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Abstract

BACKGROUND: We fabricated anti-inflammatory scaffold using Mg(OH),-incorporated polylactic acid-polyglycolic
acid copolymer (MH-PLGA). To demonstrate the anti-inflammatory effects of the MH-PLGA scaffold, an animal model
should be sensitive to inflammatory responses. The interleukin-10 knockout (IL-10 KO) mouse is a widely used bowel
disease model for evaluating inflammatory responses, however, few studies have evaluated this mouse for the anti-
inflammatory scaffold.

METHODS: To compare the sensitivity of the inflammatory reaction, the PLGA scaffold was implanted into IL-10 KO
and C57BL/6 mouse kidneys. Morphology, histology, immunohistochemistry, and gene expression analyses were carried
out at weeks 1, 4, 8, and 12. The anti-inflammatory effect and renal regeneration potency of the MH-PLGA scaffold was
also compared to those of PLGA in IL-10 KO mice.

RESULTS: The PLGA scaffold-implanted IL-10 KO mice showed kidneys relatively shrunken by fibrosis, significantly
increased inflammatory cell infiltration, high levels of acidic debris residue, more frequent CD8-, C-reactive protein-, and
ectodysplasin A-positive cells, and higher expression of pro-inflammatory and fibrotic factors compared to the control
group. The MH-PLGA scaffold group showed lower expression of pro-inflammatory and fibrotic factors, low immune cell
infiltration, and significantly higher expression of anti-inflammatory factors and renal differentiation related genes com-
pared to the PLGA scaffold group.

CONCLUSION: These results indicate that the MH-PLGA scaffold had anti-inflammatory effects and high renal
regeneration potency. Therefore, IL-10 KO mice are a suitable animal model for in vivo validation of novel anti-
inflammatory scaffolds.
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1 Introduction

When tissue or organ injury is out of the natural healing
range, specific treatment is required to recover the original
function and morphology. The most effective treatment
from the perspective of regenerative medicine is combined
therapy that uses both cells and a scaffold [1]. However,
the available number of autologous cells is very limited,
allogeneic cells cause immune rejection and complicated
processing problems, and xenogeneic cell application is
technically impossible [2, 3]. However, the use of a scaf-
fold alone is advantageous for producing the required
number of cells with adequate biocompatibility [4]. Thus,
in clinical applications, implantation of a scaffold alone has
become an important method.

The most widely used material for tissue regeneration is
the polylactic acid-polyglycolic acid copolymer (PLGA)-
based scaffold, which is synthetic, biodegradable, and
biocompatible [5]. However, PLGA produces acidic debris
when it degrades in vivo, and acidic conditions are the main
causes of inflammatory responses [6]. This acute immune
response inhibits host stem cell recruitment, survival,
proliferation, and differentiation [7], and this early unde-
sirable microenvironment can inhibit tissue regeneration.
To overcome this problem, researchers incorporated mag-
nesium hydroxide [Mg(OH),] into the PLGA scaffold [8].
Mg(OH), is safe for handling and non-toxic [9], and thus
may useful for neutralizing the acidic environment. We
manufactured an Mg(OH),-incorporated PLGA (MH-
PLGA) scaffold for application in kidney regeneration.

In vivo experiments to test the anti-inflammatory effects
of the MH-PLGA scaffold require an animal model that is
sensitive to inflammatory responses. We used IL-10
knockout (IL-10 KO) mice because IL-10 is a representa-
tive anti-inflammatory and immunoregulatory cytokine that
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downregulates activation of monocytes and macrophages
[10]. IL-10 KO mice are widely used as a chronic
inflammatory bowel disease model [11-13]; however, few
studies have evaluated these mice with anti-inflammatory
scaffolds. Here, we investigated whether IL-10 KO mice
are a suitable animal model for evaluating the effectiveness
of the anti-inflammatory MH-PLGA scaffold in kidney
tissue regeneration.

2 Materials and methods
2.1 MH-PLGA scaffold preparation

The scaffold was kindly provided by Dr. Dong Keun Han
(Korea Institute of Science and Technology, Seoul, Korea).
Briefly, the scaffold was manufactured as follows using a
freeze-drying method [8]. Ice  microparticulates
(100-150 pwm) were prepared by spraying cold deionized
water into liquid nitrogen. A 13% (w/v) solution of PLGA
(MW = 40 kDa; Boehringer Ingelheim, Ingelheim, Ger-
many) in methylene chloride was mixed with 0.15 g of
Mg(OH), (Sigma-Aldrich, St Louis, MO, USA) nanopar-
ticles [which were synthesized by the reaction of
Mg(NO3), with NaOH. Five gram of Mg(NOj3), and 1.6 g
of NaOH were dissolved in 100 and 200 mL of dH,0O, and
then, the Mg(NOs3), solution was added to the NaOH
solution. The precipitate was washed with dH,O, collected
by centrifugation and dried in a vacuum]. The solution was
vortexed, and the ice microparticulates were added to pre-
cooled PLGA solution. The mixture placed on a silicon
mold in liquid nitrogen for freezing, and then freeze-dried
for 2 days. The MH-PLGA scaffold was sterilized with
ethylene oxide. The characterizations of scaffold for
physical, chemical and biocompatibility were described in
our previous report [8].

2.2 In vivo study design

All procedures were performed in accordance with an
animal protocol approved by the Yeungnam University
Institutional Animal Care and Use Committee (YUMC-
AEC2014-030). IL-10 KO mice were purchased from The
Jackson Laboratory (Bar Harbor, ME, USA) and bred
under specific pathogen-free conditions in the laboratory
animal center at the Yeungnam University Medical Center.
For in vivo experiments, scaffolds were prewetted in
absolute ethanol for 1 h and immersed in phosphate-buf-
fered saline for 1 h. Mice (20 g, female) were randomly
divided into 3 groups (each group n = 20): (1) Ctrl group:
sham-operated C57BL/6 mice, (2) WT group: PLGA
scaffold-implanted C57BL/6 mice (wild-type), and (3) IL-
10 KO group: PLGA scaffold-implanted IL-10 KO mice.
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Fig. 1 Surgical method and A
scaffold implantation. A Right

kidney exposure. B Partial

nephrectomy (excision volume,

5 x 2 x 2 mm°). C Scaffold

(size 5 x 2 x 2 mm°®)

implantation

—
e e
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Table 1 Real-time PCR primer

sequences Function Genes Primers

Renal regeneration Wnt ggagectageceggactte gcagecgtcaatggctttag
Pax2 aaatctctatgcaaaatgacgaacat gagagatgcagggcgatgaa
Wtl ggtecgecatcacaacatg ctttcetgeetgggatget
Emx2 tggccagaaagccaaage tecgeteccaccacgtaat
vWf gctgtgcggtgattttaacate ccgtttacaccgetgttect
Laminin ggatggatgtcgaccatgtga tgacgtccaatcatgtgagge
Col4 ccacttctceccteecttag cceggtgttttetgtgttct
Krt10 tggectcctacatggacaaag tggcttgagttgccatget
Cadherin cagagggctggctctgtatc ggactgggctgtgtatacct

Anti-inflammation 1L-4 tcaacccccagetagttgte tgttcttcgttgetgtgagg
IL-2 cccacttcaagetccacttc atcctggggagtttcaggtt
TGF-B1 ttgcttcagctccacagaga tggttgtagagggcaaggac

Pro-inflammation TNF-o agcccccagtetgtateett cteectttgcagaactcagg
IL-6 agttgcettcttgggactga tccacgatttcccagagaac
MCP-1 aggtccctgtcatgettetg tetggacccatteettettg

Fibrosis Vimentin tccagatcgatgtggacgtt atactgctggegcacatcac
Coll gagcggagagtactggatcg gcttettttcettggggtte
FSP-1 gatgagcaacttggacagca atgtgcgaagaagccagagt
a-SMA ctgacagaggcaccactgaa catctccagagtccagcaca

Housekeeping GAPDH tgtgtcegtegtggatctga cctgcttcaccaccttcttga

Next, Mg(OH),-incorporated PLGA scaffold-implanted
IL-10 KO mice (MH-PLGA group) were compared to
PLGA scaffold-implanted IL-10 KO mice (PLGA group).

Mice were anesthetized with 3—4 % isoflurane, and then the
right kidney was exposed through an incision on the back
(Fig. 1A) and subjected to partial nephrectomy (excision

@ Springer
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Fig. 2 Histological and immunohistochemical (IHC) analyses of
inflammatory reactions. A Gross images of scaffold-implanted
kidney. B, C H&E staining at 1, 4, 8, and 12 weeks after scaffold
implantation B arrows in a—c¢ are PLGA acidic debris, in d—f are
empty space by PLGA degradation, g—i are inflammatory cells, and j—
1 are kidney progenitor cells. C Arrows in a—c are PLGA acidic
debris, in d-i are formed glomeruli. D-F IHC analysis with CD8
antibody for detection of cytotoxic T cell, CRP antibody for
monocytes, and CD68 antibody for macrophages (positive cells for

volume, 5 x 2 x 2 mm®) (Fig. 1B) or sham operation.
The scaffolds (size 5 x 2 x 2 mm?) were implanted into
the injured site (Fig. 1C). Kidneys were harvested at weeks
1, 4, 8, and 12 post-surgery.

2.3 Histology, immunohistochemistry, and gene
expression analyses

For histological and immunohistochemical (IHC) analyses
of inflammation-related factors, half of the kidney was
fixed with 4% paraformaldehyde (5 mice/group). Paraffin-
embedded samples were cut into 5-um sections for
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each antibody were indicated by arrow). Positively stained cell
numbers per unit (4860 umz) are counted and graphed. Ctrl, sham-
operated C57BL/6 mice; PLGA/WT, PLGA scaffold-implanted
C57BL/6 mice; PLGA/IL10KO, PLGA scaffold-implanted IL-10KO
mice; MH-PLGA/IL10KO, Mg(OH),-incorporated PLGA scaffold-
implanted IL-10KO mice. H&E stain magnification; x400. *p < 0.05
(PLGA/IL10KO vs. PLGA/WT), *p < 0.05 (MH-PLGA/IL10KO vs.
PLGA/IL10KO)

hematoxylin and eosin (H&E) and IHC staining. Histo-
logical analyses were performed for regenerated glomeru-
lar morphology (size, number, and location), renal tubule
regeneration, inflammation-related cell infiltration, renal
progenitor cell migration, scaffold debris distribution,
angiogenesis, calcification, and scar formation. For THC
analysis, CD8, C-reactive protein (CRP), and CD68 (Ab-
cam, Cambridge, UK, 1:200 dilution) antibodies were used
to identify cytotoxic T-cells, monocytes, and macrophages
following a routine protocol. The number of positive cells
was counted each week. The remaining half of each tissue
was prepared for real-time PCR analysis. Primer sequences
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Fig. 2 continued

of the candidate and housekeeping genes are shown in
Table 1. The conditions for PCR using SYBR Green
(Applied Biosystems, Waltham, MA, USA) were: 95 °C
for 10 min, followed by 45 cycles of 95 °C for 10 s, 58 °C

12 w

for 50 s, and 72 °C for 20 s. To analyze the relative
changes in gene expression, the 27" method was used,
and mRNA levels were normalized to GAPDH levels.
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Fig. 2 continued

2.4 Statistical analysis
Quantitative data calculations were performed in Microsoft

Excel (Microsoft, Redmond, WA, USA). Averaged data
are presented as the mean =+ standard deviation (SD).
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PLGA/IL10KO MH-PLGA/IL10KO

H Ctrl

B PLGA/WT
PLGA/IL10KO

B MH-PLGA/IL10KO

Two-tailed unpaired Student’s ¢-tests were used to compare
the means of the control and experimental groups. One-
way analysis of variance multiple-comparison tests with
Tukey’s tests were performed; P values < 0.05 were con-
sidered significant.
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Fig. 3 Real-time PCR analysis of inflammation, fibrosis, and renal
regeneration-related gene expression. A Pro-inflammatory cytokine
gene expression. B Fibrosis-related gene expression. C Anti-inflam-
matory cytokine gene expression. D Renal regeneration-related gene
expression. The alphabet on the bar indicates statistical significance,

3 Results
3.1 Inflammation sensitivity of IL-10 KO mice

In gross images, IL-10 KO kidneys appeared to shrink
compared to WT kidneys over time (Fig. 2A). At week 1,
the amount of residual PLGA was significantly higher in
IL-10 KO mice than in WT mice. At week 4, the scaffolds
were nearly degraded and rarely observed by direct
observation. From week 8 onward, the scaffold disap-
peared, and different sized scars remained at the scaffold
implantation region.

In histological analysis, as shown in Fig. 2B (H&E
staining), IL-10 KO kidneys showed more PLGA acidic
debris inside the scaffold-implanted region and less empty
space (by PLGA degradation) at the scaffold margin at
week 1 compared to the WT kidneys. This acidic debris
enhanced inflammatory cell infiltration in the IL-10 KO
kidney compared to the WT. In the acidic environment, IL-
10 KO kidneys showed inhibited kidney progenitor cell

1w 4w 8W

12w

when the differences of each group are 0.05 or less, it is written with
different alphabet. Control, sham-operated C57BL/6 mice; PLGA/
WT, PLGA scaffold-implanted C57BL/6 mice; PLGA/IL10KO,
PLGA scaffold-implanted IL-10KO mice; MH-PLGA/IL10KO,
Mg(OH),-incorporated PLGA scaffold implanted IL-10KO mice

migration (k) from surrounding host tissues compared to
WT. At week 4 (Fig. 2C), PLGA debris and immune cells
remained in the IL-10 KO group, while, WT showed nearly
no debris and migrated renal cells filled the empty space.
At week 8, the IL-10 KO group formed glomeruli, but their
number and size were lower than that in the WT group.
This pattern was continued at week 12. No experimental
groups showed calcification or abnormal tissue formation
at the scaffold-implanted region.

IHC analysis was performed to identify the types of
infiltrated inflammatory cells and cell morphology was
determined by a pathologist. Cytotoxic T-cells were
detected with a CDS antibody (Fig. 2D). CD8™ cells have a
small lymphocyte-like or phagocyte-like appearance, and
were mainly located in the areas adjacent to the scaffold.
The IL-10 KO group showed an approximately four fold
higher frequency of positive cells than the WT group at
week 1, and positive cell numbers decreased gradually over
time in both groups. Monocytes were identified with a CRP
antibody (Fig. 2E), and these cells were predominant in IL-
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10 KO at weeks 1 and 4, while the WT group showed
reduced positive cells for 12 weeks. Phagocytic macro-
phages (differentiated from monocytes) were detected
using a CD68 antibody (Fig. 2F), and their expression was
frequently observed in IL-10 KO mice at weeks 1, 4, and 8
compared to WT mice, indicating persistent chronic
inflammation in IL-10 KO mice. The number of positive
cells on IHC was quantified.

Increased inflammatory genes and fibrotic factor
expression in IL-10 KO mice were detected by real-time
PCR (Fig. 3A). As inflammatory response genes, tumor
necrosis factor (TNF)-o, IL-6, and monocyte chemoat-
tractant protein (MCP)-1 expression levels were higher in
the PLGA/IL-10 KO group than in the WT group
throughout the experimental period. Fibrosis-related fac-
tors (Fig. 3B) also showed high expression of vimentin,
collagen type I, fibroblast-specific protein-1, and o-smooth
muscle actin in the PLGA/IL-10 KO group compared to in
the WT group. However, the expression of anti-inflam-
matory genes, such as IL-4, IL-2, and transforming growth
factor-B1, was low in the PLGA/IL-10 KO group compared
to in the WT group (Fig. 3C). These real-time PCR results

@ Springer

1w 4w

8W 12w

confirmed that IL-10 KO mice are more sensitive to
inflammation and fibrosis than are C57BL/6 mice.

Reduced initial inflammatory responses can promote
host stem cell recruitment and tissue regeneration, and thus
stem cell and renal development-related gene expression
indicates inflammation sensitivity. In this analysis
(Fig. 3D), PLGA/IL-10 KO mice showed relatively low
expression of mesenchymal (Wnt), renal progenitor (Pax2),
nephrogenesis (Wtl), glomerular endothelial (vWF), early
epithelial (Emx2), tubular epithelial (KSP-Cad), cortical
(laminin), and renal epithelial (Krt10) markers compared to
the WT group, and the expression of Col4 (pathogenic
marker) was high in the PLGA/IL-10 KO group.

3.2 Anti-inflammatory effect of MH-PLGA scaffold

Gross images (Fig. 2A) revealed that the MH-PLGA
scaffold (implanted in IL-10 KO mice) showed more
swelling at week 1, and then degraded faster throughout the
entire observation period compared with the PLGA scaf-
fold. In histological analysis (Fig. 2B, C), the MH-PLGA
scaffold showed reduced PLGA debris, wide empty space,
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low inflammatory cell infiltration, and enhanced renal
progenitor cell migration compared to the PLGA scaffold
at week 1. At week 4 (Fig. 2C), the MH-PLGA scaffold
showed reduced PLGA debris and immune cell residue,
and the formation of glomeruli and renal tubule precursors
began early compared to with the PLGA scaffold. From
week 8, the number/size of glomeruli and blood vessels
formed were higher in the MH-PLGA scaffold than in the
PLGA scaffold. Calcification or abnormal tissues were not
formed for the MH-PLGA scaffold.

In IHC analysis with CD8, CRP, and CD68 antibodies to
identify immune cell infiltration as inflammatory reactions
(Fig. 2D-F), the MH-PLGA scaffold showed significantly
reduced positive cell expression at weeks 1 and 4 compared
to the PLGA scaffold. These results indicate that Mg(OH),
incorporation into PLGA effectively inhibited the inflam-
matory response. In analysis of inflammatory and fibrotic
gene expression by real-time PCR (Fig. 3A, B), the MH-
PLGA scaffold showed reduced expression of these genes
compared to the PLGA scaffold, while anti-inflammatory
gene expression was higher than in PLGA (Fig. 3C). This
decreased inflammatory and fibrotic response resulted in
increased expression of renal differentiation-related genes
in the MH-PLGA scaffold (Fig. 3D).

These results suggest that IL-10 KO mice are an
appropriate model for assessing the sensitivity of inflam-
mation and fibrosis and that the Mg(OH),-incorporated
PLGA scaffold has anti-inflammatory effects.

4 Discussion

To obtain a suitable in vivo animal model for anti-inflam-
matory scaffold studies, we evaluated IL-10 KO mice. In
gross image analysis, PLGA implanted IL-10 KO mice
showed increased kidney shrinking compared to WT mice
from week 4, and the shrinkage gradually increased over
time and was mostly caused by fibrosis [14]. Renal fibrosis
had a direct adverse effect on the restoration of renal
function after injury. According to Jin et al. [15], IL-10
enhances renal fibrosis through severe tubular injury, col-
lagen deposition, and higher expression of pro-fibrotic
genes. In our PCR results, IL-10 KO mice showed
enhanced pro-fibrotic genes (vimentin, collagen I, fibrob-
last-specific protein-1, and o-smooth muscle actin)
expression compared to WT mice. Additionally, IL-10 KO
mice showed relatively severe scarring caused by fibrosis,
which can cause progressive renal dysfunction leading to
end-stage renal failure [14].

In histological analysis, IL-10 KO mice kidneys showed
more PLGA acidic debris than WT kidneys. The factors
affecting PLGA degradation are polymer composition,
crystallinity, molecular weight, matrix size and shape, pH

and enzymes [16]. In our experiment, enzymes are an
important factor affecting in vivo PLGA degradation, as the
other factors were fixed. IL-10 deficiency promotes the
expression of pro-inflammatory factors, which diminishes
the level of enzymes such as amylase, lipase, and others
[17]. There are no specific reports of renal enzyme vali-
dation, but IL-10 deficiency is thought to be affected by
renal enzyme activity involved in PLGA degradation, and
further studies are needed.

The long-term presence of residual acidic PLGA debris
accelerates the inflammatory response. Although inflam-
mation is an essential part of the healing process, excessive
and chronic inflammation can create an unsuitable micro-
environment for target tissue regeneration [18]. Histologi-
cal, IHC, and real-time PCR analyses demonstrated that IL-
10 KO mice had more severe inflammatory cell infiltration
(T cells, monocytes, and macrophages) and higher
expression of pro-inflammatory cytokines and chemokines
(TNF-a, IL-6, and MCP-1) against PLGA debris compared
to in WT mice. Such severe and chronic inflammatory
responses promoted renal fibrosis and inhibited renal pro-
genitor cell or stem cell migration, resulting in delayed
glomeruli and renal tubule regeneration. Based on these
results, IL-10 KO leads to more severe renal inflammatory
response and fibrosis in the PLGA implant animal.

Next, the anti-inflammatory effect of the Mg(OH),-in-
corporated PLGA scaffold was compared to that of the
PLGA scaffold in IL-10 KO mice. MH-PLGA scaffold-
implanted kidneys showed more kidney shrinkage and scar
formation, more swollen and rapid PLGA degradation, and
significantly reduced PLGA debris compared to PLGA
implanted kidneys because of the properties of Mg(OH),.
The inflammatory responses caused by acidic PLGA
products were neutralized and rapidly washed out by
Mg(OH), [19]. This neutralization and rapid removal of
by-products reduced the influx of inflammatory -cells
[20, 21] and secretion of pro-inflammatory cytokines [22].
Reduced inflammation has been shown to promote mes-
enchymal stem cell-mediated target tissue regeneration
[23]. This reduced inflammatory response maintained the
survival of renal stem/progenitor cells migrating from
surrounding host tissue and promoted the attachment of
circulating stem cells to injured kidneys. Renal stem/pro-
genitor cell migration was demonstrated by gene expres-
sion analysis. The Wnt (mesenchymal), Pax2 (renal
progenitor), Wtl (nephrogenesis), VvWF (glomerular
endothelial), Emx2 (early epithelial), KSP-Cad (tubular
epithelial), laminin (cortical), and Krt10 (renal epithelial)
genes were significantly increased in the MH-PLGA scaf-
fold. These results suggest that the Mg(OH),-incorporated
PLGA scaffold has anti-inflammatory properties.

In conclusion, the present study suggests that IL-10 KO
mice are sensitive to inflammation and fibrosis induced by
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the PLGA scaffold, and therefore IL-10 KO mice are an
appropriate animal model for investigating the anti-in-
flammatory and tissue regenerative effects of the
Mg(OH),-incorporated PLGA scaffold.
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