Bioactive Materials 12 (2022) 107-119

KeAi

BIOACTIVE
MATERIALS

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Bioactive Materials

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

Check for

In situ delivery of apoptotic bodies derived from mesenchymal stem cells  [&&s
via a hyaluronic acid hydrogel: A therapy for intrauterine adhesions

Liaobing Xin "', Cheng Wenima’c’l, Xiaomei Tong a’f’l, Yangyang Dai *"¢, Dong Huang *°,
Jianmin Chen™°, Lie Ma™“"", Songying Zhang "

& Assisted Reproduction Unit, Department of Obstetrics and Gynecology, Sir Run Run Shaw Hospital, School of Medicine, Zhejiang University, Hangzhou, 310016, China
> MOE Key Laboratory of Macromolecular Synthesis and Functionalization, Department of Polymer Science and Engineering, Zhejiang University, Hangzhou, 310027,
China

¢ Key Laboratory of Reproductive Dysfunction Management of Zhejiang Province. No. 3 Qingchun East Road, Jianggan District, Hangzhou, 310016, China

ARTICLE INFO ABSTRACT

Keywords:

Apoptotic bodies
Mesenchymal stem cells
Endometrial regeneration
Intrauterine adhesions
Tissue engineering

Stem cell-based and stem cell-derived exosome-based therapies have shown promising potential for endometrial
regeneration and the clinical treatment of intrauterine adhesions (IUAs). Evidence shows that apoptosis occurs in
a majority of grafted stem cells, and apoptotic bodies (ABs) play a critical role in compensatory tissue regen-
eration. However, the therapeutic potential of AB-based therapy and its mechanism have not been explored in
detail. Here, a cell-free therapeutic strategy was developed by incorporating mesenchymal stem cell-derived ABs
into a hyaluronic acid (HA) hydrogel to achieve endometrial regeneration and fertility restoration. Specifically,
we found that the ABs could induce macrophage immunomodulation, cell proliferation, and angiogenesis in vitro.
The HA hydrogel promoted the retention of ABs and facilitated their continuous release. In a murine model of
acute endometrial damage and a rat model of IUAs, in situ injection of the AB-laden HA hydrogel could efficiently
reduce fibrosis and promote endometrial regeneration, resulting in the fertility restoration. Consequently, ABs
show good potential as therapeutic vesicles, and the AB-laden HA hydrogel appears to be a clinically feasible and
cell-free alternative for endometrial regeneration and IUA treatment.

1. Introduction

During women’s reproductive age, 5% of women experience two or
more miscarriages [1], and most of them are treated using curettage [2].
Moreover, 15-20% of patients receiving curettage develop intrauterine
adhesions (IUAs) [3], and women receiving post-partum curettage show
an increased risk of IUAs (21-40%) [4]. Due to severe damage to the
basal layer of endometrium, IUAs are associated with infertility [5].
Traditionally, IUAs are treated using endometrial synechiotomy, intra-
uterine devices, and estrogen therapy [5]. However, the re-construction
of functional endometrium in moderate and severe cases remains a
major challenge. Moreover, the rate of IUA recurrence in moderate and
severe cases is high (33.3%-45.7%) [6-8], whereas the rate of
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pregnancy is low (23.7%-27.7%) [8-10].

Over the last decade, cell therapies involving the implantation of
stem cells derived from different sources to regenerate the endometrium
have been considered the most promising strategy for [UAs [11-13].
Among them, human umbilical cord-derived mesenchymal stem cells
(huMSCs) offer regenerative benefits via the secretion of paracrine fac-
tors [14,15]. The safety and therapeutic effects of huMSCs have been
confirmed in patients with mild-moderate IUAs [11]. However, under
clinical conditions, there are several limitations to cell therapies,
including immunogenicity, uncontrolled cell differentiation and
tumorigenic risk [16]. In recent years, stem cells derived exosomes have
been proved to have the ability to modify the function of recipient cells
and have low immunogenicity, making them an excellent alternative to
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living cell-based therapies for tissue regeneration [17-20].

Notably, MSCs undergo apoptosis and release apoptotic bodies (ABs)
during cell therapy. ABs contain multiple functional biomolecules,
including microRNAs, mRNA, DNA, lipids, and proteins [21]. They can
diffuse within tissues and trigger compensatory proliferation in sur-
rounding cells and maintain tissue homeostasis after wounding [22,23].
ABs are also associated with immune modulation [24]. In the field of
regenerative medicine, ABs have been found to ameliorate osteopenia,
promote bone defect healing and cutaneous wound healing [25-27].
However, the therapeutic potential of AB in cases of IUAs and the
mechanism of their action have not been explored yet.

Recently, to increase the retention and engraftment of stem cells and
their derivatives for endometrial regeneration, multiple scaffold mate-
rials that act as delivery systems have been fabricated [28-30]. In our
previous study, huMSC and huMSC-derived exosomes were decorated in
a collagen scaffold (CS), and the implantation of these compound
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scaffolds successfully induced endometrial regeneration and restored
fertility [31,32]. Akin to cells and exosomes, the low retention and
engraftment abilities of ABs also influence their delivery efficiency.
However, CS cannot adapt to the irregular shape of the uterine cavity,
and the implantation procedure of CS is more complex than the pro-
cedure of minimally invasive injection of hydrogel. Therefore, a hyal-
uronic acid (HA) hydrogel, showing good biocompatibility,
biofunctionality, biodegradability and injectability, has been adopted as
a matrix for ABs [33,34]. Moreover, HA hydrogel has been successfully
applied to prevent postoperative IUAs in clinic [2,35]. Here, an
AB-laden HA hydrogel was fabricated, and its therapeutic effect and
mechanism of action were investigated. As shown in Fig. la, ABs
secreted from apoptotic huMSCs were mixed with the HA hydrogel to
yield an AB-laden HA hydrogel to achieve cell-free endometrial regen-
eration in situ. In this mixture, the HA hydrogel would offer a mechanical
barrier for wounded area isolation and the incorporated ABs would offer

Fig. 1. Schematic illustration of the design and
application of the apoptotic body (AB)-laden hyal-
uronic acid (HA) hydrogel, and the characterization
of ABs derived from human umbilical cord-derived
mesenchymal stem cells (huMSCs). (Print in
colour) a) Schematic illustration of the design and
application of the AB-laden HA hydrogel, which
consisted of ABs production from apoptotic huMSCs
for administration into the uterine cavity via a hy-
aluronic acid (HA) hydrogel in situ to promote
endometrial regeneration and fertility restoration.
b) Confocal images of the TUNEL-stained (green)
huMSCs with UV treatment, those cells with no UV
treatment served as the control, and all cells were
labelled with DAPI (blue). ¢) Schematic of the pro-
cedure used for the isolation procedure of ABs via
differential centrifugation. d) Relative protein con-
tent in ABs secreted from UV-treated huMSCs and
extracellular vesicles (EVs) from no-UV-treated
huMSCs. Data were normalized to the number of
huMSCs in each plate (n = 7). e) Size distribution of
ABs measured from transmission electron micro-
graphs (TEM). Inset is a typical TEM image of ABs.
f) Western blot analysis of ABs for H3.3, H2B,
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biochemical cues. We investigated the effects of ABs on macrophage
immunomodulation, cell proliferation, and vascular formation in vitro.
Then, we tested the therapeutic effects of the AB-laden HA hydrogel on
endometrial regeneration, collagen remodeling, endometrial recep-
tivity, and fertility restoration in a murine model of acute endometrial
damage and a rat model of IUA. Further, we explored the potential
therapeutic mechanism of the AB-laden HA hydrogel in vivo.

2. Materials and methods
2.1. Cell culture, AB isolation, and AB identification

huMSCs were obtained from Boyalife Group Ltd. (HTX2318, Wuxi,
China). The identification of huMSCs and their multipotent differenti-
ation potential had been investigated previously [31]. Cells having un-
dergone fewer than six passages were maintained in Dulbecco’s
modified Eagle medium/F-12 (DMEM/F-12, Gino Biological, Hangzhou,
China) with 10% (v/v) fetal bovine serum (FBS, SA112.02, Cellmax,
Beijing, China). The confluent monolayers of huMSCs kept in uncovered
Petri dishes were exposed to UVC light (30W, 254 nm, Philip, China) for
25 min at an intensity of 600 mJ/cm? [24]. Apoptosis in huMSCs was
evaluated using a terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick end labeling (TUNEL) assay (MA 0223, Meilunbio, China)
according to the manufacturer’s protocol, and the apoptotic cells were
observed using a confocal microscope (Olympus FV3000, Japan).

After 24-h culture of UV-treated huMSCs, culture medium was
collected (10 mL per 3 x 10° cells) and precleared by 300xg for 10 min
at 4 °C. Then, the supernatant was collected and further centrifuged at
12000xg for 30 min. The pellet was washed with phosphate-buffered
saline (PBS), recentrifuged, and suspended in PBS (40 pL per 3 x 10°
cells, 1200 pg/mL in PBS). The purified ABs were quantified using the
BCA protein assay kit (Thermo Fisher Scientific, USA). ABs were char-
acterized by transmission electron microscopy (TEM) (Tecnai T10,
Philips, Netherlands) and western blot analysis for specific AB markers
(see supplemental Methods for details). Component analysis of ABs were
performed using RNA sequencing (RNA-seq) analysis (see supplemental
Methods for details). The extracellular vesicles (EVs) isolated from the
culture medium of non-UV-treated huMSCs using the same isolation
procedure as ABs were used as control.

For in vitro experiments, ABs was resuspended in fresh culture me-
dium at 24 pg/mL concentration (diluted in culture medium), which was
5-fold correspond to supernatant of UV-treated huMSCs. This concen-
tration was considered relevant as the concentration of MSC-derived
condition medium in our previous research on endometrial stromal
cells was shown to be 5-fold correspond to supernatant [36]. For in vivo
experiments, 24 pg of ABs (20 pL, 1200 pg/mL, derived from 1.5 x 10°
cells) was injected in the murine model and 96 pg of ABs (80 L, 1200
pg/mL, derived from 6 x 10° cells) was injected in the rat model. This
concentration was considered relevant as the amount of MSCs trans-
planted in mice IUA model and rat IUA model was shown to be in the
range of (0.5-2) x 10° [37,38]and (3-10) x 10° [39,40].

2.2. Examination of AB-induced macrophage immunomodulation

The endometrial regeneration process in menstrual physiology is
analogous to that in classic wound healing, including inflammation, its
resolution, angiogenesis, tissue formation and remodeling. In the pro-
cess, multiple of cells participate and exert function synergistically. Here
we examined the ABs effect on macrophages, human endometrial stro-
mal cells (HESCs), Ishikawa cells (human endometrial carcinoma cell
line, as the replacement for endometrial epithelial cells) and human vein
endothelial cells (HVECs), which are commonly involved in endometrial
repair.

Detailed methodology on isolation of macrophages can be found in
supplemental Methods. Macrophages were cultivated for 24 h, then
were seeded in 6-well plates with a concentration of 1.3 x 108/cm? and
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incubated in 2 mL RPMI-1640 containing 10% FBS and 24 pg/mL ABs
for 24 h, with or without subsequent lipopolysaccharide (LPS) (Inviv-
oGen, USA) (100 ng/mL) addition (incubation, 2 h). Macrophages with
no added ABs, irrespective of LPS stimulation, served as the control.
Macrophage phenotypes were determined using immunofluorescence
staining, and specific genes associated with immunomodulation were
analyzed using quantitative real-time polymerase chain reaction (qRT-
PCR) (see supplemental Methods for details). All primers are listed in
Table S1.

2.3. Examination of AB-induced cell proliferation, migration and fibrotic
gene expression

Detailed methodology on isolation of HESCs can be found in sup-
plemental Methods. HESCs were seeded in 96-well plates (2 x 10° cells
per well) and incubated in DMEM/F-12 containing 10% FBS and 24 pg/
ml ABs. Ishikawa cells were purchased from Procell Ltd. (RL95-2,
Wuhan, China) and cultured in DMEM/F12 plus 10% FBS in 96-well
plates (1 x 10° cells per well). The proliferative behaviors of HESCs
and Ishikawa cells were evaluated using a cell counting kit-8 (CCK-8)
assay (Dojindo, Shanghai, China) according to the manufacturer’s pro-
tocol. Cells cultured by DMEM/F-12 with 10% FBS served as controls.

To evaluate the effect of ABs on migration of HESCs, cells were
seeded into 6-well plates (3 x 10° cells per well) and cultured in DMEM/
F-12 containing 10% FBS until confluent monolayers. A linear wound
was made using a 200 pL pipette tip. After washed with PBS, cells were
incubated in DMEM/F-12 containing 10% FBS and 24 pg/ml ABs. The
area of the scratch was measured at 0 h, 6 h and 24 h through taking six
representative images. The closure rate was calculated as follows:

Closure percent % = 100 — scratch area at 6 h or 24 h / scratch area at 0 h x 100.

To evaluate the effect of ABs on fibrotic gene expression of HESCs,
qRT-PCR on fibrotic genes (Col IA2, Fibronectin [FN], connective tissue
growth factor [CTGF], and a-SMA) was performed, all primers are listed
in Table S1, and data were normalized using p-actin expression (see
supplemental Methods for details).

2.4. Examination of AB-induced angiogenesis

A tube formation assay was performed. HUVECs were purchased
from Procell Ltd. (HTX2104, Wuhan, China). Diluted Matrigel (BD
Biosciences, USA, 5 mg/mL, 100 pL) was added to 48-well plates and
then left to harden. A HUVEC suspension (2 x 10° cells/mL, 200 pL)
diluted with DMEM/F-12 containing 10% FBS was added and incubated
for 1 h to allow cells to adhere. Then, 200 pL ABs (24 pg/mL, diluted in
DMEM/F-12 containing 10% FBS) was added to each well, and the cells
were incubated for 2 h at 37 °C. Following this, the presence of capillary-
like structures was examined using a digital light microscope (Leica,
Germany).

2.5. Examination of AB-induced increase in mitochondrial bioenergetics

For measuring the total adenosine 5’'-triphosphate (ATP) production,
macrophages were seeded in 24-well plates at a density of 200,000 cells
per well and incubated with 500 pL ABs (24 pg/mL in RPMI-1640
containing 10% FBS) for 24 h. Subsequently, the ATP in the cell lysate
of each well was measured using an Enhanced ATP Assay Kit (Beyotime,
China) according to the manufacturer’s protocol. Cells in medium not
containing ABs were used as controls.

To evaluate the effect of ABs on mitochondrial bioenergetics in
macrophages, HESCs, and HUVECs, oxygen consumption rates (OCR)
was measured using a Seahorse XFp Extracellular Flux Analyzer (Agilent
Technologies, USA). Macrophages, HESCs, and HUVECs were seeded on
customized Seahorse 8-well cartridges at densities of 40,000, 25,000,
and 25,000 cells/well, respectively; then all cells were incubated with
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80 pL ABs (24 pg/mL, diluted in culture medium) for 24 h. Cells cultured
by medium not containing ABs were used as controls. All cells were
incubated in XF assay media for 1 h at 37 °C. Meanwhile, specific in-
hibitors (oligomycin, carbonyl cyanide 4-trifluoromethoxy phenyl-
hydrazone [FCCP], and rotenone/antimycin A) were prepared
according to manufacturer instructions. Cartridges containing cells with
inhibitor-containing probe cartridges were placed in the machine, and
the Mito Stress Test was performed. In this process, three inhibitors were
injected into the cell solution sequentially. OCR readouts were pro-
duced, and all values were normalized based on the cell number in each
well.

2.6. Construction and characterization of the AB-laden HA hydrogel

The AB-laden HA hydrogel was prepared by incubating 50 pL of AB
solution (2400 pg/mL in PBS) with 50 pL HA (5 mg/mL, Bioregen,
China) overnight at 4 °C. The self-cross-linking HA had been approved
by the China Food & Drug Administration as a physical barrier for
clinical administration (no. 20153641542). To confirm the incorpora-
tion of ABs with HA hydrogel, the composite hydrogel was assessed
using scanning electron microscopy (SEM) (HITACHI S-3000 N, Japan);
Dil-labelled AB-laden HA was fabricated and assessed by confocal laser
scanning microscopy (CLSM) (Olympus FV3000, Japan). The release
profile of ABs from the composite hydrogel submerged in hyaluronidase
(50 ng/mL, diluted in PBS) at 37 °C was examined. Briefly, the 100 pL
HA hydrogel containing 120 pg ABs was placed in the upper transwell
chamber with 0.4-pm pore (Corning, NY) and 200 pL hyaluronidase was
added into the lower chamber. 100 pL leaching solution was collected
and replaced by 100 pL hyaluronidase at time points 4 h, 12 h, 24 h, 36
h, 48 h, 72h, 96 h and 120 h until the sample had degraded. The protein
content of released ABs was detected by the BCA protein assay kit
(Thermo Fisher Scientific, USA). The release efficiency of ABs was
calculated as follows:

AB release efficiency % = cumulative protein content of ABs in the leaching
solution / total protein content of ABs loaded onto HA x 100%.

2.7. In vivo evaluation of the degradation of the AB-laden HA hydrogel
and fluorescence imaging analysis of Dil-labelled AB-laden HA hydrogel in
uteri

The in vivo studies were approved by the Institutional Animal Care
and Use Committee of the Zhejiang Academy of Medical Sciences
(SRRSH20200103) and followed the National Institutes of Health
guidelines for animal care (NIH Publications No. 8023, revised 1978).
Female C57BL/6 mice (20 g, 8 weeks old) and Female Sprague-Dawley
(SD) rats (230 g, 8-9 weeks) were housed in a well-controlled envi-
ronment with a regulated light/dark cycle (12/12 h, 22 °C-26 °C). A
total of 140 mice and 98 rats were used in the experiment. After 7 days of
acclimatization, all mice underwent vaginal smear examination to
ensure cycle synchronization. After surgery, meloxicam (5 mg/kg) was
administered every 12 h for 3 times and at the experimental endpoint,
euthanasia was administered using an overdose of anesthetic.

The degradation of AB-laden HA hydrogel in vivo were evaluated in
rat and 20 uterine horns (4 uterine horns at each time point) were used.
After anesthesia, the uterine horns were exposed and received an in-
jection of the AB-laden HA hydrogel (80 pL) after endometrial scraping.
Rats were sacrificed at days 1, 2, 3, 4 and 5 post-surgery, then the uteri
were exposed and the retrievable hydrogel and the intrauterine liquid
were collected. The uteri were thoroughly washed with 0.5 mL of PBS
and collected. The remnant of the HA in the collected PBS and liquid
from uterine cavity was measured using a Hyaluronan Quantification Kit
(EU2556, Enfei, China). Insoluble HA was subjected to hyaluronidase
(200 pg/mL in PBS) treatment and its concentration was measured using
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the same kit. The intrauterine HA remnant (%) was calculated from the
weight before intrauterine implantation and the measured weight at
collection.

The fluorescence tracing after Dil-labelled AB-laden HA injection
was evaluated in vivo and a total of 15 mice (3 mice at each time point)
was used. The right uterine horns were left intact and the left uterine
horns received endometrial damage and Dil-labelled AB-laden HA im-
plantation. Mice were sacrificed at days 1, 2, 5, 8 and 12 post-surgery
and uteri were harvested. All samples were imaged at 583 nm emis-
sion and 556 nm excitation by an in vivo living imaging system (IVIS
Spectrum, Perkins Elmer, American) and analyzed using the live imag-
ing software version 4.3 (Perkins Elmer, America). Fluorescence signals
of the left uterine horns were measured as total radiant efficiency, and
were normalized by the background signal in the right uterine horns
[41].

2.8. In vivo evaluation of the effect of the AB-laden HA hydrogel in the
murine endometrial acute damage model

Detailed methodology on establish and identificate the murine acute
endometrial damage model [42] can be found in supplemental Methods.
Mice were divided randomly into two equal clusters. In one cluster, the
left uterine horn of each mouse received no treatment after repeated
endometrial scraping (natural repair group [NR group]); meanwhile, the
right uterine horn of each mouse received an injection of an AB solution
(20 pL, 1200 mg/mL in PBS) into the uterine cavity after repeated
endometrial scraping (ABs group). In the other cluster, the left uterine
horn of each mouse received an injection of HA (20 pL, diluted in PBS at
a proportion of 1:1) into the uterine cavity after repeated endometrial
scraping (HA group); meanwhile, the right uterine horn of each mouse
received an injection of the AB-laden HA hydrogel (20 pL, containing 24
pg ABs) into the uterine cavity after repeated endometrial scraping
(HA/ABs group). After surgery was completed, mice were observed for
30 min until they could move. For in vivo evaluation of the mechanism of
action of the AB-laden HA hydrogel, some mice were euthanized 3 d and
7 d after surgery and samples were analyzed by immunofluorescent
staining and enzyme-linked immunosorbent assay (ELISA). 8 uterine
horns were used in each group at each time point. For endometrial
regeneration and collagen remodeling assessment, some mice were
euthanized 12 d after surgery and samples were analyzed by H&E and
Masson’s trichrome stains. 6 uterine horns were used in each group. For
endometrial receptivity evaluation, some mice were mated at 12
d post-surgery and euthanized at gestational day (GD) 4 (the day a
vaginal plug was observed was considered GD 1). 6 uterine horns were
used in each group and an immunohistochemistry assay was performed
using uterine cryosections from the uterine horns at GD 4. For fertility
restoration evaluation, the groups were as follows: (i) NR group, 31
uterine horns; (ii) ABs group, 31 uterine horns; (iii) HA group, 33 uterine
horns; (iv) HA/ABs group, 33 uterine horns. Mice were euthanized at GD
6-19 and the number of uterine horns with growing embryos and the
number of growing embryos per uterine horn were counted. Meanwhile,
the morphology of uterine horns with embryos in the HA/ABs group at
GD6,7,8,10,12, and 19 was observed, and the placenta at GD 19 were
examined using H&E staining.

2.9. Invivo evaluation of the effect of the AB-laden HA hydrogel in a rat
IUA model

Detailed methodology on establish and identificate the rat IUA
model can be found in supplemental Methods. Established IUA rats were
divided randomly into two equal clusters. Rats were treated via syn-
echiae division using a 21-Gauge needle. Briefly, a needle was inserted
into the uterine horn, rotated, and withdrawn four times to separate
fibrosis adhesions and drain the effusion in the uterine cavity. In one
cluster, the left uterine horn of each rat received no treatment following
synechiae division (NR group), and meanwhile, the right uterine horn of
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each rat received an injection of AB solution (80 pL, 1200 mg/mL in
PBS) into the uterine cavity following synechiae division (ABs group). In
the other cluster, the left uterine horn of each rat received an injection of
HA (80 pL, diluted in PBS at 1:1 ratio) into the uterine cavity following
synechiae division (HA group), and meanwhile, the right uterine horn of
each rat received an injection of the AB-laden HA hydrogel (80 pL,
containing 96 pg ABs) into the uterine cavity following synechiae divi-
sion (HA/ABs group). To evaluate the effect of the AB-laden HA
hydrogel on endometrial regeneration, some rats were euthanized 30
d and 60 d after surgery and samples were analyzed by H&E and Mas-
son’s trichrome staining. 5 uterine horns were used in each group at
each time point. To evaluate the effect of the AB-laden HA hydrogel on
fertility restoration, some rats were euthanized at GD 14-16 and the
number of uterine horns with growing embryos and the number of
growing embryos per uterine horn were counted. The groups were as
follows: (i) NR group, 33 uterine horns; (ii) ABs group, 33 uterine horns;
(iii) HA group, 29 uterine horns; (iv) HA/ABs group, 29 uterine horns.

2.10. Staining methods and Elisa

Detailed methodology on H&E staining, Masson’s trichrome stain-
ing, immunofluorescent staining and Elisa can be found in supplemental
Methods.

2.11. Statistical analysis

Continuous variables, except for those represented in violin plots,
were presented as mean + standard error of mean. Comparisons be-
tween groups with normal distribution were performed using one-way
analysis of variance (ANOVA) with Tukey’s multiple comparisons test
or a two-tailed student’s t-test. Comparisons between groups with non-
normal distribution were performed using a Kruskal-Wallis test. Cate-
gorical variables were assessed using a Chi-square test. All cell quanti-
fications and size- and fluorescence intensity-related analyses were
performed using ImageJ software (National Institute of Health, USA).
Differences were considered significant at p values < 0.05.

3. Results
3.1. Identification and characterizations of the ABs derived from huMSCs

UV irradiation was used to induce apoptosis in huMSCs and
apoptosis appeared to be significantly higher in UV-treated huMSCs than
in no-UV-treated huMSCs (control), and approximately 93.4% of the
cells were apoptotic (Fig. 1b). Apoptotic blebs and vacuolar change were
observed in UV-treated cells (Figs. S1a and b), compared with control.
ABs were purified via sequential centrifugation (Fig. 1c). The protein
content from ABs was significantly higher than EVs (Fig. 1d), indicating
that UV treatment increased AB production. The ABs were spherical
with a diameter of 200-3000 nm and they contained irregularly
condensed cell materials (Fig. 1e). The AB expressed the AB-specific
markers including histone H3.3, histone H2B, C3b, and C1QC (Fig. 1f)
[311.

A total of 454 miRNAs, 380 IncRNAs and 4063 mRNAs were differ-
entially expressed, and 63 miRNAs, 245 IncRNAs and 2355 mRNAs were
upregulated significantly in ABs (Fig. 1g). Based on Gene ontology (GO)
database, all the differentially expressed genes (DEGs) were included
into multiple terms within the three domains ‘Biological process’,
‘Cellular component’ and ‘Molecular function’, indicating load of
various active molecular in ABs (Figs. S2a, b, c¢). Based on Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database, results of miRNAs
showed that these DEGs were associated with ‘Endocytosis’ and
‘Signaling pathways regulating pluripotency of stem cells’ within the
‘Cellular process’ domain, ‘Protein processing in endoplasmic reticulum’
within the ‘Genetic information processing’ domain, ‘Biosynthesis of
amino acids’ in the ‘Metabolism’ domain and ‘Protein digestion and
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absorption’ in the ‘Organismal system’ domain (Fig. S2d). Both results
from IncRNAs and mRNAs analysis showed that DEGs were associated
with signaling transduction, cellular behavior, as well as regulation of
metabolism, such as ‘Regulation of actin cytoskeleton’,'Endocytosis’,
‘protein processing in endoplasm reticulum’ and ‘Oxidative phosphor-
ylation’ (Figs. S2e and f).

3.2. ABs induce macrophage immunomodulation, cell proliferation, and
angiogenesis in vitro

CM-Dil label was observed in macrophages pretreated with CM-Dil
labelled ABs, demonstrating AB uptake by macrophages (Fig. S3a).
CD163 (marker of an anti-inflammatory and pro-healing phenotype)
was more frequently expressed in AB-primed macrophages than in pri-
mary macrophages, although there was no significant difference in the
expression of CD86 (marker of a pro-inflammatory phenotype) (Fig. 2a).
ABs significantly suppressed the activation of proinflammatory genes
(IL-1p, TNFa, IL-6, and IFN-y), while simultaneously enhancing the
expression of some markers of the neovascularization response in pri-
mary macrophages (VEGFA and IGF1) (Fig. 2b). Moreover, even in LPS-
stimulated macrophages, ABs significantly induced the expression of
CD163 and triggered the expression of immunomodulatory and neo-
vascularization genes (IL-10, VEGFA, IGF1, and TGFp) (Figs. S3b, c, d).

The proliferation, migration and fibrotic genes expression of HESCs
(vimentin as the specific marker, Fig. S3e) upon AB treatment were
investigated. For proliferation, AB treatment significantly promoted
HESCs proliferation after 3 days of co-culture (Fig. 2d). In order to
investigate which range of ABs in diameter engulfed by cells, ABs larger
than 1 pm (termed as ABs >1im) and those smaller thanl pm (termed as
ABs <M were separated using a 1 pm filter (Fig. S3f). A CCK8 assay
was performed to investigate the ABs " and ABs <!"™ on HESCs
proliferation. Surprisingly, both ABs >1*™ and ABs <™ could promote
HESCs proliferation significantly, compared to control group and there
was no difference between ABs ~*™ and ABs <!M™ (Fig. S3g). The result
indicated that both ABs >*™ and ABs <™ could be engulfed and exert
biological function. In addition, ABs also enhanced proliferation of
Ishikawa cells from 1 to 3 days (Fig. S3h). However, there were no
significant difference between ABs and control group at day 4 and 5
timepoint (Fig. S3i). As an epithelium cell line derived from endometrial
carcinoma, the Ishikawa cells proliferate rapidly and should be greatly
affected by contact inhibition with the prolongation of culture time. For
HESCs migration, the higher closure percentage was obtained when AB
was administrated, compared with control group by wound scratch
assay (Fig. 2c). For fibrotic genes expression, ABs significantly sup-
pressed the expression of fibrotic genes (Col IA2, Fibronectin [FN], con-
nective tissue growth factor [CTGF], and a-SMA) (Fig. 2e).

HUVECs exhibited more intensive and extended tubular networks
after co-culture with ABs (Fig. 2f). The number and total area of tubes in
the ABs group were significantly higher than those in the control group
(Fig. 2f). The cumulative length of tubes in the ABs group (17115 +
565.6 pm) was also higher than that in the control group (12146 +
392.5 pum) significantly. These result indicated that tubular network
formation of HUVECs was promoted by AB treatment significantly.

3.3. ABs induce increase in mitochondrial bioenergetics

The total ATP production in macrophages was enhanced after AB co-
culture (Fig. S3h). Co-culture of ABs with macrophages, HESCs, and
HUVEGCs increased basal OCRs in these cells (Fig. 2g). Then, the cells
were treated with oligomycin A, an ATP synthase inhibitor, to distin-
guish between ATP-linked respiration and proton leak. The levels of
proton leak were higher in macrophages, HESCs, and HUVECs that were
co-cultured with ABs than in those that were not (Fig. 2g). Cells were
also treated with FCCP, an uncoupling agent, to observe the cell
response to an increase in ATP demand. All three cell types exhibited
increased OCRs following FCCP treatment, and the OCRs in all three cell
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types co-cultured with ABs were significantly higher than those in cells
that were not co-cultured with ABs (Fig. 2g).

Notably, there was a significantly enrichment of DEGs of IncRNAs
linked to mitochondrial bioenergetics based on GO database, including
‘organelle organization’, ‘mitochondrion organization’ ‘mitochondrial
respiratory chain complex I assembly’ and ‘NADH dehydrogenase
complex assembly’ in the category of ‘Biological process’ (Fig. S4a),
‘ATP binding’ and ‘NADH dehydrogenase activity (ubiquinone and
quinone)’ in the category of ‘Molecular function’ (Fig. S4b), ‘mito-
chondrial inner membrane’, ‘mitochondrial envelop’, ‘respiratory chain’
and ‘mitochondrial respiratory chain complex I' in the category of
‘Cellular component’ (Fig. S4c). Further enrichment analysis showed
that ‘Oxidative phosphorylation’ pathway was enriched for these DEGs
(Fig. S4d). The result indicate IncRNA in ABs might give the remarkable
effects through the activation of mitochondrial bioenergetics.
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Fig. 2. Effects of ABs on macrophage phenotype,
cell proliferation and angiogenesis in vitro. (Print in
colour) a) Immunostaining for CD163 (green) and
CD86 (red) in macrophages after 24 h of incubation
with ABs, and mean fluorescence intensity for
CD163 and CD86 (n = 15). Macrophages that were
not incubated with ABs served as controls. All cells
were labelled with DAPI (blue). b) Relative mRNA
levels of proinflammatory genes (IL-1j, TNFa, IL-6,
and IFN-y) and pro-healing genes (IL-10, VEGFA,
IGF1, and TGF-f) in macrophages cultured with ABs
(n = 3). ¢) Representative images of scratch assay
examining the migration ability of human endo-
metrial stromal cells (HESCs) cultured with ABs and
quantification of closure area (n = 6). d) Results of
the cell counting kit-8 (CCK-8) assay performed for
examining the proliferation of HESCs cultured with
ABs for different time (n = 4). e) Relative mRNA
levels of fibrotic genes (Col IA2, Fibronectin [FN],
connective tissue growth factor [CTGF], and a-SMA)
in HESCs after 24 h of incubation with ABs (n = 5).
f) Representative images from the tube formation
assay used to examine human umbilical vein
endothelial cells (HUVECSs) cultured with ABs and
quantitative evaluation of the number of tubes and
total tube area (n = 6). g) Oxygen consumption

L6  IFNy
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rates of macrophages, HESCs, and HUVECs cultured
with ABs for 24 h (n 3). All values were
normalized based on the cell number in each well.
*p < 0.05 and **p < 0.01.
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3.4. Characterization of the AB-laden HA hydrogel

We studied the in vitro HA hydrogel dissolution kinetics at 37 °C in
the presence of hyaluronidase, a ubiquitous enzyme for HA in vivo
degradation (Fig. S5a). Sample 1 (dilution rate, 2:10) was dissolved at 5
h. At day 3, sample 2 (dilution rate, 5:10) partially dissolved and sample
3 (dilution rate, 8:10) was not dissolved. At day 5, sample 2 presented no
more gel and sample 3 partially dissolved. The AB entrapment efficiency
in HA hydrogel is 89.2 + 0.9% (n = 3). An even distribution of CM-Dil-
labelled ABs within the hydrogel matrix was observed by CLSM analysis
(Fig. 3a). HA hydrogel with and without ABs exhibited porous structures
by SEM analysis (Fig. 3b, and Fig. S5b), and the ABs were found to be
embedded into the inner pore of HA hydrogel (Fig. 3b). A continuously
release profile of ABs from the AB-laden HA hydrogel was observed and
the cumulative release ratio was approximately 95% after 5 days in vitro
in the presence of hyaluronidase (Fig. 3¢). The degradation of AB-laden
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HA in vivo was evaluated (Fig. 2d). At day 1, the hydrogel was observed
in uterine cavity and the remnant of the AB-laden HA was 50.8%. At day
2, viscous liquid was observed and the intrauterine remnant of the AB-
laden HA was 18.6%. At day 3, 4, and 5, HA-derived viscous liquid
was not observed and the mean intrauterine remnant was 18.4%, 3.0%
and 0.7% correspondingly. We evaluated the AB retention in vivo after
AB-laden HA implantation by in vivo imaging system. Our result showed
that the signals from Dil-labelled ABs in uteri persisted at robust levels
until day 12 (Fig. 3e), which indicated that the retained ABs could exert
continuous therapeutic function.

3.5. Cell-free AB-laden HA hydrogel induces endometrial regeneration in
a murine endometrial acute damage model

A murine endometrial damage model was established as previously

0 24 48
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Fig. 3. Characterization of the AB-laden HA
hydrogel and its effects on endometrial regenera-
tion and collagen remodeling in a murine acute
endometrium damage model. (Print in colour) a)
Confocal laser scanning microscopy (CLSM) images
showing the distribution of CM-Dil-labelled ABs in
the AB-laden HA hydrogel. b) Scanning electron
microscopy (SEM) images of the AB-laden HA
72 96 hydrogel. The inset shows the region with dashed
Time (h) boxes at a higher magnification, and the ABs in the
6 composite hydrogels are indicated by white arrows.
c) The cumulative protein releasing profile of ABs
from the AB-laden HA hydrogel in the presence of
hyaluronidase (n = 3). d) Degradation of the AB-
laden HA hydrogel in vivo. e) Representative fluo-
rescence images of uteri at different time post-
surgery by in vivo imaging system and quantifica-
tion of fluorescent signals in uteri (n = 3). The left
uterine horn of each uterus were scraped and
injected with Dil-labelled AB-laden HA hydrogel.
The right uterine horn were left intact. Quantifica-
tion of fluorescent signals in the left uterine horns
were normalized by the signals in the right uterine
horns. f) Schematic of the in vivo study in a murine
acute endometrial damage model. g) Representative
images of uteri under different treatments for 12 d,
examined using hematoxylin and eosin (H&E)
staining and Masson’s trichrome staining. The in-
sets outlined by black dashed boxes are shown in
the lower row at a higher magnification. Quantifi-
cation of endometrial thickness (h) (n = 11) and
endometrial glands (i) (n = 11) in (g). j) Masson’s
trichrome staining scores for uteri under different
treatments for 12 d (n = 11). **p < 0.01.

120
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Fertility evaluation (n= 31
in NR and ABs, n=33 in
HA and HA/ABs)

18-31d (GD 6-19)

NR ABs HA HA/ABs

NR ABs HA HA/ABs

described [42]. Thinner endometrium, fewer endometrial glands, and
more severe fibrosis were observed than normal endometrium 12 days
after endometrial damage (Figs. S6a—-d). As the schematic shown in
Fig. 3f, the potential mechanism of the AB-laden HA hydrogel was
explored at 3 and 7 d post-surgery; repair outcomes were evaluated at
12 d post-surgery; endometrial receptivity was evaluated at GD 4 and
fertility restoration was evaluated at GD 6-19. There was no significant
difference in the appearance of uteri following different treatments
(Fig. S6e). However, the HA/ABs group exhibited a significantly thicker
endometrium and a greater formation of endometrial glands (black ar-
rows in Fig. 3g) than the NR, ABs, and HA groups (Fig. 3h and i). The
light green color (collagen ingredient) was found to cover a significantly
lower area in the HA/ABs groups than in the NR group (Fig. 3g, j),
suggesting that less fibrosis occurred after AB-laden HA hydrogel
injection.
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3.6. Cell-free AB-laden HA hydrogel increases endometrial receptivity in
the murine endometrium-wounded model

Establishment of pregnancy is a crucial event, and failure of embryo
implantation often results in miscarriage. In mice, the endometrium
becomes receptive to blastocyst implantation on GD 4 but is non-
receptive on GD 5. The epithelium includes glandular epithelium (GE)
and luminal epithelium (LE) and plays a critical role in successful im-
plantation [43]. Treatment with the AB-laden HA hydrogel increased
pan-cytokeratin (Pan-CK, a pan marker of epithelium) expression
significantly, compared with NR, ABs alone, and HA alone treatments
(Fig. 4a and b). Evidence shows that Forkhead box a2 (FOXA2, specif-
ically expressed in GE) regulates leukaemia inhibitory factor (LIF)
expression (a GE-derived factor expressed transiently on GD 4 [44])
induced by estrogen and progesterone via the corresponding estrogen
receptor o (ESRa) and progesterone receptor (PGR) for blastocyst im-
plantation and the subsequent endometrial decidualization [45-47].
FOXA2 showed significantly higher expression in the HA/ABs group
(white arrows in Fig. 4a) than in the other three groups (Fig. 4a, c). The
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total PGR expression in endometrium was similar across the four groups
(Fig. S7a); ESRa was more abundant in the epithelium of the HA/ABs
group (white arrows in Fig. 4a) than in that of the other three groups
(Fig. 4a, d), consistent with the total ESRa expression in endometrium in
the four groups (Fig. S7b). Higher LIF expression in the epithelium
(white arrows in Fig. 4a) of the HA/ABs group was observed than in that
of the NR, ABs, and HA groups (Fig. 4a, e), consistent with the total LIF
expression in endometrium in the four groups (Fig. S7¢).

3.7. Cell-free AB-laden HA hydrogel promotes fertility restoration in the
murine endometrial damage model

Pregnancy rates were significantly higher in the HA/ABs group than
in the NR and ABs groups (Table 1). The number of growing embryos in
each uterine horn in the HA/ABs group was significantly higher than
that in the NR group (Fig. 4f). Observation of pregnant mice from the
HA/ABs groups between GD 6 and 19 demonstrated continuous devel-
opment through the course of pregnancy (Fig. 4g), and on GD 19, the
embryos and placenta were normal in size (Fig. 4h). H&E staining

Fig. 4. Endometrial receptivity refunction and
fertility restoration induced by the AB-laden HA
hydrogel in the murine acute endometrial damage
model. (Print in color) a) Representative images of
immunofluorescence staining for FOXA2 (green),
ESRa (green), and LIF (green) in the endometrium
on gestational day (GD) 4. The endometrium was
counterstained with anti-pan-cytokeratin antibody
(Pan-CK, red) to visualize the epithelium and DAPI
(blue) to visualize the nuclei. GE, glandular
epithelium; LE, luminal epithelium. Positive stain-
ing for FOXA2, ESRa, and LIF in the epithelium in
the HA/ABs group are indicated by white arrows.
Quantification of the Pan-CK ™" area (b), the Pan-CK ™"
and FOXA2" area (c), the Pan-CK™ and ESR-a" area
(d) and the Pan-CK' and LIF' area (e) in the
endometrium on GD 4 (n 6). f) Violin plots
showing the number of growing embryos per uter-
ine horn following treatment (n = 31 in the NR and
ABs groups, n = 33 in the HA and HA/ABs groups).
g) Gross morphology of uterine horns from the HA/
ABs group on GD 6, 7, 8, 10, 12, and 19. Black ar-
rowheads indicate individual implantation sites. h)
Mouse embryos and neonates from the HA/ABs
group. i) Representative images of the placenta
from the HA/ABs group on GD 19, examined using
hematoxylin and eosin staining. The insets outlined
by black dashed boxes are shown at a higher
magnification. NR, natural repair without any
treatment; ABs, injection of an AB solution only;
HA, injection of HA only; HA/ABs, injection of the
AB-laden HA hydrogel. *p < 0.05 and **p < 0.01.

NR ABs HA HA/ABs
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Table 1
Reproductive outcomes 12 days following the different treatments in the murine
endometrial damage model.

Treatment  Number of uterine horns Total number of Rate of
with growing embryos uterine horns pregnancy (%)
NR 15 31 48.4""
ABs 15 31 48.4%¢
HA 24 33 72.7
HA/ABs 26 33 78.8

NR, natural repair without any treatment; ABs, injection of the AB solution only;
HA, injection of HA only; HA/ABs, injection of the AB-laden HA hydrogel.

# p < 0.05 NR versus HA.

b p < 0.01 NR versus HA/ABs.

¢ p < 0.05 ABs versus HA.

d p < 0.01 ABs versus HA/ABs.

showed that the placenta in the HA/ABs group was highly vascularized
in structure (Fig. 4i). Finally, mice in the HA/ABs group were found to
have given birth to normal-looking neonates (Fig. 4h).

3.8. Mechanism underlying the endometrial regeneration induced by the
AB-laden HA hydrogel in vivo

Macrophages have been reported to play a critical role in tissue
regeneration, and different macrophage types show spatiotemporal
changes after tissue injury to adapt to the requirements of tissue
regeneration [48]. A higher infiltration of macrophages (assessed by
F4/80) was observed in the ABs and HA/ABs groups at 3 d post-surgery
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than in the NR and HA groups, with maximal staining observed in the
HA/ABs group at 7 d post-surgery (Fig. 5a, Fig. S8a). Concurrent with
the F4/80 expression, CD163 and CD86 expression in the ABs group and
HA/ABs groups was also higher at 3 d post-operation than that in the NR
and HA groups, with maximal staining observed in the HA/ABs group at
7 d post-surgery (Fig. 5b, ¢, Fig. S8b). Then we measured the fraction of
both CD163" and CD86" cells (Fig. 5d). Interestingly, the cells con-
current expression of CD163 and CD86 were high in the HA/ABs group
both at 3 d and 7 d post-surgery. Those results indicated that some of the
macrophages were taking on resolution toward M2 macrophage in the
HA/ABs group. To confirm the enhanced immunomodulatory effect of
AB-laden HA furtherly, we measured cytokines in uterine samples using
ELISA analysis (Fig. 5e-h). Among the proinflammatory cytokines, the
concentration of IL-6 was reduced at 7 d post-surgery in HA/ABs group,
compared with NR and HA groups (Fig. 5e); the concentration of TNF-«
is reduced in the HA/ABs group both at 3 d and 7 d post-surgery,
compared with HA group (Fig. 5f); the concentration of IL-1f§ is
reduced in the HA/ABs group at 7 d post-surgery, compared with NR and
ABs group (Fig. 5g). To be noticed, the HA group exhibited a higher
TNF-a expression, and higher concentration of IL-1p was observed in HA
and HA/ABs group at 3 d post-surgery, which might attribute to the
neutrophil extracellular trap formation surrounding the hydrogel and
further activation of inflammatory response [49]. Importantly, the
HA/ABs group displayed enhanced concentration of IL-10, which is a
critical anti-inflammatory and pro-healing cytokine (Fig. Sh).

The number of Ki67" (marker of proliferative cell) cells was signif-
icantly higher in the ABs and HA/ABs groups at 3 d post-surgery than in

Fig. 5. Macrophage immunomodulation, cell pro-
liferation, and neovascularization induced by the
AB-laden HA hydrogel in the murine acute endo-
metrial damage model. (Print in colour) Statistical
analysis was performed to examine the expressions
of F4/80 (a) (marker of macrophages), CD163 (b)
(marker of M2 macrophages), CD86 (c) (marker of
M1 macrophages) and concurrent expression of
CD163 and CD86 (d) (n = 8). ELISA for IL-6 (e),
TNF-a (f), IL-1p (g) and IL-10 (h) in uteri under
different treatments (n = 4). Statistical analysis was
performed to examine the expressions of Ki67 (e)
(marker associated with cell proliferation) and
CD31 (f) (marker of capillary vessels) (n = 8). The
results in a-d, i and j were normalized to the total
number of cells per view under a 400 x magnifi-
cation and expressed as a ratio of the total number
of cells positive for a marker to the total number of
cells present. NR, natural repair without any treat-
ment; ABs, injection of an AB solution only; HA,
injection of HA only; HA/ABs, injection of the AB-
laden HA hydrogel. *p < 0.05 and **p < 0.01.
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the NR and HA groups, with maximal staining observed in the HA/ABs
group at 7 d post-surgery (Fig. 5i, Fig. S8c). There was no difference
between ABs group and HA/ABs group at 3 d post-surgery and the
proliferating cells was significantly higher in the HA/ABs group at 7
d post-surgery than in the ABs group. It seemed that ABs directly in-
jection could induce active function at the early stage following surgery.
However, the therapeutic function was insufficient at the late stage —
the AB solution flew out of the uterine cavity, resulting in the low
retention of ABs in the wounded area.

Given that angiogenesis is important for the fine restoration of
endometrial structure because it is required for oxygen and nutrient
delivery [50], we assessed neovascularization using CD31 immuno-
staining. Increased CD31 staining was observed in the ABs and HA/ABs
groups at 3 and 7 d post-surgery relative to the NR and HA groups
(Fig. 5j, Fig. S8d). There was no difference between ABs group and
HA/ABs group both at 3 d and 7 d post-surgery, which indicated that the
administration of ABs only could induce effective angiogenesis. In
addition, the HA group exhibited a trend of increased expression of Ki
67" cells and CD317 cells compared with the NR group, although there
was no statistical significance. The only HA hydrogel strategy was
insufficient, which might attribute to the relatively rapid degradation of
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HA.

3.9. Cell-free AB-laden HA hydrogel therapy in a rat IUA model

A rat IUA model was used as a translational tool in endometrial
research because the fibrosis after severe endometrial damage in the IUA
model is similar to the histopathological changes of severe IUA in
humans. The IUA model was confirmed to have a thinner endometrium,
fewer glands, and increased collagen deposition than normal endome-
trium (Figs. S9a, b, c). As schematic shown in Fig. 6a, repair outcomes
were assessed at days 30 and 60; fertility restoration was assessed at GD
14-19. Treatment with the AB-laden HA hydrogel resulted in a relatively
normal appearance of uterine horns (Fig. S9d) and increased endome-
trial thickness (Fig. 6b, ¢, Fig. S9¢) and numbers of endometrial glands
(Fig. 6b, d, Fig. S9¢) at both days 30 and 60. Endometrial fibrosis at days
30 and 60 was lower in the HA/ABs group than in the NR, HA, and ABs
groups (Fig. 6b, e, Fig. S9e). More importantly, the HA/ABs group
showed the highest rate of pregnancy (Table 2), and the number of
growing embryos in each uterine horn was significantly higher in the
HA/ABs group than in the NR and HA groups (Fig. 6f). On GD 19, the
placenta, embryos, and neonates from the HA/ABs group appeared

Fig. 6. Endometrial regeneration, collagen remod-

Fertility
evaluation eling, and fertility restoration induced by the AB-
laden HA hydrogel in a rat intrauterine adhesion
model. (Print in colour) a) Schematic of the in vivo
animal experiment procedure. b) Representative
68-79d images of uteri treated for 60 d, examined using
(GD 8-19) hematoxylin and eosin (H&E) staining and Mas-
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son’s trichrome staining. The insets outlined by
black dashed boxes are shown in the lower row at a
higher magnification. ¢) Quantification of endome-
trial thickness at days 30 and 60 post-surgery using
H&E staining (n = 10). d) Quantification of endo-
metrial glands at days 30 and 60 post-surgery using
H&E staining (n 10). e) Masson’s trichrome
staining scores for uteri at days 30 and 60 after
treatment (n 10). ) Violin plots showing the
number of embryos per uterine horn following
different treatments (n = 33 in the NR and ABs
groups, n = 29 in the HA and HA/ABs groups). g)
Rat embryos at gestational day (GD) 19 and neonate
from the HA/ABs group. h) Representative images
of placenta from the HA/ABs group obtained on GD
19 examined using H&E staining. The insets out-
lined by black dashed boxes are shown at a higher
magnification. *p < 0.05 and **p < 0.01. NR, nat-
ural repair after synechiae division; ABs, injection
of an AB solution only after synechiae division; HA,
injection of HA only after synechiae division; HA/
ABs, injection of the AB-laden HA hydrogel after
synechiae division.
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Table 2
Reproductive outcomes 60 days following the different treatments in the rat
intrauterine adhesion model.

Treatment  Number of uterine horns Total number of Rate of
with growing embryos uterine horns pregnancy (%)
NR 10 33 30.3°
ABs 15 33 45.5"
HA 12 29 41.4°
HA/ABs 23 29 79.3

NR, natural repair after synechiae division; ABs, injection of the AB solution only
after synechiae division; HA, injection of HA only after synechiae division; HA/
ABs, injection of the AB-laden HA hydrogel after synechiae division.

# p < 0.01 NR versus HA/ABs.

b p < 0.05 ABs versus HA/ABs.

¢ p < 0.01 HA versus HA/ABs.

normal (Fig. 6g). H&E staining also confirmed the highly vascularized
structure of the placenta in the HA/ABs group (Fig. 6h).

4. Discussion

Evidence shows that most implanted cells undergo apoptosis after
grafting [51,52]. It is speculated that as apoptotic MSCs remain alive for
a short period after grafting, they could release soluble factors that could
diffuse within the tissue and influence neighboring cells. To date, only a
few studies have reported any wound-healing effects of ABs derived
from living cells [25-27]. The feasibility of using ABs derived from stem
cells for endometrial repair, as an alternative to living cell-based ther-
apy, has not been explored.

In the present study, in one treatment, ABs were directly injected into
the uterine cavity, which led to indistinct therapeutic results, and this
delivery strategy was obviously insufficient — the AB solution flew out
of the uterine cavity, resulting in the low retention of ABs in the
wounded area. Here, we embedded ABs within a HA hydrogel to
generate a fully acellular scaffold and the composite hydrogel used a
“vesicles in matrix” design: The ABs exerted therapeutic effects, whereas
the HA promoted the retention of ABs at the site of interest while acting
as a separator that aids in preventing adhesion in the uterine cavity.
Meanwhile, the suitable viscosity of HA hydrogels makes it feasible to
administer them to the irregular uterine cavity via a minimally invasive
injection. Notably, the porous structure of HA permits ABs to be well
incorporated and entrapped, making this matrix an adequate carrier for
ABs. Further, the kinetics of AB release from HA seem to be suitable for
the process of rodent endometrial repair.

We explored the potential mechanism of ABs function in vitro and
action of the AB-laden HA hydrogel in a murine model of acute endo-
metrial damage within 7 days post-surgery. Macrophage is vital for
tissue repair and homeostasis. Macrophage depletion resulted in failure
tissue repair in many animal models, while the supplementation or
recruitment of macrophages could successfully promote regeneration
[49,53]. Particularly, M2 macrophage has been proved to facilitate the
resolution of inflammation and healing of wounded tissue by IL-10 [49].
In the study in vitro, ABs successfully induced macrophage polarization
to the M2 phenotype, and inhibited the expression of genes associated
with inflammatory reactions (IL-1f, TNFa, IL-6, and IFN-y), while
simultaneously enhancing expression of neovascularization related
markers (VEGFA and IGF1). Even in LPS-primed macrophages, AB
treatment effectively induced the expression of pro-healing genes (IL-10,
VEGFA, IGF1, and TGFp). In the study in vivo, the AB-laden HA hydrogel
provided enhanced macrophage recruitment and increased numbers of
M2 macrophages, along with the high level of IL-10. Based on these
results, MSC-derived ABs exert extensive immunomodulation effect on
macrophages, which contributes to macrophage polarization towards
the pro-healing phenotype in IUA treatment. In addition, the cells pro-
liferation and neovascularization were accelerated by AB treatment in
vitro and the effect was strengthened by AB-laden HA implantation in
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vivo. All these active effects of ABs were associated to the enhancement
of recipient cells’ mitochondrial bioenergetics. IncRNA in ABs might
give the remarkable effects through the activation of mitochondrial
bioenergetics and additional experiments are required so as to decipher
the specific functions of enriched IncRNAs.

The efficacy of the AB-laden HA hydrogel was confirmed in the
murine model of acute endometrial damage firstly. The injection of the
AB-laden HA hydrogel increased endometrial thickness and the number
of endometrial glands, decreased the area of fibrosis, improved endo-
metrial receptivity, and finally promoted fertility restoration. IUA is
caused by trauma to the basal layer of the endometrium, always
resulting in severe fibrosis that obliterate the uterine cavity. Apparently,
Etiological and pathological changes in the model of murine acute
endometrial damage are obviously different from clinical intrauterine
adhesions. To evaluate the effect of the AB-laden HA in a model of IUAs
that more closely resembles that of humans, a further evaluation of the
AB-laden HA on a rat model of IUA was performed and the AB-laden HA
on IUA therapy was evidenced furtherly.

To be noted, the HA hydrogel injection also led to a higher pregnant
rate compared to the ABs group and NR group, likely owing to the
separation effect and capacity to activate the endogenous stem cells of
HA hydrogel at the site of injury [54]. However, capacity for fine
structure restoration and embryos growing was still limited by HA
hydrogel from result in vivo, which indicated the treatment of HA
hydrogel only was inadequate. Interestingly, our previous studies
demonstrated an increased rate of pregnancy (40.6%) following the
implantation of a huMSC-derived exosomes/collagen scaffold (100 pl 3
x 10 /mL exosomes derived from 2 x 107 cells) in a rat endometrial
damage model [32]. In present study, the rate of pregnancy was fur-
therly increased (78.8% in the murine endometrium damage model and
79.3% in the rat IUA model) after AB-laden HA hydrogen injection (96
jg ABs derived from 6 x 10° cells). Less huMSCs were needed for AB
isolation and higher pregnancy rate was obtained after the AB-laden HA
hydrogel implantation, compare with exosome-based therapy. Besides
these therapeutic advantages, there are also some technical advantages
of ABs, although there was probably no significant difference in the use
of ABs and exosomes. First, the biogenesis of cell apoptosis is more
extensive understanding than that of exosomes. Better understanding
facilitated controllable manufacturing process via standard operating
procedures. Second, the efficiency of MSCs secreting ABs is much higher
than that of secreting exosomes, as cytoplastic contents and cell mem-
brane are enveloped into vesicles during the apoptosis process. It is
indicated that the entrapment efficiency of active components into ABs
should be quite high and comparable to that into exosomes. Addition-
ally, by RNA-seq analysis from ABs, ABs contained a multitude of
miRNAs, mRNAs and IncRNAs, which were bioactive and confer the
overall functional benefits as an ensemble.

There are some limitations to the study that must be acknowledged.
First, whether ABs induced by acute UV exposure carried toxic compo-
nents is unclear. However, no tumorigenesis occurred during the process
of endometrial repair and following pregnancy in the rodent model; the
proinflammatory cytokines (IL-6, TNF-a, IL-1p) were not enhanced after
ABs uterine cavity injection. Importantly, ABs could exert macrophage
phenotype immunomodulation by suppressing the expression of proin-
flammatory cytokines evidenced in vivo and in vitro. Nevertheless,
because of the known increasing risks of skin cancer by chronic UV
exposure [55], more security assessments should be performed on ABs in
the future study, especially in the reproductive organs. Second, although
the observations from our rodent studies were sufficiently powered,
future studies among macaques involving a sufficient sample size and
follow-up duration are necessary before clinical translation. In conclu-
sion, the acellular AB-laden HA hydrogel overcomes the limitations of
live cell transplantation and provides a novel and promising strategy for
endometrial regeneration in cases of IUAs.
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5. Conclusions

We proved that the ABs showed positive effects on macrophage
immunomodulation, cell proliferation, and angiogenesis via an increase
in the mitochondrial bioenergetics of recipient cells in vitro. By inte-
grating ABs with a HA hydrogel, we developed an AB delivery system in
which HA promoted AB retention and facilitated their continuous
release. The implantation of the AB-laden HA hydrogel increased the
thickness of the endometrium and the number of endometrial glands,
reduced fibrosis, and also promoted endometrial receptivity and fertility
restoration in a murine model of acute endometrial damage. The effi-
cacy of the AB-laden HA hydrogel was further confirmed in a rat model
of intractable IUA. The in vivo mechanism of the AB-laden HA hydrogel
implantation was associated with macrophage immunomodulation, cell
proliferation, and neovascularization, consistent with the in vitro find-
ings. Hence, our study proved the therapeutic potentials of AB and the
AB-laden HA hydrogel displayed a clinically feasible and novel therapy
for endometrial regeneration and [UA treatment.
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