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Endometrial Mesenchymal
Stem/Stromal Cells Modulate
the Macrophage Response

to Implanted Polyamide/
Gelatin Composite Mesh in
Immunocompromised and
Immunocompetent Mice
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The immunomodulatory properties of human endometrial mesenchymal stem cells (eMSC) have

not been well characterised. Initial studies showed that eMSC modulated the chronic inflammatory
response to a non-degradable polyamide/gelatin mesh in a xenogeneic rat skin wound repair model,
but the mechanism remains unclear. In this study, we investigated the immunomodulatory effect

of eMSC on the macrophage response to polyamide/gelatin composite mesh in an abdominal
subcutaneous wound repair model in C57BL6 immunocompetent and NSG (NOD-Scid-IL2Rgamma"!)
immunocompromised mice to determine whether responses differed in the absence of an adaptive
immune system and NK cells. mCherry lentivirus-labelled eMSC persisted longer in NSG mice, inducing
longer term paracrine effects. Inclusion of eMSC in the mesh reduced inflammatory cytokine (1l-13,
Tnfo) secretion, and in C57BL6 mice reduced CCR7* M1 macrophages surrounding the mesh on day 3
and increased M2 macrophage marker mRNA (Arg1, Mrc1, I10) expression at days 3 and 7. In NSG mice,
these effects were delayed and only observed at days 7 and 30 in comparison with controls implanted
with mesh alone. These results show that the differences in the immune status in the two animals
directly affect the survival of xenogeneic eMSC which leads to differences in the short-term and long-
term macrophage responses to implanted meshes.

Tissue engineering (TE) combines cells and materials to create implants that improve repair of injured tissues' .
Huge advances in tissue engineering have occurred over the past two decades with the development of new bio-
materials and the use of various adult stem cells, MSC in particular. Tissue engineering has great potential for use
in women’s urogynaecological health including treatment of stress urinary incontinence (SUI) and pelvic organ
prolapse (POP)*°.

Pelvic Organ Prolapse is the herniation of pelvic organs into the vagina. Symptoms include voiding, bowel
and sexual dysfunction and incontinence’. POP affects more than 25% of all women and 19% of women undergo
reconstructive surgical treatment, often involving surgical mesh to provide mechanical support to damaged
tissue®®. Monofilament polypropylene mesh with a large pore size allows for greater neo-tissue ingrowth and
is the most common type of mesh used in POP surgery'’. However, vaginal insertion of mesh has resulted in
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complications in approximately 10% of women'! including mesh erosion, mesh contracture, infection and pain'2.
The use of tissue engineering constructs may reduce these adverse effects.

Adult mesenchymal stem cells have been used as a cell-based therapy in tissue engineering applications to
deliver reparative cells to damaged tissue sites to effect tissue repair and regeneration'®. A number of tissue engi-
neering approaches using bone marrow mesenchymal stem cells (bmMSC) have been explored in abdominal wall
hernia repair'*!>. More commonly, bnMSC have been administered intravenously, where they home to damaged
and injured tissues and exert anti-inflammatory and immunomodulatory effects, without tissue incorporation'.
Human endometrial MSC (eMSC) are a recently identified MSC type that are easily accessible by a minimally inva-
sive office-based biopsy procedure without anaesthesia'”'8. Clonogenic eMSC can be purified using co-expression
of CD140b and CD146 with a cell sorter or by a single marker, SUSD2 (recognised by the W5C5 antibody) using
magnetic bead sorting!*?. These perivascular eMSC fulfil the International Society for Cellular Therapies minimal
MSC criteria, are highly proliferative, self-renew in vitro and reconstitute stromal tissue in vivo'?2!,

We are developing and evaluating a new type of mesh for potential clinical use in POP treatment. In par-
ticular, we fabricated a new tissue engineered construct comprising a novel polyamide knitted mesh coated
with stabilised gelatin (PA + G)?**?*. Comparison of the structural characteristic and mechanical properties of
the mesh with three commercial PP meshes showed that our PA + G mesh was less stiff and had lower bending
rigidity, more desirable properties for POP surgical repair. We have also shown the efficacy of using eMSC in
PA + G mesh? to deliver eMSC in a small animal model of wound repair?!. In this xenogeneic model, human
eMSC exerted a paracrine effect promoting wound healing, angiogenesis and neo tissue formation. Seeding
the mesh with eMSC enhanced the biocompatibility of the mesh by reducing chronic inflammation and pro-
moting the deposition of crimped physiological collagen around mesh filaments resulting in reduced stiftness
of the mesh-tissue complex in the long term?. Thus, eMSC-seeded PA + G mesh may provide an alternative
treatment option for POP'.

One of the main concerns in tissue engineering is the host response to biomaterials®®. Macrophages play a key
role in host response to biomaterials?”?® by secreting cytokines and chemokines that impact on tissue repair®.
Understanding the exact role of macrophages in host response to implanted biomaterials and the factors that
they may secrete to regulate this response is important.

Several lines of evidence have demonstrated crosstalk between macrophages and MSC. Macrophages
co-cultured with bmMSC expressed higher levels of CD206, the mannose receptor, secreted anti-inflammatory
IL10 and reduced levels of Tumor Necrosis Factor-a (TNF-a) in the microenvironment™. In a sepsis mouse
model, infusion of mouse bmMSC decreased lethality, and the protective effect of the MSC was eliminated
by macrophage depletion or by the administration of I110 neutralizing antibodies®!. 1110 produced by M2
macrophages blocked excessive neutrophil infiltration into the injured tissue and prevented further damage®'.
Similarly, in an endotoxin-induced lung injury model, intrapulmonary delivery of mouse bmMSC decreased
the production of Tnfa and Chemokine Ligand 2 (CXCL2) and increased alveolar macrophage secretion
of 11102,

To further elucidate the early immune responses to eMSC-seeded PA + G mesh, the aim of the current study
was to determine whether eMSC alter macrophage polarization from an M1 inflammatory to an M2 wound heal-
ing phenotype in response to implanted mesh in both early and later stages of the host response. We compared
two mouse models; immunocompromised (NSG) and immunocompetent (C57BL6) mice. NSG mice lack an
adaptive immune system and NK cells, and have a defective innate immunity associated with functionally imma-
ture macrophages and deficiencies in several cytokine signalling pathways’. We compared the anti-inflammatory
and immunomodulatory effects of eMSC on macrophage responses between mouse strains with intact (C57BL6)
and defective (NSG) immune systems. We also assessed whether xenogeneic, heterologous eMSC persisted longer
in the absence of an adaptive and deficient innate immune system.

Results

eMSC transduction and survival in vivo on PA + G mesh. In order to track the cells in vivo,
eMSCs purified by SUSD2 magnetic bead sorting were transduced with mCherry lentiviral vector and the
SUSD2*tmCherry™ cells were sorted and cultured in DMEM medium containing 10% FBS. More than 95% of
cultured eMSCs were mCherry* (Fig. 1A and B) and around 40% of this population were SUSD2*. Double pos-
itive cells were sorted, expanded and seeded on PA + G mesh (Fig. 1C). The persistence of implanted eMSC was
assessed by fluorescence microscopy. Three days after mesh implantation, mCherry" eMSC were found around
the mesh filaments and in the gelatin layer in NSG mice (Fig. 1D and E). Fewer mCherry™" cells persisted after 7
days (Fig. 1F and G). No mCherry" eMSC were detected in C57BL6 mice after 3 or 7 days implantation.

H&E staining showed the degree of cellularity around the implanted mesh at the later time points (days 14
and 30) in both NSG and C57BL6 mice of the eMSC/mesh and mesh control groups. The gelatin layer coated on
the top of the mesh gradually degraded with the time. Visually, there was a higher number of infiltrated cells in
immunocompetent mice compared with immunocompromised mice. (Supplementary Fig. 1A-H).

eMSC induce macrophage polarization. Image analysis quantification within the first 100 um incre-
ment around individual mesh filaments showed that the percentage of total macrophages (F4/80") relative to
Hoechst-stained nucleated cells in C57BL6 and NSG mice was relatively constant from day 3 to 30 in both groups;
PA + G mesh seeded with and without eMSC (Fig. 2A and C).

To determine the phenotype of F4/80" macrophages accumulating around the eMSC/PA + G (eMSC/mesh)
and non-seeded PA + G (mesh control), dual color immunofluorescence staining was performed to quantify
M1 (CCR7/F4/80) and M2 (CD206/F4/80) macrophages in sections from C57BL6 and NSG mice at 3, 7, 14 and
30 days. In mesh seeded with eMSCs, the number of M1 expressing macrophages was significantly reduced in
comparison to the control implants at day 3 in immune intact (C57BL6) mice (Fig. 3A and C). No significant
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Figure 1. eMSC transduction and survival of eMSC on PA + G mesh in NSG mice. (A) cultured mCherry
transduced eMSC showing red fluorescence, (B) more than 95% of transduced and cultured eMSC were
mCherry* by flow cytometry and about 40% of this population were SUSD2*. Representative trace of n=6
patient samples, (C) PA + G mesh seeded and cultured with eMSC. (D,E) mCherry* eMSC were observed 3
and (F,G) 7 days post-implantation around the mesh filaments in immunocompromised NSG mice. Arrows,
representative mCherry* eMSC; m, mesh filament; g, gelatin. Scale Bars 100 um.

differences between eMSC/mesh and mesh controls were observed at the later time points in C57BL6 mice. In
immunocompromised mice (NSG), there was no difference in M1 macrophages from 3 to 30 days between the
eMSC/mesh and mesh control groups (Fig. 3B and D).
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Figure 2. Macrophages surround implanted mesh with or without eMSC. Representative images of F4/80
immunostaining in (A) C57BL/6 mice implanted with eMSC/PA 4+ G mesh (upper panel) and PA 4+ G mesh
control (lower panel) for 3-30 days, and similarly implanted in (B) NSG mice. Macrophages (F4/807, green) are
shown as percentage of total nucleated cells in the first 100 pm increment around mesh filament in (C) C57BL/6
mice and in (D) NSG mice. Data are mean &= SEM of n = 6 animals/group and analyzed by two-way ANOVA.
m, mesh, g, gelatin, white dashed lines, outline of PA + G mesh, yellow dotted lines show the 100 um increment
around mesh analyzed eg in (A, D7). Arrowheads, representative F4/80 macrophages both within and outside
the 100 um increment around PA + G mesh. Scale bars 100 um.

We next used CD206 to investigate M2 macrophages, a hallmark cell associated with tissue regeneration
and healing, around the implanted mesh filaments. There was no significant difference in the proportion of
CD206-expressing macrophages between eMSC/mesh and mesh control groups in immunocompetent mice at
any time point. (Fig. 4A and C). In the immunocompromised NSG mice, the M2 macrophage proportion gradu-
ally increased with time in both mesh control and eMSC/mesh groups with significantly more M2 macrophages
present at day 30 compared with day 3, (P < 0.05) (Fig. 4B and D). However, there was no difference between the
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Figure 3. M1 macrophage quantification around implanted mesh in C57BL/6 and NSG mice. CCR7 M1
macrophages (red) co-localized (yellow) with the pan F4/80 macrophage marker (green) around implanted
mesh in mesh/eMSC and mesh control groups in (A) C57BL6 mice and in (B) NSG mice. The ratio of CCR7*
macrophages to total F4/80 macrophages (MQ) in the first 100 pm increment around mesh filaments in (C)
C57BL6 mice and in (D) NSG mice. Data are mean &= SEM of n =6 animals/group and were analyzed by two-
way ANOVA. *P < 0.05. Arrows show representative CCR7+F4/80" macrophages both within and outside the
100 um increment around PA + G mesh, m, mesh filament; g, gelatin. Scale Bars 100 um.

density of M2 macrophages around mesh filaments whether eMSC were present or not. The M2/MI1 ratio was
higher in eMSC/mesh compared to mesh control in NSG and C57BL6 mice. There was a non- significant trend
for the M2/M1 ratio to increase from day 3 to day 30 in NSG mice in either eMSC/mesh and mesh control groups
(Supplementary Fig. 2A and B).
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Figure 4. M2 macrophage quantification around implanted mesh in C57BL/6 and NSG mice. CD206 M2
macrophage (white) co-localized with the pan macrophage F4/80 marker (green) in (A) C57BL/6 mice and

in (B) NSG mice. The ratio of CD206™ macrophages to total F4/80 macrophages (MQ) in the first 100 um
increment around mesh filaments in (C) C57BL/6 and in (D) NSG mice. Data are mean +=SEM of n=6
animals/group and were analyzed by two-way ANOVA. *P < 0.05. Arrows show representative CD206"F4/80*
macrophages within and outside the 100 um increment around PA + G mesh, m, mesh filament; g, gelatin. Scale
Bars 100 um.

eMSC modulate inflammatory cytokine mRNA expression. To further assess the inflammatory
response to the implanted mesh, the mRNA expression of the inflammatory cytokines, I11b and Tnfa was quan-
tified by q-PCR. In C57BL6 mice, no differences were observed in Il1b mRNA expression between the groups at
any time-point (Fig. 5A). Tnfa expression was significantly reduced in eMSC/mesh group at days 14 (P=10.008)
and 30 (P =0.01) compared with mesh control group (Fig. 5C).
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Figure 5. mRNA expression of M1 macrophage markers by Quantitative PCR. Il1b and Tnfa mRNA expression
in eMSC/mesh and mesh control groups in (A,C) C57BL6 and in (B,D) NSG mice. Data were analyzed using
two-way ANOVA. (E,F) total comparison of Il1b and Tnfa mRNA expression between the two types of mice,
two groups and four time-points using 3 way ANOVA. Error bars mean 4/— SEM. *P < 0.05.

In NSG mice, there was a significant decrease in I/1b gene expression eMSC/mesh group compared with the
mesh control group at day 14 (P =0.0023) (Fig. 5B) with no differences at the other time points. No significant
difference was observed in Tnfa gene expression between eMSC/mesh and mesh control groups at any time point
(Fig. 5D). Comparison between immunocompetent and immunocompromised mice showed no significant dif-
ference in Il1b and Tnfa gene expression at any of the four time-points (Fig. 5E and F).

eMSC modulate inflammatory cytokine secretion. As the qPCR quantification of inflammatory
cytokine mRNA expression was not conclusive, the secretion of II-13 and Tnf-« protein was measured in
explanted tissue lysates from C57BL6 and NSG mice. In immunocompetent mice, Il-13 and Tnf-« were reduced
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Figure 6. Inflammatory M1 macrophage cytokine secretion assayed by ELISA. II-13 and Tnf-« secretion in
eMSC/mesh and mesh control group implants in (A,C) C57BL/6 mice and in (B,D) NSG mice. Data were
analyzed using two-way ANOVA. (E,F) comparison of cytokine expression between the two mouse models for
eMSC/mesh and mesh control and four time-points using 3 way ANOVA. Data are mean +/— SEM of n=6
animals/group. *P < 0.05.

at the early time points (days 3 and 7) in the eMSC/mesh group compared with the mesh control group (Fig. 6A
and C). In the NSG mice, both II-13 and Tnf-a secretion levels were significantly reduced in the eMSC/mesh
group compared with the mesh control group at day 7 for both inflammatory cytokines, and also at day 30 for
Tnf-o (Fig. 6B and D). The cytokine levels were noticeably lower in the tissues from immunocompromised NSG
mice than in immunocompetent C57BL6 mice (Fig. 6E and F). There was significantly less Il-13 secretion in the
mesh control group of NSG mice compared to C57BL6 mice at day 3 (P < 0.05) (Fig. 6E). Tnf-o was significantly
lower in NSG mice in the eMSC/mesh group compared to the same group in C57BL6 mice after 30 days implan-
tation (P < 0.05) (Fig. 6F).

eMSC induce the expression of M2 macrophage markers. We next assessed whether M2 mac-
rophage marker mRNA expression was altered by the eMSC using q-PCR measurement of II, Arginase I (Argl)
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Figure 7. mRNA expression of M2 macrophage markers by Quantitative PCR. Argl, Mrcl and 1110 in eMSC/
mesh and mesh control groups in (A,D,G) C57BL6 and (B,E,H) NSG mice. Data were analyzed using two-way
ANOVA. (CF,J) comparison of Argl, Mrcl and I110 expression between the two types of mice, eMSC/mesh and
mesh control and four time-points using 3 way ANOVA. Error bars mean +/— SEM. *P < 0.05.

and Mannose Receptor (Mrcl). Argl, Mrcl and I110 mRNAs were significantly higher at day 3 in the eMSC/
mesh group compared to the mesh control in immune intact C57BL6 mice (Fig. 7A,D and G). Similarly, at day 7,
both Mcrl and 1110 were increased in the eMSC/mesh group. In immunodeficient NSG mice Argl expression
was significantly increased in the eMSC/mesh group compared to the mesh control group at 30 days (Fig. 7B).
Morcl expression was significantly higher in the eMSC/mesh group at 14 days, compared with the mesh control
(Fig. 7E). Over time, Argl expression increased in the eMSC/mesh group from day 7 to day 30 in NSG mice
(Fig. 7C). Comparison between C57BL6 and NSG mice showed that Mrcl expression was significantly higher
in the eMSC/mesh group in C57BL6 mic, compared with same group in NSG mice at day 7 (P=0.03) (Fig. 7F).
Similarly, I110 expression was significantly higher in eMSC/mesh group in C57BL6 mice, compared with NSG
mice at days 3 and 7 (P =0.001and P = 0.002, respectively) (Fig. 7]).
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Discussion

The main findings of this study are that human eMSC changed the macrophage phenotype from M1 to M2 in
both immunocompromised and immune intact mouse models resulting in a reduction of inflammatory cytokine
secretion and an increase in M2 macrophage marker expression. These immunomodulatory effects mediated by
eMSC were delayed and weaker in immunocompromised compared to immune intact mice, likely due to the
persistence of eMSC and their slower disappearance in NSG mice. It is likely that eMSC exerted these immuno-
modulatory effects via a paracrine mechanism in both mouse models.

The level of the macrophage infiltration around the mesh was similar in the two animal models and the pres-
ence of eMSC had minimal impact on the absolute number of infiltrating macrophages. In the C57BL6 mice,
where eMSC were not readily detected even as early as 3 days after eMSC/mesh implantation, there was a sig-
nificant reduction of the inflammatory CCR7* M1 macrophages. This was accompanied by reduced secretion of
1I-18 and Tnf-o during the first 7 days and reduced gene expression at later time-points, and upregulation of the
M2 mRNA markers, Argl, Mrcl and I110. These findings indicate for the first time that the eMSC have significant
immunomodulatory and anti-inflammatory properties in vivo through their effect on macrophage phenotype in
immunocompetent animal models. The effect of eMSC on the macrophage response to implanted mesh was sim-
ilar in NSG mice, however it was delayed and the cytokine response was blunted even though the eMSC survived
longer. This was shown by the prolonged elevation of CD206 M2 macrophages and increased M2 mRNA mark-
ers, Mrcl and Argl up to day 30, accompanied by similar and ongoing reductions of pro-inflammatory cytokine
secretion and mRNA expression. This persistence of xenogeneic human eMSC in immunocompromised mice
suggests that their autologous use in women, where their removal is expected to be delayed, may have greater long
term beneficial effects in modulating macrophage responses to foreign mesh materials than an allogeneic source.

Macrophages play a central role in the host response to implanted biomaterials, with both M1 and M2 mac-
rophages having essential roles and the balance of M2/M1 determining the failure or success of implantation®. To
prevent prolonged detrimental effects of persisting M1 macrophages on implanted non-degradable biomaterials,
a timely switch from a M1 to M2 macrophage phenotype can be favourable, a process facilitated by eMSCs. Our
data shows there was a trend for the M2/M1 ratio to increase in NSG model, suggesting that co-transplantation
of eMSC with a non-degradable biomaterial may be beneficial in reducing the chronic inflammatory response.

In this study, we quantified the effect of a recently described MSC on macrophage phenotype after mesh
implantation. We showed that eMSC seeded on a synthetic composite mesh significantly reduced inflammation
for up to 30 days in immunocompetent mice, despite their rapid disappearance, indicating that their modulatory
effects influence the acute and chronic phase of the immune response. Other studies have also shown that injected
or implanted MSC (from other sources) do not survive at the site but nevertheless limit tissue injury during their
short stay through a variety of mechanisms*¢. In an immune intact system as in C57BL6 mice, MSC influence
most immune cell types, including those mediating innate immunity; NK cells, dendritic cells, neutrophils, and
adaptive immunity cells; T and B lymphocytes.!®. Based on previous studies, it is clear that MSC regulate the
inflammatory response in vitro and in vivo®. Our study focussed on the effect of a recently identified source of
MSC derived from the endometrium (eMSC). These eMSC are an easily accessible source of adult stem cells and
they do meet the minimal ISCT MSC criteria like other sources of MSCs. But they have some unique properties
that we have reported on previously that includes their pericyte localisation, higher clonogenicity and higher
purity when selected with the SUSD2 marker that provides an indicator of more effective stem cell function’®. In
this current study we have examined the effect of these eMSC on the macrophage response, showing that they
inhibit inflammation by influencing the switching of M1 macrophages to a M2 phenotype, reducing inflam-
mation at early and late time points. While we did not examine which eMSC mediators reduced the inflamma-
tory response to PA + G mesh, it is possible that they operate in a similar manner to other MSC. For example,
bmMSC upregulate the expression of Indoleamin2,3 dioxygenase (IDO), which induces the polarization of M1
macrophages to M2 phenotype and promote M2 macrophages secretion of IL10'°. Another possibility is the pro-
duction of PGE2 and TGF-8 by eMSC, since these molecules induce M2 phenotype switching®. To date there are
no studies on the MSC mediators of M2 switching, PGE2 or TGF3, by eMSC. However, we found increased COX1
mRNA expression, a key enzyme involved in PGE2 synthesis, in eMSC treated with A83-01, a TGF3-receptor
inhibitor, to prevent differentiation and maintain eMSC stemness, compared with non-treated cells (Gurung S,
Werkmeister ], Gargett C, un-published data) suggesting that PGE2 may be involved in eMSC modulatory effects
on macrophages. Comparison of eMSC and endometrial stromal fibroblast transcriptomes also showed higher
TGFJ expression in eMSC?. These data suggest that eMSC have the potential to function in a similar manner as
other immunomodulatory MSC. Our ongoing studies are investigating these possibilities.

In NSG mice, the proportion of CD206" M2 macrophages increased after 30 days in parallel with reduced
levels of inflammatory cytokine secretion and mRNA expression. The lack of T, B and NK cells and defective den-
dritic cells (DC) and macrophages in NSG mice®, likely explains the lower cytokine production observed around
the mesh filaments compared with C57BL6 mice. In an immunocompromised system, where longer survival of
implanted stem/progenitor cells is expected, eMSC may also exert longer-term immunomodulatory effects. In
a mouse model of asthma, most of the PKH2-labelled MSC injected IV into BALB/C mice were phagocytosed
by macrophages and these macrophages subsequently acquired an M2 suppressive phenotype*'. However, it is
unknown whether macrophages in NSG mice phagocytose eMSC, and this needs further investigation. One of
the limitations of our previous study on the paracrine effects of eMSC on mesh implantation?** was the inabil-
ity to explain the late M1 to M2 switch. In this study only phenotypic CD profiling was used. Macrophages are
heterogeneous, and activation and polarization into functional subsets is complex. In our current study, we have
complimented the CD phenotype with quantification of more sensitive functional mediators indicative of mac-
rophage status such as inflammatory cytokines and M2 macrophage markers. We detected genetically labelled
eMSC surviving for at least 7 days in NSG mice in the current study and up to 30 days in other studies implanted
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under the kidney capsule in NSG mice* indicating their potential to have longer term effects as demonstrated by
M2 macrophage marker expression and inflammatory cytokine secretion.

Previous studies of bone marrow MSC effects on wound healing revealed that MSC secrete factors includ-
ing VEGEF, bFGF, IL-6 and MCP1 which accelerate wound healing and tissue regeneration by attracting mac-
rophages*’. We did not assess whether eMSC secreted these factors. However, our findings on the up-regulation
of M2 macrophage markers in the mesh/eMSC group in the absence of eMSC persistence and their differentiation
suggests paracrine effects of eMSC on macrophage polarization in NSG and C57BL6 mice. Further studies are
needed to provide a better understanding of eMSC immune regulatory effects.

In summary, we have characterised some of the immunomodulatory properties of eMSCs in vivo for the
first time. We showed that eMSC mediate inhibitory effects in both immune intact and immune compromised
systems suggesting that immune intact mice are suitable for tissue engineering studies using eMSC, although the
implanted cells do not persist in the latter. Our ongoing work will characterise these factors to fully understand
the immunoregulatory mechanism of eMSC on innate immune cells, in particular macrophages.

Material and Methods

Endometrial Tissues. Endometrial biopsies were obtained from 6 women undergoing laparoscopic sur-
gery for non-endometrial gynaecological conditions and had not taken hormonal treatment for three months
before surgery. All women gave written informed consent. Our protocol was approved by the Monash Health and
Monash University Human Research Ethics committees (09270B). All methods were performed in accordance
with Monash Health and Monash University guidelines. Each patient sample was used to generate an individual
eMSC cell line (n=6).

Isolation of SUSD2" eMSC and Culture. Endometrial tissues were minced with scissors and digested
using 5% collagenase type II and 40 pg/ml deoxyribonuclease type I (DNAse I) (Worthington-Biochemical
Corporation) at 37 °C in Dulbecco’s modified Eagle’s Medium/F12 medium (DMEM/F12) containing 15 uM
Hepes buffer (Invitrogen) in a humidified incubator at 37 °C on a rotating MACSmix (Miltenyi Biotech) for
60-90 minutes. Dissociated stromal cells were separated from collagenase resistant epithelial cells (as clumps)
using a 40 pm sieve (BD Bioscience-Durham) and red blood cells removed by density gradient centrifugation
using Ficoll-Paque (GE Healthcare Bioscience-Bio-Sciences AB) as previously described*:. Single cell suspensions
of stromal cells were incubated with PE-conjugated SUSD2 (formerly W5C5) antibody (2 ug/ml) (Biolegend) for
30 minutes at 4 °C followed by incubation with anti-PE labelled magnetic beads (Miltenyi Biotec) for 20 minutes
and SUSD2* eMSC were selected using a column and magnet (Miltenyi Biotec). SUSD2" eMSCs were cultured
in DMEM/F12 medium containing 10% Fetal Calf Serum (FCS) (Invitrogen), 1% antibiotic-antimycotic (Life
Technologies) and 2 mM glutamine (Life Technologies) for 2-4 passages. We have previously shown that this
protocol isolates eMSC which robustly express the typical MSC markers when cultured (ie CD29, CD44, CD73,
CD90, CD105 > 90%; CD31, CD34, CD45 < 5%).

mCherry Lentivirus Transduction of eMSC. To detect eMSC in vivo, the cells were transduced with a
mCherry lentivirus. Lentivirus was generated by co-transfection of three plasmids; 10 ug pLVX-IRES-mCherry
(lentivirus plasmid which contains mCherry gene) (clontech-6312237), packaging plasmids; 9 ug pSPAX2 (which
encodes capsid) (Addgene 12260) and 1 ug pMD2.G (encodes reverse transcriptase for lentivirus replication)
(Addgene 12259), into 293 cells. (https://www.addgene.org/protocols/bacterial-transformation/) using the
TransIT-X2 (Mirus) transfection reagent according to manufacturer’s protocols. Transfection was confirmed by
monitoring mCherry expression by fluorescence microscopy. Viral containing supernatant was collected and
passed through a 0.45um filter. eMSCs were grown to 70% confluence and transduced with lentiviral supernatant
supplemented with polybrene (5ug/ml) (Sigma hexadimethrine bromide, catalogue #107689). Viral supernatant
was replenished after 6 hours.

mCherryt [SUSD2+ eMSC Sorting. Following 48-72 hours transduction, eMSC were washed with 2%
FBS/PBS, trypsinized with TrypLETM (Life Technologies) and then incubated with APC-conjugated mouse
anti-human SUSD2 antibody (2 ug/ml) for 30 minutes in the dark on ice. Cells co-expressing mCherry and
SUSD2 were sorted using a Beckman XDP cell sorter (Beckman Coulter, Life Science, Australia) and the data
were analysed using Summit Cytomation software version 5.2. Sorted cells were then cultured until confluent for
seeding onto the PA 4+ G mesh. Lentiviral transduction does not affect the expression of the classic MSC markers
or SUSD2%.

Fabrication of PA + G mesh and seeding with human eMSC.  Polyamide (Nylon 6) meshes were warp
knitted to a mass per unit area of 42 g/m? using 80 pm monofilament (Wetekam) and coated with gelatin by
immersing in 12% sterile porcine type A gelatin, 300 g Bloom (G1890, Sigma Aldrich) and cross-linked with
0.0125% glutaraldehyde, as previously described*. PA + G meshes were cut into 1 X 1cm pieces and gamma
sterilized with 25kGy. Prior to cell seeding, mesh was coated with 10 ug/ml fibronectin for 30 minutes at 37 °C.
Mesh was then seeded at a density of 125,000 mCherry-labelled SUSD2" cells/cm? in 30-40 pL of medium per
mesh and cultured for 48-72 hours. On the day of surgery, additional eMSCs (125,000 cells/mesh) from the same
cell line were added to individual mesh pieces, together with 1 mM ruthenium metal complex, (2,2’-bipyridyl)
dichloro ruthenium (II) hexahydrate [Ru II(bpy);]** (Sigma-Aldrich) and 20 mM sodium persulfate (SPS)
(Sigma-Aldrich), to increase cell dosage to 500,000 eMSCs/mesh. The gelatin was then cross-linked using a
LED dental lamp (460 nm, 1200 mW/cm?, 3M Epilar Free Light 2) for 30 seconds*”. Control meshes of PA + G
(fibronectin coated) without cells were incubated in culture medium only and on the day of surgery a layer of
gelatin without cells was added to the mesh and similarly cross-linked using blue light.
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Primary

antibody Isotype Supplier Dilution(Concentration) Secondary Ab | Concentration | Supplier

CCR7 Rabbit monoclonal Abcam 1/200 (1 pg/ml) ]raagrl;li(telé Emi 1/500 Life Technologies
Rat IgG2a- Alexa Fluor | .

CD206 647 conjugated Biolegend | 1/100 (5 pg/ml) — — —

F4/80 Rat IgG2b BioRad | 1/200 (1pg/ml) St‘};kén anti | 4500 Life Technologies

Table 1. Details of antibodies used in immunostaining.

Implantation of eMSC-seeded PA + G Tissue Engineering Constructs. The experimental procedure
and mouse husbandry was approved by Monash Medical Centre Animal Ethics Committee A (2014/03). NSG
and C57BL6 mice were housed in the animal house at Monash Medical Centre according to the National Health
and Medical Research Council of Australia guidelines for the care and use of laboratory animals and were pro-
vided sterile food and water under controlled environmental conditions. Mice (48 NSG and 48 C57BL6) were
randomly divided into two experimental groups of 24 mice/group and implanted with PA + G mesh seeded with
(eMSC/mesh) or without (mesh control) eMSC. The mice were anaesthetized with 3% w/v Isoflurane® and car-
profen (5 mg/kg body weight) was used as analgesia. The abdomen was shaved and disinfected with 70% ethanol.
A longitudinal 1.2 cm skin incision was performed in the lower abdomen and the skin was separated from the
fascia by blunt dissection to make two pockets on each side of the midline. Tissue engineering constructs were
implanted into two pockets of each animal, which received either eMSC-seeded or unseeded meshes. Meshes
were sutured to the abdominal fascial layer using Dysilk 4-0® sutures (Dynek) on two ends. Skin closure was
performed with a single intracutaneous Dysilk 4-0® suture. Animals were euthanized in a CO, chamber and
tissue harvested at 3, 7, 14 and 30 days (6 mice/group/timepoint using the 6 different eMSC cell lines/group of
mice for each time point). Explanted meshes were dissected and divided into 3 parts for immunofluorescence,
quantitative RT-PCR and ELISA.

Immunofluorescence. Paraformaldehyde (4% for 24 hours at 4°C) fixed tissue samples frozen in OCT
were cut (8 um) and stained with rat anti-mouse F4/80 antibody (Table 1) to quantify total macrophages, rabbit
anti-mouse CCR7 for pro-inflammatory M1 macrophages and rat anti-mouse CD206 for anti-inflammatory M2
macrophages (Table 1). Sections were thawed and blocked with protein block (Dako) for 1 hour at RT. After one
wash in PBS, primary antibodies were incubated for 1 hour at RT. Isotype-matched antibodies (rat IgG2b, rat
IgG2a and rabbit monoclonal IgG) were used as negative controls and applied at the same concentrations. After
washing, Alexa-Fluor-488 and Alexa-Fluor-568-conjugated secondary antibodies were incubated for 30 min-
utes at RT, respectively. Nuclei were stained with Hoechst 33258 (Molecular Probes) for 3 minutes and the slides
were mounted with fluorescent mounting medium (Dako). To avoid the overlap of the red Alexa Fluor 568 and
mCherry, all the slides used for CCR7 immunostaining were first checked for the presence of mCherry signal and
those containing mCherry™ cells were excluded from the immunostaining.

Image analysis. Four images were taken per stained section from one frozen block at each time-point using
a FV1200 confocal microscope (Olympus, Life Science) at 20 x magnification. Mesh knots and the gelatin layer
were included and images were taken from the center of the mesh avoiding the sutures. The images were analyzed
using Image J software (National Institute of Health, NIH)*® to measure positive signals around mesh filaments
in 100 pm increments, as described previously*. The percentage of M1 (red) and M2 (white) macrophage immu-
nostaining was calculated as a proportion of total macrophages (green), co-localised in the same sections. Cell
numbers were calculated as a ratio of co-localized cells (green-red-blue) and/or (green-white-blue) to total mac-
rophages (green-blue).

Lysate preparation and protein assay. The frozen collected tissues were thawed and cut in half and
300 pl of lysis buffer*® was added and homogenized on ice for one min using a homogenizer (IKA T 10 basic
ULTRA-TURRAX). The supernatant was collected following centrifugation at 13,000 rpm for 10 minutes. Then
3 ul of the supernatant was used to quantify total protein content using a bicinchoninic acid assay (BCA) accord-
ing to the manufacturer’s directions (Thermo Scientific) and read at 562 nm using a plate reader (Biotek). Lysate
were stored in —80 °C prior to use in ELISAs.

ELISAs. The inflammatory cytokines, I1-13 and Tnf-o, were assessed by ELISA using mouse commercial kits
(BD Bioscience OptEIA). The plates were coated with capture antibodies and incubated overnight at 4°C. The
following day the plates were blocked with assay diluent (10% FBS in PBS) for one hour. The samples were diluted
1/10 in assay diluent and 50 pl of each of the samples and standards were loaded into the wells of 96 well plates.
After 2 hours incubation at room temperature (RT), the plates were washed three times and incubated with bioti-
nylated detection antibody for 1 hour followed with washing; then streptavidin-HRP was added to each well and
incubated for 30 minutes at RT. Finally, a stop solution was added and the plates were read at 450 nm using a plate
reader (Biotek). The cytokine concentration of the samples was obtained from the four-parameter logistic stand-
ard curve and normalized to total protein for each sample.

gqRT-PCR. RNA was extracted from explanted tissue using a RNA extraction mini kit (Qiagen-Life
Technologies) according to manufacturer’s protocol and the quality and yield determined by 260/280 and 230/260
absorbance in a Nanodrop (Lab Gear). The extracted RNA was stored at —80 °C until use. First-strand cDNA
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Primer sequences Forward Reverse

Arginase I (Argl) 5 CATGAGCTCGCCAAAGT 3’ 5 TTTTTCCAGCAGACCAGCTT 3/
Mannose Receptor (Mrc1) | 5 TGGCATGTCCTGGAATGAT 3’ 5 CAGGTGTGGGCTCAGGTAGT 3’
Interleukin 10 (1110) 5 TTTGAATTCCCTGGGTGAGA 3’ 5" AGACACCTTGGTCTTGGAGC 3/
11y 5 TCACCCAAGACTCTGCCTTTAC 3/ 5 CCATGGTGGCAGTGAGGTTT 3’
Tnfa 5 CCCTCACACTCAGATCATCTTCT 3’ | 5 GCTACGACGTGGGCTACAG 3’
GAPDH 5 AACTTTGGCATTGTGGAAGG 3’ 5 ACACATTGGGGGTAGGAACA 3/

Table 2. Primer sequences.

was synthesized using SuperScript III first-strand synthesis system (Invitrogen). 100 ng of cDNA was then meas-
ured and assessed by quantitative PCR. M2 macrophage markers including Mannose receptor, Arginase and 1110
mRNA and M1 macrophage markers including Il1b and Tnfa expression using SYBR Green Super Mix. Primer
sets are detailed in Table 2. The PCR conditions consisted of initial denaturation at 95 °C for 10 minutes, followed
by 40 cycles of denaturation at 95 °C for 15 seconds and annealing/polymerization at 60 °C for 60 seconds. To
determine the relative expression of target mRNA, the expression level of each gene was normalized to the expres-
sion level of GAPDH mRNA as an endogenous control and relative expression was reported as ACt.

Statistics. Statistical analysis was performed using GraphPad Prism v7. Data were normally distributed and
analyzed with two-way ANOVA (comparison of eMSC/mesh vs mesh control and time-points) and three-way
ANOVA (comparison of eMSC/mesh vs mesh control, four time-points and two mouse models) both followed
by Tukey posthoc test. Data are presented as mean +/— SEM.

References

1. Langer, R. & Vacanti, J. P. Tissue engineering. Science 260, 920-926 (1993).

2. Shafiee, A. & Atala, A. Tissue Engineering: Toward a New Era of Medicine. Annu Rev Med 68, 29-40, https://doi.org/10.1146/
annurev-med-102715-092331 (2017).

3. Vacanti, J. P. & Langer, R. Tissue engineering: the design and fabrication of living replacement devices for surgical reconstruction
and transplantation. Lancet 354(Suppl 1), Si32-34 (1999).

4. Chapple, C. R. et al. Application of Tissue Engineering to Pelvic Organ Prolapse and Stress Urinary Incontinence. Lower urinary
tract symptoms 7, 63-70, https://doi.org/10.1111/luts.12098 (2015).

5. Gigliobianco, G. et al. Biomaterials for pelvic floor reconstructive surgery: how can we do better? BioMed research international
2015, 968087, https://doi.org/10.1155/2015/968087 (2015).

6. Society, T. R. Obstract: interpreting the abstraction of tissue regeneration and re-engineering of female pelvic floor disorders in clinical
practice, https://royalsociety.org/science-events-and-lectures/2017/10/pelvic-floor/(2017).

7. Maher, C., Feiner, B., Baessler, K. & Schmid, C. Surgical management of pelvic organ prolapse in women. Cochrane Database Syst
Rev 4, Cd004014, https://doi.org/10.1002/14651858.CD004014.pub5 (2013).

8. Olsen, A. L., Smith, V., Bergstrom, J., Colling, J. & Clark, A. L. Epidemiology of surgically managed pelvic organ prolapse and
urinary incontinence. Obstet. Gynecol. 89, 501-506 (1997).

9. Smith, E. J., Holman, C. D., Moorin, R. E. & Tsokos, N. Lifetime risk of undergoing surgery for pelvic organ prolapse. Obstet Gynecol
116, 1096-1100, https://doi.org/10.1097/A0G.0b013e3181f73729 (2010).

10. Konstantinovic, M. L. et al. Tensile strength and host response towards different polypropylene implant materials used for
augmentation of fascial repair in a rat model. International urogynecology journal and pelvic floor dysfunction 18, 619-626, https://
doi.org/10.1007/s00192-006-0202-y (2007).

11. Tijdink, M. M., Vierhout, M. E., Heesakkers, J. P. & Withagen, M. I. Surgical management of mesh-related complications after prior
pelvic floor reconstructive surgery with mesh. Int Urogynecol ] 22, 1395-1404, https://doi.org/10.1007/s00192-011-1476-2 (2011).

12. de Tayrac R, D. X. et al. Long-term anatomical and functional assessment of trans-vaginal cystocele repair using a tension-free
polypropylene mesh. Int Urogynecol ] 17, 483-488, https://doi.org/10.1007/s00192-005-0046-x (2006).

13. Matsushima, A. et al. In vivo osteogenic capability of human mesenchymal cells cultured on hydroxyapatite and on beta-tricalcium
phosphate. Artif Organs 33, 474-481, https://doi.org/10.1111/j.1525-1594.2009.00749.x (2009).

14. Dolce, C.]. et al. Pushing the envelope in biomaterial research: initial results of prosthetic coating with stem cells in a rat model. Surg
Endosc 24, 2687-2693, https://doi.org/10.1007/s00464-010-1026-x (2010).

15. Zhao, Y. et al. Abdominal hernia repair with a decellularized dermal scaffold seeded with autologous bone marrow-derived
mesenchymal stem cells. Artif Organs 36, 247-255, https://doi.org/10.1111/j.1525-1594.2011.01343.x (2012).

16. Le Blanc, K. & Mougiakakos, D. Multipotent mesenchymal stromal cells and the innate immune system. Nature reviews. Immunology
12, 383-396, https://doi.org/10.1038/nri3209 (2012).

17. Ulrich, D., Muralitharan, R. & Gargett, C. E. Toward the use of endometrial and menstrual blood mesenchymal stem cells for cell-
based therapies. Expert Opinion on Biological Therapy 13, 1387-1400, https://doi.org/10.1517/14712598.2013.826187 (2013).

18. Darzi, S., Werkmeister, J. A., Deane, J. A. & Gargett, C. E. Identification and Characterization of Human Endometrial Mesenchymal
Stem/Stromal Cells and Their Potential for Cellular Therapy. Stem Cells Transl Med 5, 1127-1132, https://doi.org/10.5966/
sctm.2015-0190 (2016).

19. Masuda, H., Anwar, S. & HJ, B. A Novel Marker of Human Endometrial Mesenchymal Stem-Like Cells. Cell Transplantation (2012).

20. Schwab, K. E. & Gargett, C. E. Co-expression of two perivascular cell markers isolates mesenchymal stem-like cells from human
endometrium. Hum Reprod 22, 2903-2911, https://doi.org/10.1093/humrep/dem265 (2007).

21. Gargett, C. E., Schwab, K. E. & Deane, J. A. Endometrial stem/progenitor cells: the first 10 years. Hum Reprod Update 22, 137-163,
https://doi.org/10.1093/humupd/dmv051 (2016).

22. Edwards, S. L. et al. Characterisation of clinical and newly fabricated meshes for pelvic organ prolapse repair. ] Mech Behav Biomed
Mater 23, 53-61, https://doi.org/10.1016/j.jmbbm.2013.04.002 (2013).

23. Ulrich, D. et al. A preclinical evaluation of alternative synthetic biomaterials for fascial defect repair using a rat abdominal hernia
model. PLoS One 7, €50044, https://doi.org/10.1371/journal. pone.0050044 (2012).

24. Ulrich, D. et al. Human Endometrial Mesenchymal Stem Cells Modulate the Tissue Response and Mechanical Behavior of
Polyamide Mesh Implants for Pelvic Organ Prolapse Repair. Tissue Eng. Part A 20, 785-798 (2014).

SCIENTIFICREPORTS | (2018) 8:6554 | DOI:10.1038/s41598-018-24919-6 13


http://dx.doi.org/10.1146/annurev-med-102715-092331
http://dx.doi.org/10.1146/annurev-med-102715-092331
http://dx.doi.org/10.1111/luts.12098
http://dx.doi.org/10.1155/2015/968087
http://dx.doi.org/10.1002/14651858.CD004014.pub5
http://dx.doi.org/10.1097/AOG.0b013e3181f73729
http://dx.doi.org/10.1007/s00192-006-0202-y
http://dx.doi.org/10.1007/s00192-006-0202-y
http://dx.doi.org/10.1007/s00192-011-1476-2
http://dx.doi.org/10.1007/s00192-005-0046-x
http://dx.doi.org/10.1111/j.1525-1594.2009.00749.x
http://dx.doi.org/10.1007/s00464-010-1026-x
http://dx.doi.org/10.1111/j.1525-1594.2011.01343.x
http://dx.doi.org/10.1038/nri3209
http://dx.doi.org/10.1517/14712598.2013.826187
http://dx.doi.org/10.5966/sctm.2015-0190
http://dx.doi.org/10.5966/sctm.2015-0190
http://dx.doi.org/10.1093/humrep/dem265
http://dx.doi.org/10.1093/humupd/dmv051
http://dx.doi.org/10.1016/j.jmbbm.2013.04.002
http://dx.doi.org/10.1371/journal.pone.0050044

www.nature.com/scientificreports/

25. Edwards, S. L. et al. Temporal changes in the biomechanical properties of endometrial mesenchymal stem cell seeded scaffolds in a
rat model. Acta Biomater 13, 286-294, https://doi.org/10.1016/j.actbio.2014.10.043 (2015).

26. Anderson, J. M., Rodriguez, A. & Chang, D. T. Foreign body reaction to biomaterials. Semin Immunol 20, 86-100, https://doi.
org/10.1016/j.smim.2007.11.004 (2008).

27. Xia, Z. D. et al. Macrophages in degradation of collagen/hydroxylapatite(CHA), beta-tricalcium phosphate ceramics (TCP) artificial
bone graft. An in vivo study. Chinese medical journal 107, 845-849 (1994).

28. Labow, R. S., Sa, D., Matheson, L. A. & Santerre, J. P. Polycarbonate-urethane hard segment type influences esterase substrate
specificity for human-macrophage-mediated biodegradation. Journal of biomaterials science. Polymer edition 16, 1167-1177 (2005).

29. Sridharan, R., Cameron, A. R,, Kelly, D. J., Kearney, C. J. & O’Brien, F. J. Biomaterial based modulation of macrophage polarization:
a review and suggested design principles. Materials Today 18, 313 (2015).

30. Kim, J. & Hematti, P. Mesenchymal stem cell-educated macrophages: a novel type of alternatively activated macrophages. Exp
Hematol 37, 1445-1453, https://doi.org/10.1016/j.exphem.2009.09.004 (2009).

31. Nemeth, K. et al. Bone marrow stromal cells attenuate sepsis via prostaglandin E(2)-dependent reprogramming of host macrophages
to increase their interleukin-10 production. Nat Med 15, 42-49, https://doi.org/10.1038/nm.1905 (2009).

32. Gupta, N. et al. Intrapulmonary delivery of bone marrow-derived mesenchymal stem cells improves survival and attenuates
endotoxin-induced acute lung injury in mice. J Immunol 179, 1855-1863 (2007).

33. Shultz, L. D, Ishikawa, F. & Greiner, D. L. Humanized mice in translational biomedical research. Nature reviews. Immunology 7,
118-130, https://doi.org/10.1038/nri2017 (2007).

34. Klopfleisch, R. Macrophage reaction against biomaterials in the mouse model - Phenotypes, functions and markers. Acta Biomater
43, 3-13, https://doi.org/10.1016/j.actbio.2016.07.003 (2016).

35. Tonescu, L. I et al. Airway delivery of soluble factors from plastic-adherent bone marrow cells prevents murine asthma. Am J Respir
Cell Mol Biol 46, 207-216, https://doi.org/10.1165/rcmb.2010-03910C (2012).

36. Prockop, D.]. & Oh, J. Y. Medical therapies with adult stem/progenitor cells (MSCs): a backward journey from dramatic results in
vivo to the cellular and molecular explanations. J Cell Biochem 113, 1460-1469, https://doi.org/10.1002/jcb.24046 (2012).

37. Saldana, L. et al. Paracrine interactions between mesenchymal stem cells and macrophages are regulated by 1,25-dihydroxyvitamin
D3. Scientific reports 7, 14618, https://doi.org/10.1038/s41598-017-15217-8 (2017).

38. Luz-Crawford, P. et al. The immunosuppressive signature of menstrual blood mesenchymal stem cells entails opposite effects on
experimental arthritis and graft versus host diseases. Stem Cells 34, 456-469, https://doi.org/10.1002/stem.2244 (2016).

39. Barragan, F. et al. Human Endometrial Fibroblasts Derived from Mesenchymal Progenitors Inherit Progesterone Resistance and
Acquire an Inflammatory Phenotype in the Endometrial Niche in Endometriosis. Biol Reprod 94, 118, https://doi.org/10.1095/
biolreprod.115.136010 (2016).

40. Serreze, D. V., Gaedeke, J. W. & Leiter, E. H. Hematopoietic stem-cell defects underlying abnormal macrophage development and
maturation in NOD/Lt mice: defective regulation of cytokine receptors and protein kinase C. Proceedings of the National Academy
of Sciences of the United States of America 90, 9625-9629 (1993).

41. Agrawal, H. et al. Human adipose-derived stromal/stem cells demonstrate short-lived persistence after implantation in both an
immunocompetent and an immunocompromised murine model. Stem Cell Res Ther 5, 142, https://doi.org/10.1186/scrt532 (2014).

42. Gurung, S., Deane, J. A, Darzi, S., Werkmeister, J. A. & Gargett, C. E. In Vivo Survival of Human Endometrial Mesenchymal Stem
Cells Transplanted Under the Kidney Capsule of Inmunocompromised Mice. Stem cells and development 27, 35-43, https://doi.
0rg/10.1089/s¢d.2017.0177 (2018).

43. Chen, L., Tredget, E. E., Wu, P. Y. & W, Y. Paracrine factors of mesenchymal stem cells recruit macrophages and endothelial lineage
cells and enhance wound healing. PloS one 3, €1886, https://doi.org/10.1371/journal.pone.0001886 (2008).

44. Chan, R. W,, Schwab, K. E. & Gargett, C. E. Clonogenicity of human endometrial epithelial and stromal cells. Biol Reprod 70,
1738-1750, https://doi.org/10.1095/biolreprod.103.024109 (2004).

45. Gurung, S., Werkmeister, J. A. & Gargett, C. E. Inhibition of Transforming Growth Factor-beta Receptor signaling promotes culture
expansion of undifferentiated human Endometrial Mesenchymal Stem/stromalCells. Scientific reports 5, 15042, https://doi.
org/10.1038/srep15042 (2015).

46. Su, K. et al. Induction of endometrial mesenchymal stem cells into tissue-forming cells suitable for fascial repair. Acta Biomater 10,
5012-5020, https://doi.org/10.1016/j.actbio.2014.08.031 (2014).

47. Elvin, C. M. et al. A highly elastic tissue sealant based on photopolymerised gelatin. Biomaterials 31, 8323-8331, https://doi.
org/10.1016/j.biomaterials.2010.07.032 (2010).

48. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat Methods 9, 676-682, https://doi.org/10.1038/
nmeth.2019 (2012).

49. Darzi, S. et al. Tissue response to collagen containing polypropylene meshes in an ovine vaginal repair model. Acta Biomater 39,
114-123, https://doi.org/10.1016/j.actbio.2016.05.010 (2016).

50. Nold, M. E. et al. Interleukin-1 receptor antagonist prevents murine bronchopulmonary dysplasia induced by perinatal inflammation
and hyperoxia. Proceedings of the National Academy of Sciences of the United States of America 110, 14384-14389, https://doi.
org/10.1073/pnas.1306859110 (2013).

Acknowledgements

The authors would like to thank Kellie Woodclarke for collecting tissue, Mina Khalaji and Jingyuan Shi for
performing the ELISAs, Dr Kirstin Elgass, Monash Micro Imaging, for helping with confocal microscope
and image analysis and Monash Histology Platform for processing tissues for sectioning. This work was
supported by National Health and Medical Research Council (NHMRC) of Australia Project Grant 1081944
(C.E.G., J.A.W.), an NHMRC Senior Research Fellowship (1042298) (C.E.G.), Monash University International
Research Postgraduate Scholarship (S.D.), Monash Graduate Scholarship (S.D.), and the Victorian government’s
Operational Infrastructure Support Program.

Author Contributions

Study conception and design: S.D., C.E.G., ].W,, ].D. Experimental designs: C.E.G., ].D., S.D., .W., C.N. Perform
experiments, S.D., ].D., S.M., K.S.T. Assistance with and provision of essential materials: S.L.E., A.V,, S.G., D.G.
Statistical analysis: S.D., C.E.G. Manuscript writing and editing: S.D., C.E.G., J.W.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-24919-6.

Competing Interests: The authors declare no competing interests.

SCIENTIFICREPORTS | (2018) 8:6554 | DOI:10.1038/s41598-018-24919-6 14


http://dx.doi.org/10.1016/j.actbio.2014.10.043
http://dx.doi.org/10.1016/j.smim.2007.11.004
http://dx.doi.org/10.1016/j.smim.2007.11.004
http://dx.doi.org/10.1016/j.exphem.2009.09.004
http://dx.doi.org/10.1038/nm.1905
http://dx.doi.org/10.1038/nri2017
http://dx.doi.org/10.1016/j.actbio.2016.07.003
http://dx.doi.org/10.1165/rcmb.2010-0391OC
http://dx.doi.org/10.1002/jcb.24046
http://dx.doi.org/10.1038/s41598-017-15217-8
http://dx.doi.org/10.1002/stem.2244
http://dx.doi.org/10.1095/biolreprod.115.136010
http://dx.doi.org/10.1095/biolreprod.115.136010
http://dx.doi.org/10.1186/scrt532
http://dx.doi.org/10.1089/scd.2017.0177
http://dx.doi.org/10.1089/scd.2017.0177
http://dx.doi.org/10.1371/journal.pone.0001886
http://dx.doi.org/10.1095/biolreprod.103.024109
http://dx.doi.org/10.1038/srep15042
http://dx.doi.org/10.1038/srep15042
http://dx.doi.org/10.1016/j.actbio.2014.08.031
http://dx.doi.org/10.1016/j.biomaterials.2010.07.032
http://dx.doi.org/10.1016/j.biomaterials.2010.07.032
http://dx.doi.org/10.1038/nmeth.2019
http://dx.doi.org/10.1038/nmeth.2019
http://dx.doi.org/10.1016/j.actbio.2016.05.010
http://dx.doi.org/10.1073/pnas.1306859110
http://dx.doi.org/10.1073/pnas.1306859110
http://dx.doi.org/10.1038/s41598-018-24919-6

www.nature.com/scientificreports/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:6554 | DOI:10.1038/s41598-018-24919-6 15


http://creativecommons.org/licenses/by/4.0/

	Endometrial Mesenchymal Stem/Stromal Cells Modulate the Macrophage Response to Implanted Polyamide/Gelatin Composite Mesh i ...
	Results

	eMSC transduction and survival in vivo on PA + G mesh. 
	eMSC induce macrophage polarization. 
	eMSC modulate inflammatory cytokine mRNA expression. 
	eMSC modulate inflammatory cytokine secretion. 
	eMSC induce the expression of M2 macrophage markers. 

	Discussion

	Material and Methods

	Endometrial Tissues. 
	Isolation of SUSD2+ eMSC and Culture. 
	mCherry Lentivirus Transduction of eMSC. 
	mCherry+ / SUSD2+ eMSC Sorting. 
	Fabrication of PA + G mesh and seeding with human eMSC. 
	Implantation of eMSC-seeded PA + G Tissue Engineering Constructs. 
	Immunofluorescence. 
	Image analysis. 
	Lysate preparation and protein assay. 
	ELISAs. 
	qRT-PCR. 
	Statistics. 

	Acknowledgements

	Figure 1 eMSC transduction and survival of eMSC on PA + G mesh in NSG mice.
	Figure 2 Macrophages surround implanted mesh with or without eMSC.
	Figure 3 M1 macrophage quantification around implanted mesh in C57BL/6 and NSG mice.
	Figure 4 M2 macrophage quantification around implanted mesh in C57BL/6 and NSG mice.
	﻿Figure 5 mRNA expression of M1 macrophage markers by Quantitative PCR.
	Figure 6 Inflammatory M1 macrophage cytokine secretion assayed by ELISA.
	Figure 7 mRNA expression of M2 macrophage markers by Quantitative PCR.
	Table 1 Details of antibodies used in immunostaining.
	Table 2 Primer sequences.




