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A B S T R A C T

Acellular adipose matrix (AAM) has emerged as an important biomaterial for adipose tissue regeneration. Current
decellularization methods damage the bioactive components of the extracellular matrix (ECM), and the residual
immunogenic antigens may induce adverse immune responses. Here, we adopted a modified decellularization
method which can protect more bioactive components with less immune reaction by methoxy polyethylene glycol
(mPEG). Then, we determined the adipogenic mechanisms of mPEG-modified AAM after xenogeneic trans-
plantation. AAM transplantation caused significantly lesser adipogenesis in the wild-type group than in the
immune-deficient group. The mPEG-modified AAM showed significantly lower immunogenicity and higher adi-
pogenesis than the AAM alone after xenogeneic transplantation. Furthermore, mPEG modification increased
regulatory T (Treg) cell numbers in the AAM grafts, which in turn enhanced the M2/M1 macrophage ratio by
secreting IL-10, IL-13, and TGF-β1. These findings suggest that mPEG modification effectively reduces the
immunogenicity of xenogeneic AAM and promotes adipogenesis in the AAM grafts. Hence, mPEG-modified AAM
can serve as an ideal biomaterial for xenogeneic adipose tissue engineering.
1. Introduction

The reconstruction of soft tissue defects caused by traumatic injuries,
surgical approaches (i.e., mastectomy) or congenital anomalies is a major
challenge in plastic surgery. Generally, plastic surgeons use autologous
tissue flap transfer to repair soft tissue defects [1,2]. However, donor-site
morbidity and the tenuous nature of microsurgical tissue transfer makes
it a complex operative procedure that requires an adequately trained
surgeon. Autologous fat grafting is a common technique for soft tissue
reconstruction; however, its clinical effectiveness is often plagued by
unpredictable outcomes, fat necrosis and oil-cyst formation [3,4].
Various types of naturally-derived biopolymers and synthetic polymers
have been used to fill soft tissue defects. However, these materials may
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not able to integrate with the surrounding tissues and induce adipo-
genesis, thus being rapidly absorbed in vivo [5]. Therefore, adipose tissue
reconstruction has emerged as a new strategy to overcome the difficulties
associated with plastic surgery.

In the recent decade, acellular adipose matrix (AAM) has attracted
considerable attention for soft tissue reconstruction owing to its abun-
dant sources and potential to spontaneously induce adipogenesis in vivo
[6–8]. However, AAM failed to induce significant adipogenesis in animal
experiments, especially in xenogeneic transplant models [9,10]. More-
over, a recent clinical application study showed that adipogenesis could
only be observed in the peripheral portion of allogeneic AAM grafts [11].
Matrix-bound bioactive components (i.e., growth factors and bioactive
peptides) of extracellular matrix (ECM) biomaterials were recently found
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to play major roles in directing cell fate and inducing tissue regeneration
[12–14]. These ECM components create a niche that can dynamically
regulate the behaviour of stem/progenitor cells, provide extracellular
clues for cell recruitment, and support cell differentiation into functional
tissues [15,16]. However, the current decellularization strategies
generally involve lengthy chemical and enzymatic treatments, which
inevitably destroy the bioactive components of the ECM and adversely
affect the in vivo regeneration of the AAM [17–19]. In addition, it is
difficult to completely remove all immunogenic antigens using the cur-
rent decellularization methods [20–22]. The residual antigens may cause
an adverse immune response in vivo, which is another important factor
that limits the adipogenesis caused by xenogeneic AAM [21,23]. There-
fore, an alternative strategy that can maximise the retention of ECM
bioactive components and minimise the unwanted immune reactions
would be highly desirable.

The immunocamouflage technique has emerged as a promising
approach to modify immunogenic antigens [24,25]. Methoxy poly-
ethylene glycol (mPEG) is an effective, non-toxic, and non-immunogenic
material for the immunocamouflage of cell surfaces, which has been
approved by the Food and Drug Administration [26]. mPEG can reduce
or prevent host immune rejection through mPEG-induced charge and
steric camouflage by covalently binding to the amino acid residues on the
cell surface [24,27]. In the past decade, mPEG has been used to bind the
surfaces of allogeneic transplanted cells (e.g., erythrocytes, pancreatic β
cells and leukocytes) and corneal grafts to suppress host immune rejec-
tion and prolong the functions of the transplants [24,25,28,29]. How-
ever, few studies have been conducted on the mPEG modification of the
AAM grafts. Thus, we hypothesise that mPEG modification can suppress
the immunogenicity and promote the adipogenesis of xenogeneic AAM.

To verify this hypothesis, xenotransplant animal models were con-
structed to explore the impact of mPEG modification on the adipogenesis
of xenogeneic AAM. mPEG was introduced to modify the residual anti-
gens in the AAM grafts, and the safety and immunocamouflage efficiency
of mPEG modification on AAM were assessed both in vitro and in vivo. In
addition, the adipogenesis mechanisms of mPEG-modified AAM after
xenogeneic transplantation were investigated.

2. Materials and methods

2.1. Animal models

The experimental mice were supplied by the Southern Medical Uni-
versity Laboratory Animal Centre, and house in microisolator cages at the
Animal Experiment Centre of Nanfang Hospital. All experiments were
performed in accordance with the guidelines of the National Institutes of
Health guide for the care and use of Laboratory animals. Ethical approval
for this study was obtained from the Nanfang Hospital Animal Ethics
Committee Laboratory, Southern Medical University, China.

2.2. Preparation of AAM

After obtaining informed consent, human adipose tissues were
collected from the female patients who underwent abdominal liposuc-
tion. The adipose tissues were decellularized according to the methods
published by He et al. [30] and Kokai et al. [11]. Briefly, the lipoaspirate
was subjected to 3 cycles of freezing and thawing (�80 to 37 �C).
Following centrifugation (2000�g, 3 min), the substratum samples were
homogenised at 30,000 rpm for 1 min. The adipose suspension was
collected and then centrifuged at 3000�g for 3 min. The lipid-depleted
adipose tissues were decellularized prior to a 6-hr polar solvent extrac-
tion in 99.9% isopropanol. After rinsing three times with PBS, the sam-
ples were mixed with aqueous sodium deoxycholate and agitated for 12
h. Finally, the samples were disinfected with 0.1% peracetic acid in 4%
ethanol for 4 h. The resulting AAM was kept at �80 �C.
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2.3. mPEG modification of AAM

The mPEG solution (3% w/v) was prepared by dissolving mPEG
succinimidyl propionate 5KD (Seebio, 281,100, China) in alkaline PBS
(Leagene, R22127, China; pH 7.88). To produce mPEG-modified AAM,
the mPEG solution was used to immerse AAM at 25 �C for 1 h. Subse-
quently, the mPEG-modified AAMwas rinsed twice with PBS, centrifuged
(2500�g, 3 min) to remove the supernatant, and then stored until further
analysis.

2.4. Antigen detection of mPEG-modified AAM and cell viability assay

The sections were stained using antibodies against major histocom-
patibility complex (MHC) antigen class I (MCH-I, Santa Cruz Biotech-
nology, sc-55582, CA, USA) and MHC antigen class II (MHC-II, Abcam,
ab170867, UK). Human adipose-derived stromal cells (hASCs) were
supplied by Cyagen Biosciences (Cyagen, HUXMD-01001, China). The
hASCs (approximately 5 � 105 per well) were grown with/without 3%
(w/v) mPEG succinimidyl propionate in culture medium (Cyagen,
HUXMD-90011, China) for three days at 37 �C with 5% CO2. One mil-
lilitre of PBS solution supplemented with 2 μL of 1 mg/mL calcein-AM
(AnaSpec, CA, USA) and 2 μL of 1 mg/mL 40,6-diamidino-2-phenyl-
indole (DAPI) (Sigma, USA) were pipetted into each well, and then
incubated for 10 min at 37 �C. Live and dead cells were counted from
images taken with a fluorescence microscope (BX 51, Olympus).

2.5. Xenotransplantation models

The mice were categorized into three groups: immune-deficient
group, xenotransplantation group, and xenotransplantation (mPEG-
modified) group. After anaesthesia by intraperitoneally injecting 50 mg/
kg pentobarbital sodium, the subcutaneously bilateral dorsal regions
were selected as the transplant sites. In the immune-deficient and xen-
otransplantation groups, 0.25mL/side AAMwas transplanted into BALB/
c nude mice and BALB/c mice, respectively. In the xenotransplantation
(mPEG-modified) group, 0.25 mL/side mPEG-modified AAM was trans-
planted into BALB/c mice. Both AAM and mPEG-modified AAM were
sheared under aseptic conditions and then injected into the mice using an
18-gauge needle. The animals were sacrificed at week 1, 4 and 12 (n ¼ 5
per group at each time point). The tissue samples were harvested, and the
volume of fluid displacement was measured to obtain the graft volume.
Half of the sample was immediately used for fluorescence-activated cell
sorting. A quarter of the sample was fixed in 4% paraformaldehyde for
histological and immunofluorescence staining. The remaining sample
was preserved at �80 �C for real-time PCR assay and Western blot assay.

2.6. Immunofluorescence staining of the harvested samples

After embedding in paraffin, the samples were sectioned and then
subjected to immunofluorescence staining. Briefly, the sections were
incubated with the following primary antibodies: rabbit anti-mouse
CD206 (Abcam, ab64693, UK), rabbit anti-mouse Foxp3 (Abcam,
ab215206, UK), rat anti-mouse Mac2 (Cedarlane, CL8942AP, Canada)
and guinea pig anti-mouse Perilipin (Progen, GP29, Germany), followed
by the corresponding secondary antibodies. After DAPI staining (Sigma,
D9542, USA), the sections were observed and photographed using a
FV10i-W confocal laser scanning microscope (Olympus, Japan).

2.7. Immunoglobulin expression in blood samples

Blood samples were collected from the orbital sinus of BALB/cmice in
xenotransplantation and xenotransplantation (mPEG-modified) groups at
week 1, 4 and 12 (n ¼ 5 per group at each time point). After centrifu-
gation (1200�g, 10 min, 4 �C), the supernatant was aliquoted and kept at
�80 �C. Mouse IgG (MM-0057 M, China) and mouse IgM ELISA Kit (MM-
0058 M, China) enzyme-linked immunosorbent assay (ELISA) kits were



Fig. 1. The gross view, volume retention rate and
histology of the AAM grafts. (a) Representative gross
view of the transplanted grafts in the immune-
deficient group, xenotransplantation group, and xen-
otransplantation (mPEG-modified) group at week 1, 4
and 12. (b) Quantification of the graft volume reten-
tion in the three groups. (c) Quantification of the graft
weight in the three groups. (d) Representative
immunofluorescence staining (perilipin) of the trans-
planted grafts in the three groups at week 1, 4, and 12.
Scale bar ¼ 200 μm * ¼ p < 0.05, ** ¼ p < 0.01.
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used to assess the expression of IgG and IgM in plasma, respectively, as
per the manufacturer's protocols.

2.8. Fluorescence-activated cell sorting (FACS)

The heparinised whole blood was withdrawn from the mouse orbital
sinus. Red blood cells were isolated with Easy Lyse Solution (10 mL;
Leinco Technologies, USA), and then stained with Foxp3-PE, CD4-FITC,
3

IL17A-APC, IFN-γ-Pacific Blue, IL4-PE, CD3-FITC and CD8-Pacific Blue
(BioLegend, CA, USA). For graft analysis, the graft samples were homo-
genised and digested with collagenase (0.125%; Sigma, Missouri, USA) in
a shaking water bath at 37 �C for 30 min. After centrifugation (800�g, 3
min) and resuspension, the cells were stained with the following mono-
clonal antibodies: CD11b-Pacific Blue, CD11c-PE/Cy7, Foxp3-PE, F4/80-
PE, CD206-FITC CD4-FITC, IL17A-APC, IFN-γ-Pacific Blue, IL4-PE, CD3-
FITC, and CD8-Pacific Blue (BioLegend, CA, USA). An irrelevant control



Fig. 2. Immunofluorescence staining and FACS results of T cells in the AAM grafts. (a) Foxp3 immunofluorescence staining of Treg cells (yellow arrow) in the mPEG-
modified xenotransplantation and control xenotransplantation groups at week 1, 4 and 12. (b and c) FACS analysis of Treg cells and Th1 cells in the two groups at week
1, 4 and 12. Scale bar ¼ 100 μm * ¼ p < 0.05, ** ¼ p < 0.01, *** ¼ p < 0.001.
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monoclonal antibody was included for each fluorochrome. Finally, the
cells were analysed using a BD LSR-II flow cytometer (Becton Dickinson,
CA, USA). Cell Quest software (Becton Dickinson, CA, USA) was
employed for data acquisition and analysis. A gate was set to exclude
99.9% of the isotype control-labelled cells.

2.9. Lymphocyte co-culture assay

The spleen from eight-week-old BALB/c mice was isolated, mashed
up on a 70-μm cell strainer using the plunger end of a syringe, and then
rinsed with DMEM (GIBCO, 11995500BT, USA) containing 10% FBS
(GIBCO, 10099141-S, USA). After centrifugation (800�g, 3 min), the cell
suspensions were diluted with DMEM containing 10% FBS to a final
concentration of 1 � 105 cells/mL. Spleen lymphocytes (2 mL) alone
served as a control group. Spleen lymphocytes (2 mL) co-cultured with
0.5 mL AAM and mPEG-modified AAM served as the AAM and mPEG-
modified AAM groups, respectively. After 3 days of incubation at 37 �C
4

with 5% CO2, the cells were filtered through the cell strainer for FACS
and Western blot assays.

2.10. Treg cell regulation in BALB/c mice

BALB/c mice were categorized into three groups: anti-CD25 antibody
treatment group (a decrease in Treg cell counts), CD28-SA treatment
group (an increase in Treg cell counts), and control group. The anti-CD25
antibody treatment group and CD28-SA treatment group were treated
with anti-CD25 monoclonal antibody (250 μg; clone PC61; BioLegend,
CA, USA) and superagonistic anti-CD28 monoclonal antibody (200 μg;
clone D665; Biocompare, CA, USA), respectively. All reagents were
diluted with PBS (0.3 mL) and injected intraperitoneally 1 day before
AAM grafting. The mice in control group were treated with 0.3 mL PBS.
The AAMwas sheared under aseptic conditions and then injected into the
mice using an 18-gauge needle. The animals were sacrificed at week 1, 4
and 12 (n ¼ 5 per group at each time point).



Fig. 3. Immunofluorescence staining and FACS results of the macrophages as well as the expression of associated cytokines and adipogenic marker genes in the AAM
grafts. (a) Immunofluorescence staining of Mac2 and CD206 in the mPEG-modified xenotransplantation and control xenotransplantation groups at week 1, 4 and 12.
(b) Quantification of M2/M1 macrophage (F4/80þ, CD11bþ, CD11cþ, CD206high/F480þ, CD11bþ, CD11cþ, CD206low) ratio in the two groups at week 1, 4 and 12.
(c) Quantification of adipocyte cell number in the grafts of the two groups. (d–f) Real-time PCR measurements of M2 macrophage polarisation-associated cytokines (IL-
10, IL-13 and TGF-β1) in the two groups. (g and h) Real-time PCR measurements of the adipogenic marker genes (PPAR-γ and CEBP-β) in the two groups. Scale bar ¼
100 μm * ¼ p < 0.05, *** ¼ p < 0.001.

K. Liu et al. Materials Today Bio 12 (2021) 100161
2.11. Co-culture of Treg cells and M0 macrophages

Spleen lymphocytes from eight-week-old male C57BL/6 mice were
harvested as described previously for the sorting of Treg cell subsets. Treg
cells were sorted from the spleen lymphocytes using a Treg cell ISO kit
(STEMCELL, #18783, Canada). To sort M0 macrophage cell subsets,
mouse tibias and femurs were dissected and rinsed with serum-free RPMI
1640 (GIBCO, C11875500CP, USA). Lavage fluid was filtered through a
100-μm cell strainer, followed by centrifugation (500�g, 5 min). The
cells were resuspended in RBC lysis buffer (Solarbio, R1010, China), and
5

then incubated for 5 min at 4 �C. After centrifugation (500�g, 5 min, at 4
�C), the cells were harvested, washed and resuspended in RPMI 1640
culture medium containing 10% FBS, 2 mM L-glutamine (Solarbio,
G0200, China), 10 mg/mL Gibco penicillin/streptomycin (GIBCO,
15140122, USA) and 100 μg/L granulocyte-macrophage colony-stimu-
lating factor (PEPROTECH, 315-03-5, USA). After 3 days of incubation at
37 �C with 5% CO2, M0 macrophages were transferred to a sterile tube,
and counted. For co-culture assays, 2.5 � 105 M0 macrophages and
gradient number of Treg cells (M0: 0 Treg/well; Tregþ: 1 � 104 Treg/
well; Tregþþ: 5 � 104 Treg/well; and Tregþþþ: 2.5 � 105 Treg/well)



Fig. 4. Immunofluorescence staining and FACS results of the AAM grafts. (a) Foxp3 immunofluorescence staining of Treg cells (yellow arrow) in the control, CD28-SA
treatment and anti-CD25 antibody treatment groups at week 1, 4 and 12. (b) FACS quantification of Treg cells in the three groups. FACS quantification of (c) Treg cells
(CD4þ and Foxp3þ), (d) Th1 cells (CD4þ and IFN-γþ), (e) Th2 cells (CD4þ and IL-4þ), (f) Th17 cells (CD4þ and IL-17Aþ), and (g) cytotoxic T lymphocytes (CD4þ and
CD8þ) in the circulation at day 3, 7 and 30. Scale bar ¼ 100 μm * ¼ p < 0.05, ** ¼ p < 0.01.
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Fig. 5. Immunofluorescence staining of the macrophages as well as the expression of associated cytokines and adipogenic marker genes in the AAM grafts. (a)
Immunofluorescence staining of Mac2 and CD206 in the control group, CD28-SA treatment group, and anti-CD25 antibody treatment group at week 1, 4 and 12. (b)
FACS quantification of the M2/M1 macrophage (F4/80þ, CD11bþ, CD11cþ, CD206high/F480þ, CD11bþ, CD11cþ, CD206low) ratio of the three groups at week 1, 4
and 12. (c) Quantification of adipocytes in the AAM grafts of the three groups. (d) Quantification of graft volume retention in the three groups. (e–g) Relative mRNA
expression levels of M2 macrophage polarisation-associated cytokines (IL-10, IL-13 and TGF-β1) in the AAM grafts. (h and i) Real-time PCR measurements of the
adipogenic marker genes (PPAR-γ and CEBP-β) in the three groups. Scale bar ¼ 100 μm * ¼ p < 0.05, ** ¼ p < 0.01, *** ¼ p < 0.001.
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were co-cultured with RPMI 1640 containing 10% FBS, 25 IU/mL re-
combinant murine IL-2 (PEPROTECH, 212-12-20, USA), and 10 mg/mL
penicillin/streptomycin in mPEG-modified AAM for 5 days at 37 �C with
5% CO2. The cells were harvested for FACS and Western blot assays.

2.12. Real-time PCR assay

The expression levels of PPAR-γ, CEBP-β, IL-10, IL-13 and TGF-β1
were quantified by real-time PCR (Applied Biosystems 7500, USA). The
2-ΔΔCt method was employed to calculate the relative expression level
of each gene. The following primers were used: forward, GAACCTG-
CATCTCCACCTTATT and reverse, TGGAAGCCTGATGCTTTATCC for
PPAR-γ; forward, CTTGATGCAATCCGGATCAAAC and reverse,
CCCGCAGGAACATCTTTAAGT for CEBP-β; forward, CCCTTTGC
TATGGTGTCCTTTC and reverse, AGGATCTCCCTGGTTTCTCTTC for IL-
10; forward, CCTGGCTCTTGCTTGCCTT and reverse, GGTCTTGT
GTGATGTTGCTCA for IL-13; and forward, CTTCAATACGTCAGA-
CATTCGGG and reverse, GTAACGCCAGGAATTGTTGCTA for TGF-β1.

2.13. Statistical tests

Data were analysed using IBM SPSS (V22.0; IBM Corp., Armonk, NY,
USA). An independent variable t-test was performed to compare the two
mean values. For comparison of three or more means, one-way ANOVA
was conducted, followed by the post-hoc Tukey test. All results were
expressed as mean� standard deviation. The level of significance was set
as P < 0.05.

3. Results

3.1. mPEG modification increases the volume retention rates of xenogeneic
AAM grafts

The volume retention rates showed a decreasing trend from week
1–12 in all the three groups (Fig. 1a). However, the volume retention
rates of the immune-deficient group and xenotransplantation (mPEG-
modified) group were noticeably increased compared to the xeno-
transplantation group at week 4 and 12 (Fig. 1b; p < 0.05). The graft
weight of the immune-deficient group and xenotransplantation (mPEG-
modified) group were noticeably increased compared to the xeno-
transplantation group at week 12 (Fig. 1c; p < 0.05). The adipose
structures in the three groups were gradually increased from week 1–12
(Fig. 1d).

3.2. mPEG modification increases Treg cells and decrease Th1 cells in
xenogeneic AAM grafts

Immunofluorescence staining of perilipin was carried out to reveal
the presence of adipogenesis in the transplanted grafts of the mPEG-
modified xenotransplantation and control xenotransplantation groups
at week 4 and 12. Treg cell infiltration was observed in the two groups at
all time points (Fig. 2a). Quantitative analysis of cell infiltration in the
grafts showed a significantly higher counts of Treg cells (CD4þ and
Foxp3þ) and a significantly lower counts of Th1 cells (CD4þ and IFN-γþ)
in the mPEG-modified xenotransplantation group compared to the con-
trol xenotransplantation group at week 1, 4 and 12 (Fig. 2b and c; p <

0.05).

3.3. mPEG modification increases the adipogenesis by upregulates M2
macrophage expression and M2 macrophage polarisation-associated
cytokines in xenogeneic AAM grafts

Immunofluorescence staining showed that M1 and M2 macrophages
infiltrated the grafts (Fig. 3a). There were no obvious differences in the
M2/M1 macrophage ratios between the mPEG-modified xeno-
transplantation and control xenotransplantation groups at week 1 (p >
8

0.05). However, at week 4 and 12, a significantly higher M2/M1
macrophage ratio was detected in the mPEG-modified xeno-
transplantation group than in the control xenotransplantation group
(Fig. 3b; p< 0.05). The amounts of adipocyte cells in the two groups were
increased gradually from week 1–12. At week 12, the number of adipo-
cytes was significantly higher in the mPEG-modified xenotransplantation
group than in the control xenotransplantation group (Fig. 3c; p < 0.05).
Besides, the mRNA levels of IL-10 and TGF-β1 in control xeno-
transplantation group were significantly downregulated compared to the
mPEG-modified xenotransplantation group at week 1 and week 4,
respectively (Fig. 3d and f; p< 0.05). Meanwhile, the expression levels of
IL-10, IL-13 and TGF-β1 in mPEG-modified xenotransplantation group
were markedly upregulated compared to the control xenotransplantation
group at week 12 (Fig. 3d, e and 3f; p< 0.001). The expression of PPAR-γ
in the mPEG-modified xenotransplantation group was markedly upre-
gulated compared to that in the control xenotransplantation group at
week 4 and 12 (Fig. 3g; p < 0.05). Similarly, the expression of CEBP-β
was remarkably higher in the mPEG-modified xenotransplantation group
than in the control xenotransplantation group at week 12 (Fig. 3h; p <

0.05).
3.4. Treg cells are increased in CD28-SA treatment group and decreased in
anti-CD25 antibody treatment group

The results of immunofluorescence staining confirmed Treg cell
infiltration in the control, CD28-SA treatment and anti-CD25 antibody
treatment groups at all time points (Fig. 4a). Notably, the percentage of
Treg cells in CD28-SA treatment group was markedly increased
compared to those in anti-CD25 antibody treatment and control groups at
week 1, 4 and 12 (Fig. 4b; p< 0.01). In the circulation, the percentages of
Treg cells in CD28-SA treatment group were remarkably higher than
those in the other two groups at day 7 (p < 0.05). Meanwhile, the per-
centage of Treg cells in the anti-CD25 antibody treatment group was
comparatively lower than that in the control group (Fig. 4c; p< 0.01). No
significant differences were observed in the levels of Th1, Th2, Th17 and
cytotoxic T lymphocytes among the three groups within 30 days of in-
jection (Fig. 4d–g; p > 0.05).
3.5. Treg cells induce M2 macrophage expression in xenogeneic AAM
grafts

Immunofluorescence staining showed that M1 and M2 macrophages
infiltrated the grafts at all time points (Fig. 5a). In the CD28-SA treatment
group, the M2/M1 macrophage ratio was significantly higher at week 4
and 12 compared to the other two groups. Meanwhile, the M2/M1
macrophage ratio of control group was relatively higher than that of anti-
CD25 antibody treatment group at week 12 (Fig. 5b; p < 0.05). The
number of adipocytes increased from week 1–12 in the three groups. At
week 4 and 12, the number of adipocytes in CD28-SA treatment group
was markedly elevated compared to the other two groups (p < 0.05). In
addition, the number of adipocytes in anti-CD25 antibody treatment
group was comparatively lower than that in control group at week 4 and
12 (Fig. 5c; p < 0.05). The volume retention rates decreased from week
1–12 in the three groups, and were noticeably higher in the CD28-SA
treatment group than in the other two groups (Fig. 5d; p < 0.05). The
mRNA levels of IL-10 and IL-13 in anti-CD25 antibody treatment group
were significantly downregulated compared to CD28-SA treatment group
at week 1 and 4 (Fig. 5e and f; p < 0.01). Interestingly, the expression of
IL-10 was higher in anti-CD25 antibody treatment group than in the other
two groups at week 12 (Fig. 5e; p < 0.001). The mRNA levels of TGF-β1
in CD28-SA treatment groups were remarkably higher than the other two
groups at week 1, 4 and 12 (Fig. 5g; p< 0.05). PPAR-γ and CEBP-β levels
were upregulated in the CD28-SA treatment group compared to the other
two groups at week 4 and 12 (Fig. 5h and i; p < 0.05).



Fig. 6. Results of the lymphocyte co-culture system and the M0-Treg co-culture system. (a) FACS quantification of Th1, Th2, Th17, Treg and cytotoxic T lymphocytes
(CTLs) in the lymphocyte co-culture assay at day 3. (b) Relative mRNA expression levels of M2 macrophage polarisation-associated cytokines (IL-10, IL-13 and TGF-β1)
in the lymphocyte co-culture assay, as detected by real-time PCR assay. (c) FACS quantification of M2/M1 macrophage (F4/80þ, CD11bþ, CD11cþ, CD206high/
F480þ, CD11bþ, CD11cþ, CD206low) ratio in the co-cultures of M0 macrophages and Treg cells at day 5. (d) Relative mRNA expression levels of M2 macrophage
polarisation-associated cytokines (IL-10, IL-13 and TGF-β1) in the M0-Treg co-culture system, as detected by real-time PCR assay. * ¼ p < 0.05, ** ¼ p < 0.01, *** ¼ p
< 0.001.
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3.6. mPEG modification increases the counts of Treg cells and Treg cells
upregulates M2 macrophage expression in vitro

In the lymphocyte co-culture assay, the counts of Treg cells were
significantly higher in the mPEG-modified AAM group than in the AAM
group (Fig. 6a; p< 0.05). However, no obvious differences were found in
the levels of Th1, Th2, Th17 and cytotoxic T lymphocytes among the
three groups (Fig. 6a; p > 0.05). The expression of IL-10, IL-13 and TGF-
β1 was higher in mPEG-modified AAM group than in the other two
groups (Fig. 6b; p < 0.001). In the co-cultures of M0 macrophages and
Treg cells in mPEG-modified AAM, it was found that as the Treg cell
counts increased, the M2/M1 macrophage ratio (Fig. 6c; p < 0.05) and
M2 macrophage polarisation-associated cytokine (IL-10, IL-13 and TGF-
β1) expression (Fig. 6d; p < 0.05) increased.

4. Discussion

Various adipose tissue decellularization methods have been proposed
over the past decades [22,31,32]. These decellularization methods have
different effects on the preservation of ECM bioactive components and
removal of antigen components in AAM [8,9,33]. However, there re-
mains a trade-off between the antigen removal and preservation of native
ECM bioactive components. Immunocamouflage modification, rather
than the tedious and lengthy chemical/enzymatic treatments, may be a
desirable alternative strategy for managing the residual antigens in AAM.
Here, we demonstrated that modification of the residual antigens in AAM
with mPEG effectively decreased the expression of binding antibodies
against residual antigens and the immunogenicity of AAM after
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xenogeneic transplantation (Supplementary Data 1). More importantly,
mPEG modification promoted the regenerative process of AAM in vivo.
Further analyses revealed that mPEG modification increased the counts
of Treg cells and enhanced adipogenesis in the grafts by inducing M2
macrophage polarisation.

The adverse effects of immunogenic antigens may limit the applica-
bility of xenogeneic biomaterials [34,35]. In this study, AAM exhibited
better adipogenesis in immune-deficient mice than in wild-type mice.
These results indicate that antigen-mediated immune response may
adversely affect the in vivo adipogenesis of AAM. MCH-I and MCH-II are
the membrane proteins and key mediators of transplant rejection [36].
Immune rejection is generally mediated by T cell responses to donor
MHC antigens that differ from the recipient (MHC-mismatch) [37].
Foreign MHCmolecules activate effector T cells (i.e., Th1 cells) [38], and
subsequently proliferate and secrete cytokines (e.g., IFN-γ, IL-2 and
TNF-α) [39]. These cytokines can serve as the prominent activation
factors for CD8þ cytotoxic T cells and macrophages, which in turn lead to
an immune destruction of the graft (e.g., necrosis, degradation and
calcification) [36,40]. Therefore, further research should focus on the
modification of the residual antigens, especially MHC molecules, in
AAMs.

mPEG exerts an immunomodulatory effect by covalently binding with
the amino acid residues of foreign antigens, without affecting protein
structure [41]. This mPEGmodification can form a steric barrier to shield
the surface charges and obstruct the interactions between foreign anti-
gens and antigen-presenting cells [42]. Theoretically, mPEG modifica-
tion can achieve an ideal immunocamouflage effect on AAM. First, AAM
is a loose porous collagen scaffold that is conducive to the complete



Fig. 7. Model for the adipogenesis mechanism of AAM and mPEG-modified AAM after xenotransplantation. Created with BioRender.com.
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infiltration of mPEG solution. Second, the immunogenic MHC molecules
located in the broken cell membrane, which retain in the AAM scaffold,
are easily modified by mPEG solution. In this study, mPEG modification
did not adversely affect cell viability, and the levels of the binding an-
tibodies against MHC-I and MHC-II were decreased in the
mPEG-modified AAM (Supplementary Data 1). Moreover, a significantly
lower counts of Th1 cells and decreased levels of immunoglobulin in
xenogeneic AAM grafts and circulation were detected in the
mPEG-modification group compared to the control group (Supplemen-
tary Data 1). Taken together, mPEG modification of xenogeneic AAM
may serve as an ideal strategy to reduce graft immunogenicity.

Th1 cells are immune effector cells that trigger a T cell-mediated
immune response [43], while Treg cells are immune regulatory cells
that participate in the maintenance of immune homeostasis [44]. In this
study, significantly lower counts of Th1 cells and higher counts of Treg
cells were observed in the mPEG-modification group than in the control
group. Lymphocyte co-culture assay further showed that Treg cell levels
were significantly higher in the mPEG-modified AAM group than in the
AAM group. Therefore, we speculate that mPEG modification increases
the counts of Treg cells in xenogeneic transplanted AAMs, as demon-
strated by the co-culture experiments. Our findings are consistent with
those reported by Kang and co-workers [45] showing that mPEG modi-
fication prevents the tissue destructive T cell response through the gen-
eration/differentiation of functional Treg cells. Other studies also
showed that the mPEG-mediated modification of MHC molecules could
effectively inhibit or weaken the highly critical cell–cell conjugation and
signalling events necessary for immune recognition [24,46].
mPEG-modified antigens (e.g., MHC molecules) often exhibit a reduced
affinity for receptors compared to the unmodified antigen [47]. The
strength of the interactions between MHC and T cell receptor (TCR) is
closely associated with the fate of T cells [48,49]. Low-affinity anti-
gen-TCR engagement can lead to a decrease in intracellular TCR signal-
ling events that enhance the differentiation of naive T cells into Treg cells
[49–51]. Therefore, the upregulation of Treg cells in AAM may be
attributed to the low-affinity antigen-TCR engagement induced by mPEG
modification. However, further studies are warranted to elucidate the
exact mechanisms involved in this process.

In addition to their ability to suppress immune rejection, Treg cells
have recently been recognised as important cells that promote tissue
repair and regeneration [52,53]. Therefore, we speculate that an increase
in the counts of Treg cells may contribute to the enhanced adipogenesis
in mPEG-modified AAM. In this study, mPEG modification effectively
induced Treg cell population and promoted adipogenesis in AAM, while
systematic downregulation of Treg cells inhibited adipogenesis in AAM
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compared to the control. This suggests that adipogenesis in AAM is
closely related to the counts of Treg cells. It has been reported that Treg
cells could promote tissue repair and regeneration by inducing M2
macrophage polarisation through the secretion of inflammatory cyto-
kines [54]. Moreover, the expression levels of both inflammatory cyto-
kines (IL-10, IL-13 and TGF-β1) and M2 macrophages were obviously
higher in the mPEG modification and CD28-SA treatment groups than
those in the control and anti-CD25 antibody treatment groups. Co-culture
of Treg cells with M0 macrophages in mPEG-modified AAM further
showed that Treg cells could promote M2 macrophage polarisation
through the secretion of IL-10, IL-13 and TGF-β1. M2 macrophages are
key inflammatory cells responsible for wound repair and tissue regen-
eration. Previous studies showed that M2 macrophages could induce the
recruitment and differentiation of endothelial cells as well as stem cells,
thereby facilitating tissue repair [55,56]. In adipogenic induction
models, M2 macrophage directly contributed to the development of ad-
ipose tissues through the promotion of angiogenesis and adipogenesis
[57,58]. During adipose tissue regeneration, M2 macrophages could
promote preadipocyte survival, stem cell recruitment and vascular
remodeling by releasing chemokine ligand 12, matrix metalloprotease 9,
platelet-derived growth factor, etc. [59,60]. Collectively, the increased
counts of Treg cells in mPEG-modified AAM upregulates M2 macrophage
expression, and eventually promotes adipose regeneration in the grafts
(Fig. 7).

However, several possible adverse issues of mPEG modified tech-
nology and limitations of this study should be concerned. First, high dose
use (200 mg/kg in rat model) of PEG can be toxic and cause a significant
increased in foamy cells in spleen [61,62]. Second, PEG itself can be
immunogenic [63–65] and studies suggested an incidence of anti-PEG
antibodies in ~0.2% of the general population [66]. Third, the optimal
mPEG incubation time and concentration were not studied. Fourth, the
long-term effects of mPEG modification on the tissue remodeling of
xenogeneic AAM grafts should be experimentally evaluated in the near
future. Fifth, a green adipose decellularization method that releases less
harmful chemicals and requires a shorter processing time will be devel-
oped in our further study. Sixth, the balance between the decellulariza-
tion method and the mPEG modified technology should be investigated
in the further.

5. Conclusion

The residual antigens in AAM could be camouflaged by mPEG
without causing any apparent cytotoxicity. The mPEG-modified AAM
exhibited a decreased immunogenicity and increased adipogenesis
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compared to the control after xenotransplantation. The mechanisms
might be attributed to the increased of the counts Treg cells and elevated
M2/M1 macrophage ratio upon mPEG modification. Hence, the mPEG-
modified AAM may serve as an ideal biomaterial for xenogeneic adi-
pose tissue construction.
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