cultured in different conditioned media, co-stained for a-SMA (green) and Hoechst (blue), showed activation of LX-2.
Scale bar=5 pm. (e) Detection of protein expression with western blot analysis of collagen I and a-SMA in liver samples
from different treated CCl, model mice (left). B-Actin was used as the control. Gray scale analysis was performed and
quantification of collagen I/B-actin and a-SMA/B-actin is shown (right). Data are expressed as mean+SEM (n=5).
(f) Calcipotriol and GWLP inhibited the development of CCl,-induced liver lesions, collagen deposition, and a-SMA
expression. Liver lesions were detected by H&E staining and collagen deposition by Masson’s trichrome staining. a-SMA
expression was determined by immunofluorescence. H&E and Masson’s trichrome stain: scale bar=200 pm. CLSM
images: co-stained for a-SMA (red) and Hoechst (blue); scale bar=50 pm. * P<0.05, " P<0.01, " P<0.001 vs. Con. * P<0.05
vs. Cal. HSCs: hepatic stellate cells; CD63: cluster of differentiation 63; Exo: exosome; ALIX: antilymphocytic globulin
2-interacting protein X; SEM: standard error of mean; Con: control; CM: conditioned medium; OD, : optical density at
450 nm; o-SMA: a-smooth muscle actin; CLSM: confocal laser scanning microscope; Cal: calcipotriol; GWLP: GW4869
encapsulated in liposome; CCl,: carbon tetrachloride; H&E: hematoxylin and eosin; IHC: immunohistochemistry (Note:
for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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S4d). Moreover, the combination of calcipotriol and
GWLP treatment showed stronger inhibition of alanine
aminotransferase (ALT), aspartate aminotransferase
(AST), and total bile acid (TBA) (Fig. S4e). Similar
results were found in bile duct ligation (BDL) mice
(Figs. S5a—S5e). There was no effect on serum calcium
in mice (Fig. S5f), suggesting that this combination has
no hypercalcemic effects in vivo.

To summarize, we demonstrated that M2 macro-
phages promote the activation of HSCs by exosomes
and that activating VDR or blocking the secretion of
macrophage exosomes can inhibit HSC activation and
hepatic fibrosis in vitro and in vivo.

3.3 Proteomic analysis of SMAP-5 as an HSC-
activating factor

To explore the mechanisms of VDR regulation
of HSC activation through macrophage exosomes, the
total proteins in exosomes derived from M0, M2, and
calcipotriol-treated M2 macrophages were isolated, at
the amount of 1x10° of each group. Using LC-MS/MS
analysis, 5520 proteins were identified. The results
showed that 105 proteins were over-expressed by at
least 2-fold in M2 macrophage-derived exosomes com-
pared with those derived from MO macrophages.
Also, 64 proteins were at least half down-regulated in
exosomes derived from calcipotriol-treated M2 macro-
phages compared with those derived from M2 macro-
phages (Fig. 3a). By merging these two screening re-
sults using Venn diagram analysis, 54 proteins were
obtained in the intersection (Fig. 3b), suggesting that
these may be key proteins that can promote the activa-
tion of HSCs.

A heatmap analysis of these 54 intersection pro-
teins was performed. We found that smooth muscle
cell-associated protein 5 (SMAP-5) was the most dif-
ferentially expressed protein. Its expression was 12-
fold higher in M2 macrophage-derived exosomes than
in MO-derived exosomes (P=0.0002) and was signifi-
cantly down-regulated after calcipotriol treatment (P=
0.0027) (Fig. 3c). This proteomic data were confirmed
by western blot (Fig. 3d), which was consistent with
the LC-MS/MS results (Fig. 3e).

Next, the effect of SMAP-5 on HSC activation
was examined. After transfection with SMAP-5-over-
expressed plasmids in LX-2 cells, the expression
levels of collagen I and a-SMA were both up-regulated
(Fig. 3f). Also, after SMAP-5 was knocked down

using SMAP-5-specific siRNA (siSMAP-5) in LX-2
cells, the activation caused by transforming growth
factor-p (TGF-PB) was significantly reduced (Fig. 3f).
These results suggested that SMAP-5 participates
in promoting HSC activation and its expression is sig-
nificantly down-regulated by VDR activation.

3.4 Promotion of hepatic fibrosis by macrophage
exosomal SMAP-5

To verify that SMAP-5 loaded in M2 macrophage
exosomes is an essential factor that promotes the acti-
vation of HSCs, a-SMA and SMAP-5 were co-stained
in liver tissue sections from CCI, model mice treated
with calcipotriol or GWLP. SMAP-5 was highly ex-
pressed through the fibrotic area, confirming that
SMAP-5 participated in the progression of hepatic fi-
brosis in vivo (Fig. 4a). After treatment with calcipot-
riol, the expression of both a-SMA and SMAP-5 was
reduced, while the distribution of 0-SMA and SMAP-5
was still obviously co-localized. After treatment with
GWLP, the expression of a-SMA was significantly in-
hibited, but the expression of SMAP-5 was not mark-
edly affected. However, the spread of SMAP-5 was no-
tably blocked, as shown by the lack of co-localization
with a-SMA, suggesting the indispensable role of M2
exosomal SMAP-5 in promoting HSC activation. After
CCl, model mice were treated with calcipotriol and
GWLP in combination, despite the significantly re-
pressed a-SMA, both the expression and distribution
of SMAP-5 were inhibited, and there was notably less
co-localization with a-SMA. To further affirm that the
accumulation of SMAP-5 in HSCs was caused by
exosomes isolated from M2 macrophages, LX-2 cells
were treated with M2 macrophage exosomes and
SMAP-5 expression was examined. Results showed
that SMAP-5 in LX-2 cells was over-expressed when
treated with M2 macrophage exosomes, while the exo-
somes derived from calcipotriol- or GW4869-treated
M2 macrophage had lost this function (Fig. S6a).
These results proved that M2 macrophage-derived
exosomes enrich the accumulation of SMAP-5 in
HSCs.

Then, we explored whether SMAP-5 was the
essential effective protein in M2 macrophage exo-
somes that promoted HSC activation. SMAP-5 was up-
regulated using over-expression plasmids in MO
macrophages. The exosomes derived from SMAP-5-
over-expressed MO macrophages were then isolated



(Fig. S6b). When co-cultured with these exosomes,
SMAP-5 in LX-2 cells was significantly increased,
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resulting in higher expression of collagen I and a-SMA
(Fig. 4b). To further confirm this result, SMAP-5 was
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knocked down in M2 macrophages and the SMAP-5-
deficient M2 exosomes were isolated (Fig. S6b).
After treatment with SMAP-5-deficient M2 exosomes,
the expression levels of collagen I and a-SMA in
co-cultured LX-2 cells were significantly reduced
(Fig. 4¢), suggesting that SMAP-5 derived from M2
macrophage exosomes promotes HSC activation.

To demonstrate the essential role of SMAP-5 in
hepatic fibrosis in vivo, the AAV-mediated expression
of SMAP-5-shRNA (AAV-shSMAP-5) was applied to

hepatic fibrosis model mice at 9.33x10" v.g/kg body
weight by vein injection. AAV-shSMAP-5 treatment
revealed a significant decrease of F4/80° SMAP-5"
macrophages, suggesting that the SMAP-5-expressed
F4/80" macrophages were inhibited, and inhibition of
hepatic fibrosis in the CCl,-induced mice model. The
mice had a well-restored liver tissue structure as
shown by H&E staining, much reduced collagen
accumulation as shown by Masson’s trichrome stain-
ing, and much reduced a-SMA protein expression as



shown by immunofluorescence analysis (Figs. 4d and
S7a). Also, treatment with AAV-shSMAP-5 caused a
significant inhibition of serum ALT, AST, and TBA
(Fig. S7b). These results indicated that inhibiting the
expression of SMAP-5 can effectively control the pro-
cess of hepatic fibrosis.

Based on the series experiments performed, we
confirmed that SMAP-5 over-expressed in M2 macro-
phage exosomes is the key protein functioning in HSC
activation.

3.5 Down-regulation of macrophage exosomal SMAP-
5 by VDR, leading to autophagy flux suppression

To clarify the relationship between SMAP-5 and
VDR, CD206 and mothers against decapentaplegic
homolog 4 (Smad4) were co-stained in liver tissue
sections from CCI, model mice, and the distribution
of Smad4 in M2 macrophages was tested to affirm the
effect of the VDR/SMAP-5 axis. As shown in Fig. 5a,
Smad4 was located mainly in the nucleus of macro-
phages, but mainly in the cytoplasm after treatment
with calcipotriol. Then CD206 and SMAP-5 were co-
stained to explore the distribution of SMAP-5 in M2
macrophages (Fig. 5b). A series of images showed that,
in hepatic fibrosis mice, SMAP-5 was over-expressed
in M2 macrophages and significantly inhibited after
treatment with calcipotriol, but still spread out in the
microenvironment. In contrast, after GWLP treat-
ment, although SMAP-5 expression was not markedly
repressed, it was confined to the M2 macrophages.
Moreover, combined treatment with calcipotriol and
GWLP not only significantly reduced the expression,
but also inhibited the spread of SMAP-5, leading to a
better anti-fibrosis effect.

SMAP-5 functions in the activation of inositol-
requiring enzyme 1 (IRE1) and unfolded protein
response (UPR)-induced autophagy (Taguchi et al.,
2017). Activation of these signaling pathways up-
regulates the expression of anti-apoptotic and autophagy-
related proteins, which are increased during HSC acti-
vation (Tsuchida and Friedman, 2017). Therefore, we
examined the autophagy flux in HSCs after exosome
treatment. Treatment with M2 macrophage exosomes
or the SMAP-5-over-expressed MO exosomes resulted
in increased messenger RNA (mRNA) expression of
autophagy-related 5 (A7GYS), ATG7, and ATG12 in
LX-2 cells (Fig. 5c). In addition, the expression of
these genes in LX-2 cells was inhibited by reducing
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the expression of SMAP-5 in M2 exosomes. LX-2
cells treated with exosomes derived from M2 macro-
phages showed increased LC3A/B-II conjugation and
decreased p62 expression, and these effects were re-
versed after calcipotriol treatment (Fig. 5d). Moreover,
CLSM images showed that p62 was deficient in LX-2
cells after treatment with conditioned medium of M2
macrophages, but accumulated significantly after treat-
ment with M2 macrophages treated with calcipotriol
and GW4869 (Fig. 5e).

These results suggested that exosomal SMAP-5
from M2 macrophages induces autophagy in HSCs,
which can be inhibited by a VDR agonist and exosome
secretion inhibitor.

4 Discussion

In this study, we showed that VDR activation in-
hibited the polarization of M2 macrophages, which
plays a pivotal role in activating HSCs and promoting
hepatic fibrosis. Specifically, we proved that VDR ex-
pression was down-regulated when macrophages were
polarizing toward the M2 phenotype, and that after ac-
tivating VDR by calcipotriol, the M2 biomarkers were
significantly reduced. Next, to explore the regulation
effect of macrophages on HSC activation, LX-2 cells
were treated with conditioned medium from different
macrophage phenotypes. We found that LX-2 cells
were activated when co-cultured with M2 macro-
phages and the activation of VDR could block this
process, revealing that M2 macrophages promoted the
activation of HSCs and this regulation was adjusted
by VDR activation.

Since it has been proved that macrophages can
secrete exosomes to affect the physiological activity
of surrounding cells (Chen et al., 2020; Lu et al.,
2021), we surmised that the regulation effect of M2
macrophages on HSC activation might be mediated by
exosomes. Exosomes are small extracellular vesicles
released by various types of cells, which can carry mul-
tiple cargos, including proteins, DNA, mRNA, micro-
RNA (miRNA), long non-coding RNA (IncRNA),
and lipids (Thery et al., 2018; Kalluri and LeBleu,
2020). Recently, exosomes have drawn significant at-
tention as an essential mediator of intercellular com-
munication in both physiological and pathological
conditions (Wang et al., 2023). To demonstrate that
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macrophage-derived exosomes regulate the activa-  activation, and this process was inhibited by VDR
tion of HSCs, we isolated exosomes from different agonist treatment of M2 macrophages. Moreover,
phenotypes of macrophages and co-cultured them the removal of exosomes in conditioned medium or in-
with LX-2 cells. As expected, exosomes derived from  hibition of exosome secretion could inhibit the activa-
M2 macrophages could greatly promote LX-2 cell tion of HSCs by M2 macrophages. These data suggest



that, as an essential mediator, exosomes derived from
M2 macrophages significantly promote the activation
of HSC:s.

As widely reported, calcipotriol treatment can sig-
nificantly inhibit extracellular matrix deposition in
liver tissue and decrease AST, ALT, and TBA levels
in hepatic fibrosis mice (Ding et al., 2013; Sassi et al.,
2018). GWLP treatment alone can also reduce the
progress of hepatic fibrosis, while treatment with cal-
cipotriol and GWLP combined can lead to stronger in-
hibition of fibrosis progression. This in vivo study fur-
ther confirmed that M2 macrophage-derived exosomes
promoted the activation of HSCs. To investigate the
key proteins in macrophage exosomes that activate
HSCs, 5520 exosomal proteins from MO0, M2, and
calcipotriol-treated M2 macrophages were identified
by LC-MS/MS assay. Statistical analysis showed that
particular proteins were notably enriched in M2 mac-
rophage exosomes, and reduced after VDR agonist
treatment. Based on a series of experiments, SMAP-5,
a protein located in the Golgi complex and which can
be transported toward exosomes via the Golgi-to-
endosome pathway, was selected (Soonthornsit et al.,
2017; Ran et al., 2019).

As SMAP-5 is known to be induced by the
TGF-p signal pathway (Stolle et al., 2005), which can
be suppressed by VDR activation, the distribution of
Smad4 in M2 macrophages was tested to affirm the
VDR/SMAP-5 axis. As confirmed, in M2 macro-
phages infiltrated in an area of hepatic fibrosis, Smad4
translocated into the nucleus and promoted the expres-
sion of SMAP-5. Since it has been reported that
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SMAP-5 can lead to up-regulation of autophagy
(Taguchi et al., 2017) and increased autophagy flux
can drive HSC activation (Wang, 2015), we surmised
that SMAP-5 might promote the activation of HSCs by
up-regulation of autophagy. Treatment of HSCs with
SMAP-5-enriched M2 exosomes led a much higher
autophagy flux and greatly promoted activation.
This proved that M2-derived exosomal SMAP-5 is
involved in the increased autophagy and activation of
HSCs.

As shown in Fig. 6, our study illustrates an es-
sential role of VDR in HSC activation. Mechanisti-
cally, M2 macrophages promote HSC activation by se-
creting SMAP-5-enriched exosomes, a process which
is inhibited by activated VDR. Combined treatment
with calcipotriol and GWLP achieved an excellent
anti-hepatic fibrosis effect that will provide a novel
effective strategy for clinical treatment of hepatic
fibrosis.

5 Conclusions

This study clarified the effect of M2 macrophages
on the activation of HSCs and elucidated the mech-
anisms of VDR in HSC activation. The results indi-
cated that SMAP-5 is highly expressed in M2 macro-
phages, and exosomal SMAP-5 can induce HSC acti-
vation by increasing autophagy flux. Combined treat-
ment with the VDR agonist calcipotriol and the exo-
somal secretion inhibitor GW4869 significantly inhib-
ited the hepatic fibrosis. Calcipotriol down-regulates
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Fig. 6 Schematic illustration of combined treatment of vitamin D receptor (VDR) agonist calcipotriol and macrophage-
targeted exosomal secretion inhibitor GW4869 for the treatment of hepatic fibrosis. M2 macrophages secrete smooth
muscle cell-associated protein 5 (SMAP-5)-enriched exosomes to promote hepatic stellate cell (HSC) autophagy and
activation, which is blocked by activated VDR, providing new targets for intervention in hepatic fibrosis pathogenesis.
Combined treatment of calcipotriol and liposome-encapsulated GW4869 (GWLP) shows better curative results, providing
a new strategy for clinical treatment of hepatic fibrosis. SMAD: mothers against decapentaplegic.
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the expression of exosomal SMAP-5, and GW4869
blocks the transport of SMAP-5 to HSCs via exo-
somes. Thus, this approach may provide a more effec-
tive means for clinical treatment of hepatic fibrosis.

Materials and methods
The detailed methods are provided in the electronic sup-
plementary materials of this paper.
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