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Wound healing plays an integral part of cellular and molecular events. This process may be
implicated in tissue regeneration. Regeneration can be contributed to complete tissue restoration and
improvement of tissue disfigurement towards the original condition. Also, such cellular and molecular
events are orchestrated both spatially and temporally.

Tissue regeneration, scar-less wound healing, and fibrosis are all dependent upon the phylogenetic
event of the organism, as well as the inflammatory responses, which are influenced by age, sex, and
interaction with the environment [1]. Under these conditions, the lack of a true blastema allows for
only scarring wound repair in the inbred MRL/MpJ strain of mice and the outbred CD-1 and Swiss
Webster laboratory mouse stocks [2].

In cytokines, IL-1 and TNF-α are always present during wound repair, but their pleiotropic
and synergistic effects are not well understood. Rather than improving wound repair in young
males, IL-1 signaling blockade increased epithelial thickness and IL-1β and TNF-α expression, and
diminished epidermal apoptosis. TNF-α impaired wound repair in middle-aged females, which
exhibited acanthosis and overexpression of IL-1, but no change in apoptosis. These findings suggest
that this mechanism of epidermal thickening differs from that observed in IL1-ra-treated animals [3].

In this issue, Aoki et al. report a sphingosine-1-phosphate (S1P), which is a lipid mediator that
promotes angiogenesis, cell proliferation, and attracts immune cells. They clarify the roles of S1P in
skin wound healing by altering the expression of its biogenic enzyme, sphingosine kinase-1 (SphK1).
The SphK1 overexpression also leads to less scarring, and the interaction between transforming growth
factor (TGF)-β1 and S1P receptor-2 (S1PR2) signaling is likely to play a key role [4].

Kanno et al. find an interferon (IFN)-γ, known for its inhibitory effects on collagen synthesis by
fibroblasts in vitro; however, information is limited regarding its role in wound healing in vivo. IFN-γ
might be involved in the proliferation and maturation stages of wound healing through the regulation
of neutrophilic inflammatory responses in IFN-γ-deficient (KO) mice [5].

Wound impairment is accelerated and completed with the local administration of recombinant
human (rh)-growth hormone (GH) accelerating PU healing in non-obese diabetic/severe combined
immunodeficient mice engrafted with a full-thickness human skin graft model in 60 days [6].

Other than skin, matrisome properties of scaffolds directing fibroblasts in idiopathic pulmonary
fibrosis [7] and liver regeneration are enhanced by hepatocyte-derived angiogenesis via B-cell
CLL/lymphoma/nuclear factor-Kappa B signaling [8], while wound repair and regeneration mechanisms
of autologous adipose-derived stem cells in some patients with human immunodeficiency virus (HIV),
treated by highly active antiretroviral therapy, are elucidated and analyzed in detail [9].

In novel aspects, the cloning and identification of Periplaneta americana, the American cockroach,
thymosin (Pa-THYs) are obtained by bioinformatics and it is found that Pa-THYs also stimulate the
expression of several key growth factors to promote wound healing. The data suggest that Pa-THYs
could be a potential drug for promoting wound repair [10].

Lastly, maresins (MaRs) and macrophages are reviewed, focusing on the potent action of MaRs to
enhance M2 macrophage phenotypic profiles to possibly alleviate inflammatory pain [11].

Int. J. Mol. Sci. 2019, 20, 6328; doi:10.3390/ijms20246328 www.mdpi.com/journal/ijms1
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Abstract: Wound healing starts with the recruitment of inflammatory cells that secrete wound-related
factors. This step is followed by fibroblast activation and tissue construction. Sphingosine-1-phosphate
(S1P) is a lipid mediator that promotes angiogenesis, cell proliferation, and attracts immune cells.
We investigated the roles of S1P in skin wound healing by altering the expression of its biogenic
enzyme, sphingosine kinase-1 (SphK1). The murine excisional wound splinting model was used.
Sphingosine kinase-1 (SphK1) was highly expressed in murine wounds and that SphK1−/− mice
exhibit delayed wound closure along with less angiogenesis and inflammatory cell recruitment.
Nanoparticle-mediated topical SphK1 overexpression accelerated wound closure, which associated
with increased angiogenesis, inflammatory cell recruitment, and various wound-related factors.
The SphK1 overexpression also led to less scarring, and the interaction between transforming growth
factor (TGF)-β1 and S1P receptor-2 (S1PR2) signaling is likely to play a key role. In summary, SphK1
play important roles to strengthen immunity, and contributes early wound healing with suppressed
scarring. S1P can be a novel therapeutic molecule with anti-scarring effect in surgical, trauma, and
chronic wound management.

Keywords: sphingosine-1-phosphate; sphingosine kinase-1; sphingosine1-phosphate receptor-2; skin
wound healing

1. Introduction

Wound healing is a dynamic and complex process that consists of sequential, albeit somewhat
overlapping, inflammatory, proliferative, and remodeling phases [1–4]. In the inflammatory phase,
immune cells (particularly macrophages) are recruited into the wound [3,5]. Inflammatory cells not
only sterilize the wound; they also generate a finely balanced assortment of factors that promotes the
rapid healing in the proliferative phase [3,5], which includes angiogenesis [6]. The topical wound
treatments that are currently available target some of these factors (e.g., prostaglandin E1 and basic

Int. J. Mol. Sci. 2019, 20, 3381; doi:10.3390/ijms20143381 www.mdpi.com/journal/ijms3
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fibroblast growth factor). Recent studies have shown that fatty acids and their G protein-coupled
receptors may also be important targets of novel wound healing treatments: several studies showed
that the fatty acid receptors GPR40 and GPR120 play important roles in wound healing processes such
as cell migration [7,8]. In addition, natural products such as honey, alkaloids, flavonoids, tannins,
saponins, and polyphenols have been shown to promote wound healing [9,10]. We speculate here that
additional emerging therapeutic targets in skin wound healing may be the sphingolipids and their
biogenic enzymes.

Sphingosine-1-phosphate (S1P) is generated by sphingosine kinase-1 (SphK1) and -2 (SphK2),
which are located in the cytosol and nucleus, respectively. Only SphK1-generated S1P is transported
out of the cell [11]. It then binds in a paracrine or autocrine manner to S1P-specific G protein-coupled
receptors (S1PR), of which there are five forms.

This binding event regulates various physiological processes in the S1P-binding cell [12], as follows.
First, the binding of S1P to S1PR regulates lymphocyte trafficking, including the recruitment of
inflammatory cells into inflamed tissues [13–15]. This effect is mediated by the S1P concentration
gradient between various tissues: this gradient shapes the egress of S1PR1-expressing lymphocytes
from secondary lymphoid organs into the blood or lymphatic vessels [16,17]. This mechanism has
been targeted for the treatment of multiple sclerosis: Fingolimod (FTY720), which is a functional
agonist of S1PR, induces lymphocytes to sequester in lymph nodes, thereby preventing them from
contributing to the autoimmune reaction that causes the disease [12]. S1P-S1PR binding also acts to
retain inflammatory cells in inflamed tissues, which produce high levels of S1P [13,18–20].

Second, S1P-S1PR binding plays key regulatory roles in vasculogenesis, angiogenesis, and blood
vessel permeability [13,18–20]. Specifically, S1P regulates angiogenesis by binding to S1PR1 and S1PR3
on vascular endothelial cells, thereby inducing them to form capillary-like networks [18]. Moreover, S1P
(and its functional analog FTY720) increases adherens junction assembly in endothelial cells: as a result,
S1P treatment potently inhibits VEGF-induced endothelial cell transmonolayer permeability in vitro
and vascular permeability in mice [21]. Since there are high levels of S1P in the blood, this vascular
permeability-related activity of S1P also helps maintain the endothelial barrier integrity of specific
vascular beds. This function of S1P is mediated by endothelial cell S1PR1 [22]. By contrast, S1P binding
to S1PR2 disrupts endothelial barrier permeability [23]. These disparate effects of the S1PRs are due to
the fact that S1PR1 couples solely with Gi/o whereas S1PR2 couples with Gq, G12, and G13 as well as
Gi/o. The activation of G12 and G13 stimulates the small GTPase Rho, which induces cortical actin
destabilization, stress-fiber formation, and endothelial barrier disruption [22,24].

Given that S1P promotes lymphocyte recruitment to and retention in inflamed tissues along with
vasculogenesis and angiogenesis, we hypothesized that S1P is involved in the skin wound healing
process by enhancing the local recruitment of the inflammatory cells that produce various wound
healing-related factors in the wound. The aim of this study was to clarify the roles of the SphK1/S1P
axis in the wound healing process.

2. Results

2.1. Longitudinal SphKs and S1PRs Expression during Mouse Wound Healing

To test our hypothesis, we first investigated S1P signaling during wound healing using the murine
excisional wound splinting model [25]. SphK1 expression in the wound started increasing on Day 2
and peaked on Day 5 (88.6-fold increase compared with immediately after the wounds were generated)
(Figure 1A). SphK2 expression did not change (Figure 1B). Interestingly, the expression of S1PR2 (which
inhibits S1PR1 and S1PR3 signaling [12]) gradually increased towards the end of the wound healing
process. S1PR1 expression did not change significantly (Figure 1C). S1PR3 expression was not detected
at any time point. Thus, SphK1, but not S1PR1, is massively upregulated in the proliferative phase of
wound healing.
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Figure 1. Longitudinal sphingosine-1-phosphate (S1P) production during mouse wound healing.
Splinted excisional wounds (n = 4–6) were generated in C57BL/6J mice, and the mRNA expression of
(A) sphingosine kinase-1 (SphK1), (B) sphingosine kinase -2 (SphK2), and (C) sphingosine-1-phosphate
reseptor-1/2 (S1PR1/2) in the wound during wound healing was measured. All values shown in this
figure represent the mean ± s.e.m. * p < 0.05, ** p < 0.01.

2.2. Effect of SphK1 Gene Knockout on Wound Healing, Vasculogenesis, and Cell Proliferation

Compared with littermate wild-type (WT) mice, SphK1−/− mice had significantly delayed wound
healing, as determined by two-factor repeated measures ANOVA (Figure 2A,B; p = 0.010). This reflects
the tendency of the SphK1−/− mice to have larger wound sizes on Days 5, 7, and 9 after injury,
as determined by Student’s t-test (p = 0.056, 0.262, and 0.068, respectively). We investigated
vasculogenesis on Day 5 by immunohistochemistry against CD34, which is an early marker of
vasculogenesis [26]. The SphK1−/− mice exhibited significantly less angiogenesis than the WT mice
(Figure 2C–E). Immunohistochemistry with Ki67 showed that SphK1 knockout also had similar
suppressive effects on the proliferation of both the fibroblasts in the wound (Figure 2F) and the
keratinocytes at the wound edge (Figure 2G). The Ki67+ cells in the latter analyses are expressed as the
percentage of Ki67+ cells/total cells per field.

Figure 2. Cont.
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Figure 2. Effect of SphK1 knockout on wound healing, vasculogenesis, and cell proliferation.
(A) Splinted excisional wounds were generated in SphK1−/− and SphK1+/+ mice. Representative images
of the closing wounds are shown. (B) Change in wound area over time (n = 6–10). (C) Representative
images of CD34 expression on immunohistochemistry are shown. Arrowheads indicate positive
findings (scale bars: 50 μm). (D) The numbers of CD34-positive microvessels per 200-fold magnified
field are graphed (n = 4). (E) The percentage of the wound area that is occupied by CD34+ cells is
graphed (n = 4). (F) Representative images of Ki67 expression in fibroblasts on immunohistochemistry
are shown. Arrowheads indicate positive findings (scale bars: 50 μm). The frequencies of Ki67+

fibroblasts are graphed (n = 4). (G) Representative images of Ki67 expression in keratinocytes
on immunohistochemistry are shown. Arrowheads indicate positive findings (scale bars: 50 μm).
The frequencies of Ki67+ keratinocytes are graphed (n = 4). All values shown in this figure represent
the mean ± s.e.m. * p < 0.05, ** p < 0.01.

2.3. Effect of SphK1 Gene Knockout on Inflammatory Cell Recruitment during Wound Healing

Immunohistochemistry showed that the SphK1−/− mice exhibited significantly decreased
macrophage numbers compared to the WT mice on Day 5 (Figure 3A–C). Flow cytometric analyses
confirmed that the SphK1−/− mice had significantly lower frequencies of T cells in the wound five days
after injury (Figure 3D,E).

Figure 3. Effect of SphK1 knockout on inflammatory cell recruitment during wound healing.
(A) Representative images of F4/80 expression on immunohistochemistry are shown. Arrowheads
indicate positive findings (scale bars: 50 μm). (B) The percentage of the wound area that is occupied
by F4/80+ cells is graphed (n = 4). (C) The number of F4/80+ cells per field is graphed (n = 4). (D,E)
Representative flow cytometric plots (D) and frequency of the indicated T cell populations (E) on Day 5
after wounding, as determined by flow cytometry (n = 5–8). All values shown in this figure represent
the mean ± s.e.m. ** p < 0.01.

6
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2.4. Effect of Nanoparticle-Mediated Topical SphK1 Gene Delivery on Wound Healing, Vasculogenesis, and
Cell Proliferation

We generated control and SphK1-expressing plasmids that were encapsulated with super carbonate
apatite (sCA). sCA is a nanoparticle that is safe for in vivo gene delivery. The in vitro and in vivo
safety of sCA-mediated gene delivery has been reported [27]. When mixed with sCA, the control and
SphK1-expressing plasmids transfected mouse dermal fibroblast NIH3T3 cell lines in vitro with high
efficiency (Figure 4A). Ointments containing the sCA-encapsulated plasmids were then generated and
applied topically to the wounds of wound splinting model mice (Figure 4B). V5-tag protein expression
analysis showed that the plasmids had a high transfection rate in vivo (Figure 4C). Compared with
the vector, the SphK1 plasmid significantly accelerated wound closure, as determined by two-factor
repeated measures ANOVA (p < 0.0001, Figure 4D,E). This reflected significantly greater closure on
Days 7 and 9 after injury (p = 0.003 and 0.0002, respectively), as shown by Student’s t-test (the vector
and SphK1 plasmid did not differ significantly in terms of Day 5 closure rate; p = 0.122). We then
investigated vasculogenesis and cell proliferation on Day 5 by immunohistochemistry. The SphK1
plasmid ointment significantly accelerated vasculogenesis (Figure 4F–H). Immunohistochemistry with
Ki67 showed that the SphK1 plasmid ointment had corresponding positive effects on the proliferation
of both the fibroblasts in the wound (Figure 4I) and the keratinocytes at the wound edge (Figure 4J).
The Ki67+ cells in the latter analyses are expressed as the percentage of positive cells/total cells per field.

Figure 4. Cont.
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Figure 4. Effect of SphK1 overexpression on wound healing, vasculogenesis, and cell proliferation.
(A) In vitro transfection efficiency with SphK1-expressing plasmid using super carbonate apatite
(sCA) in NIH3T3 cells. (B) An ointment containing a SphK1-expressing plasmid encapsulated with
sCA was prepared. (C) In vivo transfection efficiency of the sCA-encapsulated plasmid, as shown
by immunoblots of V5-SphK1 expression in the wound surface tissues two days after application.
(D) Representative images of the closing wounds are shown. (E) Effect of the plasmid ointment on
wound closure. The change in wound area over time is graphed (n = 12). (F) Representative images
of CD34 expression on immunohistochemistry are shown. Arrowheads indicate positive findings
(scale bars: 50 μm). (G) The numbers of CD34-positive microvessels per 200-fold magnified field are
graphed (n = 4). (H) The percentage of the wound area that is occupied by CD34+ cells is graphed
(n = 4). (I) Representative images of Ki67 expression in fibroblasts on immunohistochemistry are shown.
Arrowheads indicate positive findings (scale bars: 50 μm). The frequencies of Ki67+ fibroblasts are
graphed (n= 4). (J) Representative images of Ki67 expression in keratinocytes on immunohistochemistry
are shown. Arrowheads indicate positive findings (scale bars: 50 μm). The frequencies of Ki67+

keratinocytes are graphed (n = 4). All values shown in this figure represent the mean ± s.e.m. * p < 0.05,
** p < 0.01.

2.5. Effect of Nanoparticle-Mediated Topical SphK1 Gene Delivery on Inflammatory Cell Recruitment during
Wound Healing

Immunohistochemistry showed that the SphK1 plasmid-treated wounds had significantly higher
macrophage numbers on Day 5 (Figure 5A–C). Moreover, the SphK1 plasmid ointment increased
the recruitment of total T cells, CD4 T cells, and CD8a T cells in the wound five days after injury
(Figure 5D,E). It should be noted that uninjured SphK1−/− mice exhibit normal lymphocyte trafficking
despite the fact that their blood S1P levels are about half of those in WT mice [28]. Thus, our experiments
suggest that SphK1 participates in the recruitment of inflammatory cells to the wound, and that this
is needed for the normal progression of the proliferative phase of wound healing. These results are
consistent with our hypothesis that after wounding, S1P generated by SphK1 promotes vasculogenesis
and recruits inflammatory cells, including lymphocytes and macrophages, and that this facilitates the
wound healing process during the proliferative phase. Furthermore, immunoblot analyses showed
that the SphK1 plasmid ointment increased expression of the well-known wound healing-related
factors VEGF, FGF-2, and IGF-1 [29–31] in the wound on Day 5 (Figure 5F,G). These findings suggest
that these wound-related factors were secreted by the recruited lymphocytes and macrophages.
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Figure 5. Effect of SphK1 overexpression on inflammatory cell recruitment and enhanced wound-related
factors. (A) Representative images of F4/80 expression on immunohistochemistry are shown.
Arrowheads indicate positive findings (scale bars: 50 μm). (B) The percentage of the wound area that is
occupied by F4/80+ cells is graphed (n = 4). (C) The number of F4/80+ cells per field is graphed (n = 4).
(D,E) Representative flow cytometric plots (D) and frequency of the indicated T cell populations (E) on
Day 5 after wounding, as determined by flow cytometry (n = 5–8). (F) Effect of the plasmid ointment on
the expression of the indicated wound healing-related factors on Day 5 after wounding, as determined
by immunoblot analysis. (G) The immunoblots were quantified and the data were graphed (n = 3).
All values shown in this figure represent the mean ± s.e.m. * p < 0.05, ** p < 0.01.

2.6. Effect of SphK1 Overexpression on Granuloma Formation

When we injected sponge granulomas in mice with the sCA-encapsulated vector or SphK1 plasmid
every other day, as described previously [32], the SphK1 plasmid generated clearer collagen bundles,
higher fibroblast density, and less dead cell accumulation in the center of the sponge on Day 14
(Figure 6A). Moreover, on Day 14 after injury, the SphK1 plasmid associated with significantly more
granulation than the control plasmid (Figure 6B).
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Figure 6. Topical SphK1 gene delivery promotes granulation. (A) Representative images of the
hematoxylin and eosin (HE)-stained sponge granulomas treated with sCA-encapsulated plasmid
injection on Day 14 are shown. The black boxes are shown magnified. (scale bars: Perspective: 1 mm;
LPF: 400 μm; HPF: 50 μm). (B) Percentage of granulated area is graphed (n = 8). All values in this
figure represent the mean ± s.e.m. * p < 0.05.

2.7. Effect of SphK1 and S1PR2 Gene Expression on Scar Thickness, the Interaction between Transforming
Growth Factor (TGF)-β1 and S1P

We treated the dermal fibroblast line NIH3T3 with SphK1 plasmid or exogenous S1P. We found
that exogenous S1P, but not the SphK1 plasmid, suppressed the transcription of Collagen1a1 and
Collagen3a1 in the cells (Figure 7A,B). Thus, exogenous S1P, but not endogenously produced S1P,
prevents the collagen deposition of dermal fibroblasts. Notably, when the exogenous S1P-stimulated
cells were treated with the S1PR1 and S1PR3 inhibitor VPC23019 or the S1PR2 inhibitor JTE013,
their collagen production was restored (Figure 7C). Thus, exogenous S1P suppresses the collagen
deposition of dermal fibroblasts via S1PR signaling. Transforming growth factor (TGF)-β1, which is
produced during the proliferative phase of wound healing, induces fibroblasts to produce granulation
tissue in vivo and extracellular matrix in vitro [33,34]. Our finding that endogenous S1P, but not
exogenous S1P, also promotes granulation and participates in the proliferative phase of wound healing
led us to examine the effect of TGF-β1 treatment on S1PR expression by NIH3T3 cells. We found
that this treatment significantly suppressed transcription of S1PRs (Figure 7D). This suggests that
TGF-β1 is a key modulator of the ability of S1P to promote the proliferative phase of wound healing.
Given that S1PR2 expression in the wound increased around the end of wound closure (Figure 1C),
S1PR2−/− mice had significantly smaller wounds on Day 12 after injury (Figure 7E,F). This suggests that
S1PR2 signaling negatively regulates SphK1-S1PR1 signaling, thereby slowing down wound closure
at the end of the proliferative phase and allowing the wound to prepare for the remodeling phase.
Interestingly, we discovered that when the wounds in the mouse excisional wound splinting model
were treated with SphK1-sCA ointment, the scars that formed when epithelization was completed
were much thinner than the scars of the vector-sCA-treated mice. The SphK1-sCA-treated wounds
also had much thinner collagen bundles, as shown by high power field images (Figure 7G,H).
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Figure 7. Topical SphK1 gene delivery inhibits scarring. The mRNA expression of Collagen1a1 and
Collagen3a1 in NIH3T3 cells (A) stimulated with the indicated concentration of S1P for 24 h (n = 4) or
(B) transfected with SphK1-expressing plasmid or vector plasmid (n = 4). (C) The mRNA expression
of Collagen1a1 and Collagen3a1 in NIH3T3 cells stimulated with 1 μM S1P for 24 h with or without
10 μM VPC23019 (inhibitor of S1PR1 and S1PR3) or JTE013 (inhibitor of S1PR2) (n = 3). (D) The mRNA
expression of the indicated S1PRs in NIH3T3 cells stimulated with the indicated concentration of
transforming growth factor (TGF)-β1 for 18 h (n = 3). (E) Splinted excisional wounds were generated in
S1PR2−/− and S1PR2+/+ mice. Representative images of the closing wounds are shown. (F) The wound
area over time was measured (n = 6). (G) Representative images of Masson’s trichrome-stained scars at
the point of epithelization after treatment with sCA-encapsulated plasmid ointment (the scale bars are
LPF: 400 μm; HPF: 50 μm). “D” indicates the scar thickness. (H) The scar thickness was measured and
graphed (n = 4–6). All values in this figure represent the mean ± s.e.m. * p < 0.05, ** p < 0.01.
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3. Discussion

The present study demonstrates that there were high levels of SphK1 expression after wounding
and that high endogenous production of S1P via SphK1 plasmid transfection accelerated wound
closure and induced less scarring. It also suggested that the scarless healing induced by the SphK1
plasmid is due to the anti-fibrotic effect of S1P-S1PR signaling in the early phase of wound healing.
This is supported by the fact that S1P treatment of dermal fibroblasts suppressed their production of
collagens and that this effect was reversed by S1PR inhibitors. These observations together suggest
that since the SphK1 plasmid transfection increases S1P levels, it may prolong the anti-fibrotic effects
of S1P-S1PR signaling during the proliferative phase of wound healing. This in turn limits the
deposition of extracellular matrix, thus generating minimal granulation tissue and very thin scars
when epithelialization is complete.

We found that SphK1 knockout significantly decreased the recruitment to the wound of CD3a+

T cells but not CD4+CD3a+ and CD8a+CD3a+ T cells. By contrast, topical overexpression of SphK1
significantly increased the CD4+CD3a+ and CD8a+CD3a+ T cell populations as well as the total CD3a+

T cell population in the wound. This apparent discrepancy may reflect the different methods involved:
SphK1 knockout has systemic effects whereas the SphK1 ointment has direct local effects. It will be
of interest to further examine the profile of the T cells that are recruited to the wound (including NK
cells and γδ T cells) when SphK1 is systemically knocked out: this may help elucidate the mechanisms
by which the SphK1/S1P axis recruits T cells. Our finding that altering SphK1/S1P signaling shapes
not just wound healing but also T cell recruitment suggests that T cells participate in wound healing.
This notion is supported by multiple lines of evidence. For example, CD3 T cell numbers in the wound
bed increase during the proliferation phase, particularly in the regenerating epidermis [35], and total T
cell depletion impairs wound healing [36]. Moreover, burn injuries activate γδ T cells at the injury site.
This initiates extensive infiltration by αβ T cells, which facilitate the transition from the inflammatory
phase to the proliferative phase [37]. In addition, wound healing is associated with activation of
epidermal T cells and their production of growth factors [38].

Overexpression of SphK1 increases recruitment of lymphocytes and macrophages while at the same
time enhancing retention; this strengthens subsequent fibroblast activation. Therefore, granulation is
promoted. However, fibroblasts activated by TGFβ-1 find it difficult to respond to S1P stimulation
as S1PRs are down-regulated (Figure 7D). This phenomenon should decrease as wound healing
proceeds towards epithelialization. The anti-fibrotic effect mediated by S1PR signaling occurs with
epithelialization. Treatment with the SphK1 plasmid strengthens the dynamic transition from the
proliferative phase to the remodeling phase, resulting in inhibited scarring (Figure 7F).

TGF-β1 is likely to play a key role in S1P-S1PR1 signaling-induced less scarring. This cytokine is
produced during the proliferative phase of wound healing and induces granulation [33,34]. Fibroblasts
activated by TGFβ-1 find it difficult to respond to S1P stimulation as S1PRs are down-regulated
(Figure 7A,D). This phenomenon should decrease as wound healing proceeds towards epithelialization.
The anti-fibrotic effect mediated by S1PR signaling occurs with epithelialization. Treatment with the
SphK1 plasmid strengthens the dynamic transition from the proliferative phase to the remodeling
phase, resulting in inhibited scarring (Figure 7F). The expression of TGF-β1 during the proliferative
phase of wound healing postpones S1PR2 expression in the wound. Thus, when high S1P levels
are generated by SphK1 plasmid transfection, the S1PR2 that is eventually produced is less able to
suppress anti-fibrotic S1P-S1PR1 signaling. This limits the production of extracellular matrix and
thereby inhibits excessive scar formation.

Immune responses play important roles in skin wound healing [39], and the present study
suggests that increased expression of SphK1 also improves wound healing by strengthening these
responses. These responses result in the production of multiple wound healing factors; they also
have an anti-bacterial effect [40,41]. Since all currently available wound healing agents either target
angiogenesis or fibroblast function [42–44], SphK1 plasmid treatment constitutes a novel approach
to wound healing. Moreover, SphK1 plasmid treatment is simple. By contrast, other wound healing
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agents must be applied in a stepwise fashion: first, infections or necrotic tissues must be removed,
followed by treatment with agents that support fibroblast function and/or angiogenesis. Notably,
macrophage polarization was suggested recently to participate in wound healing [45,46]. Further
studies exploring the effect of the systemic or local SphK1/S1P axis on macrophage polarization may
expand the potential usefulness of these molecules in wound management.

In summary, we found that the SphK1/S1P axis accelerated wound healing by increasing
angiogenesis and the recruitment of T cells and macrophages, which secreted various wound-related
factors. It was also involved in inhibiting excessive scarring because it promoted the anti-fibrotic effect
of S1P signaling. This finding suggests that the SphK1/S1P axis may be a novel therapeutic agent that
could help limit scarring after surgery and trauma and aid chronic wound management. However,
studies that further elucidate the role of the SphK1/S1P axis in wound healing are needed to determine
its full clinical potential.

4. Material and Methods

4.1. Animal Models and Wound Area Analysis

C57BL/6J mice were purchased from Jackson Laboratory. SphK1 KO and S1PR2 KO mice were
from Dr. Richard Proia (The National Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK) of National Institutes of Health (NIH)). All animal procedures were approved by the
Institutional Animal Care and Use Committee of the Virginia Commonwealth University on 1 July
2015 (AD20100) and the Animal Experimental Ethical Review Committee of Nippon Medical School on
7 September 2016 (28-054). The murine excisional wound splinting model was generated as described
previously [25]. Mice were anesthetized with isoflurane, and their dorsal hair was removed. Two
5 mm-diameter full-thickness skin punches were generated symmetrically on either side of the midline.
Circular 12 mm-diameter silicon rubber splints were punched in the center to generate 6 mm-diameter
holes. They were then fixed with instant-bonding adhesive and sutures around the punch wounds.
After applying the required ointment, the wounds were dressed with Tegaderm (3M, Maplewood,
MN, USA). The wounds were photographed at the indicated time points. The digital photos were
analyzed using GIMP 2.8 software. The pixels of the wound area were normalized to the pixels of
the inside of the silicon splint. The wound areas at the indicated time points were expressed as ratios
relative to the wound area immediately after wounding.

4.2. Cells and S1P Preparation

Murine dermal fibroblast NIH3T3 cells, human cervix epithelioid carcinoma HeLa cells, and human
embryo kidney HEK293 were cultured in Dulbecco’s modified eagle medium (DMEM) containing 10%
fetal bovine serum (FBS). To analyze collagen production, ascorbic acid 2-phosphate (Sigma-Aldrich,
Carlsbad, CA, USA) was added to the culture medium to a concentration of 0.2 mM. S1P was purchased
from Sigma-Aldrich and 1 mM was sonicated in 4% bovine serum albumin (BSA). Recombinant human
TGFβ-1 was purchased from R&D systems (Minneapolis, MN, USA). VPC23019 was purchased from
Avanti (Alabaster, AL, USA). JTE013 was purchased from Cayman Chemical (Ann Arbor, MI, USA).

4.3. Plasmid Construction, In Vitro Transfection with sCA-Encapsulated Plasmids, and Preparation of
Plasmid-sCA Ointment

The murine SphK1 gene was amplified using TaKaRa Ex Taq Hot Start Version (TaKaRa, Kusatsu,
Japan). The SphK1-expressing plasmid was then constructed using the pcDNA3.1/V5-His TOPO
TA Expression Kit (Invitrogen, Carlsbad, CA, USA). sCA-encapsulated plasmids were prepared as
described previously [27,47]. Thus, 4 μL of 1 M CaCl2 was incubated at 37 ◦C for 30 min with 2 μg of
plasmid DNA in 1 mL of an inorganic solution (NaHCO3, 44 mM; NaH2PO4, 0.9 mM; CaCl2, 1.8 mM;
pH 7.5) and then centrifuged at 12,000 rpm for 3 min. After the pellet was dissolved with DMEM,
the solution was sonicated in a water bath for 10 min, thus generating sCA-encapsulated plasmids.
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Cells cultured in 6-well plates for 24 h were incubated with the plasmid-sCA-DMEM solution for 6 h.
The medium was then replaced with DMEM containing 10% FBS. After another 48 h, the cells were
collected for total RNA isolation. The plasmid-sCA ointment was generated by dissolving the sCA
pellet with 50 μL of PBS, mixing it with 100 μg of plasmid DNA, and then mixing the solution into
200 μL of Aquaphor®. The four wounds of two mice were each treated once with 250 μL of ointment.

4.4. Sponge Granulomas in Mice and Their Injection with Plasmid-sCA

Sponge granulomas were generated in two mice as described previously [32]. Thus, polyvinyl
alcohol (PVA) sponges were processed to generate 10 mm-diameter 3 mm-thick sponges. The sponges
were irradiated with ultraviolet light and infiltrated with saline for 48 h. The sponges were then
transplanted (two per mouse) in the subcutaneous dorsal area in a symmetrical fashion. sCA was mixed
with 50 μg of plasmid DNA and pelleted. The pellet was then dissolved in 100 μL of saline containing
0.5% mouse serum albumin. The two sponges on one mouse were injected every other day with 50 μL
of sCA-plasmid. The two sponges on the other mouse were injected with sCA-vector. The samples
were harvested 14 days after transplantation and subjected to histological analysis. The percentage
of total area that was occupied by eosin-positive area in the sponges were analyzed by using ImageJ.
Four fields per sponge were analyzed and the averages were calculated.

4.5. Flow Cytometry

Cells were isolated from the wound tissues as described previously [6]. Thus, the tissues were
cut into small pieces and digested at 37 ◦C for 90 min in DMEM containing 10% FBS, 1.2 mg/mL
hyaluronidase (Sigma-Aldrich), 2 mg/mL collagenase (Sigma-Aldrich), and 0.2 mg/mL DNase I
(Sigma-Aldrich). The cell pellets were resuspended in PBS containing 2% FBS and then incubated
with anti-CD16/32 antibody (BioLegend, San Diego, CA, USA) for 5 min to block the Fcγ receptors.
To measure inflammatory cell recruitment, the wound cell preparations were stained with phycoerythrin
(PE)-conjugated anti-Gr-1, allophycocyanin (APC)-conjugated anti-CD3a, PE/CY7-conjugated anti-CD4,
or fluorescein isothiocyanate (FITC)-conjugated anti-CD8a antibody (CiteAb, Bath, UK) at 4 ◦C for
20 min. The lymphocytes were analyzed with FACSDiva (BD, San Jose, CA, USA).

4.6. Quantitative RT-PCR

Total RNA was extracted using TRIzol® Regent (Invitrogen). cDNA was synthesized using High
Capacity cDNA Reverse Transcription Kits (Applied Biosystems, Foster City, CA, USA). qRT-PCR was
performed by using a CFX96 Real-Time System (Bio-Rad, Hercules, CA, USA) with PowerUp SYBR
Green master mix (Bio-Rad). GAPDH served as the internal control. The primer pairs used are shown
in Table 1. Relative expression was calculated using the 2−ΔΔCt method with correction for different
amplification efficiencies.

Table 1. The primers used for quantitative real-time RT-PCR.

Primer Bio-Rad Assay ID Forward (5′->3′) Reverse (5′->3′)
Col1a1 CGATGGATTCCCGTTCGAGTA CATTAGGCGCAGGAAGGTCA
Col3a1 GAAGTCTCTGAAGCTGATGGG TTGCCTTGCGTGTTTGATATTC

GAPDH qMmuCEP0039581
S1PR1 qMmuCID0020925
S1PR2 qMmuCED0004722
S1PR3 qMmuCIP0028162
SphK1 qMmuCED0040475
SphK2 qMmuCED0039969

4.7. Immunohistochemistry, Western Blot Analysis, and Scar Thickness Analysis

Paraffin-embedded sections were stained with H&E or Masson’s trichrome stain and primary
antibodies against F4/80, Ki67, and CD34. The immunostained sections were developed with
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VECTASTAIN Universal Elite ABC Kit (Vector, Burlingame, CA, USA). All antibodies were from
Abcam (Cambridge, UK). The sections were analyzed using ImageJ. The excised wound tissue was
homogenized with liquid nitrogen. Total protein was isolated using 1% NP-40. Equal amounts of protein
were separated by SDS-PAGE and then transferred to a nitrocellulose membrane. The membranes were
incubated with primary antibodies against V5 (Invitrogen), VEGF, FGF-2 (Santa Cruz Biotechnology,
Dallas, TX, USA), IGF-1 (Abcam), or GAPDH (Cell Signaling Technology, Danvers, MA, USA),
followed by horseradish peroxidase-conjugated IgG against mouse, rabbit, or goat antibodies (Jackson
ImmunoResearch, West Grove, PA, USA). The membranes were developed by using SuperSignal
Chemiluminescent Substrates (Thermo Fisher Scientific, Cambridge, MA, USA). The antibodies used
are summarized in Table 2. The quantification was performed by using ImageJ. Scar thickness
was measured by photographing the sectioned tissues after Masson’s trichrome staining and then
using ImageJ.

Table 2. The primary antibodies used for this study.

Antigen Company Application Concentration

F4/80 Abcam Immunohistochemistry 1:100
Ki67 Abcam Immunohistochemistry 1:100
CD34 Abcam Immunohistochemistry 1:100
V5 Invitrogen Western blot 1:5000
VEGF Santa Cruz Western blot 1:200
FGF-2 Santa Cruz Western blot 1:200
IGF-1 Abcam Western blot 1:500

GAPDH Cell Signaling
Technology Western blot 1:1000

4.8. Statistical Analysis

Wound groups were compared using two-factor repeated measures ANOVA. If three or more
wound groups were compared, ANOVA was followed by post-hoc Tukey’s test. Two wound groups
were compared using Student’s t-test or Welch’s t-test after F test. p < 0.05 was considered significant.
All statistical analyses were performed using Statcel2 software (OMS, Saitama, Japan).
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Abstract: Interferon (IFN)-γ is mainly secreted by CD4+ T helper 1 (Th1), natural killer (NK) and
NKT cells after skin injury. Although IFN-γ is well known regarding its inhibitory effects on collagen
synthesis by fibroblasts in vitro, information is limited regarding its role in wound healing in vivo.
In the present study, we analyzed how the defect of IFN-γ affects wound healing. Full-thickness
wounds were created on the backs of wild type (WT) C57BL/6 and IFN-γ-deficient (KO) mice. We
analyzed the percent wound closure, wound breaking strength, accumulation of leukocytes, and
expression levels of COL1A1, COL3A1, and matrix metalloproteinases (MMPs). IFN-γKO mice
exhibited significant attenuation in wound closure on Day 10 and wound breaking strength on Day
14 after wound creation, characteristics that are associated with prolonged neutrophil accumulation.
Expression levels of COL1A1 and COL3A1 mRNA were lower in IFN-γKO than in WT mice, whereas
expression levels of MMP-2 (gelatinase) mRNA were significantly greater in IFN-γKO than in WT
mice. Moreover, under neutropenic conditions created with anti-Gr-1 monoclonal antibodies, wound
closure in IFN-γKO mice was recovered through low MMP-2 expression levels. These results suggest
that IFN-γ may be involved in the proliferation and maturation stages of wound healing through the
regulation of neutrophilic inflammatory responses.
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1. Introduction

Wound healing is a complex process involving inflammation, cell proliferation, matrix deposition,
and tissue remodeling [1,2]. During the inflammatory phase, infiltrating neutrophils and macrophages
play an important role in the defense against bacterial infections and debridement of necrotic tissue [2].
In the proliferation phase, fibroblasts and myofibroblasts interact and produce extracellular matrix
(mainly collagen), resulting in granulation tissue formation. The tissue remodeling process is associated
with tissue maturation and collagen degradation by matrix metalloproteinases (MMPs), which are
mainly derived from leukocytes and dermal fibroblasts [3]. Previously, several MMPs including
MMP-2, -8, -9 and -13 have been reported to be involved in wound healing [4–7].

Neutrophils are the first infiltrating cells to appear within 24 h after wound creation and are
necessary for host defense responses [8,9]. However, prolonged neutrophil infiltration is involved in
the degradation of collagen by the production of proteinases such as MMPs. In-vitro collagen synthesis
by fibroblasts is induced by transforming growth factor-β (TGF-β) [10,11] and inhibited by interferon
(IFN)-γ [12,13].

IFN-γ is mainly secreted by CD4+ helper T cells, NK cells, and NKT cells and contributes to
the activation of immune cells [14]. IFN-γ is also associated with both neutrophil recruitment and
cell clearance through apoptosis [15]. Indeed, in the thrombus resolution process, which resembles
wound healing, the absence of IFN-γ accelerates thrombus resolution by enhancing MMP-9 but not
MMP-2 [16]. As for IFN-γ’s role in wound healing, in a mouse acute open wound model [14] and a
post-scald burn injury model [17], IFN-γKO mice exhibited accelerated healing and enhanced TGF-β
expression compared with WT mice, suggesting that IFN-γ makes a negative contribution to the skin
wound healing process. While treatment with TNF-α plus IFN-γ-stimulated monocytes/macrophages
in diabetic rat wounds improved the delay in wound healing [18], IFN-γ’s role in wound healing
remains controversial.

With this background, we focused on the effects of IFN-γ deficiency on the proliferation phase of
skin wound healing using a mouse model with full-thickness wounds. Here, we show that IFN-γ is
required for the repair of skin wounds in the proliferation phase due to its regulation of neutrophilic
inflammatory responses, including the activation of MMP-2 (Gelatinase A) which is mainly derived
from neutrophils.

2. Results

2.1. Delayed Wound Healing in IFN-γ-Deficient Mice in the Proliferative Phase

To examine the possible contribution of IFN-γ to wound healing, the rate of wound closure in
IFN-γKO mice was compared with that in WT mice. Wound closure on Day 10 was significantly
delayed in IFN-γKO mice compared with WT mice (Figure 1A,B). To confirm this effect, wound
breaking strength was examined. Wound breaking strength on Day 14 was significantly delayed in
IFN-γKO mice compared with WT mice (Figure 1C). As an alternate indicator of wound healing,
we also evaluated α-SMA, which indicates myofibroblast differentiation. As shown in Figure 1D,
the number of α-SMA+ cells was significantly decreased in IFN-γKO mice. In addition, IFN-γKO
mice exhibited lower COL1A1, COL3A1, and TGF-β1 expression compared with WT mice on Day 14
(Figure 1E).
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Figure 1. IFN-γ deficiency leads to impaired wound healing in skin. Wounds were created on the
backs of WT or IFN-γKO mice. (A) Wound photographs in WT or IFN-γKO mice. (B) Percentage of
wound closure was evaluated on Days 5, 7, and 10. (C) Wound breaking strength was measured on day
14. (D) The number of myofibroblasts stained with anti-α-SMA antibody on Day 10. The myofibroblast
density/mm2 was determined by counting the positive cells within six visual fields (n = 6). Arrows
indicate the re-epithelialized leading edges. (E) Real-time PCR was performed to detect COL1A1,
COL3A1, and TGF-βmRNA isolated from the wound. Each column represents the mean ± SD. * p < 0.05.

2.2. Prolonged Accumulation of Neutrophils in IFN-γKO Mice

To define the role of inflammatory leukocytes during the wound healing process in IFN-γKO
mice, wounded skin tissues were histologically examined in IFN-γKO and WT mice. As shown in
Figure 2A, the former genotype exhibited prolonged accumulation of inflammatory leukocytes at
the wound sites on Day 7. In the WT mice, in contrast, mainly fibroblasts were accumulated at the
wound sites. Next, Ly6G, a marker specific to neutrophils, given that accumulated macrophages and
eosinophils at the wound sites did not express Ly6G [19], was evaluated histologically. As shown in
Figure 2B, the number of Ly6G+ cells on Day 7 was significantly greater in IFN-γKO mice. Consistent
with these results, CXCL1 (KC) and CXCL2 (MIP-2) expression levels were also significantly higher in
IFN-γKO mice than in WT mice on Day 7 (Figure 2C).
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Figure 2. Prolonged accumulation of neutrophils in IFN-γ-KO mice. (A) Representative histological
views of skin wounds on Day 7 are shown. (B) The number of neutrophils stained with anti-Ly6G
antibody on Day 7. The Ly6G+ cell density/mm2 was determined by counting the positive cells in
six visual fields (n = 6). (C) Real-time PCR was performed to detect CXCL1 (KC) and CXCL2 (MIP-2)
mRNA isolated from the wound. Each column represents the mean ± SD. * p < 0.05.

2.3. Inhibited MMP-2 Activation by IFN-γ

To define the mechanisms underlying IFN-γ-associated reductions in breaking strength and in
COL1A1 and COL3A1 expression as well as IFN-γ-associated prolonged neutrophil accumulation,
we examined mRNA expression levels of the collagen degradation-associated factors MMP-2 and
MMP-9 in the wounded tissue. MMP-2 mRNA expression on Day 14 was significantly increased in
IFN-γKO mice compared with WT mice; with regard to MMP-9 expression, in contrast, there was no
significant difference between WT and IFN-γKO mice (Figure 3A). As shown in Figure 3B, from a
morphological perspective, MMP-2 is mainly expressed in neutrophils in IFN-γKO mice in contrast to
WT mice. Next, because MMP-2 expression was significantly increased in IFN-γKO mice, we examined
the involvement of IFN-γ in the activity of neutrophil-derived MMP-2 and pro-MMP-2 activity by
gelatin zymography. As shown in Figure 3C,D, pro-MMP-2 activity level was significantly suppressed
by IFN-γ in a concentration-dependent manner, while MMP-2 activity, in contrast, was not detected in
any experimental groups.
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Figure 3. IFN-γ leads to inhibited MMP-2 activation. (A) Real-time PCR was performed to detect MMP-2
and MMP-9 mRNA isolated from the wound. (B) Representative histological views of wounded skin
stained with MMP-2 antibody on Day 7. Red indicates MMP-2 positive cells. (C) Thioglycolate-elicited
peritoneal neutrophils were treated with IFN-γ and lipopolysaccharide (LPS) for 24 h. The conditioned
medium samples were analyzed for pro-MMP-2 activation by gelatin zymography. (D) The levels
of pro-MMP-2 activation in (C) were analyzed using Image J image analysis software. Each column
represents the mean ± SD. * p < 0.05. M—marker.

2.4. Wound Healing and MMP-2 Expression after Neutrophil Depletion Induced by Anti-Gr-1 Monoclonal
Antibody in IFN-γKO Mice

As histological findings have revealed, MMP-2 derived mainly from neutrophils is involved
in the delayed wound healing in IFN-γKO mice, as described above. Accordingly, we examined
the effect of neutropenia induced by means of the anti-Gr-1 monoclonal antibody on wound closure
and MMP-2 expression. As shown in our recent study [20], the neutrophils in peripheral blood are
completely depleted by this treatment. Wound closure on Day 10 was significantly accelerated in
anti-Gr-1 antibody-treated mice compared with control IgG-treated mice (Figure 4A). As shown in
Figure 4B,C, the accumulation of Ly6G+ neutrophils had almost completely disappeared on Day 10 after
anti-Gr-1 antibody administration at the wound sites. In addition, MMP-2 expression was significantly
decreased in anti-Gr-1 antibody-treated mice (Figure 4D). In the control group, interestingly, MMP-2
was mainly detected in infiltrating leukocytes, whereas MMP-2-expressing fibroblasts were frequently
detected in the anti-Gr-1 antibody-treated group (Figure 4E).
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Figure 4. Neutrophil depletion by means of anti-Gr-1 monoclonal antibody leads to decreased MMP-2.
(A) IFN-γKO mice were injected intraperitoneally with anti-Gr-1 monoclonal antibody or control
rat IgG 5 and 7 days after wound creation. Percentage of wound closure was evaluated on Day 10.
(B) Representative histological views of skin wounds on Day 10 are shown. (C) The number of
neutrophils stained with anti-Ly6G antibody on Day 10. The Ly6G+ cell density/mm2 was determined
by counting the positive cells in six visual fields (n = 6). (D) Real-time PCR was performed to detect
MMP-2 mRNA isolated from the wound. (E) Representative histological views of wounded skin
stained with MMP-2 antibody on Day 10. Each column represents the mean ± SD. * p < 0.05.

3. Discussion

In the current study, IFN-γKO mice exhibited significant attenuation in wound closure, wound
breaking strength, and myofibroblast differentiation in the proliferation phase compared with WT mice
through prolonged neutrophil accumulation and enhanced MMP-2 activation.

IFN-γ contributes to macrophage activation [14], neutrophil recruitment, and cell clearance
by apoptosis [15]. Yet the question of how IFN-γ contributes to wound healing, especially in the
proliferative phase, remains controversial and poorly understood. Regarding the role of IFN-γ in
skin wounds, we previously reported that IFN-γ plays a key role in the early phase of the wound
healing process in a study on mice deficient in invariant natural killer T (iNKT) cells, which are
major IFN-γ-producing cells [21]. In addition, IFN-γ-treated LEPCs, which initiate blood vessel
regeneration [22], or TNF-α- and IFN-γ-treated monocytes/macrophages [18] have been reported to be
involved in the promotion of wound healing. In the current study, IFN-γKO mice exhibited significant
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attenuation in wound closure on Day 10 in association with prolonged neutrophil accumulation.
In contrast to this, Ishida and Kondo et al. [14] demonstrated that IFN-γdeficiency accelerated the wound
healing process in association with an early-phase reduction in the infiltration of myeloperoxidase
(MPO)+ neutrophils, F4/80+ macrophages, and CD3+ T cells.

Our murine wound model was at low risk for microbial infection as we used a clean procedure
for the wounding and occlusive dressings for the wounds (closed wounds) until tissue collection.
The model used by Ishida and Kondo et al. [14], in contrast, analyzed open wounds, i.e., wounds that
had not been covered with occlusive dressings. This difference may have affected the different results
of our two studies as a variation in environmental moisture and the microbial load at the wound site
may have affected the findings. This possibility is strengthened by our previous finding that, compared
with WT mice, IL-17AKO mice exhibited accelerated wound healing under closed-wound conditions
but delayed wound healing under open-wound conditions [23].

In the present study, IFN-γKO mice exhibited diminished wound breaking strength, reduced
myofibroblast differentiation, and low levels of COL1A1 and COL3A1 expression. Although several
reports have demonstrated that IFN-γ can inhibit collagen synthesis by fibroblasts in vitro [12,13],
in wound sites, IFN-γ can contribute to collagen deposition [21]. Previously, Hata et al. reported that
TGF-β1 induces myofibroblast differentiation and collagen synthesis in the proliferation phase [24].
In this study, TGF-β1 expression was decreased in IFN-γKO mice compared with WT mice. Thus, our
results are likely to be related to a delay in collagen synthesis.

In the current study, IFN-γKO mice exhibited delayed wound repair in the proliferative phase
along with an increased neutrophil count, suggesting that accumulated neutrophils may suppress the
healing process. In normal acute wounds, neutrophils are infiltrated immediately after skin injury and
initially play a key role in antimicrobial activity; later, these cells undergo apoptosis and are engulfed by
macrophages [25]. In non-healing wounds, however, prolonged neutrophil accumulation often leads
to persistent inflammation through the production of proteases such as MMPs [26]. The functions of
MMP-2 [6], MMP-8 [5], and MMP-9 [27] have been studied with regard to the wound healing process.
MMP-2 is not considered to play a critical role in normal acute murine wounds [6]. In non-healing
wounds in humans, however, high levels of MMP-2 activity have been detected [28]. In the current
study, IFN-γKO mice exhibited delayed wound healing associated with a significant increase in MMP-2
expression on recruited neutrophils at the wound sites. We also confirmed that pro-MMP-2 activity
levels in peritoneal neutrophils were significantly suppressed by IFN-γ stimulation. In fact, our
current results demonstrate that delayed wound healing in IFN-γKO mice can be recovered under
neutropenic conditions induced by treatment with the anti-Gr-1 monoclonal antibody, and that this
recovery is associated with low levels of MMP-2. Previously, Qin et al. [29] reported the transcriptional
suppression of MMP-2 gene expression in human astroglioma cells by IFN-γ administration. Our skin
wound model likewise suggests that IFN-γ could be involved in MMP-2 expression.

MMP-2 has been reported to involve tissue remodeling by degrading extracellular matrix
components such as type III collagen, type IV collagen, fibronectin and elastin [30,31]. At wound sites,
upregulation of MMP-2 expression has been observed in both granulation and scar tissues after skin
injury [32]: during normal wound repair, MMP-2 expression reached peak levels on Day 3 after wound
creation and declined thereafter to the baseline level [33]. In this study, we showed that IFN-γKO mice
exhibited decreased wound breaking strength along with upregulated MMP-2 activity, suggesting that
MMP-2 in the proliferative phase may reduce the strength of wounded skin. Thus, MMP-2 is likely
to contribute positively in the early phase of wound healing, and negatively from the proliferative
phase onward.

In this study, our in vitro gelatin zymography experiment detected pro-MMP-2 activity but not
MMP-2 itself in peritoneal neutrophils. It has previously been reported that MMP-2 is secreted as a
zymogen (pro-MMP-2), and that membrane-bound MMP-14 (MT-1-MMP), which is mainly expressed
on fibroblasts and cancer cells, activates secreted MMP-2 by cleaving its pro-domain [34]. Thus,

25



Int. J. Mol. Sci. 2019, 20, 5657

the absence of MMP-14-expressing cells such as fibroblasts may be related to the absence of detectable
MMP-2 in our in vitro analysis.

In conclusion, the present study demonstrated that IFN-γ plays an important role in the
proliferation phase of skin wound healing and in the neutrophilic inflammatory response at the wound
site. To date, little was known about IFN-γ’s function in the proliferation phase; here, we have shown
that it contributes significantly to wound strength and the suppression of inflammation. Inflammation
is deeply involved in wound healing [35], but little is known about therapy for inflammatory responses
at the wound sites. IFN-γ therapy has already been used as a treatment for pulmonary fibrosis [36]
and may also be useful in a novel approach to the treatment of augmented fibrosis in the skin, such as
hypertrophic scarring, keloid scarring and scleroderma. However, we did not confirm the effects of
IFN-γ administration in this study. Further investigation is necessary to clarify the effects of IFN-γ
therapy on augmented fibrosis in skin as well as its optimal dose and route.

4. Materials and Methods

4.1. Animals

IFN-γ gene-disrupted (knockout (KO)) mice were generated and established as described
previously [37] and backcrossed to C57BL/6 mice for more than eight generations. Wild-type (WT)
C57BL/6 mice, purchased from CLEA Japan (Tokyo, Japan), were used as controls. Male or female
mice at 7 to 10 weeks of age were used in the experiments. Food and water were available ad libitum.
All mice were kept under specific pathogen-free conditions in the Institute for Animal Experimentation,
Tohoku University Graduate School of Medicine (Sendai, Japan). All experimental protocols described
in the present study were approved by the Ethics Review Committee for Animal Experimentation of
Tohoku University (2016MdA-279-3, 19 July 2016; 2016MdLMo-138-3, 7 July 2016). All experiments
were performed under anesthesia, and all efforts were made to minimize suffering of the animals.

4.2. Wound Creation and Tissue Collection

All handling of the animals was performed under anesthesia induced by an intraperitoneal
injection of 40 mg/kg sodium pentobarbital (Somnopentyl, Kyoritsu Seiyaku Corporation, Tokyo,
Japan) and sustained by inhalation anesthesia of isoflurane (Isoflurane, Mairan Pharma, Osaka, Japan).
The dorsal hair was shaved to fully expose the n skin, which was then rinsed with 70% ethanol. Four
full-thickness wounds extending to the panniculus carnosus were created using a 6 mm diameter
biopsy punch (Biopsy Punch, Kai industries Co., Ltd., Gifu, Japan) under sterile conditions. The injured
areas were covered with a polyurethane film (Tegaderm Transparent Dressing, 3M Health Care, St. Paul,
MN, USA) and an elastic adhesive bandage (Hilate, Iwatsuki, Tokyo, Japan) as an occlusive dressing.
The day on which the wounds were made was designated as Day 0. At various time points, mice were
sacrificed, and the wound tissue was collected by excising a 1 cm square section of skin using scissors
and a surgical knife.

4.3. Administration of Anti-Gr-1 Antibody and the Effect of Neutrophil Depletion Induced by This Means

Anti-Gr-1 monoclonal antibody was purified from hybridoma culture supernatants (clones
RB6-8C5) using a protein G column kit (Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA).
To neutralize the biological activity of neutrophils, mice were injected intraperitoneally with 400 μg of
mAb on Days 5 and 7 after wounding. Rat IgG (ICN Pharmaceuticals, Aurora, OH, USA) was used
as a control antibody. Immediately prior to injection and on Days 1, 2 and 5 after injection, mouse
blood was collected via the tail vein and reacted with 0.83% ammonium chloride and Tris-HCl (pH 7.2),
then washed three times with 1% FCS RPMI 1640 medium, yielding the blood cells used in our flow
cytometric analysis. These blood cells were stained with PE-CD11b (BioLegend, San Diego, CA, USA)
and APC/Cy7-anti-Ly6G mAb (clone 1A8; BioLegend). Isotype-matched irrelevant IgG was used
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for control staining. The stained cells were analyzed using a BD FACS Canto II flow cytometer (BD
Bioscience, San Jose, CA, USA).

4.4. Measurement of the Wound Area

Morphometric analysis was performed on digital images obtained using a digital camera (CX4;
Ricoh, Tokyo, Japan). After the wounds were created, photographs were taken of each wound before
dressing. At various time points, the polyurethane films were gently removed from the experimental
mice, and the wounds were photographed. Each wound area was quantified by tracing its margin and
calculating the pixel area using AxioVision imaging software Release 4.6 (Carl Zeiss Micro Imaging
Japan, Tokyo, Japan). Percentage of wound closure was calculated using the following formula: %
wound closure = (1 −wound area at the indicated time point/wound area on Day 0) × 100.

4.5. Wound Breaking Strength

Wounded skin tissue was harvested from WT and IFN-γKO mice on Day 14 after wound creation.
A strip of this tissue located 5 mm from the center of the wound was excised with a no. 15 surgical
blade (Feather Safety Razor Co., Ltd., Osaka, Japan). Wound breaking strength was measured using
an IMS-001 (Keisei Medical Industrial Co., Ltd., Tokyo, Japan) as previously described [38]. Briefly,
each side of the strip was pinched in a clip and the two clips were pulled apart at a constant speed of
3 cm/min until the strip broke. The result was expressed as the tensile force necessary to break the
repaired wounds. Tensile force is characterized as tissue fragility and delay of collagen synthesis.

4.6. Histology and Immunohistochemistry

The tissues were fixed with 4% paraformaldehyde-phosphate buffer solution and embedded in
paraffin. Sections were taken from the central portion of the wound and stained with hematoxylin-eosin
(HE) according to the standard method.

For immunohistochemical analysis, after endogenous peroxidase was blocked with
methanol/hydrogen peroxide, the sections were incubated with 10% normal rabbit serum for 20 min
to block non-specific binding and then stained with anti-α-smooth muscle actin (α-SMA) antibody
(dilution 1:200; Vector Laboratories, Inc., Burlingame, CA, USA), anti-Ly6G Ab (clone 1A8; dilution
1:100; BioLegend), or anti-MMP-2 (dilution 1:200; Chemicon, Darmstadt, Germany). The sections
were incubated with peroxidase-conjugated secondary Ab (4 μg/mL; Histofine Simple Stain MAX-PO,
Nichirei Bioscience, Tokyo, Japan), then reacted with 3, 3-diaminobenzidine (DAB) (Nichirei Bioscience)
or Alkaline Phosphatase (Dako, Bettingen, Switzerland). The number of myofibroblasts and neutrophils
in six random fields (each 0.2 mm2) was determined by counting the number of α-SMA-positive cells or
the number of Ly6G-positive cells, respectively. All analyses were performed under blinded conditions.

4.7. RNA Extraction and Quantitative Real-Time RT-PCR

Total RNA was extracted from the wound tissues using ISOGEN (Nippon Gene Co. Ltd., Tokyo,
Japan), and first-strand cDNA was synthesized using the PrimeScript first-strand cDNA synthesis kit
(TaKaRa Bio Inc., Otsu, Japan) according to the manufacturer’s instructions. Quantitative real-time
PCR was performed in a volume of 20 μL using gene-specific primers and FastStart essential DNA
green master mix (Roche Applied Science, Penzburg, Germany) in a Step OneTM (Thermo Fisher
Scientific, Waltham, MA, USA). Primers were as follows: 5′- TGT TCA GCT TTG ACC TCC G -3′
(Forward) and 5′- TAC CTC GGG TTT CCA CGT CTC A -3′ (Reverse) for COL1A1, 5′- GGA CCA GGC
AAT GAT GGA AAA CC -3′ (Forward) and 5′- ACC AGG GAA ACC CAT GAC ACC -3′ (Reverse) for
COL3A1, 5′-CCG CGC CTA TCG CCA ATG AGC TGC GC-3′ (Forward) and 5′-CTT GGG GAC ACC
TTT TAG CAT CTT TTG G-3′ (Reverse) for CXCL1 (KC), 5′-CTG AAC AAA GGC AAG GCT AAC
TG -3′ (Forward) and 5′-CAC ATC AGG TAC GAT CCA GGC TT -3′ (Reverse) for CXCL2 (MIP-2),
5′- CCC CTG ATG TCC AGC AAG TAG A -3′ (Forward) and 5′- AGT CTG CGA TGA GCT TAG
GGA AA-3′ (Reverse) for MMP-2, 5′- CCC TGG AAC TCA CAC GAC ATC TTC-3′ (Forward) and
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5′- GGT CCA CCT TGT TCA CCT CAT TTT -3′ (Reverse) for MMP-9 and 5′-GCT TCC TCC TCA
GAC CGC TT-3′ (Forward) and 5′-TCG CTA ATC ACG ACG CTG GG-3′ (Reverse) for β-actin (ACTB).
The reaction efficiency with each primer set was determined using standard amplifications. Target
gene expression levels and that of ACTB as a reference gene were calculated for each sample using
the reaction efficiency. The results were analyzed using a relative quantification procedure and are
presented as expression levels relative to that of ACTB.

4.8. Isolation of Peritoneal Neutrophils

Thioglycolate-elicited peritoneal neutrophils were obtained from WT mice by a previously
described method [39]. WT mice were intraperitoneally injected with 1.5 mL of sterile 4% thioglycolate;
12–15 h later, peritoneal lavages were performed with 10 mL PBS in each mouse. The proportion of
neutrophils in the lavages was over 90% as assessed by FACS analysis of anti-CD45, anti-CD11b, and
anti-Ly6G expression. Peritoneal neutrophils were recovered by centrifugation and suspended in
RPMI 1640 medium supplemented with 10% FCS, 100 U/mL penicillin G, 100 μg/mL streptomycin,
and 50 μM 2-mercaptoethanol. The obtained cells were cultured at 1 × 106/mL with various doses of
IFN-γ or lipopolysaccharide (LPS) (Sigma-Aldrich, St. Louis, MO, USA) for 24 h at 37 ◦C.

4.9. Pro-MMP-2 Assay

Pro-MMP-2 activation in the culture supernatants, peritoneal neutrophils and IFN-γ or LPS were
measured using a gelatin zymography kit (Cosmo Bio, Tokyo, Japan) according to the manufacturer’s
instructions. The gelatin zymography products were electrophoresed on 2% agarose gels, stained with
0.5 mg/mL ethidium bromide and observed with a ultraviolet transilluminator. Images were analyzed
using Image J version 1.51 (National Institutes of Health, MD, USA).

4.10. Statistical Analysis

Data are expressed as the mean ± standard deviation (SD). Data analysis was performed using
Welch’s t-test. A p value less than 0.05 was considered to indicate significance.
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Abstract: The growth hormone is involved in skin homeostasis and wound healing. We hypothesize
whether it is possible to improve pressure ulcer (PU) healing by locally applying the recombinant
human growth hormone (rhGH) in a human skin mouse model. Non-obese diabetic/severe combined
immunodeficient mice (n = 10) were engrafted with a full-thickness human skin graft. After 60 days
with stable grafts, human skin underwent three cycles of ischemia-reperfusion with a compression
device to create a PU. Mice were classified into two groups: rhGH treatment group (n = 5) and control
group (n = 5). In the rhGH group for local intradermal injections, each had 0.15 mg (0.5IU) applied to
the PU edges, once per week for four weeks. Evaluation of the wound healing was conducted with
photographic and visual assessments, and histological analysis was performed after complete wound
healing. The results showed a healing rate twice as fast in the rhGH group compared to the control
group (1.25 ± 0.33 mm2/day versus 0.61 ± 0.27 mm2/day; p-value < 0.05), with a faster healing rate
during the first 30 days. The rhGH group showed thicker skin (1953 ± 457 μm versus 1060 ± 208 μm;
p-value < 0.05) in the repaired area, with a significant decrease in collagen type I/III ratio at wound
closure (62 days, range 60–70). Local administration of the rhGH accelerates PU healing in our model.
The rhGH may have a clinical use in pressure ulcer treatment.

Keywords: growth hormone; human skin graft; pressure ulcer treatment; wound healing

1. Introduction

Despite the implementation of prevention strategies, the incidence and prevalence of pressure
ulcers (PU) in today’s society is high. Because of population aging and medical advances, this disease
has become a health problem, which also entails social and economic impact. [1] Research on the
pathogenesis and mechanisms involved in PU and wound healing is crucial. However, research in this
field has been hindered by a lack of experimental animal models [2].

Regarding the etiology of PUs, external pressure is viewed as the main factor. Other patient-specific
factors leading to derangement in tissue perfusion may account for an observed development of a
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pressure ulcer. It is well known that ischemia–reperfusion injury contributes to the pathophysiology of
PUs more significantly than a single, prolonged ischemic insult [3,4]. Previously published PU models
have been developed using animal skin, which imposes limitations when studying the wound healing
process and the extrapolation of results and the effect of treatments on humans.

Once a pressure ulcer has developed, its course becomes insidious and its evolution towards
healing is prolonged. The management of these patients needs a comprehensive and multidisciplinary
team approach, involving plastic surgeons, nurses, nutritionists, rehabilitation therapists, etc. The goal
in these chronic wounds is prompt tissue recovery. [1,5] Treatments that accelerate wound closure are
of vital importance and interest for its potential benefits for these patients. The available evidence
supports the use of different therapeutic options based on patient and wound characteristics, but none
preponderates as the gold standard. Tissue engineering applied to wound healing, and specifically
to PU, and approaches incorporating cellular therapy and growth factors are an expanding field
in this issue. According to the American and European Pressure Ulcer Advisory Panel guidelines,
Platelet-Derived Growth Factor (PDGF) can be used for Category/Stage III and IV pressure ulcers that
have delayed healing. However, the evidence is not sufficient to recommend or refute the routine use
of other growth factors in the treatment of pressure ulcers. [6] Rees et al. [7] published a randomized
double blind, placebo-controlled study in which the efficacy of becaplermin gel (recombinant human
PDFG-BB) in the treatment of chronic full thickness pressure ulcers was compared to that of placebo
gel. The authors concluded that within the setting of a comprehensive wound management program,
becaplermin gel once daily increases the incidence of complete healing and≥90% healing in patients with
full thickness pressure ulcers. Another randomized double blinded study [8] suggested that treatment
with PDGF-BB before surgery enhances the ability to achieve a closed wound over surgery alone.

The growth hormone (GH), anabolic hormone, regulates growth through hypertrophy, hyperplasia,
and as a result of tissue differentiation, cell proliferation and protein synthesis. It can exert its effects
directly on the tissues, or indirectly through mediators: the so-called insulin-like growth factors IGF-I
and IGF-II. [9,10] GH activity, sometimes mediated via IGF-I, is involved in skin homeostasis and
wound healing acting at different stages and including dermal–epidermal communication [11]. During
the inflammatory phase of healing, macrophages deliver growth factors that attract fibroblasts and
facilitate the proliferative phase. GH promotes the release of some of these factors, such as EGF, VEGF,
and FGF. Furthermore, IGF-I and II mRNAs are modulated during the healing process. The highest
levels of IGF-I are seen in human wound fluids within 24 h after injury, and they return to their baseline
when healing ends. [12,13] Animal models reveal that systemic GH promotes cellular proliferation,
especially fibroblasts; granulation tissue formation; increases collagen formation and extracellular
matrix; and enhances keratinocyte migration, shortening the time for healing, as well as providing
increased mechanical strength of the wounds. [14–23] GH is also an inducer of the immune system.
It mainly acts on macrophages and T-lymphocytes, that also play a key role in wound healing. [24]
Studies in burns show that rhGH treatment could result in improved wound healing and reduced
length of hospital stay. [25] Most of the studies have been developed applying systemic GH, and
adverse effects cannot be ignored. [26]

The aim of this study is to compare the healing rate and different histological parameters on a
previously described PU human skin model with and without the application of the recombinant
human growth hormone (rhGH). We hypothesize that the local administration of the rhGH should
increase the healing rate of PU and improve the quality of the human skin.

2. Results

Five mice received local treatment with the growth hormone (rhGH group) and five did not receive
it (control group). Two paired mice (one of each group) died during the surgical procedure. Local
administration of the rhGH was well tolerated. No local reactions or adverse effects were observed in
the rhGH group.
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2.1. Macroscopic Evaluation

The healing pattern was similar among all mice. The macroscopic evolution of the PU was
comparable between the rhGH group and the control group. The evolution was towards a retracted
and elevated crusty lesion. This crust was giving off progressively from the periphery toward the
center as the ulcer was healing. Fully recovered dermoepidermal tissue then emerged. The evolution
of PU in the rhGH group and the control group can be observed in Figures 1 and 2 respectively.

 

Figure 1. Macroscopic evolution of pressure ulcer healing in the recombinant human growth hormone
rhGH group. The healing rate was 1.03 mm2 per day in this mouse. Bar = 10 mm.

 
Figure 2. Macroscopic evolution of pressure ulcer healing in the control group. The healing rate was
0.75 mm2 per day in this mouse. Bar = 10 mm.

The healing rate was twice as fast in mice subjected to treatment with the growth hormone—rhGH
group (1.25 ± 0.33 mm2 per day) compared to those which did not receive it—control group
(0.61 ± 0.27 mm2 per day), with a statistically significant difference (p-value = 0.03). Kinetics was
compared between groups, with faster healing for the first 30 days in the rhGH group (1.27 mm2 vs.
0.37 mm2), time in which the hormone was administered once per week. The daily PU mean size in
both groups until complete healing can be observed in Figure 3.
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Figure 3. Daily pressure ulcer mean size (mm2) until complete healing in the rhGH group (blue line)
and the control group (green line).

Mean body weight in the rhGH group before PU formation and after PU healing was 29.38 ± 0.48 g
and 30.2 ± 0.3 g respectively. Mean body weight in the control group before PU formation and after
PU healing was 29.8 ± 1.9 g and 30.5 ± 2.1 g respectively. No statistically significant difference in body
weight was found before and after PU healing in both groups (p-value > 0.05) (Figure 4).

Figure 4. Evolution of body weight (grams) in the rhGH group (blue line) and the control group (green
line). No statistically significant difference was found between both groups (p-value > 0.05).

2.2. Microscopic Evaluation

Epidermis maintained a normal architecture in both groups (Figure 5). No histological signs of
malignancy were observed. The rhGH group showed thicker skin compared to the control group
(1953 ± 457 μm versus 1060 ± 208 μm; p-value = 0.03) in the repaired area (Figure 6). This increase
in the dermal layer was mainly due to a higher number of cells and the increase of extracellular
matrix (rich in amorphous material). An increased in collagen deposition and a greater number of
inflammatory cells were observed in the rhGH group.
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Figure 5. Histological analysis (H&E at 50 ×, panoramic view) of the rhGH group and the control
group after complete healing of the pressure ulcer. Bar = 200μm.

Figure 6. Histological analysis (Masson’s trichrome at 200 ×) of the rhGH group (left) and the control
group (right) after complete healing of the pressure ulcer. Note the thicker dermis in the rhGH group.
Bar = 50μm.
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The rhGH group presented an important decrease of collagen type I compared to the control group
(16.8 % ± 4.4 versus 76.8 % ± 16.5; p-value < 0.01) and an increase in collagen type III (64.4 % ± 3.8
versus 70.8 % ± 2.8; p-value = 0.04) at wound closure (62 days, range 60–70) (Figure 7, Table 1).

Figure 7. Immunohistochemical expression of collagen type I (160 ×) and III (250 ×) in the rhGH group
(left, a and c) and the control group (right, b and d). Bar = 50μm.

Table 1. Percentage of protein expression (collagen type I and III) in the total area of tissue samples
(the rhGH(recombinant human growth hormone) group and the control group).

Collagen type I Collagen type III

rhGH group 16.8 % ± 4.4 70.8 % ± 2.8
Control group 76.8 % ± 16.5 64.4 % ± 3.8

p-value <0.01 <0.05

3. Discussion

Wound therapies acting on a molecular and cellular level, such as growth factors, have a main
role in wound healing. [27–29] The human GH, as an anabolic agent, stimulates growth and mitosis in
a number of cell types by acting both directly and indirectly through the insulin-like growth factor
(IGF)-I. Its effects have been proved in a variety of tissues, including skin, nerve, muscle, bone, cornea,
etc. [11,14,17,19,22,23,30–34] and animal models reveal that systemic GH promotes granulation tissue
and collagen formation, increases extracellular matrix, and enhances keratinocyte migration, shortening
the time for healing. [14,17,19,22,23] Our findings show a statistically significant difference in healing
rates between the rhGH group and control group, the healing rate being twice as fast in mice subjected
to treatment with the rhGH. The faster healing was for the first 30 days in the rhGH group, time in
which the hormone was administered once per week.

In our histological analysis, we found a thicker skin, increased cellularity and decreased collagen
type I in the dermis of the rhGH group. An increase in collagen type III with a decrease in collagen
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type I are indicators of a delay in the maturation period of collagen. All these characteristics are typical
of an active prolongation of the dermal proliferation and secretion period (facilitating the sliding of the
keratinocytes), and they should accelerate and improve the re-epithelialization process. This effect was
observed in previous studies on diabetic rats with a polymeric GH delivery system. [18] Epidermis
maintained a normal architecture and keratinocyte differentiation, showing no histological signs of
malignancy. These data are consistent with the results published by Rudman et al. [35], Jorgensen
et al. [36], and Conte et al. [37]. A recent study in mice published by Messias de Lima et al. [38],
topical treatment with GH resulted in faster wound closure rates. The GH accelerates the closure of
skin wounds by resolving the inflammatory phase faster, accelerating reepithelialization, collagen
deposition, and stimulating angiogenesis.

The extracellular matrix (ECM) defines the mechanical properties of the skin. Collagens are a
principal component, and type I and III collagens (fibrillar collagens) are the major determinants of
the strength and stiffness of the tissue. [39] Both types of collagens have a very similar biochemical
composition, and they are secreted as procollagens, containing a non-collagenous C-teminal propetide
and a N-teminal propeptide. Propeptide processing may be complete in collagen I and incomplete in
collagen III, leaving a C-telopeptide and a partially processed N-propeptide domain. These domains
have been implicated in the regulation of fibrillogenesis [40]. In human skin, the ratio of collagen I/III
is 1 for adolescent, increasing up to 2.5 in adult skin. This ratio depends on age, increasing in old age
and decreasing in fetuses. The presence of a high content of collagen III could provide more flexibility
and tensility. During wound healing the content of this type of collagens could modulate the scar
formation. There is a direct relationship between a high secretion of collagen type I and hypertrophic
scar formation. [41] Other authors have shown the importance of collagen type III in fibrinogenesis
compare to collagen type I [42]. The authors mentioned how collagen type III was present in distensible
organs, reducing the mechanical stiffness. The alteration of the ratio of both collagens can be indicative
of a tissue response process to an adverse event, such as an abdominal hernia. [43] In situations of
chronic stress and injury, tissues are able to react with a change in the ratio of collagens, increasing
the gene and protein expression of collagen type III [44]. The ECM protein profiles and distributions
were examined in our model. The injury caused by the compression device is slightly different from
other types of damage with heavy bleeding. Our model presents a progressive ischemia and necrosis
formation, with progressive tissue regeneration from the healthy edges, showing an increase in the
protein expression of collagen I and III in the human skin [45].

It is well known that GH is one of those molecules with pleiotropic actions on skin cells, and
it participates in inflammatory, proliferative, and maturation phases of wound healing. During the
inflammatory phase, macrophages deliver growth factors that attract fibroblasts and facilitate the
next phase. GH promotes the release of (a) EGF, responsible for stimulating fibroblasts; (b) VEGF,
which promotes angiogenesis in the wound; (c) FGF, which stimulates macrophages, mast cells, and
T-lymphocytes, and facilitates granulation and epithelization [12]. Angiogenesis plays a key role
during the granulation phase and tissue remodeling, as new vessels are required for the progression of
wound healing. Endothelial cells express the GH receptor (GHR) [46] and produce the participation of
GH in the latter process. In our PU model, the local treatment of the PU with rhGH produced changes
in the ratio of the protein’s expression (collagen type I/III). A significant increase of collagen type III
protein expression was observed after wound closure (62 days, range 60–70). This finding could be
interpreted as a delay in the process of consolidation of the scar tissue, keeping the immature tissue
longer. However, we hypothesize that these changes increase the tissue effectiveness, favoring the
response capacity to cover the damaged area. This fibrillar collagen could potentially be able to mature
and generate a skin with greater tone.

Studies in patients who present delayed wound healing and/or catabolic states, such as diabetes or
burns, showed that systemic GH treatment improves skin healing and reduces time required for wound
healing. These patients present catabolic responses, with negative nitrogen balance and reduction in
serum levels of GH and IGF. [47–50] A review of randomized controlled trials showed that people with
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large burns could benefit from using systemic rhGH because of faster healing of the wound and donor
site and reduced length of hospital stay, without increased mortality or scarring. However, it seems
to be related to an increased risk of hyperglycemia. [25] Patients with PU are patients with multiple
comorbidities. In the case of the elderly, especially in hospitals, they are usually malnourished or have
catabolic states that worsen the tissue repair processes, resembling the situation of burn or diabetic
patients. Therefore, the rhGH could potentially have an important role in accelerating the PU healing
in this population. We think that our immunosuppressed model resembles the general condition that
many patients with PU present in clinical practice. Since pressure ulcers are not just a problem of
pressure, many of the patients are characterized by advanced age, malnutrition, systemic diseases
such as diabetes, etc. with delayed wound healing, altered levels of cytokines and inflammatory cells,
decreased reepithelialization, and of course immunosuppression. Furthermore, chronic wounds, such
as PU, usually present dysregulation of cytokines and growth factors. A critical step for treatments
may be to target these factors. [51] Several studies [52,53] have reported that GH, PRL, and IGF-I have
a direct influence on cells involved with immunity (high-affinity PRL and GH receptors have been
observed on a number of these cells) and modulate humoral and cellular immune functions.

Other anabolic agents, such as anabolic steroids (derivates of testosterone, i.e., oxandrolone),
might be useful in promoting healing of PU. A comprehensive review of the literature found one trial
in which oxandrolone administered orally was compared with a dose of placebo on pressure ulcer
healing in people with spinal cord injuries [54]. The authors were uncertain whether oxandrolone is
better than placebo in promoting complete healing of pressure ulcers at 24 weeks of treatment, and
it could not draw conclusions about the potential benefits or harms of this treatment on treating PU.
Well-designed studies are necessary to provide evidence as to whether anabolic steroids are beneficial
or not in treating pressure ulcers.

We are concerned about the adverse effects of systemic GH treatment. Most side effects of GH
treatment are local reactions at the injection site, such as pain, erythema, nodules, bruising, lipoatrophy,
or swelling. However, different side-effects (i.e., hypoglycemia, changes in mental status, edema,
fatigue, and headache) have been reported after systemic GH treatment and they are dependent on
dose and time of administration. [26] Therefore, we developed our study for local administration of
rhGH into ulcer edges. Several animal studies support the use of local GH in order to accelerate the
wound healing process. Rasmussen et al. [55] injected different doses of GH into the back of 36 rats
and compared it to a control group. They concluded that the optimal doses to increase the granulation
tissue were between 0.2 to 0.7 UI. Kim et al. [56] demonstrated that the wound healing was faster
after applying local rhGH in the back of five micro-pigs. A study by Lee et al. [22] described how the
GH enhances the local formation of IGF-1, which activates fibroblast proliferation and keratinocyte
migration—which highlight the potential of the topical application of GH. Andreassen et al. [32]
reported bone formation without an increase in muscle mass, weight, or contralateral bone dimensions
after the local injection of GH at the surface of tibial diaphyses in rats. Similar results were found in
our study: mice did not present significant weight gain or changes in the usual behavior. Based on
these data, we think that local application of GH should be the selected route of administration in
future studies.

There is a lack of controlled clinical trials on humans to prove that GH can accelerate the PU
healing process. There are a few case reports in the literature using the GH to treat PU. In 1955 Ravina
et al. [57] reported the use of systemic GH to treat ulcers of diverse etiology. Six patients received
intramuscular administration of the hormone. He reported complete healing after 1 to 3 months in a
mixed cohort of patients with no control group and with different doses of GH. In 1987, Waago [58]
administered GH topically in a diabetic patient with two recalcitrant ulcers. Four IU were administered
topically twice per day, and 8 IU afterward. The author observed faster wound healing and noticeable
decreased size of the ulcers. Due to logical ethical considerations, there was not histological analysis in
all these cases to prove an improvement of the quality of the skin. The main advantages of our model
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are the possibility of having a matched control group and performing histological analysis without the
previous ethical considerations.

As in most studies, this article has its limitations. A limitation of this study is the animal
model. It is not clear how mouse cells could influence the ulcer healing process. Special care was
taken to keep healthy human skin around the ulcer. The clip was placed in the center of the skin
graft, maintaining healthy human skin around the ulcer, and injecting the rhGH into human skin, so
that the healing and re-epithelialization were carried out by surrounding human cells (without the
involvement of mouse skin). The human tissue over the mouse was assessed using fluorescence in situ
hybridization (FISH) for chromosomes XX and XY, as previously described in Maldonado et al. [59]. We
took advantage of the condition that the model was performed on male mice (XY chromosomes), and
the human skin graft came from human female donors (chromosomes XX). Chromosomes XX were
found in the areas of human skin graft. We think this model provides the opportunity to test different
therapeutic strategies directly on human skin in the context of a living organism, without the ethical
considerations involved in human research. A second bias is the initial pressure ulcer sizes: the control
group presented smaller ulcers compared to the rhGH group. However, it is reported that wound
contraction is 0.6–0.75 mm/day and keratinocyte migration up to 0.5 mm/day, regardless of the wound
size [60], and therefore the initial size of the ulcer was not considered in the process of randomization.
Finally, there are other histological techniques that could have provided useful information (i.e., the
Fontana Masson Picrosirius technique [61] for identification of pigmented melanocytic lesions and the
correlation between normal and neoplastic pigmented cells). Future studies will have to developed
new observations and ideas. In spite of these limitations, we think our model opens up prospects for
expanding knowledge about multiple fields such as skin wound healing, mechanisms of tolerance
and immunological rejection, skin diseases, and carcinogenesis, among others. As we did in this
study, cell therapy, growth factors, and other therapeutic strategies can be tested directly on damaged
human skin through our ulcer model, without the ethical considerations involved in human research.
Advances in skin healing and skin regeneration performed on our model could be potentially applied
in clinical practice.

4. Materials and Methods

4.1. Animals

Three-week-old, male, non-obese diabetic/severe combined immunodeficiency
(NOD/Scid-NOD.CB17-Prkdscid/NCrHsd) mice (n = 10) (Harlan Laboratories S.r.l. Barcelona, Spain)
were used in this study. These mice present immunological multidysfunction, including absence of
mature T and B cells, reductions in macrophage function, complement-dependent hemolytic activity,
and NK cell activity. [62] All mice were caged under standard light and temperature conditions with
free access to food and water throughout the study. All efforts were made to minimize suffering and
all animals were sacrificed at the end of the study.

All experimental procedures were approved and regulated by the Animal Experimentation
Ethics Committee—University of Alcalá and University Hospital of Getafe (IRB: PROEX reference
237/15, 9 October, 2015), in accordance with the Royal Decree 53/2013 and the European Community
Council Directive.

4.2. PU model on Human Skin

Ten NOD/Scid mice were engrafted under general anesthesia (Ohmeda, BOC Health Care) with
female human skin. All human skin (n = 5) came from abdominoplasty procedures. Written informed
consent was obtained from all patients. The skin was immediately stored after haverst in D-MEM
(Dulbecco/Vogt modified Eagle’s minimal essential medium) at a temperature of 4 ◦C. Skin grafting
was performed during the first 24 h after extraction. Human full-thickness skin grafts (FTSGs) were
placed onto a 4 × 3 cm wound. Mice skin was incised down to the muscle and removed, exposing
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muscular layer. FTSGs were sutured in place with 4/0 nylon. A tie-over bolster dressing was placed for
the first 5 days. The same skin donor was used to graft two mice (in order to pair two mice with the
same human skin donor). After 60 days, a compression device was applied to the human skin graft, as
previously described. [59] The clip exerted a pressure of 150 mmHg, measured with a dynamometer.
Three cycles of compression–release (8 h of clamping after 16 h of no compression) were applied to
simulate a pressure ulcer, based on the method described by Stadler et al. [63].

4.3. Recombinant Human Growth Hormone (rhGH)

Genotonorm Kabipen 5.3 mg (Pfizer, Madrid, Spain), solution for injection in a pre-filled pen,
was provided by the Department of Pharmacy of the University Hospital of Getafe and stored at a
temperature between 2 and 8 ◦C. The use of the rhGH is restricted to the hospital setting, and its use
was approved and regulated by the Animal Experimentation Ethics Committee University Hospital
of Getafe (PROEX reference 237/15) in accordance with the Royal Decree 53/2013 and the European
Community Council Directive.

4.4. Local Treatment of the PU with rhGH

PU formation was confirmed by visual assessment after the last cycle of compression–release.
Paired mice were assigned randomly to the rhGH group (n = 5) or to the control group (n = 5). We
designed a protocol for local administration of the hormone. The concentration of GH was determined
based on previous studies. [55] In the rhGH group, the five mice were treated with four local rhGH
intradermal injections, each of 0.15 mg (0.5 IU), applied to the PU edges on human skin (Figure 8). The
injection protocol started 24 h after the last cycle of compression–release, and the administration of the
hormone was repeated once per week for four weeks, always the same day of the week at the same
hour. In the control group, the five mice received the same care but without the local administration of
the rhGH.

 
Figure 8. Local administration of the rhGH. Note the intradermal injection of the rhGH applied to the
pressure ulcer edges on human skin.
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4.5. Macroscopic Analysis

Evaluations were conducted with photographic and visual assessment in both groups. PU size
(in mm2) was measured every seven days until complete healing (wound closure) using the software
ImageJ (National Institute of Health, USA). The healing rate was calculated in both groups as the
initial size of the ulcer in mm2 per number of days until closure. The weight in grams of all mice was
recorded before creating PU, after the three cycles of ischemia-reperfusion, and once per week until
wound closure. All the measurements were taken by two independent researchers.

4.6. Microscopic Evaluation

Histological analysis of the human skin was performed in both groups after wound closure by two
independent histologists. Samples of skin were obtained from the two groups, and they were placed
in 10% buffered formaldehyde (for histopathological studies) and Bouin (for immunohistochemical
studies). Then the samples were dehydrated and embedded in paraffin. Tissue sections (5 mm
thick; 50 sections for each sample) passing through the central plane of each sample were stained
with hematoxylin-eosin and Masson’s trichrome for morphological assessment. Tissue sections were
examined under a Zeiss Axiophot light microscope (Carl Zeiss, Oberkochen, Germany). The thickness
of the healed human skin was measured in micrometers with Axiovision Release 4.6.3 software (Carl
Zeiss, Oberkochen, Germany). The total thickness of the skin was defined as the distance between the
stratum corneum and the boundary between human dermis–host mouse tissue.

4.7. Immunohistochemistry

Samples of tissue were deparaffined, hydrated, and equilibrated in phosphate buffered saline
(pH 7.4). Rabbit polyclonal anti-COL-I and anti-COL-III (Abcam, Cambridge, UK) were used as
primary antibodies to study collagen type I and III. Samples were incubated with secondary antibodies,
anti-rabbit immunoglobulin G (IgG) (Sigma-Aldrich, St. Louis, MO, USA). For COL-I and COL-III,
the alkaline phosphatase procedure was performed. COL-I and COL-III were conjugated with
avidin-alkaline phosphatase (ExtrAvidin-Alkaline Phosphatase, Sigma-Aldrich, St. Louis, MO, USA).
It was used for 60 min at room temperature (Dilution 1/200 in PBS) and developed with the alkaline
chromogenic substrate for 15 min (controlling the appearance of marking under the microscope). The
chromogenic substrate preparation was performed immediately before development by adding 10 mL
of PBS (10 mg of α-naphthol AS-BI phosphate, 10 mg of Fast Red, and 100μL of 0.1 M levamisole) [64].
Nuclei were counterstained with Carazzi’s hematoxylin (15 min). A negative control of the technique
was performed without the primary antibody. Samples were mounting in aqueous medium with
Plasdone. Tissue sections were examined under a Zeiss Axiophot light microscope equipped with an
AxioCam HRc (Carl Zeiss, Oberkochen, Germany). A digital camera was used for observations. In
order to calculate the percentage of protein expression, the German semiquantitative scoring system
considering the staining intensity and area extent was used [65]. Immunostaining in the tissue was
assessed by two independent histologists.

4.8. Statistical Analysis

The results were analyzed by the software SPSS 21 (SPSS, Inc., Chicago, IL, USA). Sample size
estimation was performed considering a statistical power of 0.8 and alpha error of 0.05. Mean values of
healing rates, thickness of the skin and collagen type I and III expression were compared between groups
using Mann-Whitney’s U test. Differences with p-value < 0.05 were considered statistically significant.

5. Conclusions

Based on our model, local administration of the rhGH accelerates the wound healing process and
improves the quality of human skin. The healing rate was twice as fast in the rhGH group compared
to the control group. In the rhGH treatment group, we found an increase in dermis regeneration tissue

43



Int. J. Mol. Sci. 2019, 20, 4157

with a delay in the maturation period, which potentially improves the re-epithelialization process.
Based on the macroscopical and histological findings and considering the human skin component of
this model, the rhGH may have a clinical use in pressure ulcer treatment, and further studies remain to
be performed. We think that our findings could be extrapolated to other compromised wound healing
situations such as diabetic or chronic ischemia patients.
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Abstract: In idiopathic pulmonary fibrosis (IPF) structural properties of the extracellular matrix (ECM)
are altered and influence cellular responses through cell-matrix interactions. Scaffolds (decellularized
tissue) derived from subpleural healthy and IPF lungs were examined regarding biomechanical
properties and ECM composition of proteins (the matrisome). Scaffolds were repopulated with
healthy fibroblasts cultured under static stretch with heavy isotope amino acids (SILAC), to examine
newly synthesized proteins over time. IPF scaffolds were characterized by increased tissue density,
stiffness, ultimate force, and differential expressions of matrisome proteins compared to healthy
scaffolds. Collagens, proteoglycans, and ECM glycoproteins were increased in IPF scaffolds, however
while specific basement membrane (BM) proteins such as laminins and collagen IV were decreased,
nidogen-2 was also increased. Findings were confirmed with histology, clearly showing a disorganized
BM. Fibroblasts produced scaffold-specific proteins mimicking preexisting scaffold composition,
where 11 out of 20 BM proteins were differentially expressed, along with increased periostin and
proteoglycans production. We demonstrate how matrisome changes affect fibroblast activity using
novel approaches to study temporal differences, where IPF scaffolds support a disorganized BM and
upregulation of disease-associated proteins. These matrix-directed cellular responses emphasize the
IPF matrisome and specifically the BM components as important factors for disease progression.

Keywords: scaffold; decellularization; lung fibroblast; proteomics; extracellular matrix

1. Introduction

In idiopathic pulmonary fibrosis (IPF) the biomechanics and composition of the extracellular
matrix (ECM) are altered causing a pathological phenotype associated with increased tissue stiffness
and disorganized structures of the lung [1]. Today there is no real effective treatment for IPF with
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poor long-term survival, although there are treatments that may slow progression of IPF somewhat.
Lung transplantation remains the most valid option for some patients, however, not all patients can be
offered this treatment due to recipient co-morbidities or donor shortage. Although largely unknown,
a combination of factors is believed to play a role in IPF, including ageing, epigenetic modifications,
dysfunctional alveolar epithelium, along with persistent activation of lung fibroblasts that contributes
to an increased accumulation of ECM with subsequent detrimental remodeling resulting in the loss of
lung function and eventually end-stage lung disease [2–4]. Local signals from the ECM, e.g., stiffness
and bound growth factors and cytokines, have been shown to influence cellular behavior such as
migration, differentiation and proliferation, activities that are altered due to changes in the local
microenvironment [5–7]. In a fibrotic lung, there is an imbalance in the turnover of ECM proteins
causing excessive production and deposition of ECM proteins, forming a disease-specific organization
and composition of the matrix [8–10]. The pathological mechanism underlying the initiation and
progression of IPF is not fully understood, and there are no effective treatment options, highlighting
the need to identify effective molecular targets for therapeutic interventions [11]. Lung tissue slices,
decellularized for cellular removal, can serve as human structural matrices to study the important
and complex interaction between cells and matrix [12,13]. In comparison to other cell culture systems,
decellularized tissue (scaffolds) comprise a unique ex vivo system that more closely mimics the original
intricate 3D milieu of the lung. Through this ex vivo model a better understanding of unknown
key cellular mechanisms can be obtained in order to understand which ECM properties drive the
formation of fibrotic tissue and which role the ECM of IPF scaffolds has in disease progression. The
matrisome protein classification system defined by Naba et al., clearly describes the ECM components,
subgrouping ECM matrisome core proteins (collagens, glycoproteins and proteoglycans) and ECM
associated proteins such as ECM-affiliated proteins, ECM regulators, and secreted factors [14]. Distal
lung tissue is mainly composed of fibrillar collagens I, III, V, and VI and the basement membrane (BM)
collagen type IV [7]. Intertwined with collagen type IV are nidogens, perlecan, and laminins, which
comprise the BM network, a protein complex facilitating epithelial and endothelial cell attachment
and regulating cellular behavior [15]. Alterations of the BM structure and other ECM components
affect both morphology and biomechanical properties of the tissues, identifying matrix stiffness as
an important biomechanical signal for cell responses [16]. Tissue stiffening of the lung, caused by
increased ECM deposition in the alveoli that leads to a loss in tissue elasticity, induces differentiation
of fibroblasts into myofibroblasts, a response that in part could be de-activated when changing culture
conditions in vitro from stiff to softer substrates [17]. In IPF, fibroblasts demonstrate an increased
cellular stiffness, perhaps functioning as a positive feedback loop contributing to the formation of a
non-compliant stiff lung tissue [18].

In this study we focused on the distal parenchymal matrisome properties of lung scaffolds
derived from healthy donors and IPF patients in a unique 3D-ex vivo setting, mimicking pulmonary
physiological conditions. Our hypothesis was that the matrisome properties, i.e., biomechanical
properties and matrisome composition, of the ECM have a fundamental impact on cellular responses
and may act as a mechanism in disease progression.

2. Results

2.1. Morphology and Biomechanical Properties of Native Tissue and Scaffolds Derived from Healthy and IPF
Lung Tissue

The schematic layout of the study and scaffold preparation is illustrated in Figure 1A. Macroscopic
characterization of healthy and IPF lung tissue slices, using scanning electron microscopy (SEM),
displayed an evident difference in tissue morphology, with a dense meshwork of matrix and compact
lung architecture in IPF tissue (Figure 1B), which correspond to the end stage of long-term IPF. After
decellularization, the scaffolds maintained original tissue integrity and characteristics in both IPF and
healthy decellularized lung tissue, examined by SEM and in histology (Figure 1B–E). Overview images
of scaffolds with SEM illustrated the heterogeneity in the IPF patient material with more or less dense

50



Int. J. Mol. Sci. 2019, 20, 4013

tissue. The decellularized scaffolds from IPF and healthy individuals showed no signs of visible cells
in the tissue, as seen with hematoxylin/eosin staining (Figure 1C). Furthermore, the cellular content
was examined in decellularized IPF derived scaffolds, measuring dsDNA. In support of our previous
study on healthy lung tissue by Rosmark et al. [13], dsDNA content was efficiently removed following
decellularization showing only 1.5% residual dsDNA per mg tissue in IPF derived scaffolds (data not
shown). In the stress–strain measurements, the native lung tissues from IPF patients showed significantly
higher tensile stiffness in comparison to healthy individuals (p = 0.0003), as well as higher ultimate
force (p = 0.0097) (n = 4) (Figure 1D). One duplicate of native lung tissue from one patient examined
for stiffness was excluded and regarded as an outlier with a value (115.39) exceeding more than three
standard deviations from the mean. These properties remained in the decellularized IPF scaffolds. The
healthy scaffolds, on the other hand, showed a higher stiffness (p = 0.0485) and ultimate force (p = 0.0146)
compared to the native tissue, although with a larger variability. Within the scaffold groups, differences in
stiffness (p = 0.06676) and ultimate force (p = 0.0594) were maintained compared to difference in between
native tissue groups. We did not observe any differences in stress-relaxation behavior for native lung
tissue and the decellularized scaffolds for neither the healthy nor the IPF samples (Figure S1A). Force
to failure curves revealed a clear shift towards higher tensile strength, with increased force to tissue
displacement in IPF tissue (Figure S1B,C). Despite high patient variability, tissue density (mg/mm3) was
significantly higher (p = 0.0022) in IPF scaffolds in comparison to healthy scaffolds (Figure 1E).

Figure 1. Cont.
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Figure 1. Characterization of native lung tissue and scaffolds (A) Schematic of experimental layout.
Dissection and decellularization of 350 μm human lung tissue slices (1). Mounting of repopulated
scaffolds pre-cultured in SILAC medium (2). Schematics of culture conditions and sample extractions (3).
Mass spectrometry (MS) analysis on light (green bars) and heavy (purple bars) protein intensities (m/Z,
protein mass/protein charge) illustrating the mass shift of 6 Da (Arg) or 8 Da (Lys) between pre-existing
(scaffold extracellular matrix (ECM)) and newly produced matrisome proteins (4). Intensity/μg
was adjusted for tissue density resulting in intensity/mm3 (5). (B) Representative scanning electron
microscopy (SEM) images with the same magnification (scale bar = 100 μm) of native tissue (left) and
decellularized tissue (scaffold) (middle) and scaffolds at an overview (right, scale bar = 1 mm) for
illustration of sample variability (right). (C) Hematoxylin and eosin staining of native lung tissue
and corresponding scaffold after decellularization of the tissue (scale bar = 100 μm). (D) Stiffness and
ultimate force measurements of biological replicates (n = 3, with two technical replicates except for
native healthy tissue) from native healthy and idiopathic pulmonary fibrosis (IPF) lung tissue and
corresponding scaffolds (n = 4, with two technical replicates) derived from healthy and IPF tissue.
(E) Density measurements of healthy and IPF scaffolds (n = 2, with three technical replicates). Unpaired
t-test for significance between patient groups with p-values * p < 0.05, ** p < 0.01, *** p < 0.001. Stiffness
# p = 0.068, Ultimate force # p = 0.059.
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2.2. Proteomic Profiling of Lung Scaffolds

In the next step, we used quantitative mass spectrometry to determine the ECM composition
using a matrisome classification system [14,19,20] to investigate if the molecular composition of
the scaffolds could be explained by the differences in matrisome properties between healthy and
IPF scaffolds. Each group, healthy and IPF, was analyzed in triplicates from each donor, with two
donors per group (Figure S2). The analysis showed protein groups containing comparable numbers of
identified matrisome proteins in both healthy and IPF derived scaffolds, indicative of an equivalent
protein extraction from each type of scaffold (Figure 2A). However, the number of identified non-ECM
proteins (other) were higher in IPF scaffolds (530 proteins) in comparison to healthy derived scaffolds
(417 proteins), a difference that could be explained by slightly increased cellular remnants in the
compact decellularized IPF tissue. Nonetheless, the low content of dsDNA in IPF scaffolds verified the
matrices as decellularized tissue with > 98% DNA removal [21].

Figure 2. Cont.
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Figure 2. Proteomic and histological characterization of healthy and IPF derived tissue scaffolds.
(A) Number of identified proteins in decellularized scaffolds derived from healthy individuals (biological
replicates n = 2, technical replicates n = 3) and IPF patients (n = 2, n = 3). Protein groups assigned to
matrisome affiliation. (B) Matrisome grouped summed raw intensities for proteins in healthy and IPF
derived scaffolds, left panel. Matrisome grouped summed intensities after density adjustment in healthy
and IPF scaffolds, right panel. Mean values for groups presented. (C) Statistics for summed matrisome
groups. Student’s t-test with Benjamini-Hochberg corrected p-values * p < 0.05. (D) Unsupervised
hierarchical clustering of significantly different matrisome proteins characteristic for the scaffold types
using Z-scored values. Basement membrane proteins marked with *. (E) Spearman correlation between
scaffold groups. (F) Histological verification and spatial tissue distribution of selected matrisome (or
basement membrane) proteins. Hematoxylin/Eosin staining showing distinct morphological differences
between thin, alveolar septa (healthy scaffold) compared to thickened, fibrotic remodeled septa (IPF
scaffold). (G) This is accentuated (arrows) by staining for collagen type IV (brown), indicating clear
basement membrane staining lining the alveolar septa in the healthy scaffold compared to disorganized
fragments in the IPF scaffold, with large areas devoid of collagen type IV signal or reduced intensity (*).
(H) Inversely, collagen type VI showed accumulation in these fibrotic structures in the IPF scaffold.
Scale bar 50 μm.

The distributions of proteins in the two types of scaffolds were presented as summed intensities
by matrisome groups (Figure 2B). To compensate for the discrepancy in tissue morphology between
healthy and IPF derived scaffolds, the summed intensity (intensity/μg) of all proteins was adjusted for
tissue density (mg/mm3) (Figure 1A:5). Data showed a distinct difference in intensity of matrisome
groups between IPF and healthy derived scaffolds following density adjustment. The summed intensity
of each matrisome group was increased in IPF scaffolds, in comparison to healthy derived scaffolds,
reflecting the difference in matrisome composition. Further examination of matrisome group intensities
showed a significantly higher amount of nearly all matrisome groups in IPF scaffolds compared to
healthy scaffolds, seen as intensity/mm3 (Figure 2C). To select matrisome proteins significant for
respective scaffold group we used a threshold of fold change 2 and a Benjamini-Hochberg corrected
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p-value below 0.05 between the healthy and diseased group. Visualization of significantly different
matrisome proteins using unsupervised hierarchical clustering of Z-scored values, identified matrisome
proteins characteristic for healthy and IPF derived scaffolds respectively (Figure 2D). The top cluster in
the heatmap depicts matrisome proteins that were less abundant in IPF scaffolds, while the bottom
cluster showed proteins more abundant in IPF scaffolds, as compared to healthy scaffolds (Figure 2D).
Despite recognized lung tissue heterogeneity coupled to IPF patients [22] and limited number of
patient samples, IPF derived scaffolds showed high correlation in matrisome composition, seen both
in biological replicates and in between donors (rank = 0.81) (Figure 2E). Healthy derived scaffolds
showed similar matrisome correlation (rank = 0.88) within its group. Further examination of the
significantly expressed matrisome proteins showed that nine out of 20 of them were assigned as BM
associated proteins (Figure 2D) [20]. Nidogen-2 and Collagen type VI (α 1,2,3 chain) were clustered
together as more abundant in IPF scaffolds in comparison to healthy scaffolds, whereas laminin
γ2, laminin β3, laminin α3 and collagen type IV (chains α3 and α4) were significantly decreased
in IPF scaffolds. Hematoxylin/eosin staining showed distinct morphological differences with thin
alveolar septa in the healthy scaffolds compared to thickened and remodeled septa in the IPF scaffolds
(Figure 2F). This was also clearly illustrated by immunohistochemistry (IHC) for collagen type IV
(Figure 2G) and type VI (Figure 2H). In the healthy lung scaffold, the BM of both sides of the alveolar
septum displayed a thin, even double-line indicating the presence of collagen type IV. In the IPF lung
scaffold however, this staining was uneven and often poorly defined, with areas of decreased staining
intensity and both thickened and thinned BM structures. Most obvious was the increased alveolar
septum thickness, representing large areas without collagen type IV signal. Inversely, collagen type
VI showed accumulation in exactly these fibrotic structures in the IPF scaffold. Furthermore, the IPF
scaffolds showed disorganized BM-fragments and possibly increased microvasculature. In summary,
this illustrates the loss of normal lung organizations in IPF with altered BM membrane composition
and structure.

2.3. Repopulated Scaffolds

After characterization of scaffold properties, we continued to study the cellular response of
primary human lung fibroblasts cultured up to 9 days on scaffolds derived from IPF patients and
healthy individuals. For these experiments we seeded fibroblasts, derived from a healthy donor, on
scaffolds derived from four patients for each group and cultured in duplicates for each patient (n = 4
per group). To start, we examined if cellular attachment and viability varied between the two types of
scaffolds. Cellular viability, measured as metabolic activity, showed no difference between the two
types of scaffolds after 1 day of culture, indicative of equivalent numbers of attached cells (Figure 3A),
also visualized by confocal microscopy (Figure 3B).

This result was also confirmed by counting the number of cells left in the wells after cell seeding,
where no difference between the groups was seen. No significant difference in cellular viability was
detected in any of the scaffolds measured up to 9 days in culture (Figure 3A). SEM imaging showed
differences in cell orientation between the groups, with cells densely packed on top of dense areas
of the IPF scaffolds and heavily repopulated less dense structures, whereas cells cultured on healthy
derived scaffolds followed and maintained open lung structures (Figure 3C). To visualize cellular
attachments and organization in the scaffolds, repopulated scaffolds were antibody labeled for collagen
type VI, a cell binding protein, in combination with the mesenchymal cell marker vimentin and the
focal adhesion protein vinculin (Figure 3D). Results showed similar staining of collagen type VI in
both types of scaffolds, again representing thin alveolar septa in the healthy scaffold compared to
heavily remodeled parenchyma in the IPF scaffold. Interestingly, repopulating fibroblasts on IPF
scaffolds appeared to show more intense vimentin staining compared to cells on healthy scaffolds,
which is in line with other studies demonstrating a correlation between vimentin and substrates
stiffness [23]. Furthermore, cells on IPF scaffolds were primarily situated in less dense tissue areas
and appeared stretched and elongated, lining surface edges of pulmonary structures (Figure 3D). To
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further examine cellular attachments, immunofluorescence (IF) staining for vinculin was performed,
an integrin involved in intracellular signaling [24] which showed no difference in cellular distribution
between healthy and IPF derived scaffolds.

Figure 3. Cell viability and cell attachment of repopulated IPF and healthy tissue scaffolds. (A) Cellular
viability of primary lung fibroblast repopulated on tissue scaffolds (biological replicates n = 4), shown
as mean ± SD. (B) Confocal live imaging after 1 day of culture, showing equal cell attachment. Cell
staining (blue), autofluorescent scaffold (green). Arrows indicate cells. Scale bar = 500 μm. (C) SEM
after 9 days of culture, visualizing cellular differences in orientation in the scaffolds and repopulation.
Arrows indicate elongated cells. Scale bar = 100 μm. (D) Visualization of repopulated scaffolds,
showing fibroblasts attaching to the surrounding tissue (here: collagen type VI) and cytoskeleton
(vimentin) and patterns of focal adhesions (vinculin). Hematoxylin/eosin staining of corresponding
scaffolds shown in the right panel. Arrows: different intensities of vimentin in fibroblasts repopulating
healthy vs. IPF scaffolds. Scale bar = 20 μm.

2.4. Proteomic Profiling of Matrisome Proteins in Repopulated Healthy and IPF Lung Scaffolds

Healthy primary human fibroblasts were cultured in SILAC-medium 5 days before cellular
seeding and over the whole culture period on the scaffolds. In this experiment the cells take up
heavy amino acids from the media and start to produce proteins with heavy amino acids that are
distinguishable in the mass spectrometer from residual scaffold proteins that only contain light amino
acids (Figure 1A). This enabled us to follow protein turnover over time from day 1, by differentiating
between newly synthesized cell-derived proteins (heavy) and pre-existing matrisome proteins in the
scaffold (light). As with the mass spectrometry (MS) data for the decellularized scaffolds, the data
for the repopulated scaffolds was adjusted for differences in tissue density and a mean value was
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calculated for each group at each time point. Density adjustment allowed us to study an equal tissue
volume and thereby the same number of cells in the two types of scaffolds. The matrisome protein
differences between the groups over time were analyzed through a Spearman correlation test, which
clearly demonstrated that newly synthesized proteins (Figure 4A, heavy) from cells cultured on IPF
scaffolds had a different protein composition compared to healthy individuals. Scaffolds in the IPF
group correlated within its group over time as did the healthy individuals (Figure 4A, light). The
temporal changes of overall matrisome compositions for each type of scaffold were shown as heavy
and light matrisome protein groups over time (Figure 4B). Interestingly, fibroblasts diverged in their
production (heavy intensity/mm3) of matrisome proteins, detected as early as day 1 of culture on
IPF derived scaffolds. At day 1, the fibroblasts produced a significantly (p = 0.0069) higher level of
proteoglycans compared to cells cultured on healthy scaffolds (Figure 4B). Over time, we observed
a tendency of increased collagens production in repopulated IPF scaffolds, however the level of
ECM glycoproteins remained unchanged. Examination of the preexisting scaffold composition (light
intensity/mm3) (Figure 4B) representing ongoing ECM remodeling, showed increased amounts of
proteoglycans (p = 0.0231) such as perlecan and lumican in IPF scaffolds at day 1 (Figure S3). However,
at day 9, IPF scaffolds showed significantly decreased amounts of ECM regulators (p = 0.029) (Figure 4B)
e.g., TIMP-3 (Figure S3) and secreted factors (p = 0.089) (Figure 4B).

Figure 4. Cont.
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Figure 4. Proteomic characterization of matrisome proteins in tissue scaffolds repopulated with SILAC
labelled fibroblasts. (A) Spearman correlations of matrisome proteins in repopulated healthy and IPF
scaffolds at day 1, 3, and 9 after repopulation. Scaffold group mean MS-intensities for each time point
presented (biological replicates n = 4, technical replicates n = 2). (B) Statistics for matrisome groups for
repopulated healthy and IPF scaffolds over time calculated from summed matrisome groups. Student’s
t-test with Benjamin–Hochberg corrected p-values for significance between patient groups of the same
time point with p-values * p < 0.05, ** p < 0.01. Light # p = 0.089 (Secreted Factors). (C) Heatmap of
matrisome proteins over time. Unsupervised hierarchical clustering of Z-scored values (ward.D2).
Scaffolds are presented as patient means (biological replicate n = 2) and repopulated scaffolds (light
and heavy) are presented as patient group mean intensities for each time point (n = 4) with technical
replicates for each group (n = 2). Light and heavy intensities were selected and visualized according to
previous scaffold clustering.

To exclude cell number variabilities in between the two types of scaffolds after adjusting the
values, we examined heavy and light labeled histones in each group over time, showing no significant
difference between IPF and healthy repopulated scaffolds at any time point (data not shown). These
results indicate that the identified diversity in protein synthesis was dependent on the original scaffold
properties and not by variety in cellular content. To further describe this finding, we selected the
matrisome proteins found to be significantly different and descriptive for the respective decellularized
scaffold group, and analyzed these further showing temporal differences in repopulated scaffolds. We
compared both newly synthesized matrisome proteins (Figure 4C, heavy) as well as changes in the
original scaffold composition over time (Figure 4C, light) based on the significantly different matrisome
proteins in the scaffolds from the starting point (Figure 4C, scaffold). The top cluster in the heat map
presents the matrisome proteins that are more abundant in healthy scaffolds in comparison to IPF
scaffolds. Within its own group, newly synthesized proteins from IPF and healthy scaffolds showed
similar protein expressions over time (top cluster). The overall pattern of newly synthesized matrisome
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proteins appeared to overlap with the original scaffold composition representative for each group.
These results indicate that the characteristics of the original scaffolds can influence cellular activity,
stimulating scaffold specific protein production in primary fibroblasts, thus mimicking the composition
found in the original scaffold.

Furthermore, to connect to our previous findings in the decellularized scaffolds, we examined
how BM protein production was affected over time in each type of scaffold (Figure 5A). Most of
the significantly different expressed BM proteins showed a reduced expression in IPF repopulated
scaffolds (top cluster, Figure 5A) as compared to healthy scaffolds. Changes in protein intensity were
analyzed over time and significantly differently expressed BM proteins (11 out of 20 BM proteins) were
presented as mean heavy intensity for each group (Figure 5B). Interestingly, healthy scaffolds showed
an increased production of nidogen-1 and laminins (subunit α3, β3, and α5) over time, whereas in
the IPF scaffolds the synthesis was low or undetected. Similar responses were seen with collagen IV
production of α3 and α4 chains. For repopulated IPF scaffolds we found an increased production of
the following structural BM proteins; basement membrane-specific heparan sulfate proteoglycan core
protein (perlecan), collagen type VI chains α1, α2, and α3. The diverse expression and downregulation
of several heavy labeled BM proteins in repopulated IPF scaffolds further supports the manifestation
of a disorganized BM as previously visualized in IPF derived scaffolds. Scaffold changes over time
were shown with light labeled protein intensity, showing several BM proteins with similar temporal
patterns as heavy intensities (Figure S4).

Based on the quantitative data in Figure 5B and Figure S4, we show with antibody labeling,
the spatial expression pattern of collagen type VI in repopulated scaffolds, showing an intensified
expression level at day 9 in healthy scaffolds as compared to day 1 (Figure 5C). In IPF scaffolds, collagen
VI appeared stable over time showing no distinct visual difference in antibody labeling. The overall
expression of collagen VI appeared visually increased in IPF scaffold vs. healthy, which could be
explained by the higher density of the tissue.

At further examination of heavy labeled proteins, we identified that the synthesis of tenascin and
periostin was significantly altered in repopulated IPF scaffolds, matrix components that have been
associated with the progression of IPF [25,26]. Tenascin and periostin were also found to be elevated in
the original scaffold composition of IPF (Figure 6A). Fibroblasts on IPF scaffolds produced significantly
higher amounts of tenascin (p = 0.044 at day 3, p = 0.027 at day 9) and periostin (p = 0.039 at day 1)
(Figure 6A), protein expression patterns that have been implicated in fibrosis [25,27,28]. IHC staining
of repopulated scaffolds visualized periostin distribution (Figure 6B). Periostin was found in certain
areas of the thin alveolar septa in healthy scaffolds. IPF scaffolds, on the other hand, had a stronger
staining in less remodeled areas and very low periostin signal in the heavily remodeled and fibrotic
tissue areas. No apparent intracellular periostin could be detected by IHC.

60



Int. J. Mol. Sci. 2019, 20, 4013

A 

 
B 

Figure 5. Cont.

61



Int. J. Mol. Sci. 2019, 20, 4013

 

Figure 5. Synthesis of basement membrane proteins in repopulated scaffolds. (A) Heatmap of basement
membrane (BM) proteins over time. Repopulated scaffolds as group mean heavy intensities for each
time point (biological replicates n = 4, technical replicates n = 2). With Student’s t-test, significantly
differentially expressed proteins are marked with *. Perlecan = Basement membrane-specific heparan
sulfate proteoglycan core protein. Production of significantly different basement membrane proteins in
repopulated IPF and healthy scaffolds. Protein intensity shown as mean heavy intensity (B) over time for
each group with SD. Student’s t-test with Benjamin–Hochberg corrected p-values for significance between
patient groups of the same time point with p-values * p < 0.05. Blue =Healthy, Red = IPF. (C) Antibody
labeling of repopulated scaffolds, at day 1 and day 9 of culture, showing collagen type VI (α1) (red) with
DAPI staining (blue). Images of collagen VI staining, illustrate newly synthesized protein and original
scaffold composition, with arrows exemplifying positive staining. Scale bar = 50 μm.

Synthesis of the proteoglycan decorin was upregulated (p = 0.043) in fibroblasts cultured on
IPF scaffolds on day 1 of repopulation (Figure 6C). Decorin labeling showed clear intracellular and
periocellular staining with a general enhanced overall tissue expression in IPF derived scaffolds
(Figure 6D). Interestingly, these early changes in proteoglycan production were also detected for
biglycan (p = 0.040) and versican (p = 0.027), showing significantly increased levels in repopulated
IPF derived scaffolds (Figure 6C). The increased production of proteoglycans was further supported
with antibody labeling (Figure 6D). IPF scaffolds showed higher levels of decorin compared to healthy
scaffolds, and intracellular staining of decorin in fibroblasts were found on both scaffold types. Biglycan
staining showed a strong intrinsic accumulation in IPF scaffolds, whereas healthy scaffolds only had
sporadic staining apart from vessels. Intracellular biglycan could be found in fibroblasts cultured on
both scaffold types. As for versican, staining was largely absent in healthy scaffolds, but a distinct
intrinsic accumulation in IPF scaffolds could be seen as well as prominent cellular signal in fibroblasts
cultured on IPF scaffolds. No intracellular staining of versican could be seen in cells cultured on
healthy scaffolds.

In summary, these results demonstrate that the material properties of the ECM affected fibroblast
activity, thus supporting a profibrotic phenotype when cultured in a diseased milieu.
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Figure 6. (A) Graphs of heavy and light intensity/mm3 of tenascin and periostin of repopulated
scaffolds (biological replicates n = 4, technical replicates n = 2) with calculated grand mean. Student’s
t-test for significance between patient groups means for each time point (* p < 0.05). (B) Periostin
in repopulated scaffolds (day 1). Antibody labeling indicating periostin (brown) in certain areas in
alveolar septa in the healthy scaffolds, and to a stronger degree in less remodeled tissue areas in the IPF
scaffolds. Largely absent periostin staining in heavily remodeled IPF tissue areas (*). Arrows highlight
differences in intracellular staining. Scale bar overview 500 μm, details 10 μm. (C) Graphs of original
(light) and newly synthesized (heavy) proteoglycans decorin, biglycan, and versican of repopulated
scaffolds (biological replicates n = 4, technical replicates n = 2) are presented with calculated grand mean
of light and heavy intensity at day 1. Student’s t-test for significance between patient groups (* p < 0.05,
** p < 0.01). (D) Antibody staining illustrating proteoglycan increase in IPF vs. healthy scaffolds (day 1) of
newly synthesized proteoglycans including original scaffold composition. Decorin (brown): IPF scaffold
showing intrinsically more decorin, with cellular signal in fibroblasts on both scaffold types. Biglycan (red):
rare intrinsic biglycan in healthy scaffolds apart from vessels, but strong accumulation in IPF scaffolds.
Cellular signal of biglycan in fibroblasts on both scaffold types were seen. Versican (red): absent intrinsic
versican in healthy scaffolds, but distinct accumulation in IPF scaffolds. Prominent cellular signal in
fibroblasts on IPF scaffolds, but not on healthy scaffolds. * extracellular deposition in repopulated scaffolds.
Arrows highlight differences in intracellular staining. Corresponding hematoxylin/eosin staining of the
repopulated scaffolds shown in bottom row. Scale bar 50 μm.
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3. Discussion

The ECM has important biological functions such as regulating wound healing responses and
tissue remodeling through cellular interactions [7,29]. The implementation of decellularized IPF and
healthy lung tissues as scaffolds represents a promising approach to study the biological function of
the ECM and how vital changes in matrisome properties, both in composition and biomechanically,
influence cell behaviors [12]. In this study, we performed an in-depth characterization of the structural
properties of these acellular lung matrices derived from healthy individuals and IPF patients, with
regards to morphology, tissue density, and stiffness. Alterations of these important features, linked to
the pathophysiological changes seen in IPF scaffolds, were sustained following decellularization. IPF
is thought to be the result of an aberrant wound healing process involving abnormal deposition of
matrix proteins e.g., collagens [1,30], and as seen in this study leading to almost a three-fold increase in
tissue density compared to healthy, accompanied by a five-fold and 60% increase in stiffness for native
IPF tissue and IPF scaffolds, respectively. Decellularization seemed to solely affect the biomechanical
properties of healthy scaffolds. Essentially, collagen content is retained after the decellularization
process in healthy lung tissue, while elastin content is affected to some degree and even more the
proteoglycans along with the ECM glycoproteins [31]. Our data suggest that removal of these charged
proteins most likely led to changes in biomechanical properties due to lost electrostatic interactions,
leading to an entangled micro-structure, ultimately increasing the tensile strength of healthy scaffolds,
which might influence cell-matrix interactions. The IPF scaffolds, on the contrary, had a higher
content of collagens compared to healthy scaffolds and a largely absent BM along with the removal of
surfactant proteins, which gives specific biomechanical properties of the scaffolds. Consistent with
morphological differences of more or less fibrotic scaffold samples, the biomechanical properties of the
scaffolds demonstrated large variations. Despite this, both within IPF patients and within biological
replicates, the IPF scaffolds were distinctly separated from healthy scaffolds, actually exhibiting rather
homogenous tissue characteristics, strengthening the results from our limited number of biological
replicates (Figure S5).

One of the important findings was that there were differences in the abundance of distinct
matrisome proteins between healthy and IPF scaffolds, with nine out of 20 of these being BM
components. Visualized with collagen type IV antibody labeling, the BM showed large spatial
differences between healthy and IPF scaffolds. The loss of BM integrity of the alveolar-capillary
membrane along with an accumulation of collagen type VI, without normal structure reconstruction,
causes an abnormal lung architecture, thought to promote fibrosis [30], where fibroblasts and especially
myofibroblasts are known to be the main matrix producers and key players in fibrosis [4]. With that in
mind, our aim was to examine how changes in ECM properties affected cellular responses in IPF. When
IPF scaffolds were repopulated with healthy fibroblasts, we demonstrated a significantly reduced
production of important BM complexes such as nidogens, laminins, and collagen IV in IPF scaffolds,
results that are in support of a previously reported study [32]. In our study, laminin α3, α5, and β3
were not produced at the same level in IPF scaffolds as in healthy scaffolds. Data, which is in line
with an in vivo study, where the loss of laminin α3 augmented the progression of lung fibrosis, is
suggestive of its contribution to IPF disease progression [33]. Underlying the BM are anchoring matrix
components perlecan and collagen type VI chains α1 and α3, which were elevated in repopulated
IPF scaffolds, indicating an imbalance in ECM turnover with a build-up of matrix underlying the
fragmented BM. Furthermore, an early induction in synthesis of proteoglycans decorin, lumican,
biglycan, and versican (Figure 6C, Figure S3), as well as the ECM regulator, TIMP-3, (Figure S3) in
IPF scaffolds compared to fibroblasts cultured on healthy scaffolds further strengthen the picture of
a promotion of a profibrotic feedback loop. Proteoglycans are multifunctional proteins involved in
wound healing responses and shown to be elevated in lungs from IPF patients [34–37]. Fibroblasts
from lung fibrosis patients have shown an increased production of small proteoglycans, with decorin
as the major proteoglycan produced with implications in pulmonary fibrotic responses [35,38]. These
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findings were replicated in our study and further support the hypothesis that fibroblast activity is
modified by certain elements of the ECM.

In a previous study, where primary fibroblasts were cultured on healthy lung scaffolds freely
floating in culture medium [13], cells contracted the surface area of the scaffold from approximately
1 cm2 to 1 mm2 in less than 9 days. To prevent this and to more closely mimic the physiological
conditions, we introduced custom-made holders to mount the scaffolds in order to sustain a stretched
and organized lung tissue structure during cell culture. This approach clearly demonstrated the
importance of imposing a static stretch of the scaffolds, sustained by the holders, to transduce forces
similar to the native situation. It has been shown that cells sense resistance to pulling as well as the
local environment due to protein conformation, substrate rigidity, and architecture [39]. Repopulated
scaffolds showed equivalent numbers of cells attached in both healthy and IPF scaffolds, verified
by cellular viability and histone levels over time. In addition, patterns of focal adhesions, shown
with vinculin staining, did not appear to be different in the groups. Although, the cell morphology
appeared to be similar in both types of scaffolds, fibroblasts on IPF scaffolds seemed to have a higher
accumulation of vimentin, indicating a shift in the cellular response due to an increased stiffness, also
seen by others [40]. Compositional alterations of the ECM affect mechanical properties of tissues,
which in turn influence how the cells perceive its local environment in terms of forces and ECM tension
through integrin-ECM interactions that in turn will have an impact on the intracellular signaling [24,39].
An enhanced matrix stiffness with reduced tissue compliance is known to promote fibroblast activation
and fibrosis [41]. We demonstrated an increased tissue stiffness in IPF scaffolds, as recognized in other
studies of native lung tissue from IPF patients [42], which in turn had an effect on fibroblast activity.
The stiffness of the ECM is increased in areas of fibrosis [43] and stimulates fibroblast migration,
differentiation, and other cellular events that are associated with tissue remodeling [6]. Invasive
migratory fibroblasts degrade and disrupt surrounding barriers to propagate its migration toward stiff
and fibrotic areas of the lung [44]. In our study, repopulated IPF scaffolds synthesized lower amounts
of the MMP (metalloproteases) inhibitor TIMP-3 (Figure S3). The shift in ECM regulators connect to our
previous study by Ahrman et al. and also to other studies showing decreased levels of tissue inhibitors
and increased levels of proteases in IPF [8,10,45]. Deprived balance of MMPs and TIMPs, enzymes
necessary for matrix reorganization, contribute to a pathological turnover rate of the ECM [45,46].
These factors with both direct and indirect regulation of ECM structures, including activation of growth
factors, cytokines, and chemokines, have been suggested to have an important role in the development
of fibrosis, however, with diverse and complex functions [47]. We also saw that ECM regulators and
secreted factors decreased at day 9 only in the IPF light matrisome, indicative of a high enzymatic
activity in fibroblasts cultured on IPF scaffolds, thus resulting in enhanced release and/or removal of
ECM components to the medium compared to fibroblasts cultured on healthy scaffolds. We saw that
the fibroblasts filled up the spaces in less dense areas and covered dense areas with a compact cell
sheet in the IPF scaffolds, while the alveolar structure was maintained in the healthy scaffolds. This
feature may be explained by the loss of an intact BM in combination with an increased stiffness in
the IPF scaffolds. Collectively, these characteristics may contribute to a dysregulated and imbalanced
proteolysis of matrix proteins, changes that we saw in the temporal expression of light labeled BM
proteins in between the two types of scaffolds (Figure S4).

Interestingly, when cultured on IPF scaffolds, fibroblasts showed an increased production of
tenascin and periostin, proteins which are upregulated in IPF patients, with the latter recognized as a
disease marker for IPF progression [25,26]. Tenascin is a large ECM glycoprotein transiently expressed
during wound healing and involved in several tissue remodeling processes, which was reflected in
our system where the fibroblasts responded to the altered milieu in the IPF scaffolds. This protein
stimulates migration of fibroblasts and increased mechanical stiffness, seen in vitro, and is upregulated
in patients with IPF, especially at fibroblastic foci [26,27,48]. The matricellular protein periostin is
able to bind to tenascin facilitating its incorporation to the ECM [49]. In seemingly healthy looking
areas in the IPF scaffolds we found strong staining for periostin, whereas in heavily remodeled and
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fibrotic areas the staining was absent. The spatial distribution of periostin may direct the progression
of fibrosis by acting as an early trigger for matrix build-up, seen with an initial high production in IPF
scaffolds compared to healthy, which supports our observation that fibroblast migrate to less dense
areas in IPF scaffolds.

In accordance with previous transcriptome studies by Parker et al. [29], our results support the
notion of the ECM being a key driver and regulator of fibrosis, causing a positive feedback loop between
fibroblasts and the diseased ECM (Figure 7), which warrants further investigation. We hypothesized that
the biomechanical properties and the composition of the ECM dictate the cellular response in human
primary fibroblasts as reflected by the overall cellular response to a healthy and diseased matrix.

Figure 7. Cell-matrix interactions in IPF. Fibroblasts cultured on stiff IPF scaffolds secrete increased
amounts of periostin, known to stimulate myofibroblast differentiation and migration. Increased
synthesis of tenascin and reduced levels of metalloprotease inhibitors (TIMP-3) support migration
and movement toward stiffer tissue. Fibroblasts become activated and generate increased deposition
and build-up of collagens and proteoglycans (decorin, versican, and biglycan). Alveolar epithelial cell
(AEC) damages causes basement membrane disruption and the loss of structural barriers. Fibroblasts
on IPF scaffolds reduced their production of BM complexes (laminins, nidogens, and collagen IV),
potentially hindering the rebuild of a functional BM for anchoring AEC.
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We saw that fibroblasts cultured on stiff IPF scaffolds secreted increased amounts of periostin,
known to stimulate myofibroblast differentiation and migration. This in combination with an increased
synthesis of tenascin and reduced levels of metalloprotease inhibitors (TIMP-3) supports the migration
of fibroblasts towards a stiffer ECM. The cells become activated and generate increased deposition and
build-up of collagens and proteoglycans including decorin, versican, and biglycan. With the elevated
levels of periostin, the incorporation of tenascin-C into the matrix may be facilitated as well as the
formation of collagen fibrils, assisted by decorin. The IPF scaffolds have a clear disruption of the BM,
which is thought to arise from alveolar epithelial cell (AEC) damages leading to the loss of structural
barriers. This may promote transdifferentiation of epithelial cells to mesenchymal cells which in
addition activates the progression of remodeling. Interestingly, fibroblasts on IPF scaffolds reduced
their production of BM complexes (laminins, nidogens, and collagen IV), potentially hindering the
rebuild of a functional BM for anchoring AEC. The continuation of fibroblast activation in combination
with a disorganized BM seem to propagate changes in the matrisome properties, further promoting
disease progression.

This study is separate from previously performed studies on pulmonary fibrotic lung tissue [12,29]
as we focused on the distal lung properties of IPF, where this disease typically manifests itself with
subpleural fibrotic formations. Furthermore, the advantage of our human 3D-model excludes the effect
of resident cellular components of the parenchymal tissue characteristics and focuses on the cellular
response of the ECM.

We have clearly demonstrated that the biomechanics and the matrisome composition of the IPF
scaffolds are closely connected, which make up an intricate biological system controlling cellular
behavior with the ability to sustain a profibrotic lung environment. To mimic the physiological
conditions more closely and to maintain the complex structure of decellularized lung tissue during
repopulation, a novel approach was implemented in this study through the application of scaffold
holders, manufactured to mount lung tissue in order to impose a static stretch. By combining the
biomechanical properties of a scaffold, linked with its own proteomic profile, unique matrisome
properties were identified in IPF patients in comparison to healthy individuals. In a novel way of
analyzing proteomic data, tissue density adjustments enabled an in-depth study of ECM turnover in IPF
and healthy scaffolds by recognizing structural heterogenetic differences, which thereby separated the
two types of tissues. The cellular responses studied in repopulated scaffolds identified the cell-matrix
interactions as essential in the progression of IPF, emphasizing the BM and the underlying composition
of ECM proteins as a possible disease mechanism in the induction of normal versus fibrotic tissue
remodeling. We demonstrated that the IPF scaffolds had an enhanced content of proteoglycans
and after the repopulation with healthy fibroblasts, we also distinguished a shift in the synthesis
of proteoglycans, accompanied with a distinct localization of the tissue deposition. Together, these
results further support that the existing cellular milieu alters fibroblast activity, promoting a profibrotic
phenotype when cultured in a diseased matrix. More in-depth examinations with a larger number
of patients on how specific ECM components may direct cellular activity are warranted to further
elucidate how healthy cells become programed to synthesize a disease-like protein profile in a diseased
ECM environment, studies which may lead to the unveiling of potential targets and biomarkers for IPF.

4. Materials and Methods

4.1. Decellularization of Lung Tissue Samples

Tissue samples for healthy controls originated from healthy human donor lungs, unusable for
transplantation, or from an unaffected area in resection material (Table 1). The diagnosis of IPF was
confirmed by clinicians with histological examination of explanted lungs that had reached end stage of
disease, consistent with ERS and ATS criteria. Sample HL 4 showed no signs of pathological changes
in the parenchymal tissue used for scaffold extraction.

68



Int. J. Mol. Sci. 2019, 20, 4013

Table 1. Patient and donor tissue information.

Sample ID HL 1 HL 2 HL 3 HL 4 IPF 1 IPF 2 IPF 3 IPF 4

Group Healthy Healthy Healthy Healthy IPF IPF IPF IPF

Age 55 41 62 86 61 57 62 68

Gender Female Female Male Male Female Female Female Male

Smoking
history Yes No No No Yes Yes Yes Yes

Non-lung
disease

Alpha 1
anti-trypsin
deficiency

Lung disease No No No Squamous cell
carcinoma * IPF IPF IPF IPF

* No COPD diagnosis. Tissue obtained from non-affected area.

Lung tissue was dissected for scaffold isolation within the first 24 h of surgical removal of explanted
lungs. Adjacent to the pleura, cubic blocks (1 cm3) of parenchymal tissue were dissected from peripheral
regions of the lung (Figure 1A). Tissue blocks were immediately frozen in 2-methylbutane chilled with
liquid nitrogen. After storage in −80 ◦C lung tissue was cryosectioned into 350 μm tissue slices with a
HM-560 cryostat (Microm, Heidelberg, Germany). Antifreeze cryoprotective solution (30% v/v glycerol
and 30% v/v ethylene glycol in 0.1 M sodium phosphate buffer) was used to maintain the integrity of
the tissue at sectioning. Tissue slices were thawed on chilled D-PBS (Dublecco’s phosphated buffer
solution) (Invitrogen, Waltham, MA, USA) and treated for decellularization. Samples for histology
were fixated and prepared as described below.

Tissue slices were decellularized according to Rosmark et al. [13]. In short, tissue was incubated
with mild agitation in decellularization solution (8 mM CHAPS, 1 M NaCl, 25 mM EDTA in D-PBS)
(1 mL/slice), with the solution replaced five times during the first 4 h of incubation. Tissue was stored
overnight at +4 ◦C in D-PBS. The following day, tissue slices were rinsed with benzonase working
buffer (20 mM Tris-HCl, 2 mM Mg2+, 20 mM NaCl) prior to incubation with benzonase nuclease
(Sigma-Aldrich, Saint Louis, MO, USA, cat. no. E1014) (90 U/mL, 1 mL/slice, 30 min at 37 ◦C). The
decellularized tissue (scaffold) was rinsed and stored in D-PBS supplemented with amphotericin B
(2.5 μg/mL), penicillin-streptomycin (1%) and gentamicin (50 μg/mL) at +4 ◦C. Randomly selected
scaffolds from each tissue cube were used, which further introduced biological variability between the
technical replicates.

4.2. Study Approval

Healthy donor lung tissue explants from Lund University hospital (Lund, Sweden) and lung
samples from patients diagnosed with IPF were received from Sahlgrenska University hospital
(Gothenburg, Sweden). The study was approved by ethical committees in Lund and Gothenburg,
Sweden (Dnr. 413/2008, 2015-891, and 1026-15). Written informed consent was received from
participants or the closest relative.

4.3. DNA Measurements

Decellularized lung tissue was quantified for residual double stranded DNA (dsDNA) using
fluorescent nucleic acid staining (Thermo Fisher Scientific, P7589). Lung tissue slices were freeze dried
and homogenized with 0.1 mm zirconia silica beads (Thermo Fisher Scientific, Waltham, MA, USA,
cat.no. 3488) in a fast prep bead beater (MP fastprep96, Nordic Biolabs, Täby, Sweden). Samples were
centrifuged at 6000× g for 3 min and supernatants were analyzed for dsDNA quantification according
to manufacturer’s instructions.
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4.4. Tissue Density Measurements

For each individual within a group (i.e., biological replicates per group, n = 4), three technical
replicates of scaffold samples were used. Scaffolds were first separately photographed to measure
tissue area, using ImageJ software version 1.51n (NIH, Bethesda, MD, USA; http://imagej.nih.gov/ij)
and subsequently freeze dried and weighed to calculate tissue density (mg/mm3).

4.5. Mechanical Testing

Native tissue slices and decellularized scaffolds of equal size from healthy and IPF donor tissues
(n = 4 biological replicates per group) were mounted in organ baths (emkaBATH4, emka Technologies,
Paris, France) in D-PBS for mechanical testing. Tissue samples were mounted to triangular hooks
with silk suture and original tissue length was measured (L0). Tissues/scaffolds were then pre-loaded
in tension with 350 mg by vertical elongation. After relaxation, the samples were loaded with a
displacement corresponding to a strain of 5%, 10%, and 15% at a rate of 0.1 mm/s, and allowed to
relax for 20 min between each sequential load step (sequential stress-relaxation). Finally, samples were
tested in tension at a rate of 0.1 mm/s until they ruptured or reached a maximal additional 10 mm. The
software iox 2.10.0.40 datanalystv2.6.1.18 was used for data acquisition. Tissue stiffness (N/m) was
calculated from the linear region of the force displacement curve during the final tensile test, k = F

δ ,
where F is the load [mN] and δ is the displacement. Ultimate force was the maximum load [mN] at
failure i.e., physical breakage of the tissue.

4.6. Repopulation of Scaffolds with Primary Lung Fibroblasts Labeled with Heavy Arginine and Lysine

Human primary parenchymal lung fibroblasts were isolated from one healthy donor control
lung as previously described [50]. Fibroblasts were expanded on regular culture flasks (Sarstedt,
Nümbrecht, Germany, cat.no. 83.3910.002) in DMEM supplemented with amphotericin B (2.5 μg/mL),
penicillin-streptomycin (1%), gentamicin (50 μg/mL), glutamine (1%), and 10% fetal clone serum (FCIII,
Thermo Scientific) at 37 ◦C, 10% CO2. Cells in passage 7 were trypsinized and resuspended in complete
SILAC DMEM Flex Media (Life Technologies, Carlsbad, CA, USA, cat.no. A2493901) supplemented
with 10% dialyzed serum (Gibco, A3382001), glucose (4500 μg/mL), amphotericin B (2.5 μg/mL),
penicillin-streptomycin (1%), gentamicin (50 μg/mL), 1% Glutamax along with “heavy” 13C6 labeled
l-Arginine-HCl (Thermo Fisher Scientific, 88210) and “heavy” 13C6

15N2-labeled l-lysine-2HCl (Thermo
Fischer Scientific, 88209), as needed for optimal cell culture conditions. Fibroblasts were pre-cultured for
5 days on regular culture flasks in complete SILAC DMEM Media and scaffolds were pre-conditioned
for 1 h with SILAC DMEM Media prior to re-population of scaffolds. In 24-well suspension culture
plates (Sarstedt, cat.no. 83.3922.500) fibroblasts were seeded on scaffolds with mild agitation for 24 h
at 10% CO2, 37 ◦C. Culture media was analyzed for cellular content for the examination of cellular
attachment to scaffolds. The cell seeded scaffolds were then mounted on scaffold holders (8 mm
inner diameter), composed of polyoxymethylene and incubated for up to 9 days, based on previous
data [13]. Culture medium was changed after 24 h, 3 days, and 6 days of incubation. Schematics of the
experimental layout is provided in Figure 1A. Repopulated scaffolds were analyzed for cellular viability
after 1, 3, and 9 days of incubation (biological replicates per group n = 4 with two technical replicates).
Cell viability was analyzed with WST-1 (Roche, Basel, Switzerland) according to manufacturer’s
instructions. In brief, scaffolds were incubated at 37 ◦C at 10% CO2 with WST-1 solution (diluted in
1:10 in cell culture medium). Color development in cell medium, corresponding to cellular metabolism,
was measured at 450 nm.

4.7. LC-MS/MS Analysis

The extraction of proteins from decellularized and repopulated lung tissue scaffolds was modified
after Rosmark et al. [13]. Instead of consecutive protein extraction we here performed one protein
extraction procedure. The spanned tissue area of the scaffolds (decellularized or repopulated with
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heavy labeled cells) were lyophilized, diluted in extraction buffer with 100 mM ammonium bicarbonate
with 8 M urea, and homogenized using a Bioruptor®Plus (Diagenode SA, Seraing, Belgium) at 4 ◦C
for 20 cycles 15 s ON/OFF. Samples were reduced with 5 mM TCEP (tris-2-carboxyethyl phosphine)
30 min at 37 ◦C at 850 rpm, alkylated with 10 mM IAA (iodoacetamide) for 45 min at room temperature,
followed by overnight trypsin digestion at 37 ◦C at 300 rpm. Decellularized scaffolds samples were
desalted with C18 reversed-phase spin columns (Harvard Apparatus, Holliston, MA, USA) according
to manufacturer’s instructions, whereas repopulated scaffolds were desalted using SOLAμ™-SPE
plates (Thermo Fisher Scientific) according to manufacturer’s instructions.

After desalting, samples were resuspended in 2% acetonitrile, 0.1% formic acid and the peptide
concentrations were measured using Pierce™ Quantitative Colorimetric Peptide Assay (Thermo
Scientific, Rockford, IL, USA). For all samples we adjusted the volume to inject 1 μg peptides. Peptide
separations and data acquisitions were performed as previously described [13]. Briefly samples were
separated on a 25 cm EASY-spray column using an EASY-nLC 1000 LC-system (Thermo Fischer
Scientific) using a gradient of 5%–30% buffer B over 60 min and 30%–95% buffer B for 5 min with
a flow rate of 300 nL/min. Data were acquired with a Q Exactive Plus mass spectrometer (Thermo
Fischer Scientific) using top-15 data dependent acquisition (DDA) where each full mass scan covered
400–1600 m/z at resolution 70,000 at 200 m/z for both MS and MS/MS scans. MS precursor values above
1.7 × 104 were required for triggering MS/MS scans. An automatic gain control (AGC) of 1 × 106 with
ion accumulation time of 100 ms for MS scans and 60 ms for MS/MS was used.

Data Analysis

MaxQuant (version 1.5.3.30) was used for analysis of raw files. Searches were performed
towards a reviewed UniProt human database with standard contaminants (downloaded 2015-11-17)
in Andromeda. Enzyme specificity were set for trypsin with max two missed cleavages and a mass
accuracy of 4.5 ppm for precursors and 20 ppm for fragment ions. Carbamidometylation was set as fixed
modification and methionine oxidation as variable. For both proteins and peptides, a false discovery
rate of 1% was used. The proteomics data was deposited to the ProteomeXchange Consortium via
the PRIDE partner repository [51] with the dataset identifier (PXD012322). Adjusted intensity values
were calculated by multiplying raw intensity with tissue density (μg/mm3) specific for each patient to
obtain intensity per mm3. For repopulated scaffolds, the dry weight of cells is assumed to be negligible
and adjusted with the same density as for the original scaffold.

4.8. Imaging

4.8.1. Scanning Electron Microscopy (SEM)

Scaffolds and native lung tissues were washed in Sorensen’s phosphate buffer (0.1 M, pH 7.4) and
fixed in 1.5% formaldehyde and 1.5% glutaraldehyde for 1 h. After washing with Sorensen’s buffer,
the samples were dehydrated with gradual increasing concentration of ethanol. Samples were critical
point dried and sputtered with gold-palladium before being examined with electron microscopy Jeol
JSM-7800F FEG-SEM at Lund University Bioimaging Center (LBIC).

4.8.2. Confocal Imaging

Cells were pre-stained with Cytopainter prior to cell seeding for 3D visualization of cell distribution.
Cells were trypsinized, counted, and stained using CytoPainter Cell Proliferation Stain Deep Red
(Abcam, ab176736) following manufacturer’s protocol. Scaffolds were seeded as above and imaged
after 1 day of culture using a Nikon Confocal A1 +microscope at LBIC. The scaffold was imaged by
taking advantage of the autofluorescence, using 488 nm excitation.

71



Int. J. Mol. Sci. 2019, 20, 4013

4.8.3. Fixation, Paraffin Embedding, and Sectioning

At selected time points scaffolds were rinsed in PBS and fixated in 4% formaldehyde (VWR;
Radnor, PA, USA) for 1 h, and subsequently dehydrated immediately (70% ethanol 1 h, 95% ethanol
1 h, 99.5% ethanol 30 min, 1:1 ethanol:xylene 15 min, xylene 30 min) or stored in PBS at 4 ◦C. Two
changes of paraffin incubation at 60 ◦C (1 h and 30 min) were followed by embedding into paraffin
blocks, from which 4 μm thick sections were produced. Repopulated scaffolds were processed in their
scaffold holder to ensure stretched morphology, and the center was punched out with a biopsy punch
prior to embedding.

4.8.4. Hematoxylin/Eosin Staining

After deparaffinization, hematoxylin/eosin staining was performed according to manufacturer’s
instructions (Mayer’s hematoxylin, Histolab, Gothenburg, Sweden).

4.8.5. Immunohistochemistry (IHC), Immunofluorescence (IF)

After deparaffinization, heat-induced epitope retrieval was performed on a PT Tissue Link system
(Histolab). IHC for collagen type IV, periostin, and decorin was performed using the EnVision Dual
Link System (K4065, Dako, Glostrup, Denmark) according to manufacturer’s instructions, including
horse-radish peroxidase (HRP)-coupled secondary antibodies and counterstaining with Mayer’s
hematoxylin to visualize nuclei. IF for collagen type VI, biglycan, versican, vimentin, and vinculin was
performed by incubation with primary antibodies for 1 h and with fluorochrome-coupled secondary
antibodies (Thermo Fisher Scientific, 1:200) for 45 min. Sections were mounted with ProLong Gold
Antifade Mountant with DAPI (Invitrogen) to visualize nuclei. Unspecific staining of the secondary
antibodies was assessed by omitting the primary antibodies (negative control). For antigen retrieval
and antibody-specifications see Table 2.

Table 2. Antibody specifications.

Antibody Protein Group Catalogue Number Dilution HIER Method Secondary Antibody
Collagen type IV (α1/α2)

Collagens
Abcam, ab6586 1:4000 low pH IHC HRP-coupled

Collagen type VI (α1) Abcam, ab6588 1:1000 low pH IF A-21246

Decorin

Proteoglycans

Atlas Antibodies,
HPA003315 1:1000 high pH IHC HRP-coupled

Biglycan Atlas Antibodies,
HPA003157 1:500 high pH IF A-21246

Versican Atlas Antibodies,
HPA004726 1:500 high pH IF A-21246

Periostin Glycoprotein Abcam, ab79946 1:1000 low pH IHC HRP-coupled

Vimentin Cytoskeleton R&D, AF2105 1:200 low pH IF A-21432

Vinculin Focal adhesions Sigma-Aldrich,
HPA063777 1:100 low pH IF A-21246

HIER = heat induced epitope retrieval; HRP = horse-radish peroxidase; A = Alexa Fluor.

4.8.6. Image Acquisition

Images were obtained on a Zeiss fluorescence microscope (Nikon 4X NA 0.10 air, Nikon 10X NA
0.45 air) or with a VS120 virtual microscopy slide scanning system (Olympus, Tokyo, Japan, objectives
Olympus 4X NA 0.16 air, Olympus 10X 0.4 air), either in brightfield mode (hematoxylin/eosin, IHC) or
fluorescent mode (IF). From the scanned slides, representative images were acquired using the OlyVIA
software 2.8 (Olympus). Exposure times, acquisition settings, and image brightness adjustments were
done consistently for each respective staining including negative controls.

4.9. Statistics

Tissue stiffness and density were statistically analyzed with an unpaired t-test using software
GraphPad Prism 7 (La Jolla, CA, USA). MS data were manually curated prior to statistical testing to
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remove single peptide hits, proteins with missing values for more than 25% per sample group for
decellularized scaffolds, and proteins with 50% missing values for the repopulated samples groups.

RStudio version 1.1.442 (RStudio Team (2015). RStudio: Integrated Development for R. RStudio,
Inc., Boston, MA, USA) was used for statistical analyses and for generation of heat maps, scatter plots,
bar graphs, correlograms etc. Unsupervised hierarchical clustering was performed using the ward.D2
method and Euclidean distance for both row and column clusters. MS data were statistically analyzed
with a Student’s t-test and was followed by Benjamini–Hochberg correction for multiple testing of
p-values. Statistical evaluation of single proteins was statistically analyzed with a Student’s t-test
treating each technical replicate as an individual data point.

5. Conclusions

We demonstrate how matrisome changes affect fibroblast activity using novel approaches to
study temporal differences, where IPF scaffolds support a disorganized BM and upregulation of
disease-associated proteins. These matrix-directed cellular responses emphasize the IPF matrisome
and specifically the BM components as important factors for disease progression.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/16/
4013/s1.
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Abstract: B-cell activating factor (BAFF) is found to be associated with the histological severity
of nonalcoholic steatohepatitis (NASH). BAFF was also found to have a protective role in hepatic
steatosis via down regulating the expression of steatogenesis genes and enhancing steatosis in
hepatocytes through BAFF-R. However, the roles of BAFF during liver regeneration are not well
defined. In this study, C57/B6 mice with 70% partial hepatectomy were used as a liver regeneration
model. BAFF expression was determined by enzyme immunoassay, and anti-BAFF-neutralizing
antibodies were administered to confirm the effects of BAFF on liver regeneration. Western blotting,
immunohistochemistry, and florescence staining determined the expression of B-cell CCL/lymphoma
10 (BCL10). The angiogenesis promoting capability was evaluated after the transfection of cells
with siRNA targeting BCL10 expression, and the role of NF-κB was assessed. The results revealed
that the BAFF and BCL10 levels were upregulated after partial hepatectomy. Treatment with
anti-BAFF-neutralizing antibodies caused death in mice that were subjected to 70% partial hepatectomy
within 72 h. In vitro, recombinant BAFF protein did not enhance hepatocyte proliferation; however,
transfection with BCL10 siRNA arrested hepatocytes at the G2/M phase. Interestingly, conditioned
medium from BAFF-treated hepatocytes enhanced angiogenesis and endothelial cell proliferation.
Moreover, Matrix metalloproteinase-9 (MMP-9), Fibroblast growth factor 4 (FGF4), and Interleukin-8
(IL-8) proteins were upregulated by BAFF through BCL10/NF-κB signaling. In mice that were treated
with anti-BAFF-neutralizing antibodies, the microvessel density (MVD) of the remaining liver tissues
and liver regeneration were both reduced. Taken together, our study demonstrated that an increased
expression of BAFF and activation of BCL10/NF-κB signaling were involved in hepatocyte-driven
angiogenesis and survival during liver regeneration.

Keywords: B-cell activating factor (BAFF); B-cell CLL/lymphoma 10 (BCL10); angiogenesis; liver
regeneration; 70% partial hepatectomy

1. Introduction

The liver is a unique organ with the ability to completely regenerate to the original size after
massive loss. Seventy percent partial hepatectomy is the standard model for studying normal liver
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regeneration. [1] The orchestrated complex process involves a cytokine, growth factor, and metabolic
network [2], among which the cytokine network is initiated through the binding of tumor necrosis
factor (TNF) to TNF receptor 1 (TNFR1), which leads to the activation of nuclear factor (NF)-κB in
nonparenchymal cells, the production of interleukin (IL)-6, and the activation of signal transducer
and activator of transcription 3 (STAT3) in hepatocytes [2]. In fact, TNFR1–/– mice showed delayed
regeneration attributed to inefficient activation of NF-κB [3].

Restoration of liver mass involves the proliferation of hepatocytes and nonparenchymal cells.
Angiogenesis is essential for successful liver regeneration. [4–7] Mutual growth-regulatory signaling
interactions between hepatocytes and endothelial cells during liver regeneration after 70% partial
hepatectomy involve vascular endothelial growth factor (VEGF), IL-6, transforming growth factor
(TGF) α, fibroblast growth factor (FGF) 1, and hepatocyte growth factor (HGF) [5]. Thus, interactions
of multiple pathways during liver regeneration are evolutionarily preserved for host survival.

B-cell activating factor (BAFF) is a type II transmembrane glycoprotein that belongs to the
TNF super family [8]. BAFF-mediated signaling involves B-cell CCL/lymphoma 10 (BCL10) nuclear
translocation, changes in phospho-AKT levels, and NF-κB transactivity [9,10]. BCL10-related signaling
controls the growth of cervical cancer cells via NF-κB-dependent cyclin D1 regulation [11]. Three BAFF
receptors (BAFF-R, transmembrane activator and CAML interactor (TACI), and B-cell maturation
antigen (BCMA)), which can specifically activate B lymphocytes and promote their proliferation, have
been identified [12].

The clinical significance of BAFF is found with serum BAFF levels in patients with nonalcoholic
steatohepatitis (NASH) patients had higher levels than patients with simple steatosis; meanwhile, the
histological findings also demonstrated that higher BAFF levels were associated with the presence
of hepatocyte ballooning and advanced fibrosis [13]. Furthermore, BAFF was also found to have
a protective role in hepatic steatosis via down regulating the expression of steatogenesis genes
and enhancing steatosis in hepatocytes through BAFF-R [14]. However, the role of BAFF in liver
regeneration has not yet been fully elucidated.

Accordingly, we hypothesize that BAFF might play a role in liver regeneration after 70% partial
hepatectomy. In this study, we investigated the role of BAFF in liver regeneration. Our findings
provided important insights into the role of BAFF in angiogenesis and liver regeneration.

2. Results

2.1. Relationship between Increased Expression of BAFF and BCL10 and Survival during Liver Regeneration

BAFF levels in liver tissue were significantly increased at 6 h after partial hepatectomy and
peaked at 16 h. However, these changes in BAFF levels were not detected in the serum (Figure 1A).
As BCL10 is involved in BAFF-mediated signaling, we then evaluated the status of BCL10 in liver
tissues. Western blotting (Figure 1B) and corresponding quantitative results revealed that BCL10
expression was significantly enhanced 24 h after partial hepatectomy in regenerative remnant liver
tissues. Moreover, IHC confirmed these findings and showed that BCL10 expression was elevated in
regenerative remnant liver tissues (Figure 1C).

78



Int. J. Mol. Sci. 2019, 20, 5022

Figure 1. B-cell activating factor (BAFF) and B-cell CCL/lymphoma 10 (BCL10) expression in 70%
partial hepatectomy-induced liver regeneration in mice. (A) Serum and tissue levels of BAFF were
estimated by EIA at the indicated times after 70% partial hepatectomy. Data are presented as means
± SDs, and comparisons were made between each time and time zero. n = 6. * p < 0.05, by two-way
ANOVA with Tukey’s post hoc test. (B) Left panel, expression levels of BCL10 at different times in liver
tissues from control or 70% partial hepatectomy (PH) groups were determined by western blotting;
Acin was used as loading control. Right panel, the quantitative results of BCL10 western blotting.
Data are presented as the relative intensity (BCL10/Actin) ± SD. Comparisons were made between the
control and PH groups. n = 6. * p < 0.05, by Student’s t-test. (C) Tissue BCL10 staining (brown color)
of remnant liver tissues. Magnification, 400×. (D) Mice were intraperitoneally injected with 100 μg
control IgG (Control Ab) or anti-mouse BAFF-neutralizing antibodies (BAFF Ab) at the time of 70% PH.
The number of surviving mice was calculated at different times after 70% PH. n = 10 per group.

Mice were intraperitoneally injected with 100 μg anti-mouse BAFF-neutralizing antibodies after
70% partial hepatectomy to clarify the role of BAFF expression in liver regeneration. We found that
treatment with anti-BAFF-neutralizing antibodies, but not control IgG, caused death in mice that were
subjected to 70% partial hepatectomy within 72 h (Figure 1D). These results demonstrated that BAFF
was essential for survival during liver regeneration.

2.2. BAFF/BCL10 Signaling Plays an Important Role in Hepatocyte Proliferation

The role of BAFF/BCL10 signaling in hepatocytes is not well defined. Therefore, we used the
normal human embryonic liver cell line CL-48 cells [15] to evaluate the BAFF/BCL10 signaling pathway.
We first determined the BAFF receptor expression in the CL-48 cells (Figure 2A) via comparing with
PBMC, which was used as BAFF receptor positive expression control. The results demonstrated that
the BAFF receptor is expressed in CL-48 hepatocytes. CL-48 cells were treated with recombinant
BAFF, and BCL10 expression was determined by immunofluorescence staining. BCL10 was visibly
upregulated and localized to the hepatocyte nuclei (Figure 2B). BCL10 siRNA was used to knockdown
BCL10 to further clarify the role of BAFF/BCL10 signaling (Figure 2C). First, we determined the effects
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of BAFF and BCL10 on hepatocyte growth. The results demonstrated that BAFF did not enhance the
growth of hepatocytes. However, transfection with BCL10 siRNA significantly inhibited the growth of
hepatocytes (Figure 2D). Moreover, flow cytometric analysis showed that transfection with BCL10
siRNA caused a significant arrest of cells in the G2/M phase of the cell cycles (Figure 2E).

Figure 2. BAFF/BCL10 signaling in hepatocye cell proliferation. (A) The expression of BAFFR mRNA
in human CL-48 hepatocytes was determined by q-Reverse Transcription Polymerase Chain Reaction
(q-RT-PCR); commercialized human peripheral blood mononuclear cells (PBMC) cDNA was used as
the positive control. (B) Left panel, human CL-48 hepatocytes were treated without (control) or with
BAFF (1 ng/mL) for 1 h, and the expression of BCL10 was determined by immunofluorescence staining;
BCL10 was identified as a green signal, and the nucleus was stained with DAPI (blue). Magnification,
400×. Right panel, the number of BCL10 positive cells was counted under high power field (HPF). n = 6.
* p < 0.05, by Student’s t-test. (C) CL-48 cells were treated with control or with BCL10 siRNA for 24 h;
the expression of BCL10 was determined by western blotting. Actin was used as the loading control.
(D) CL-48 cells were treated with control or BCL10 siRNA for 24 h prior treatment with BAFF (1 ng/mL).
At different time points, relative cell proliferation was determined by the Trypan blue exclusion assay.
The data are shown as mean ± SD of three independent experiments. Comparisons were made between
the BAFF and bcl10siRNA + BAFF groups. * p < 0.05, by Student’s t-test. (E) CL-48 cells were treated
as indicated with BCL10 siRNA or BAFF, as described in (D). On day 3, the cell cycle phases were
determined by propidium iodide staining and FACScan analysis. Populations of cells in the sub-G1,
G1, S, and G2/M phases were analyzed and quantified while using the Cell Quest software, and the
data represent the means ± SDs of three independent experiments. Between-group comparisons were
performed as indicated. * p < 0.05, by Student’s t-test.

2.3. BAFF Promoted Hepatocyte-Mediated Angiogenesis

The liver is a vessel-rich organ; the capability of hepatocytes to undergo angiogenesis is critical
for the maintenance of liver function. TNF-α, a potent inhibitor of endothelial cell growth in vitro, is
angiogenic in vivo. Therefore, we next evaluated the role of BAFF in angiogenesis in hepatocytes while
using in vitro angiogenesis assays with HUVECs. The results demonstrated that, when compared with
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the control group, CM from BAFF-stimulated hepatocytes induced gap formation and permeability
changes (Figure 3A), migration (Figure 3B), tube formation on matrix gel (Figure 3C), and proliferation
(Figure 3D) of endothelial cells. However, none of these effects were observed when CM from
BCL10 siRNA-transfected hepatocytes (with or without BAFF treatment) was applied. These results
demonstrated that BAFF stimulation might promote hepatocyte-driven angiogenesis.

Figure 3. Effects of conditioned medium derived from BAFF-stimulated hepatocytes on angiogenesis.
Conditioned medium from BAFF-stimulated CL-48 cells was used for angiogenic function assays.
Four experimental conditions were used: control, the conditioned medium was collected from hepatocytes
without any treatment; BAFF group, conditioned medium was from BAFF (1 ng/mL)-stimulated
hepatocytes; BCL10siRNA+BAFF group, conditioned medium was from BCL10 siRNA-transfected
hepatocytes following BAFF stimulation; and BCL10siRNA group, conditioned medium was from BCL10
siRNA-transfected hepatocytes. All conditioned medium was collected after 24 h culture. (A) Left panel,
confluent and Human Umbilical Vein Endothelial Cell (HUVEC) monolayers were treated with conditioned
medium for 1 h, and gap formation was determined by phalloidin staining. Right panel, conditioned
medium from the indicated conditions was tested with HUVEC monolayers for 1 h using permeability
assays. Data are shown as the relative permeability percentages, with the control conditioned medium
in lane 1 defined as 100%. Comparisons are shown between the indicated groups. * p < 0.05. n = 5, by
one-way ANOVA with Tukey’s post hoc test. (B) Left panel, HUVECs were treated with conditioned
medium for 6 h for migration assays, and representative images of migrated HUVECs in each group are
shown. Right panel, quantitative results of migrated HUVECs was used to calculate the cell migration
area. Comparisons are shown between the indicated groups. * p < 0.05. n = 5, by one-way ANOVA
with Tukey’s post hoc test. (C) Left panel, HUVECs were treated with conditioned medium for 6 h for
capillary tube formation assays, and representative images of tube formation in each group are shown.
Right panel, quantitative results of tube formation was calculated under high-power fields. Comparisons
are shown between the indicated groups. * p < 0.05. n = 5, by one-way ANOVA with Tukey’s post hoc
test. (D) HUVECs were treated with conditioned medium for 1–5 days for cell growth determination by
Trypan blue exclusion assays. Data are the relative cell growth percentages for the indicated conditions,
with the control group in lane 1 defined as 100%. n = 5. Comparisons were made between the BAFF and
bcl10siRNA+BAFF groups. * p < 0.05, by Student’s t-test.
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2.4. BAFF/BCL10/NF-κB Signaling in Hepatocytes Enhanced the Expression of Angiogenesis-Related Factors

Various factors promote angiogenesis. In this study, we used a commercial protein array to identify
BAFF/BCL10-activated angiogenesis-related factors in CM from hepatocytes. The results of the array
(Figure 4A,B) revealed that MMP-9, FGF4, and IL-8 were upregulated in CM from BAFF-stimulated
hepatocytes when compared with those in the control cells and cells transfected with bcl10 siRNA
following BAFF stimulation. Thus, BAFF/BCL10 activated the angiogenesis-related factors MMP-9,
FGF4, and IL-8 in hepatocytes, resulting in increased levels in CM.

Figure 4. BAFF stimulated Matrix metalloproteinase-9 (MMP-9), Fibroblast growth factor 4 (FGF4), and
Interleukin-8 (IL-8) expression in hepatocytes. (A) Conditioned medium from the three experimental
conditions was applied to protein array analysis for identification of angiogenesis-related factors.
Four experimental conditions were used: control, the conditioned medium was collected from hepatocytes
without any treatment; BAFF group, conditioned medium was from BAFF (1 ng/mL)-stimulated
hepatocytes; bcl10siRNA+BAFF group, conditioned medium was from bcl10 siRNA-transfected
hepatocytes following BAFF stimulation; and bcl10siRNA group, conditioned medium was from
bcl10 siRNA-transfected hepatocytes. All conditioned medium was collected after 24 h of culture.
Data shown are representative images of three independent experiments. Significantly altered protein
spots are indicated. (B) Quantitative results for MMP-9, FGF4, and IL-8. Results are the relative intensity
of spots from the angiogenesis protein arrays. n = 3. * P < 0.05, by Student’s t-test. (C) CL-48 cells were
transfected with an NF-κB binding site-driven luciferase plasmid and then transfected with bcl10 siRNA
for 24 h or treated with BAY117082 (100 nM, for 1 h and then depleted the BAY117082 contained medium
by twice wish with culture medium), following treatment with recombinant BAFF (1 ng/mL). After 4 h,
NF-κB promoter activities were determined. Data are compared with that from lane 1. n = 5. * P < 0.05,
by one-way ANOVA with Tukey’s post hoc test. (D) CL-48 cells were transfected with BCL10 siRNA for
24 h or treated with BAY117082 (100 nM, for 1 h and then depleted the BAY117082 contained medium by
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twice wish with culture medium), following treatment with recombinant BAFF (1 ng/mL). After 24 h,
the protein levels of total MMP-9, FGF4 and IL-8 in the cell culture supernatants were determined by
EIAs. Data are compared with that from lane 1. n = 5. * P < 0.05, by one-way ANOVA with Tukey’s
post hoc test. (E) CL-48 cells were transfected with BCL10 siRNA for 24 h or treated with BAY117082
(100 nM, for 1 h and then depleted the BAY117082 contained medium by twice wish with culture
medium), following treatment with recombinant BAFF (1 ng/mL). After 8 h, mmp-9, fgf4 and il-8
mRNA levels were determined by qRT-PCR. Data are compared with that from lane 1. n = 5. * P < 0.05,
by one-way ANOVA with Tukey’s post hoc test.

BAFF/BCL10 signaling has been found to be involved in NF-κB activation, and MMP-9, FGF4,
and IL-8 are regulated by NF-κB. Therefore, we further investigated the roles of BAFF/BCL10/NF-κB
signaling in hepatocytes while using NF-κB binding site-driven luciferase assays; the results revealed
that BAFF significantly increased NF-κB activity and that the induction of NF-κB was significantly
reduced by transfection with bcl10 siRNA or the NF-κB chemical inhibitor BAY117082 (Figure 4C).
The results demonstrated the importance of BAFF/BCL10/NF-κB signaling in hepatocytes.

Next, we determined the effects of BAFF on MMP-9, FGF4, and IL-8 induction and the role
of BAFF/BCL10/NF-κB signaling in determining MMP-9, FGF4, and IL-8 protein (Figure 4D) and
mRNA expression (Figure 4E) in hepatocytes. The results demonstrated that BAFF significantly
enhanced MMP-9, FGF4, and IL-8 protein and mRNA expression, whereas transfection with bcl10
siRNA and treatment with BAY117082 significantly blocked these changes in MMP-9, FGF4, and
IL-8 expression. Accordingly, we concluded that BAFF enhanced angiogenesis in hepatocytes by
promoting the expression of angiogenesis-related factors through a pathway involving BCL10 and
NF-κB signaling.

2.5. Downregulation of BAFF Reduced Angiogenesis and Hepatocyte Proliferation in a Liver
Regeneration Model

Based on our in vitro study, we clarified the role of BAFF during liver regeneration by the
administration of anti-BAFF-neutralizing antibodies to liver regeneration model mice that were
subjected to 70% partial hepatectomy. After 48 h, the mice were sacrificed and the remaining
liver tissues were dissected to identify the vessels positive for CD31 (Figure 5A; upper panel), an
immunohistochemical marker of endothelial cells, and for Ki67 (Figure 5A; lower panel), a marker of
cell proliferation. The quantitative result revealed that, when compared to the control group, mice
that were treated with anti-BAFF-neutralizing antibodies showed reduced microvessel density (MVD),
which corroborates the CD31-positive staining profiles (Figure 5B). Moreover, when compared to the
control group, mice that were administered with anti-BAFF-neutralizing antibodies showed reduced
Ki67 staining and liver regeneration (Figure 5C). Furthermore, as mentioned above, the level of MMP-9,
an important angiogenic factor regulated by BAFF in the in vitro hepatocyte model, was determined in
the remaining liver tissues. The results revealed that the administration of anti-BAFF-neutralizing
antibodies significantly reduced the MMP-9 levels in liver tissue (Figure 5D). The results demonstrated
that BAFF expression was involved in angiogenesis and hepatocyte proliferation in vivo. Please
confirm that this is correct.
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Figure 5. Microvessel density, cell proliferation, and MMP-9 expression in liver tissue of BAFF-neutralizing
antibodies treated mice. (A) Mice were injected intraperitoneally with 100 μg control IgG or anti-mouse
BAFF-neutralizing antibodies after 70% partial hepatectomy. After 48 h, mice were sacrificed, and
the remaining liver tissues were dissected and stained for CD31 and Ki67. Magnification, 400×.
(B) Quantitative results of microvessel density in remaining liver tissue, n = 10 per group. * p < 0.05,
by Student’s t-test. (C) Quantitative results of Ki67 positive staining cells in remaining liver tissue, n
= 10 per group. * p < 0.05, by Student’s t-test. (D) MMP-9 protein level in remaining liver tissue was
determined by EIA, n = 10 per group. * p < 0.05, by Student’s t-test.

In summary, our findings suggested that BAFF expression was involved in hepatocyte-driven
angiogenesis in liver regeneration, as illustrated in Figure 6.

Figure 6. Summary of BAFF in liver regeneration. In this study, we found that BAFF was induced in the
remaining liver tissue after 70% partial hepatectomy. Since BAFFR was found to be expressed
in hepatocytes, we assumed the BAFF activated BCL10 nuclear translocation through BAFFR.
BCL10 nuclear translocation subsequently activated NF-κB-dependent gene expression, including cell
proliferation, as consistent with a previous study.11 Interestingly, we found that BAFF may enhance the
expression of factors that promote gap formation, permeability changes, migration, tube formation on
matrix gel, and endothelial cell proliferation. Moreover, we found the BAFF/BCL10/NF-κB cascade
activated the angiogenesis-related factors MMP-9, FGF4, and IL-8. The results demonstrated that BAFF
expression was critically involved in hepatocyte-driven angiogenesis during liver regeneration.
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3. Discussion

BAFF binds to the BAFF receptor to control B-cell differentiation into plasma cells and promote
B-cell survival by activating the NF-κB and phosphoinositol 3-kinase/AKT pathways [16]. BAFF is
induced by the nongenomic signaling of dioxin in the livers of C57BL/6 mice and HepG2 human
hepatoma cells, and BAFF expression significantly contributes to early stress response reaction [17].
In this study, we observed that BAFF was upregulated in the remaining liver tissues after partial
hepatectomy, which suggests that BAFF expression might be an important signal for liver regeneration.
Although serum BAFF levels were not significantly increased, the local effects of BAFF in the liver
tissue may be sufficient to affect regeneration signaling.

The survival of mature resting B cells in the periphery depends on signaling from the B-cell receptor
and BAFF of the TNF receptor family. BCL10 promotes NF-κB activity, which contributes to B-cell
survival through activation of the inhibitor of NF-κB kinase complex via Carma1 and mucosa-associated
lymphoid tissue lymphoma translocation gene 1 and increases the expression of survival genes by
directly modifying the chromatin of NF-κB target gene promoters. [18,19] Increased NF-κB activity
and elevated cyclin D1 expression are critical for hepatocyte proliferation. [20] In this study, the CL-48
cells were treated with recombinant BAFF, and BAFF/BCL10 signaling was assessed by the detection of
BCL10 nuclear translocation. However, there were no significant changes in CL-48 cell proliferation in
response to BAFF treatment. In contrast, when CL-48 cells were transfected with BCL10 siRNA, cell
growth retardation and cell cycle arrest at G2/M phase were observed. Thus, BCL10 might trigger cell
proliferation signaling without BAFF activation. Consistent with this, BCL10 controls the growth of
cervical cancer cells via NF-κB-dependent cyclin D1 regulation in cervical cancer cells [11].

Serum BAFF levels have been shown to correlate with parameters of disease activity, such as
bone marrow microvascular density and proliferating cell nuclear antigen expression, in patients with
myeloma [21]. The inhibition of BAFF expression might have therapeutic applications because of its
effects on angiogenesis in human multiple myeloma [22]. In MH7A synovial cells, TNF-α-induced
BAFF expression controls VEGF-mediated angiogenesis by increasing the transcription and activity
of VEGF [23]. In this study, we observed that CM from BAFF-stimulated CL-48 cells promoted
angiogenesis, a process that is essential for liver regeneration. sFlt-1, which is a soluble receptor for
VEGF, acts as a dominant-negative receptor and it has been shown to suppress sinusoidal endothelial
cell growth and reduce remnant hepatic weight [24]. Immune cells also have important roles in liver
regeneration. Indeed, in mice lacking the monocyte adhesion molecule CD11b, partial hepatectomy
resulted in severe reduction in angiogenesis and the development of unstable, leaky vessels, eventually
producing an aberrant hepatic vascular network and Küpffer cell distribution [25].

In this study, by using an angiogenesis-related protein array, we identified the BAFF-regulated
angiogenesis factors MMP-9, FGF4, and IL-8. We also confirmed the transcriptional and translational
regulation of MMP-9 and IL-8 through BAFF/BCL10/NF-kB signaling in hepatocytes. Importantly,
the angiogenic role of MMP-9 was first identified in homozygous mice with a null mutation in the
gene encoding MMP-9/gelatinase B, which revealed an abnormal pattern of skeletal growth plate
vascularization and ossification. Additionally, growth plates from gelatinase B-null mice in culture
showed a delayed release of angiogenic activators, demonstrating a role of MMP-9 in angiogenesis
control [26]. A stress-induced increase in MMP-9 expression are critical for recruitment of human CD34+
progenitors with hematopoietic and/or hepatic-like potential to the livers of NOD/SCID mice [27].
In MMP-9-knockout mice, a delayed hepatic regenerative response after partial hepatectomy was
observed [28], highlighting the importance of MMP-9 in liver regeneration. IL-8 is a cytokine that
acts as a chemoattractant for lymphocytes and neutrophils. The role of IL-8 in angiogenesis was
first demonstrated in a rabbit corneal pocket model, where IL-8 induced neovascularization [29].
The angiogenic role of IL-8 is also evident by its ability to induce proliferation and chemotaxis in
HUVECs [30]. In humans, after liver surgery, IL-8 is produced in the remaining liver [31]. Notably,
NF-κB regulates the expression of both MMP-9 and IL-8 [32,33]. Consistent with this, in the current
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study, we also confirmed the role of NF-κB in BAFF/BCL10 signaling by promoter assays and
chemical inhibition.

The results demonstrated that the BAFF/BCL10/NF-κB signaling pathway was active in hepatocytes
and it was involved in modulating the expression of angiogenesis-related factors. We also found
that the inhibition of BAFF expression reduced angiogenesis and hepatocyte proliferation in a liver
regeneration model. Thus, these results again confirmed the role of BAFF in liver regeneration and
suggested that drugs targeting the BAFF/BCL10/NF-κB signaling pathway should be carefully used in
patients with liver regeneration-related conditions.

Importantly, one limitation of this study was the lack of human tissue validation in regenerating
liver based on the critical roles of BAFF/BCL10 in angiogenesis in animal models. Thus, further studies
are required to investigate the potential interactions between BAFF/BCL10 and IL-6 signaling pathways,
both of which involve activation of NF-κB.

In this study, although the HUVECs model demonstrated the role of BAFF in angiogenesis in
hepatocytes, HUVECs are quite different than liver sinusoidal endothelial cells (LSECs). LSECs represent
a permeable barrier which representing the interface between blood cells on the one side and hepatocytes
and hepatic stellate cells on the other side are highly specialized endothelial cells. Furthermore, the
absence of diaphragm and lack of basement membrane make LSECs the most permeable endothelial
cells of the mammalian body [34]. It is worthy to investigate the BAFF promoted hepatocyte-driven
angiogenesis in LSECs.

In conclusion, the increased expression of BAFF and activation of BCL10/NF-κB signaling were
critically involved in hepatocyte-driven angiogenesis and survival during liver regeneration.

4. Materials and Methods

4.1. Animals and Grouping

Male C57/B6 mice weighing approximately 25 g were used in this study. The mice were sacrificed
at 0, 6, 16, 24, and 48 h after hepatectomy. All animal use protocols were reviewed and approved by
the Institutional Animal Care and Use Committee (IACUC) of National Taiwan University College of
Medicine and College (IACUC Approval No: 20140146).

4.2. Surgical Procedures

All the mice were subjected to inhalational anesthesia by isoflurane (2-chloro-2-[difluoromethoxy]
-1,1,1-trifluoroethane). A midline laparotomy was performed. Partial hepatectomy was then carried
out while using aseptic extirpation of the median and left lateral lobes (around 70%). The removed
liver sample was immediately weighed. Laparotomy with the manipulation of the liver was carried
out in sham-operated mice.

4.3. Tissue Processing

The animals were anesthetized with isoflurane, blood samples were collected via cardiac puncture
for serum isolation, and the remaining livers were immediately removed. Part of the liver was fixed
in 10% neutral-buffered formalin, embedded in paraffin, and sectioned for immunohistochemistry
(IHC). The other liver tissue was used fresh for total protein extraction for BAFF determination by
enzyme-linked immunosorbent assays (ELISAs) or for BCL10 determination by western blot analysis.
Proteins were extracted while using Cell Lysis (Total Protein Extraction) buffer (Thermo Fisher Scientific,
Waltham, MA, USA).

4.4. Immunohistochemical Staining and Quantification

Slides were rehydrated in phosphate-buffered saline (PBS) for 15 min., and endogenous peroxidases
were inhibited by treatment with 3% H2O2/methanol for 10 min. at room temperature (25 ◦C).
For blocking, 5% nonfat milk/PBS was used for 30 min. at room temperature. Slides were incubated
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with anti-BCL10(sc-5273, dilution used 1:50; Santa Cruz Biotechnology, Dallas, TX, USA), Ki67(sc-7846,
dilution used 1:200; Santa Cruz Biotechnology), and CD31 (sc-376764, dilution used 1:200; Santa Cruz
Biotechnology) antibodies for 16 h at 4 ◦C and then with peroxidase-conjugated secondary antibodies for
1 h at room temperature. The slides were then developed by immersion in 0.06% 3,3′-diaminobenzidine
tetrahydrochloride (DAB; DAKO, Glostrup, Denmark), followed by counterstaining with Gill’s
hematoxylin V.

IHC reactions for CD31 and Ki67 were imaged at low magnification (×40) and CD31 or Ki67-positive
cells were counted in 10 representative high power fields (×400). Single immunoreactive endothelial
cells, or endothelial cell clusters that were separate from other microvessels, were counted as individual
microvessels. The mean visual microvessel density for CD31 was calculated. Ki67-positive cells were
only counted in hepatocytes, which are with large cells with cuboidal morphology.

4.5. BAFF, Matrix Metalloproteinase (MMP)-9, Fibroblast Growth Factor 4 (FGF4), and Interleukin-8
(IL-8) Determination

Mouse BAFF levels in serum or tissue lysates, mouse matrix metalloproteinase-9 (MMP-9) levels
in tissue lysates, and human MMP-9, FGF4, and IL-8 levels in conditioned medium were determined
while using enzyme immunoassay (EIA) kits (R&D Systems, Minneapolis, MN, USA).

4.6. Culture of CL-48 Hepatocytes and Human Umbilical Vein Endothelial Cells (HUVECs)

Human normal CL-48 hepatocytes were obtained from (Manassas, VA, USA). The cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with nonessential amino
acids, l-glutamine, a 2× vitamin solution (Life Technologies Inc., Grand Island, NY, USA), sodium
pyruvate, 10% fetal bovine serum, penicillin, and streptomycin (Flow Labs, Rockville, MD, USA).
HUVECs were obtained from Cell Applications (San Diego, CA, USA) and then maintained in
endothelial cell growth medium (Cell Applications). HUVECs were used at no more than passage 5.
All of the cells were cultured at 37 ◦C in a humidified atmosphere of 5% CO2 and 95% air.

4.7. BAFF Protein and Chemical Inhibitors

Recombinant human BAFF protein and anti-mouse BAFF neutralizing antibody were obtained
from R&D Systems. BAY117082 was purchased from Sigma (St. Louis, MO, USA).

4.8. Preparation of Conditioned Medium (CM)

The CL-48 cells were washed with PBS twice and cultured in 5 mL serum-free DMEM for
24 h before stimulated with recombinant human BAFF protein for 1 h. The CL-48 cells were then
washed with PBS twice and cultured in 5 mL serum-free M199 medium for 24 h. CM was then
collected and clarified by centrifugation (4 ◦C, 1000× g, 5 min.) to remove cell debris. A solution
of 25 mM HEPES buffer (pH 7.4), 1 mg/mL leupeptin, 1 mM phenylmethylsulfonyl fluoride, 1 mM
ethylenediaminetetraacetic acid (EDTA), 0.02% NaN3, and 0.1% bovine serum albumin (Sigma) was
added to the CM. The CM was finally frozen and stored at −70 ◦C until use.

4.9. Cell Growth Determination

The CL-48 cells were plated in six-well cell culture plates at 20,000 cells/well in 2 mL culture
medium containing fetal bovine serum. The cells were treated as indicated and harvested by suspension
in 0.025% trypsin containing 0.02% EDTA. Cell counts were performed in triplicate while using a
hemocytometer with trypan blue exclusion to identify the viable cells. Growth curves were generated.

Cell cycle analysis of CL-48 cells was carried out by quantifying the DNA content with propidium
iodide staining and using a FACScan instrument with CellQuest software (Becton Dickinson).
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4.10. Filamentous Actin (F-actin) Fluorescence Staining

HUVECs were cultured on cover slides and, after reaching confluence, the HUVECs were
treated with CM. After 1 h, HUVECs were washed with serum-free M199 medium, fixed with
3.7% paraformaldehyde for 20 min, and permeabilized with 0.1% Triton-X-100. Fluorescence
isothiocyanate-conjugated phalloidin (Invitrogen, Carlsbad, CA, USA), diluted in PBS (2 U/mL),
was then applied to the specimens in the dark for 1 h. The specimens were mounted with 10% glycerol
and images were acquired using a fluorescence microscope (Nikon, Tokyo, Japan).

4.11. HUVEC Monolayer Permeability Assays

HUVECs were cultured in Transwell chambers (0.4 μm pore polycarbonate filters; Costar,
Cambridge, MA, USA). After reaching confluence, the medium was replaced with the CM (0.3
mL in the upper chamber and 1 mL in the lower chamber). Horseradish peroxidase molecule
(Sigma-Aldrich, Saint Louis, MO, USA) was added to the upper compartment at a concentration of
0.2 μM. After incubation for 1 h, the medium in the lower compartment was assayed for enzymatic
activity while using a photometric guaiacol substrate assay (Sigma-Aldrich).

4.12. HUVEC Migration Assays

Confluent HUVECs were grown in 24-well plates. To rule out the confounding influence of cell
proliferation, the HUVECs were treated with 10μg/mL mitomycin C (Sigma-Aldrich) for 2 h prior to the
migration assay. A small linear scratch was created in the confluent monolayer by gently scraping with
a sterile cell scrapper. The cells were extensively rinsed with M199 medium to remove cellular debris
and then incubated with CM. Six hours later, images of the migrated cells were digitally photographed.
The degree of wound closure was determined while using ImageJ® program to measure the percent
closure of the wounded area within the captured images.

4.13. HUVEC Tube Formation Assays

HUVECs (2 × 104 cells/well in 96-well plates) were plated onto a thin coating of Matrigel
(0.24 mg/cm2) with CM. After 6 h, each well was digitally photographed through phase contrast
microscopy. Tubes are defined that develop contain a lumen encircled by endothelial cells that are joined
together via junctional complexes and the number of intact tubes was counted per high power field.

4.14. HUVEC Proliferation Tests

The cells were plated in six-well cell culture plates at 1 × 105 cells/well in 2 mL culture medium
with CM. After 72 h of treatment at 37 ◦C, the cells were harvested by suspension in 0.025% trypsin
with 0.02% EDTA. Cell counts were performed in triplicate while using a hemocytometer. Trypan blue
exclusion assays were used to identify the viable cells. The cell number was determined and cell
growth curves were generated.

4.15. Protein Array Analysis

A Proteome Profiler Human Angiogenesis Antibody Array (cat. #ARY007; R&D Systems) was
used for the detection of angiogenesis-related factors according to the manufacturer’s instructions.
Briefly, CM was first mixed with the detection antibody cocktail at room temperature for 1 h prior
to being added to the array membrane. The membrane was then incubated overnight at 2–8 ◦C on a
shaker. After washing, horseradish peroxidase-conjugated streptavidin was added to the membrane,
followed by incubation for 30 min. at room temperature on a shaker. After washing, X-ray film and a
chemiluminescence imaging system were used to detect and quantify the array signals.
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4.16. RNA Interference

Small interfering RNA (siRNA) duplexes were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA; siRNA targeting BCL10, sc-29793; and control siRNA, sc-37007). The CL-48 cells
were transfected with siRNA at a concentration of 25 nM in serum-free Opti-MEM using Oligofectamine
(Invitrogen, Carlsbad, CA, USA).

4.17. Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR)

We quantified mRNA expression under various conditions while using a fluorescence
quantitative real-time PCR detection system (Light Cycler DNA master SYBR Green I; Roche
Molecular Biochemicals, Indianapolis, IN, USA). The primer pairs were as follows: human BAFF-R:
5′-AGACAAGGACGCCCCAGAGCCC-3′ and 5′-GTGGGGTGGTTCCTGGGTCTTC-3′; hMMP-9:
5′-CACTGTCCACCCCTCAGAGC-3′ and 5′-GCCACTTGTCGGCGATAAGG-3′; IL-8: 5′-TTTCTGCA
GCTCTCTGTGAGG-3′ and 5′-CTGCTGTTGTTGTTGCTTCTC-3′; FGF4: 5′-GACTACCTGCTGGGCA
TCAA-3′ and 5′-TGCACTCATCGGTGAAGAAG-3′; glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 5′-GGGAAGGTGAAGGTCGG-3′ and 5′-TGGACTCCACGACGTACTCAG-3′. Amplification
was followed by melting curve analysis to verify the authenticity of the amplicon. The amounts of BAFFR,
MMP-9, FGF4, and IL-8 mRNAs were normalized to that of GAPDH mRNA and they are presented in
arbitrary units, with 1 U corresponding to the value in cells that were treated with the vehicle control.

4.18. NF-κB Promoter Reporter Assays

Transfection with NF-κB binding site-driven luciferase plasmid (BD Bioscience) into CL-48 cells
was performed while using Transfast transfection reagent (Promega, Madison, WI, USA). At 24 h after
transfection, the cells were serum starved for 24 h and then treated as indicated.

4.19. Western Blotting

Protein concentrations in nuclear extracts from liver tissues or CL-48 cell lysates were quantified
while using Bio-Rad protein assays (Hercules, CA, USA). Samples (10–50 μg protein) were separated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred onto polyvinylidene
difluoride membranes, and immunoblotted with anti-BCL10 (sc-5273, dilution used 1:200; Santa Cruz
Biotechnology) and anti-beta-Actin (sc-47778, dilution used 1:1000; Santa Cruz Biotechnology)
antibodies. The entire western blots with marker were demonstrated in Supplementary Materials.
The signals were detected by a Digital imaging system (Bio Pioneer Tech Co., New Taipei City,
Taiwan). Meanwhile, the relative intensity of thesignals was analyzed with the ImageJ® program. Is
the capitalization necessary? Additional examples will be highlighted below.

4.20. Statistical Analysis

Data are expressed as mean ± standard deviations (SDs), one- or two-way analysis of variance
(ANOVA) with Turkey post hoc test was used to analyze the data in multiple groups. The Student’s
t-test was used to evaluate statistically significant differences between the groups. All statistical
analyses were performed while using SPSS for Windows, version 18.0 (SPSS Inc., Chicago, IL, USA).
A p value of less than 0.05 was considered to indicate statistical significance.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/20/
5022/s1.
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Abstract: A paradigm shift in plastic and reconstructive surgery is brought about the usage
of cell-based therapies for wound healing and regeneration. Considering the imitations in the
reconstructive surgeries in restoring tissue loss and deficiency, stem cell-based therapy, in particular,
has been expected to pave the way for a new solution to the regenerative approaches. Limitations in the
reconstructive surgeries in restoring tissue loss and deficiency have paved the way for new regenerative
approaches. Among them, adipose-derived stem/progenitor cells (ADSCs)-based therapy could be the
most promising clue, since ADSCs have pluripotent differentiation capabilities not only in adipocytes
but also in a variety of cell types. Accumulating evidences have indicated that the unfavorable
development of adipose-tissue damage, namely, lipodystrophy, is a systemic complication, which is
closely related to metabolic abnormality. Considering ADSC-based regenerative medicine should be
applied for the treatment of lipodystrophy, it is inevitable to ascertain whether the ADSCs obtained
from the patients with lipodystrophy are capable of being used. It will be very promising and realistic
if this concept is applied to lipoatrophy; one form of lipodystrophies that deteriorates the patients’
quality of life because of excessive loss of soft tissue in the exposed areas such as face and extremities.
Since lipodystrophy is frequently observed in the human immunodeficiency virus (HIV)-infected
patients receiving highly active antiretroviral therapy (HAART), the present study aims to examine the
biological potentials of ADSCs isolated from the HIV-infected patients with lipodystrophy associated
with the HAART treatment. Growth properties, adipogenic differentiation, and mitochondrial reactive
oxygen species (ROS) production were examined in ADSCs from HIV-infected and HIV-uninfected
patients. Our results clearly demonstrated that ADSCs from both patients showed indistinguishable
growth properties and potentials for adipocyte differentiation in vitro. Thus, although the number of
cases were limited, ADSCs isolated from the patients with lipodystrophy retain sufficient physiological
and biological activity for the reconstitution of adipose-tissue, suggesting that ADSCs from the
patients with lipodystrophy could be used for autologous ADSC-based regenerative therapy.
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1. Introduction

Adult stem cells have been used as the promising source of stem cells, which can be applied
for cell-based therapies [1–3]. Among the adult stem cells, adipose-derived stem/progenitor cells
(ADSCs) are the most promising ones, since they can be easily obtained from liposuction aspirates
or subcutaneous adipose tissue fragments and expanded in vitro and there are no ethical concerns
like human embryonic stem cells [4–9]. Furthermore, accumulating evidences have indicated that
ADSCs showed multi-lineage differentiation, including classical mesenchymal lineages as well as
non-mesenchymal ectodermal and endodermal lineages [1,10–12]. Recently, we have applied ADSCs
for autologous transplantation therapy for chronic radiation injury [13]. ADSCs were obtained by
less invasive lipoaspiration in combination with automatic and aseptic isolation. As ADSCs could
be the effective component of transplanted fat tissue, which has been applied to wound repair and
regeneration, ADSCs transplantation is expected to show equivalent efficacy to fat tissue transplantation.
Thus, ADSCs could be a critical and promising cell population in amending impaired subcutaneous
adipose-tissue including lipodystrophy.

Lipodystrophy is characterized by either complete or partial loss of adipose tissue [14]. There are
congenital and acquired lipodystrophy, and one representative acquired form occurs in human
immunodeficiency virus (HIV)-infected individuals treated with highly active antiretroviral therapy
(HAART), and up to 70% of patients receiving HAART are reported to have HIV-associated
lipodystrophy. The HAART has been succeeded in inhibiting virus multiplication, and thus,
it significantly improves the survival of HIV-infected patients [15–18]. However, as HIV-infected
patients live longer, it became more evident that HAART induced multiple layers of adverse effects
including adipose-tissue damage. Adipose-tissue damage manifests as abnormal distribution of
adipose tissue, and clinical features of lipodystrophy include peripheral lipoatrophy and central
lipohypertrophy [19–23].

It has been reported that lipodystrophy caused by nucleoside reverse transcriptase inhibitors
(NRTIs) is related to its effect in mitochondria, which results in apoptosis induction in adipocytes [24–26].
Subsequently, NRTIs were substituted with protease inhibitors (PIs), and although PIs showed less
effect on mitochondria than NRTIs, it becomes evident that PIs induce endoplasmic reticulum (ER)
stress by accumulating unprocessed proteins in adipocytes, which are the inducer for unfolded protein
response (UPR)-dependent apoptosis [27]. Thus, PIs have also brought about lipodystrophy in not
a small number of the patients receiving HAART [28–31]. Previously, fat tissue transplantation was
applied to lipodystrophy, particularly to facial lipodystrophy [32–34]. It efficiently improved facial
disfigurement, which resulted in improvement in patient’s quality of life, however, it needed surgical
excision of fat tissue. Therefore, ADSCs-based therapy should be more beneficial to the patients with
severe lipodystrophy in comparison with the fat tissue transplantation alone, since it is minimally
invasive. However, because lipodystrophy is closely related to dysfunction of differentiated adipocytes,
and ADSCs are those supply adipocytes in tissue, irreversible and detrimental effects of HARRT
on ADSCs could be a possible cause resulting in lipodystrophy [22,23]. Thus, it is inevitable to
ascertain whether the ADSCs obtained from the patients with lipodystrophy are capable of being used,
which could be tested in vitro.

ADSCs in HIV-infected patients could be obtained from abdomen, thighs, and shoulders,
where lipoatrophy was less severe but apparently induced; but, a study has claimed that adipose tissue
may be damaged not only by HAART but also by HIV-infection itself through the possible impairment
of mitochondrial function [35]. Thus, in order to achieve successful ADSCs-based therapy, the current
study aimed at determining whether ADSCs isolated from HIV-infected patients receiving HAART
retain sufficient biological and physiological activities for reconstitution of subcutaneous adipose
tissue. Total eight ADSCs were established from the subcutaneous lipoaspirates obtained from the
donor sites, such as lower abdomen, thighs, buttocks, and shoulders, from three HIV-infected patients
and four uninfected patients [36]. Growth properties, adipogenic differentiation, and mitochondrial
ROS production were examined in ADSCs from HIV-infected and HIV-unrelated patients ex vivo.
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Our results clearly demonstrated that ADSCs from HIV-infected patients showed indistinguishable
growth properties and potentials for adipocyte differentiation in vitro. Thus, although a number of
cases was limited, ADSCs derived from the patients receiving HAART retain sufficient physiological
and biological activity for the reconstitution of adipose-tissue, indicating that ADSCs from the patients
with lipodystrophy could have sufficient biological potential so that they could be used for autologous
ADSCs-based regenerative therapy.

2. Results

2.1. Isolation and Growth Properties of ADSCs

We have obtained lipoaspirates from three HIV-infected patients who are hemophilic and infected
with HIV virus by unheated blood products, diagnosed as lipodystrophy after HAART (Table 1).
Lipoaspirates from HIV-infected patients were obtained from the sites such as abdomen, thighs,
and shoulders, where lipoatrophy was less severe. Lipoaspirates were also obtained from four patients,
who are not related to HIV-infection (Table 1). Lipoaspirates obtained from one patient were mixed
and used for ADSCs isolation.

Table 1. Origin of adipose tissue-derived cells.

Cell ID Patients’ Description Origin

ADSC091809 HIV-infected patient #1 abdomen, back

ADSC020310 HIV-infected patient #2 thigh, abdomen, shoulder

ADSC060210 HIV-infected patient #3 thigh, abdomen, back

ADSC121710 HIV-infected patient #4 thigh, abdomen

ADSC121708 HIV-uninfected patient abdomen, buttock

ADSC100709 HIV-uninfected patient thigh, abdomen

ADSC110409 HIV-uninfected patient thigh, abdomen

ADSC012710 HIV-uninfected patient thigh, abdomen

Approximately 100 μL of processed lipoaspirates were plated onto type-I collagen-coated flasks
and maintained in a serum-free medium. The cells, which clonally expanded were collected and stored
as the primary ADSCs. We noticed that the number of colonies formed by the processed lipoaspirates
obtained from the HIV-infected patients were about one-tenth of those observed in the lipoaspirates
obtained from HIV-uninfected patients. ADSCs showed mesenchymal stem cell-like morphology
(Figure 1).

ADSCs isolated from processed lipoaspirates were highly proliferative in serum-free medium,
and a plenty of mitotic figures were discerned. We observed no detectable difference in cell morphologies
and growth patterns between the ADSCs obtained from the HIV-infected patients and HIV-unrelated
patients. We also extensively compared the growth kinetics of ADSCs by cell growth assay, and there
was no detectable difference in the growth kinetics of both ADSCs (Table 2).
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Figure 1. Morphology of adipose-derived stem/progenitor cells (ADSCs) cultures at passage 1 obtained
from human immunodeficiency virus (HIV)-infected and HIV-unrelated patients. Exponentially
growing ADSCs were cultured in serum free-medium in type I collage-coated flasks. Magnification
×100; the scale bar indicates 100 μm.

Table 2. Biological properties of ADSCs.

Cell ID Saturation Density (×106/cm2) Cloning Efficiency (%)

ADSC091809 1.39 ± 0.21 34.2 ± 3.1

ADSC020310 1.46 ± 0.15 33.9 ± 3.3

ADSC060210 1.47 ± 0.19 35.1 ± 2.7

ADSC121710 1.41 ± 0.14 34.6 ± 2.9

ADSC121708 1.41 ± 0.19 32.1 ± 2.7

ADSC100709 1.39 ± 0.17 33.1 ± 2.9

ADSC110409 1.41 ± 0.23 37.3 ± 4.1

ADSC012710 1.38 ± 0.18 35.6 ± 3.4

2.2. Adipogenic Differentiation of ADSCs

Adipogenic differentiation was examined in confluent ADSCs by incubating them in a
differentiation medium for 10 days. Multiple tiny lipid droplets became visible by day 5, and they
gradually matured during 10 days’ incubation. To quantify adipogenic differentiation, lipid droplets
were stained with BODIPY 493/503, a highly sensitive lipophilic fluorescent dye. As shown in
Figure 2, multiple lipid droplets were identified in the cytoplasm, whose morphology was similar
to that observed in subcutaneous adipocytes. The frequency of differentiation-positive cells were
approximately 97% or more in ADSCs from HIV-unrelated patients, and the same differentiation
potential was confirmed in ADSCs derived from HIV-infected patients (Table 3). Average fluorescence
per cell is compared in Table 3, and we detected significant difference between ADSCs derived from
HIV-infected and HIV-unrelated patients.

Adipogenic differentiation was also confirmed by analyzing the expression of proteins associated
with adipocytes. As shown in Figure 3, we identified significant induction of FABP4, adiponectin,
and PPARγ in every ADSC differentiated into adipocytes, irrespective of HIV-infection. Average levels
of protein expression also show any notable difference.
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Figure 2. Adipogenic differentiation of ADSCs in culture. ADSCs were stained with 10 μg/mL BODIPY
493/503 and counterstained with 0.1 μg/mL of DAPI. Magnification ×100; the scale bar indicates 100 μm.

Table 3. Adipogenic differentiation of ADSCs.

Cell ID BODIPY-Positive Cells (%) Average FL/Cell

ADSC091809 96.9 ± 3.1 85.2 ± 6.7

ADSC020310 97.3 ± 2.7 80.1 ± 8.9

ADSC060210 98.4 ± 4.1 82.3 ± 7.7

ADSC121710 97.5 ± 3.9 84.6 ± 7.9

ADSC121708 97.3 ± 4.5 84.9 ± 5.1

ADSC100709 97.5 ± 3.7 81.0 ± 9.6

ADSC110409 97.4 ± 4.1 83.2 ± 7.5

ADSC012710 97.2 ± 3.9 86.7 ± 7.9

 
Figure 3. Western blot analysis of adipose-associated proteins. Samples (8 μg for tubulin and 16 μg
for other proteins) were subjected to Western blot analysis probed with anti-FABP4, adiponectin,
PPARγ, and α/β-tubulin antibodies (A). Relative levels of the bands to those of α/β-tubulin were
calculated and summarized in (B). C—cells grown in the control medium; A—cells differentiated in
adipogenic medium. Gray boxes indicate the mean amount observed in the cells from HIV-uninfected
patients, while white boxes indicate that observed in the cells obtained from HIV-infected patients.
Bars indicate S.D.
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2.3. Mitochondrial ROS Production

Oxidative stress levels were evaluated by APF and MitoSox-Red in which the former represented
intracellular oxidative stress and the latter measured the mitochondrial oxidative stress. As shown in
Figure 4, we found no significant increase in ADSCs isolated from both HIV-infected and HIV-uninfected
patients. ROS-induced DNA damage was also determined in ADSCs using 53BP1 foci, a surrogate
marker for DNA double-strand breaks. While spontaneous DNA damage was detected in all ADSCs,
there was no excess amount of DNA damage even in ADSCs obtained from HIV-infected patients.

 
Figure 4. Oxidative stress levels in ADSCs. Intracellular oxidative stress level was measured by APF,
and mitochondrial damage was quantified by MitoSox-Red. Gray boxes indicate the mean amount
observed in the cells from HIV-uninfected patients, while white boxes indicate that observed in the
cells obtained from HIV-infected patients. Bars indicate S.D.

3. Discussion

Several preadipocytes culture systems by which cells are able to be maintained for several passages
have been established so far. For example, human preadipocytes were cultured in a medium 199 or
DMEM/F-12 medium supplemented with 10% fetal bovine serum (FBS) [10]. ADSCs from lipoaspirates
were generally cultured in a DMEM medium containing 10% FBS [8,37]. However, we have noticed
that such ADSCs, cultured in a medium containing 10% FBS, rapidly lost their growth potential
and exhibited senescence-like morphology. Since fetal bovine serum is well-known to contain some
components showing growth inhibitory effects [38], we attempted to find a serum-free culture condition
suitable for ADSCs. Our medium was originally prepared for primate embryonic stem cells [39], and it
significantly improved the growth of ADSCs in culture, which enabled us to examine their biological
and physiological activities.

In HIV-infected patients, subcutaneous adipose-tissue damage is quite obvious among those
receiving HAART [19–22]. In the current study, ADSCs were isolated from the less affected parts
of the body of HIV-infected patients. However, the recovery rates of ADSCs from the lipoaspirates
obtained from the HIV-infected patients were about one-tenth of those observed in HIV-uninfected
patients, indicating that ADSCs obtained from those parts of body were notably damaged. Therefore,
it was expected that physiological activity of ADSCs in those parts of the body was compromised.
However, our present study clearly demonstrated that there was no detectable difference in the growth
kinetics, saturation density, and cloning efficiency between ADSCs obtained from HIV-infected and
HIV-uninfected patients (Table 2). We are able to conclude that ADSCs from HIV-infected patients are
biologically normal. We then compared the potential of adipogenic differentiation of ADSCs, and we
found that the formation of lipid droplets was completely normal in ADSCs obtained from HIV-infected
patients, indicating that adipogenic conversion was not compromised in those ADSCs (Figure 2 and
Table 3). The conclusion was also confirmed by the protein analysis in Figure 3, in which no difference
was detectable in the expression of several proteins involved in adipogenesis. Thus, it is quite obvious
that ADSCs from HIV-infected patients retain normal physiological activity. Since previous study
has claimed that HIV-infection alone causes lipodystrophy through abrogation of mitochondrial
function [32], we have examined whether ADSCs from HIV-infected patients show increased oxidative
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stress levels or not. As shown in Figure 4, the results clearly showed no detectable change in oxidative
stress level in all cases. While mitochondrial damage can occur in vivo, ADSCs isolated from the
patients and expanded in culture might regain physiological mitochondrial function, suggesting that
ADSCs used for therapy are better to allow time in culture to recover before transplantation.

Recent advances in plastic and reconstructive medicine have allowed autologous stem cell
therapy [40–45]. As we recently reported [13], it is evident that autologous stem cell therapy is able
to retrieve the abrogated function of skin. Furthermore, tissue regeneration using ADSCs involves
indirect effects, which accelerate wound healing through secreting growth factors [46–52]. Thus,
autologous ADSC therapy could be a promising solution for subcutaneous adipose-tissue damage,
including lipodystrophy in the patients receiving HAART. So far, facial lipodystrophy has been
recognized as a common side effect of HAART, and autologous fat grafting is an effective treatment
modality. In this study, we proved that ADSCs derived from the patients receiving HAART retain
sufficient physiological and biological activity for adipogenic differentiation. In this way, ADSCs from
the HIV-infected patients are the ideal sources for autologous stem cell therapy for lipodystrophy.
Although we should be cautious as a number of cases examined in this study was limited, ADSCs
from the patients with lipodystrophy could have sufficient biological potentials, so that they could be
used for autologous ADSCs-based regenerative therapy [53].

4. Materials and Methods

4.1. Characteristics of Patients

Lipoaspirates were obtained from three HIV-infected patients who are hemophilic and infected
with HIV virus by unheated blood products and were diagnosed as lipodystrophy after HAART [36].
The patient #1 and #3, a 30 years-old man, diagnosed HIV positive when he was 15 years old, and the
patient #2, a 46 years-of-old man, was notified HIV-positive when he was at the age of 22 years.
The patient #4, a 36 years-old man, diagnosed HIV positive when he was 11 years old. Clinically all
patients demonstrated the severe lipoatrophy in the naso-labial, melo-labial, temporal and parotid
region of their faces. Patient #1 and #3 were severely lean in their torso, while the patient #2 was
moderately built in the torso. The patient #4 was well-built in torso but lean in extremities. The body
weights of the HIV-infected patients were 56.9 kg, 59.4 kg, and 70.3 kg, respectively and the body mass
indexes (BMI) were 19.92, 21.96, and 21.94, respectively. Lipoaspirates from HIV-infected patients were
obtained from abdomen, thighs, back, and shoulders where lipoatrophy was less severe. Lipoaspirates
were also obtained from four patients, who are not related to HIV-infection. Their mean weight was
48.6 ± 3.93 kg with BMI 22.91 ± 3.303. The mean age of the HIV-infected patients was 35.5 ± 7.55,
while it was 72.0 ± 16.1 in HIV-uninfected patients.

4.2. ADSCs and Culture

ADSCs were isolated from lipoaspirates as described previously [36]. Briefly, lipoaspirates,
obtained from the donor sites, such as lower abdomen, thighs, buttocks, and shoulders, were processed
using a CelutionTM system (Cytori Therapeutics, Inc, San Diego, CA, USA) based upon the method
reported previously [36]. Mixed lipoaspirates isolated from different sites in one patient were used.
Approximately 100 μL of processed lipoaspirates were plated onto type I-collagen-coated culture flasks.
Since a medium containing 10% FBS promoted cellular senescence of ADSCs, the lipoaspirates were
cultured in a serum-free medium originally developed for primate embryonic stem cells (Primate ES
medium, ReproCELL, Tokyo, Japan). Clonally expanded cells were collected and stored in liquid
nitrogen as the primary ADSCs (passage 0). Exponentially growing ADSCs were maintained by
subculturing when they reached to 80% confluence. ADSCs were treated with trypsin/EDTA solution,
trypsin-neutralizing solution, and collected by centrifugation for 5 min at 1200 rpm. The cells were
resuspended in a fresh medium and 3 × 105 cells were replated onto the T25 flasks (25 cm2), while rest
of the cells were stored in liquid nitrogen at each passage.
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ADSCs were obtained from three HIV-infected patients and four HIV-unrelated patients
(Supplementary Table S1). The HIV-infected patient #1 and #3 are the same subject, and received
treatments with indinavir, lamivudine (3TC), d4T, and lately, with atazanavir and Euzicom (3TC
and abacavir combination) regimens for 15 years. The HIV-infected patient #2 received treatments
with AZT, didanosine, 3TC, d4T, and lately, with atazanavir and Tenofovir/emtricitabine for 10 years.
The patient #4 received treatments with AZT for 2 years, didaosine for 4 years, lamivudine (3TC) for
12 years, Nelfinavir for 3 years, d4T for 3 years, and Euzicom (3TC and abacavir combination) regimens
for 10 years. All HIV-infected patients were diagnosed as HIV-negative by PCR-based assay at the time
of isolating ADSCs. The study was approved by the Nagasaki University Hospital ethical committee
(Internal Review Board approval No. 08070296, July 22, 2008, Nagasaki University Hospital), and all
patients gave written informed consent.

4.3. Cell Growth

ADCSs were seeded onto 35 mm culture dishes at a density of 2 × 105 cells/dish. The medium was
changed every 2 days, and they were cultured up to 7 days. Cells were collected every day and the
numbers of cells were counted by a cell counter (CDA-500, Sysmex, Kobe, Japan). Saturation density
was determined as the number of cells at confluence at day 7.

4.4. Cloning Efficiency

Exponentially growing ADSCs were collected, counted, and reseeded onto 100-mm culture
dishes at a density of 100 cells/dish. The cells were cultured for 10 days without changing a medium
before fixation with ethanol. The fix cells were then stained with 3% Giemsa’s solution for 15 min.
The numbers of colonies consist of 50 cells or more were counted. Cloning efficiency was determined by
dividing the number of colonies by the number of cells plated. Data obtained from three independent
experiments were compiled.

4.5. Adipocyte Differentiation

Exponentially growing ADSCs were collected, counted the number of cells, and 1 × 105 cells
were replated onto 22 mm × 22 mm type I collagen-coated cover glass slips. They were cultured
in a serum-free medium until they reached confluence. Then, the culture medium was changed to
differentiation medium (DM-2, ZenBio, Inc., Research Triangle Park, NC, USA). They were cultured
for another 10 days before fixation with 4% formalin. The fixed cells were stained with 10 μg/mL of
BODIPY 493/503 (D-3922, Invitrogen, Carlsbad, CA, USA) for 20 min at room temperature and the
nuclei were counterstained with 0.1 mg/mL of DAPI. Accumulation of lipid droplets was determined
under a fluorescence microscope (F3000B, Leica, Tokyo, Japan). Digital images were captured and
the images were analyzed by FW4000 software (Leica, Tokyo, Japan). Cells containing multiple lipid
droplets in more than 50% of the cytoplasm were counted as differentiation positive cells. In order to
quantify average fluorescence per cell, the same areas were marked, and the sum of the pixel intensity
within the marked area was calculated by FW4000 software, and total green fluorescence was divided
by total blue fluorescence obtained by DAPI staining.

4.6. Mitochondrial Oxidative Stress

Intracellular oxidative stress level was measured by 3′-(p-aminophenyl)-fluorescein (APF).
Cells cultured in T25 flasks were washed with PBS and treated with 5 μM APF in PBS for 60 min
at 37 ◦C in a 5% CO2 incubator. After the treatment, cells were trypsinized, suspended in PBS at
4 × 104 cells/mL, and green fluorescent intensity was measured by a fluorometer (JASCO, Tokyo, Japan).
The excitation and emission wavelengths were set up at 490 nm and 515 nm, respectively.

Mitochondrial damage was quantified by MitoSox-Red. Cells cultured in T25 flasks were washed
with PBS and treated with 1 μM MitoSox-Red (Invitrogen) in PBS for 20 min at 37 ◦C in a 5% CO2

incubator. After the treatment, cells were trypsinized, suspended in PBS at 4 × 104 cells/mL, and red
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fluorescent intensity was measured by a fluorometer (JASCO, Tokyo, Japan). The excitation and
emission wavelengths were set up at 400 nm and 580 nm, respectively. The nuclei were counterstained
with 0.1 mg/mL of DAPI. Relative fluorescence was calculated by dividing total green or red fluorescence
by total blue fluorescence obtained by DAPI staining.

4.7. Immunofluorescence

Cells were collected by trypsinization and 5 × 104 cells were replated onto coverslips. The cells
were fixed with cold methanol for 10 min on ice followed by washing with 1× PBS−. Then, the primary
antibodies diluted in TBS-DT (20 mM Tris-HCl, pH 7.6, 137 mM NaCl, 0.1% Tween 20, 125 μg/mL
ampicillin, 5% skim milk) were treated for 2 h at 37 ◦C, followed by the Alexa Fluor-labeled secondary
antibodies for 1 h at 37 ◦C. Nuclei were counterstained with 1 μg/mL DAPI. The antibodies used
was anti-53BP1 (A300-272A, BioLegend, San Diego, CA, USA), and Alexa Fluor 555-labed anti-rabbit
IgG (A21428, Thermo Fisher Scientific, Waltham, MA, USA). Images were captured by fluorescence
microscope (DM6000B, Leica, Tokyo, Japan) and analyzed by FW4000 (Leica, Tokyo, Japan).

4.8. Western Blotting

Exponentially growing cells were lysed in lysis buffer (50 mM Tris-HCl (pH 7.2), 150 mM NaCl,
1% NP-40, 1% sodium deoxycholate, and 0.1% SDS) containing 1 mM 4-(2-aminoethyl)-benzensulfonyl
fluoride hydrochloride. The cell lysate was cleared by centrifugation at 15,000 rpm for 10 min at 4 ◦C,
and then supernatant was used as the total cellular protein. Total protein concentration was determined
by the BCA protein assay (Pierce, Rockford, IL). Protein samples (8 or 16 μg) were electrophoresed on
SDS-polyacrylamide gel and were electrophoretically transferred to a polyvinyl difluoride membrane
in a transfer buffer (100 mM Tris, 192 mM glycine). After overnight incubation with blocking solution
(10% skim milk), the membrane was incubated with the primary antibodies, a biotinylated anti-mouse
or anti-rabbit IgG antibodies, and streptavidine-alkaline phosphatase. The bands were visualized after
addition of nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate as a substrate. The primary
antibodies used in this study are anti-adiponectin (clone 19F1, Abcam Co. Ltd., Tokyo, Japan),
anti-FABP4 (Abcam Co. Ltd., Tokyo, Japan), anti-PPARγ (clone 81B8, Cell Signaling technology Japan,
Tokyo, Japan), and anti-α/β-tubulin (Cell Signaling technology Japan).

4.9. Data Analysis

The data obtained from at least three independent experiments are expressed as mean ± SD.
Wilcoxon rank test was used to evaluate the significant difference between the two groups. P values of
less than 0.05 were considered significant difference.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/21/
5505/s1.
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Abbreviations

ADSC adipose-derived stem/progenitor cells
HIV human immunodeficiency virus
HAART highly active antiretroviral therapy
NRTI nucleoside reverse transcriptase inhibitor
PI protease inhibitor
UPR unfolded protein response
d4T 2′,3′-didehydro-2′3′-dideoxythymidine
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Abstract: The American cockroach (Periplaneta americana) is a medicinal insect. Its extract is used
clinically to promote wound healing and tissue regeneration, but the effective medicinal components
and mechanisms are not yet clear. It has been reported that human thymosin beta 4 (Tβ4) may
accelerate skin wound healing, however, the role of P. americana thymosin (Pa-THYs) is still poorly
understood. In the present study, we identify and analyze the DNA sequences of Pa-THYs by
bioinformatics analysis. Then we clone, express, and purify the Pa-THYs proteins and evaluate the
activity of recombinant Pa-THYs proteins by cell migration and proliferation assays in NIH/3T3 cells.
To elucidate the role of Pa-THYs in wound healing, a mouse model is established, and we evaluate
wound contraction, histopathological parameters, and the expressions of several key growth factors
after Pa-THYs treatment. Our results showed that three THY variants were formed by skipping
splicing of exons. Pa-THYs could promote fibroblast migration, but have no effect on fibroblast
proliferation. In wound repair, Pa-THYs proteins could effectively promote wound healing through
stimulating dermal tissue regeneration, angiogenesis, and collagen deposition. On the molecular
mechanism, Pa-THYs also stimulated the expression of several key growth factors to promote wound
healing. The data suggest that Pa-THYs could be a potential drug for promoting wound repair.

Keywords: Periplaneta americana; multimeric thymosin; prokaryotic expression; wound healing

1. Introduction

Skin is the largest external organ of the human body and is vulnerable to injuries. Particularly,
in elderly or diabetic patients, wound healing tends to be delayed and the risk of wound infection is
increased due to vascular aging and the weakness of tissue repair ability, which may eventually lead to
chronic wounds. In addition, wound treatment brings serious economic burdens and psychological
pressure to society, for example, in the United States, wound treatment costs more than $30 billion a
year [1]. Therefore, wound repair is one of the hot topics in the field of dermal surgery. At present, few
agents have been discovered to substantially promote wound repair in patients [2]. Current strategies
mainly include small molecule compounds extracted from plants or growth factors (epidermal growth
factor-like proteins (EGF), and human platelet-derived growth factor (PDGF-BB). However, small
molecule compounds are unstable and less active, and growth factors are expensive, which restricts
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their clinical application [3,4]. Therefore, the development of new drugs for wound healing has become
very important.

Thymosin β4 is a small (5 kDa) peptide, containing 43 amino acids and is found in many tissues
and cell lines of vertebrates, and is also known to be rich in platelets [5]. Structurally, there is only one
“THY” domain in human thymosin β4 (Tβ4), which usually contains a conserved motif “LKKTET”
that can form a complex with G-actin in a 1:1 ratio and inhibits G-actin to polymerize into filaments [6].
Aside from the function in actin-sequestering of Tβ4, it participates in numerous biological activities,
including wound healing [7], angiogenesis [8], cardiac repair [9], anti-inflammation [10,11], hair
regrowth [12], and reproduction [13]. To date, β-thymosin has been well researched in vertebrates,
but there are very limited studies on invertebrates, especially in insects. With the development of
bioinformatics, more and more thymosinβ4 homologues from invertebrates were identified. Compared
with β-thymosin in vertebrates, β-thymosin from invertebrates has more than one “THY” domain
which was categorized as a multimeric β-thymosin [14]. Although their homology is relatively high,
some functions are different. For example, multimeric β-thymosin can promote actin polymerization,
whereas β-thymosin is thought to be a sequester protein, which suggests that the function of these
two kinds of thymosin behave differently [6]. In addition, owing to exon skip splicing, many varieties
of thymosin in invertebrates have several isoforms, actually, they come from the same gene and
the functions of different isoforms are different [15,16]. However, most researches about multimeric
β-thymosin focused on its structural characterization, the style to connect with G-actin or the expression
in mRNA level, and little information has been explored on its molecular function [16–18].

P. americana, is a traditional Chinese medicine. Its extract has a good effect on wound healing [19].
Yet the key effective medicinal composition is still unknown, which hinders the further clinical
utilization and exploitation of P. americana. Considering that both vertebrate Tβ4 and the extract of
P. americana have good effects on wound healing, it is surprising that there are no reports about P.
americana thymosin. Therefore, the aim of this study is to get insights into the role of P. americana
thymosin in wound healing using animal models. Herein, we obtained the DNA sequences of thymosin
β4 homologue from P. americana genome and transcriptome by bioinformatics analysis. By in vitro
and in vivo experiments, we evaluate the function of Pa-THYs in wound healing. The present study
first demonstrates the role of multimeric β-thymosin protein for promoting wound healing in animal
models and provides a potential drug for wound healing.

2. Results

2.1. Bioinformatics Analysis of P. americana Thymosin

Based on the genome and transcriptome databases of P. americana which were established by our
laboratory, we identified the genome and transcript sequences of Pa-THYs by bioinformatics analysis.
There are one genome sequence and three transcript sequences of Pa-THYs. The genome sequence,
which contained six exons: exon 1 (139 bp), exon 2 (114 bp), exon 3 (114 bp), exon 4 (114 bp), exon 5
(114 bp), and exon 6 (26 bp) and five introns: intron 1 (4350 bp), intron 2 (7658 bp), intron 3 (6807 bp),
intron 4 (2311 bp), and intron 5 (4419 bp) (Figure 1a).
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Figure 1. The gene structure of β-thymosin in P. americana. (a) The structure and composition of
β-thymosin in P. americana. (b) The exon skipping splicing process of P. americana thymosin (Pa-THYs).

Due to skipping splicing of exons, three different transcripts were formed, which named as THY1,
THY2 and THY3. THY3 contains all the exon sequences, while exon 4 is absent in THY1 and exon 2
and 4 are absent in THY2 (Figure 1b). These three transcript sequences were deposited in GenBank.
They contain 507, 393, and 621 base pairs and encode 168, 130, and 206 amino acids respectively. The
molecular weight of the THYs was 19 kDa, 14.6 kDa, and 23.4 kDa, and PI (isoelectric point) was
6.15, 5.70, and 5.95, respectively. The corresponding proteins were named as Pa-THY1, Pa-THY2,
and Pa-THY3. No signal peptide was detected in Pa-THYs by the SignalP 3.0 software. These three
proteins are hydrophilic non-transmembrane proteins. The secondary structure of the protein is mainly
composed of an alpha helix and irregular curl. According to sequence BLAST (Basic Local Alignment
Search Tool) results, the longest sequence of THY3 was wholly contained THY1 and THY2. By using
motif scan software, we found that THY3 have five “THY” domains, THY1 and THY2 have four and
three “THY” domains, respectively (Table 1).

Table 1. Results of bioinformatics analysis of Pa-THYs.

Pa-THY1 Pa-THY2 Pa-THY3

Amino acid 168 130 206
Molecular weight (kDa) 19,039.55 14,582.52 23,435.50

Isoelectric point (PI) 6.15 5.70 5.95
Signal peptide none none none

Transmembrane no no no
Hydrophilic/Hydrophobic Hydrophilic Hydrophilic Hydrophilic

Subcellular locations plasma membrane and
nucleus

plasma membrane and
nucleus

plasma membrane and
nucleus

Alpha helix (%) 52.38% 49.23% 51.%
Random coil (%) 45.24% 47.69% 42.72%

Beta turn (%) 2.38% 3.08% 3.40%
Extended strand (%) 0% 0% 2.43%

“THY” domains 4 3 5
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2.2. Function Domain Analysis of P. americana Thymosin

According to the results of sequence alignment, Pa-THY isoforms 1, 2, and 3 resembled the
“assembly-promoting form” like other multimeric thymosin, which can promote a free barbed-end
filament elongation [6]. This is because they have a long N-terminal helix (green rectangle) and unstable
C-terminal structure which was decided by two function residues (red rectangle) [20,21] (Figure 2).
Additionally, multimeric thymosin contains more than two “THY” domains, which can bind at least
two G-actins [17]. The “THY” domain has a highly conserved region. In vertebrates, the conserved
motif sequence is LKKTET [13], while in P. americana and other invertebrates the motif sequences are
LKH(R)TET, MKKAET, and MKPTQT (black rectangle), respectively (Figure 2). Pa-THY isoforms 1, 2,
and 3 have 4, 3, and 5 domains, respectively, which means that they can combine more and different
numbers of G-actin, hence their properties may be different from each other.

Figure 2. Function domains analysis of thymosins. Alignment of five Pa-THYs domains with the other
four thymosins from different species (Ciboulot (Cib D, three), Actobidin (Act D, two), tetra thymosinβ
(Ce D, four), and human thymosin β4 (HsTβ4 D, one)). α-helix, motif sequences, and function residues
were marked by green, black and red rectangle, respectively.

2.3. Expression and Purification of Recombinant Protein Pa-THYs

Recombinant plasmids (PET-THYs) were transformed into E coli BL21 (DE3) (Novagen, USA).
The results were confirmed by bacterial PCR and Sanger sequencing (TSINGKE, Beijing). Then, the E.
coli was induced to express the THYs protein and Ni-affinity chromatography was used to purify the
proteins. As expected, after being analyzed by SDS-PAGE, recombinant protein Pa-THY1, Pa-THY2
and Pa-THY3 with a molecular mass of approximately 25 kDa, 20 kDa and 30 kDa were detected
(Figure 3). All of the above proteins were soluble. In order to get higher concentration protein, the
Millipore was used to concentrate these proteins. After that, the concentration of protein was about
3 μg/μL (Pa-THY1), 2 μg/μL (Pa-THY2), and 3 μg/μL (Pa-THY3), respectively.

2.4. Pa-THYs Promoted Cell Migration of Fibroblasts

To confirm the bioactivity and the ability for wound healing of purified proteins (Pa-THYs), the
fibroblasts (NIH/3T3) were used to evaluate the ability of Pa-THYs on cell migration and proliferation.
An in vitro cell scratch was performed to investigate the effect of Pa-THYs on the migration of
fibroblasts. The results showed that Pa-THYs proteins promoted migration of fibroblasts with different
concentrations. Based on the quantitative analysis of cell migration rates, Pa-THYs and Tβ4 obviously
accelerated the migration of fibroblasts compared to PBS (phosphate buffer saline), and Pa-THY3 had a
stronger effect than others during cell migration in a low concentration (0.1 μg/mL). For Tβ4, Pa-THY1
and Pa-THY2, the best concentration for cell migration was 1 μg/mL, while for Pa-THY3 was 0.1 μg/mL.
Increasing protein concentration revealed a negative effect for cell migration in Tβ4 and all Pa-THYs
proteins (Figure 4a,b).
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Figure 3. The purification of recombinant protein Pa-THYs: lane 1, marker (M) proteins and their
corresponding molecular masses; lane 2, the concentrated Pa-THY1 protein; lane 3, the concentrated
Pa-THY2 protein; lane 4, the concentrated Pa-THY3 protein.

Figure 4. Effects of Pa-THYs on the migration and proliferation of fibroblasts. (a) Representative
images of NIH/3T3 cells treated by Tβ4 and Pa-THYs proteins (0, 0.1 μg/mL, 1 μg/mL and 10 μg/mL).
Magnification, ×200. (b) Quantification of wound-healing assays in NIH/3T3 cells treated with Tβ4 and
Pa-THYs proteins. The wound healing percentage was compared with control group. (c) Cell viability
of NIH/3T3 cells treated by Tβ4 and Pa-THYs proteins with different concentrations (0, 0.01 μg/mL,
0.1 μg/mL, 1 μg/mL, and 10 μg/mL).
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MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide, Thiazolyl Blue
Tetrazolium Bromide) assays were employed to determine the effects of Pa-THYs on the proliferation
of fibroblasts. Compared to the control group, all Pa-THYs and Tβ4 with different concentrations had
no effect on the proliferation of fibroblasts (Figure 4c).

2.5. Recombinant Protein Pa-THYs Promoted Wound Healing

Previous data showed considerable migration effects of Pa-THYs on fibroblasts and initially
proved that Pa-THYs were involved in wound healing. To observe the effect of Pa-THYs on wound
healing, a full-thickness skin wound model was established on the dorsal region of mice. Mice were
treated with Pa-THYs proteins every day (24 h interval), with PBS treatment as a negative control and
Tβ4 treatment as a positive control. The body weight and area of wounds were measured every two
days. The surface changes of dermal wounded skin and the images of the wound appearance were
observed and obtained every two days after treatment. During the wound healing process, all wounds
were dry and had a large scar at first, then the scar of Tβ4 and Pa-THYs groups became moist and
granulation tissue appeared while those in the PBS group were about to fall off (Figure 5a). Compared
to PBS and Tβ4 groups, Pa-THYs groups showed obvious wound contraction since day 3. Based on the
statistical data, Pa-THYs groups significantly accelerated wound healing compared with the PBS group
at day 3, Pa-THYs and Tβ4 treatment significantly accelerated wound healing compared with PBS
group at day 9 and 11 (Figure 5b). The results also showed that the mice’s body weight was not affected
after treatment (Figure 5c). Obvious abnormal behavior or noticeable toxicity were not observed.

Figure 5. Effects of Pa-THYs proteins on wound healing in mouse models. (a) Representative images
of skin wounds treated by Tβ4 and Pa-THYs proteins at indicated time points (0 d, 3 d, 5 d, 7 d, 9 d,
and 11 d). (b) Quantification data of wound-healing closure in mice treated with Tβ4 and Pa-THYs
proteins at indicated time points (0 d, 3 d, 5 d, 7 d, 9 d, and 11 d). * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001. (c) The body weight of mice treated with Tβ4 and Pa-THYs proteins at indicated time
points (0 d, 3 d, 5 d, 7 d, 9 d, and 11 d).
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2.6. Pa-THYs Promoted Wound Healing by Accelerating Dermal Regeneration

To examine the effect of Pa-THYs on dermal regeneration, we collected the dermal tissues of mice
treated by Tβ4 and Pa-THYs proteins at indicated time points (3 d, 5 d, 7 d, and 10 d). We analyzed the
formation of granulation tissue and the proliferation of fibroblasts and inflammatory cells by H&E
(hematoxylin-eosin) staining. Compared with the PBS group, our results indicated that there were a
large number of fibroblasts and monocytes that migrated to the bottom of the wound area in Tβ4 and
Pa-THYs treated groups on day 3 and few granulations were formed. On day 5, compared with the
PBS group, there were a large number of granulation tissues were formed in Pa-THYs and Tβ4 treated
groups. On day 7, as expected, the results clearly demonstrated that a high level of inflammation
reaction happened in the PBS group. By contrast, the inflammatory response was milder in Tβ4
and Pa-THYs treated groups, and granulation tissues almost filled the whole wound area. On day
10, except for the PBS group, inflammatory cells nearly disappeared in the other treated groups and
the wound area displayed better epithelialization, forming a complete epithelial structure (stratum
corneum, hyaline layer, granular layer, spinous cell layer, basal layer). There was no obvious difference
between the treated groups (Figure 6).

Figure 6. The H&E (hematoxylin-eosin) staining of dermal tissues treated with Tβ4 and Pa-THYs
proteins. a: adipose tissue; c: connective tissue; f: fibroblasts; g: granulation tissue; sc: stratumcorneum;
tl: transparent layer; tg: granular layer; pc: prickle cell layer; bl: basal layer; D: dermis; monocytes:
marked by black arrowhead (Scale bar = 100 μm, ×200).
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2.7. Pa-THYs Promoted Wound Healing Through Stimulating Angiogenesis

Angiogenesis is a critical process for wound healing in that newly formed blood vessels supply
nutrients, amino acids, and oxygen to stimulate wound repair [22]. To evaluate the neovascularization
during wound healing, the blood vessels were observed at indicated time points by CD31 (Platelet
endothelial cell adhesion molecule-1) immunohistochemistry. Compared to the PBS group, Pa-THYs
could significantly promote angiogenesis in the early stages of wound healing. As is seen, there were
many newly formed blood vessels at the bottom of the wound area on days 3 and 5. Compared to the
PBS group, the CD31+ area in Tβ4 and Pa-THYs treated groups were significantly increased on day 3
and day 5. After that, the new blood vessels significantly increased on day 7 and day 10 in PBS group
while the new blood vessels showed no obviously variation in Tβ4 and Pa-THYs treated groups, and a
large number of stripe-like blood vessels remained in the PBS group on day 10 (Figure 7).

Figure 7. The CD31 staining of wound areas in dermal tissues treated with Tβ4 and Pa-THYs proteins
(scale bar = 200 μm, ×100). All the groups compared to PBS group in certain time point, two-way
ANOVA analysis,; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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2.8. Pa-THYs Promoted Wound Healing Through Stimulating Collagen Deposition

Collagen is an important component for reconstructing dermis tissues at wound sites [23].
Masson’s trichrome staining was applied to describe collagen deposition (the blue shaded area) in
dermal tissues treated with Tβ4 and Pa-THYs proteins. As showed in Figure 8, compared with the
PBS group, significant accumulation of the collagen fibers was observed in the bottom of wound
tissues when treated with Tβ4 and Pa-THYs proteins on day 3 and day 5. From day 5 to day 10,
collagen gradually filled up with the whole wound tissue in all groups. Statistical analysis found
that collagen fibers were slowly formed on day 10 in Pa-THYs groups compared to PBS and Tβ4
treated groups. These data indicated that Pa-THYs could promote wound healing through stimulating
collagen deposition in early stage.

Figure 8. Masson staining of wound areas in dermal tissues treated with Tβ4 and Pa-THYs proteins
(Scale bar = 500 μm, ×40). All the groups compared to PBS group in certain time point, two-way
ANOVA analysis, * p < 0.05; ** p < 0.01; **** p < 0.0001.

113



Int. J. Mol. Sci. 2019, 20, 4932

2.9. Pa-THYs Stimulating the Expression of Cytokines and Growth Factors

To confirm the role of cytokines and growth factors to wound healing after Tβ4 and Pa-THYs
proteins treatment, we examined the expression of relative factors (vascular endothelial growth
factor (VEGF), fibroblast growth factor (b-FGF), transforming growth factor-β (TGF-β), matrix
metallopeptidase 2 (MMP-2), and PDGF-BB at indicated time points (3 d, 5 d, 7 d, and 10 d).
β-actin was used as a reference housekeeping gene to assess the different expression of factors between
each group. As seen in Figure 9, our results show that all the factors participated in wound repair and
that different Pa-THYs proteins may promote wound healing in different ways. Compared with the
PBS group, Pa-THY1 mainly stimulated the expressions of b-FGF, MMP-2, TGF-β and PDGF-BB, but
no factors significantly increased. Pa-THY2 mainly stimulated the expressions of MMP-2, TGF-β and
PDGF-BB, and TGF-β significantly increased in day 5 and day 10. Pa-THY3 mainly stimulated the
expressions of MMP-2 and PDGF-BB to accelerate wound healing, MMP-2 significantly increased in
day 7 and PDGF-BB significantly increased in day 10.

Figure 9. The expressions of vascular endothelial growth factor (VEGF), fibroblast growth factor
(b-FGF), transforming growth factor-β (TGF-β), matrix metallopeptidase 2 (MMP-2), and platelet
derived growth factor-BB (PDGF-BB) in mice treated with Tβ4 and Pa-THYs proteins were determined
by qRT-PCR. All the factors were compared to PBS group in certain time point, Two-way ANOVA
analysis, * p < 0.05; ** p < 0.01; *** p < 0.001.
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3. Discussion

In vertebrates, β-thymosins usually have one conserved “THY” domain, while in invertebrates,
the number of “THY” domains ranges from 2 (Drosophila melanogaster, NP_726909.1) to 27 (Hydra
vulgaris, AAW82079.1) [16]. Different splicing methods could produce a variety of β-thymosin isoforms,
and it can significantly increase the complexity of thymosin in invertebrates [15]. For example, there are
two thymosin isoforms (HaTHY1 and HaTHY2) in Helicoverpa armigera, which are expressed differently
in different organs and co-regulated growth and immune reaction [18]. In this study, due to exons
alternative splicing, three P. americana thymosin isoforms were formed. The 4, 3, and 5 “THY” domains
were identified in THY1, THY2 and THY3, respectively. A similar phenomenon was also found in
other species such as the fruit fly [24], cotton bollworm [18], and termite [25]. Thus, the functions of
these three isoforms may be different.

Multimeric thymosin could bind to more than one G-actin and enhance motility of filaments by
promoting assembly in the barbed end (+). Its function was similar to profilin: G-actin complex was
only occurring in multimeric thymosin [6,26]. The study found that the N-terminal a-helix amphipathic
(M6, I9 and F12) and N-terminal a-helix length in β-thymosin/WH2 control the affinity of these peptides
for actin, the elongation of N-terminal a-helix of β-thymosin may lead to the loss of actin sequester
function [27,28]. Recent research confirmed that it is also relative to the stability of the C-terminal
helix, which is mainly due to the two sites of Tβ4 (Ser31 and Thr34) were substitution [21,29]. Through
sequence alignment, we found that thymosin from P. americana have a long N-terminal a-helix and
unstable C-terminal helix. We observed that Pa-THYs not only combine more than one G-actin, but
also promote G-actin assembly in the barbed end (+) of filament.

Cell migration involves dynamic change of the cytoskeleton. Multimeric β-thymosin could
combine more than one G-actin to regulate assemble and disassemble of microfilaments. For
example, Ciboulot (Drosophila melanogaster) have three “THY” domains and can bind two G-actin
monomers; tetraThymosin (Caenorhabditis elegans) have four “THY” domains and can bind three G-actin
monomers [17]. Pa-THYs could promote fibroblasts migration but have no effect on proliferation.
It also demonstrated that the ability of Pa-THYs to stimulate fibroblasts migration was Pa-THY3 >
Pa-THY1 > Pa-THY2. Therefore, we speculate that the different ability on cell migration may be related
to the number of “THY” domains.

Wound healing is a complex physiological process of organisms, and is regulated by various cells
and some intra- and intercellular signaling pathways derived from the epidermis and dermis [30].
It involves several interrelated phases, including hemostasis or coagulation (platelet aggregation
and vasoconstriction), inflammation (release cytokines and remove debris), tissue regeneration
(angiogenesis and granulation tissue formation) and tissue remolding (collagen deposition) [31]. Tβ4
could accelerate wound healing either directly applying to the surface of full-thickness dermal wound
or giving intraperitoneal by stimulating angiogenesis, keratinocyte migration, collagen deposition
and wound contraction [7,32–34]. It has also been found that Tβ4 have anti-inflammation properties
in corneal wound healing [35], and cascade four Tβ4 (4xTβ4) was more efficient than standard Tβ4
in wound healing [36]. Researchers suggest that granulation tissue, which is mainly composed of
fibroblasts, macrophages, and new blood capillaries, invades the wound space on the fourth day after
injury [37]. Neovascularization occurs under hypoxic conditions, with the aim of transporting and
utilizating adequate oxygen when tissue is destroyed [22]. In our research, at the early stage of wound
healing, a large amount of fibroblasts, a few granulation tissues, and a few new blood vessels were
observed in Pa-THYs and Tβ4 treatments. On day 7, granulation tissues were nearly filled in the whole
wound, but there were still lots of inflammatory infiltrations in the PBS group. This may be one reason
for delayed wound repair. Once the wound is filled up with new granulation tissue, the new blood
vessels begin apoptosis [38]. On day 10, the wound in treatment groups had completely epithelialized,
the inflammatory reactions and striate vessels disappeared compared with control group. Collagen is
the major component for the improved strength of wound, and increasing collagen deposition can
accelerate the epithelialization [39]. In this experiment, compared with the control group, the treatment
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groups present more collagen deposition at days 3 and 5. All of this confirmed that Pa-THYs could
accelerate wound healing by promoting fibroblast migration, neovascularization, collagen deposition,
and by inhibiting inflammation.

Researchers found that many growth factors are important in wound healing, such as VEGF,
b-FGF, TGF-β, MMP-2, and PDGF-BB [40]. VEGF, b-FGF, and TGF-β are the most potent cytokines
in promoting wound angiogenesis [41,42]. The expression of VEGF can be directly up-regulated by
b-FGF, thus they have a synergistic effect [43]. MMPs were reported to be upregulated during wound
healing when treated with Tβ4 [5]. PDGF-BB was approved for treatment of diabetic foot ulcers by the
FDA [44], and it was reported that there is a more pronounced effect on myocardial angiogenesis when
combined with PDGF-BB and b-FGF [45]. Previously, Tβ4 was reported to up-regulate the expression
of VEGF and MMPs during dermal wound repair [46,47], which is in accordance with the results of
our experiment. Most interestingly, researchers found that the new blood vessels were not formed
after long time use Tβ4 to cure injured corneal [48]. This indicated that VEGF was not the major factor
to promote angiogenesis. In this study, after treatment with protein Pa-THY1, Pa-THY2, and Pa-THY3,
the expression changes of above factors were different. Pa-THY1 can obviously enhance the expression
of b-FGF, MMP-2, TGF-β, and PDGF-BB. Pa-THY2 enhanced the expression of MMP-2, TGF-β, and
PDGF-BB. Pa-THY3 up-regulated the expression of MMP-2 and PDGF-BB. Therefore, we suspect
that different isoforms of thymosin from P. americana may regulate wound healing through different
signal pathways. Further studies are required to evaluate the molecular mechanisms of Pa-THYs for
accelerating wound healing.

4. Materials and Methods

4.1. Bioinformatics Analysis for DNA Sequences of P. americana Thymosin

We identified the gene and transcript sequences of P. americana thymosin from genomic and
transcriptional databases which were built by our lab [49]. The introns and exons of the P. americana
thymosin gene sequence were analyzed by the softberry program (http://linux1.softberry.com/all.htm).
According to alternative splicing, there are three different transcript variants (THY1, THY2, and
THY3) in P. americana thymosin. All complete thymosin cDNA sequences were deposited in GenBank
(accession No. MK573540, MK573541, MK573542). The DNA sequences were analyzed by the online
program at NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Conserved motifs were determined using
Motif Scan (http://myhits.isb-sib.ch/cgi-bin/motif_scan) and signal peptide was predicted using the
SignalP Server (http://www.cbs.dtu.dk/services/SignalP/). The theoretical PI and molecular mass were
estimated by ExPASy (http://www.expasy.ch/tools/peptide-mass.html).

4.2. Cloning, Expression, and Purification of Pa-THYs

The sequences of THYs were cloned into a PET-28(a) vector, the proteins Pa-THYs were
expressed in E. coli cells and purified by His Trap TMFF crude. Briefly, the sequences of THYs
were amplified from the total cDNA of P. americana with specific primers, as follows: PET-Pa-F (EcoR
I): 5′-CGCGAATTCATGTCGGCCCCAGTC-3′; PET-Pa-R (Xho I): 5′-CCGCTCGAGTTATGCTTTCTT
CTCTTCATCG-3 and then cloned into PET-28(a) vector at EcoR I and Xho I recognition sites. The
plasmids of PET-THY1, PET-THY2, and PET-THY3 were transformed into E. coli BL21 (DE3) competent
cells for the final expression. The proteins (Pa-THY1, Pa-THY2, and Pa-THY3) were induced by
isopropyl β-D-thiogalactoside (IPTG) at 37 ◦C for 6 h. The cells were harvested by centrifuging at
8000 rpm for 10 min and suspending in a 1× PBS phosphate buffer. The E. coli was shattered using
ultrasonication, then centrifuged at 12,000× g for 10 min at 4 ◦C to remove the precipitate. The
recombined proteins were purified by His Trap TMFF crude (1 mL) according to the manufacturer’s
instructions and analyzed with SDS-PAGE. To get the high concentration of these proteins, they were
concentrated by an ultrafiltration centrifuge tube (Millipore, Massachussettes, USA), and the total
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protein concentration was measured by BCA (bicinchoninic acid) protein assay kit (Biosharp, Hefei,
Anhui, China) according to the manufacturer’s instructions.

4.3. Cell Culture

The NIH/3T3 cell line was provided by the Core Facility of West China Hospital. The NIH/3T3 cell
was cultured with DMEM (HyClone, Boston, MA, USA) supplemented with 10% fetal bovine serum
(FBS) at 37 ◦C in a humidified atmosphere of 5% CO2.

4.4. Cell Migration and Proliferation Assays

Effects of Pa-THYs on NIH/3T3 cell migration were determined by wound healing assay. Briefly,
wound healing assay was carried out in six-well plates (3 × 105 cells/well), wounds were created using
a pipette tip. The cells were then rinsed with PBS to remove any free-floating cells and debris. After
washing, the medium was replaced by a control medium with different concentrations (0, 0.1, 1 and 10
μg/mL) Pa-THYs, and the cells were incubated at 37 ◦C. The area of wound healing was observed at 0,
and 24 h, and representative images for each concentration were photographed. NIH/Image J software
(https://imagej.net/NIH_Image) was used for quantification of the scratch wound area based on an
edge-detection and thresholding technique. We calculated the migrated area by calculating the blank
area of the scratch in different time point after Pa-THYs protein treatment.

Effects of Pa-THYs on NIH/3T3 cell proliferation were determined by MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
(72 h) assays. Briefly, MTS assays were carried out in 96-well plates (2000 cells/well, five replicates),
and the treatments of proteins were initiated at 24 h post-seeding, cells were cultured for 72 h. Then
20 μL MTS (Promega, Madison, WI, USA) was added to each well (100 μL medium) and incubated
for 1–2 h at 37 ◦C. OD490 was measured by a Gen5 Microplate Reader (BioTek, Winooski, Vermont,
USA) according to the manufacturer’s instructions. IC50 values were calculated by GraphPad Prism 5
(San Diego, CA, USA).

4.5. Animal Model

The P. americana were raised in our lab in an appropriate environment (T: 25–30 ◦C; humidity:
70–80%). Synthetic Tβ4 was purchased from Shanghai Zhengyan Chemical Technology Co., Ltd.
(Shanghai, China). A total of 75 free of viruses, bacteria and parasites KUNMING mice (7 weeks
old, male) were purchased from Da Shuo (Cheng Du, China). The mice were raised in a standard
laboratory pellet diet and water ad libitum about a week to adapt the environment under controlled
temperature (22–25 ◦C) and humidity (about 60%) with a 12 h light/ dark cycle. All animals testing
used in this study were performed in accordance with guidelines of the Animal Care Committee of
Sichuan University (Chengdu, China).(20190412001, 12, April 2019).

Before the mouse model was established, all mice were anesthetized by intraperitoneal injection of
10% chloral hydrate. Under sterile conditions, the dorsal hair of the mice was shaved and completely
removed with hair removal cream (Veet, Tokyo, Japan), then the skin was sterilized with 75% EtOH
and a circular full-thickness excisional wound on dorsal of each mouse was made, 1.2 cm in diameter,
which was created by a surgical scissor. The mice were divided into five groups of fifteen animals,
each including: control group with wound and PBS treatment, positive group with wound and Tβ4 (5
μg) treatment, test group I with wound and Pa-THY1 (5 μg) treatment, test group II with wound and
Pa-THY2 (5 μg) treatment, test group III with wound and Pa-THY3 (5 μg) treatment. After 24 h of
surgery, they were applied to the wound by pipetting the liquid (50 μL) directly into the wound area
until 11 days later. The wounds were left open with no dressing.

4.6. Macroscopic Evaluation

Appetite and general health conditions were monitored daily, and body weight was measured
every other day. For wound area study, the wound beds were photographed with a digital camera
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and a ruler at the specific time points (0 d, 3 d, 5 d, 7 d, 9 d, and 11 d). Wound images were used to
calculate the wound area by the NIH/Image J software. The following equation was used to measure
the rate of wound closure,

y(n) =
A0 −Xn

A0
· 100% (1)

where y (n): the rate of wound closure (%); A0: wound area at day 0; Xn: wound area at day (n).
Wound healing curves were constructed by Graph Pad Prism 5.

4.7. Sample Collection and Histological Analysis

To examine re-epithelialization, granulation tissue, vessel counts, and collagen content of the
wounds, three mice from each group were euthanized at 3, 5, 7, and 10 days after treatment. The entire
wound and adjacent wound were harvested down to the fascia, and then bisected through the center
of the lesion to get the largest diameter of the wound, one-part tissue was stored in liquid nitrogen
to detect the expression of relative factors and another part was fixed in formalin solution (4%) for
histological evaluation of wound healing. The fixed tissue samples were routinely processed and
embedded in paraffin, 4 μm sections of middle wound bed were stained with hematoxylin and eosin
(HE), CD31 antibody and Masson Trichrome. The positive area of CD31 and collagen deposition were
measured by NIH/Image J software (https://imagej.net/NIH_Image).

4.8. RNA Extraction and qRT-PCR

Total RNA was extracted frozen tissues of wound healing models by using Trizol reagent (Takara,
Japan) according to the manufacturer’s instructions. The purity and concentration of total RNA
were determined by UV Spectrophotometer (Eppendorf, Hamburg, Germany) and 1% agarose gel
electrophoresis. The first-stand cDNA was synthesized by the HiScript®II 1st Strand cDNA Synthesis
Kit (Vazyme, Nanjing, China) following the manufacturer’s instructions. The primers of the quantitative
real-time PCR (qRT-PCR) was designed by Prim5 software (Table 2). The qRT-PCR was used to detect
relative expression of b-FGF, PDGF-BB, TGF-β, VEGF, and MMP-2 by an ABI 7500 real-time PCR
detection system (ABI, Carlsbad, CA, USA), and the relative expression of these genes were normalized
by an internal control (β-actin). The qRT-PCR final reaction volume was 20 μL which was added
according to the instructions, and under the following conditions: 2 min of pre-denaturation at 95 ◦C,
followed by the 30 cycles for 15 s, 59–60 ◦C for 15 s, and 72 ◦C for 30 s, and each reaction was performed
in triplicate. Relative expression of genes was calculated using the 2−ΔΔCT method.

Table 2. Oligonucleotide primers used in the experiments.

Primer Name Sequence F (5′–3′) Sequence R (5′–3′)
VEGF F:CTACTGCCGTCCGATTGA R:TCTCCGCTCTGAACAAGG
TGF-β F:AATACGTCAGACATTCGGGAAGCA R:GTCAATGTACAGCTGCCGTACACA
b-FGF F:TGCTTCCACCTCGTCTGTCT R:GAGGCAAAGTGAAAGGGACC

MMP-2 F:GAACTTGCGATTATGCCATGATGAC R:TCTGAGGGATGCCATCAAAGAC
PDGF-BB F:CCAGGACGGTCATTTACG R:TGGTCTGGGTTCAGGTTG
β-actin F:CATCCGTAAAGATCTATGCCAAC R:ATGGAGCCACCGATCCACA

4.9. Statistical Analysis

Data was shown as mean ± SD. The data were performed using a student’s t-test (for two groups),
one-way ANOVA followed by Tukey’s test (for more than two groups) and two-way ANOVA followed
by multiple comparisons were performed using Graph Pad Prism 5 (San Diego, CA, USA). The p-value
< 0.05 was considered to be significant, the p-value < 0.01 was considered to be extremely significant.
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IPTG isopropyl β-D-thiogalactoside
Tβ4 human thymosin β4
THY P. americana thymosin
VEGF vascular endothelial growth factor
TGF-β transforming growth factor-β
b-FGF fibroblast growth factor
MMP-2 matrix metallopeptidase 2
PDGF-BB platelet derived growth factor-BB
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Abstract: Although acute inflammatory responses are host-protective and generally self-limited,
unresolved and delayed resolution of acute inflammation can lead to further tissue damage and
chronic inflammation. The mechanism of pain induction under inflammatory conditions has been
studied extensively; however, the mechanism of pain resolution is not fully understood. The resolution
of inflammation is a biosynthetically active process, involving specialized pro-resolving mediators
(SPMs). In particular, maresins (MaRs) are synthesized from docosahexaenoic acid (DHA) by
macrophages and have anti-inflammatory and pro-resolving capacities as well as tissue regenerating
and pain-relieving properties. A new class of macrophage-derived molecules—MaR conjugates
in tissue regeneration (MCTRs)—has been reported to regulate phagocytosis and the repair and
regeneration of damaged tissue. Macrophages not only participate in the biosynthesis of SPMs,
but also play an important role in phagocytosis. They exhibit different phenotypes categorized
as proinflammatory M1-like phenotypes and anti-inflammatory M2 phenotypes that mediate both
harmful and protective functions, respectively. However, the signaling mechanisms underlying
macrophage functions and phenotypic changes have not yet been fully established. Recent studies
report that MaRs help resolve inflammatory pain by enhancing macrophage phagocytosis and shifting
cytokine release to the anti-inflammatory M2 phenotypes. Consequently, this review elucidated the
characteristics of MaRs and macrophages, focusing on the potent action of MaRs to enhance the M2
macrophage phenotype profiles that possess the ability to alleviate inflammatory pain.

Keywords: inflammation; macrophage; specialized pro-resolving mediators; maresin; pain

1. Introduction

Inflammation is an immune response to harmful stimuli, including pathogens, damaged cells,
toxic compounds, surgery, or irradiation [1]. Inflammation is characterized by swelling, heat, pain,
redness, and loss of tissue function, which is caused by local immune, vascular, and inflammatory
cell responses to infection or injury [2]. Inflammatory processes that include changes in vascular
permeability, recruitment and accumulation of leukocytes, and release of inflammatory mediators, are
important in the regeneration of injured tissues [3]. Therefore, inflammation is an essential defense
mechanism for preserving health. A weak inflammatory response can lead to tissue destruction
by harmful stimuli, while chronic unresolved inflammation may culminate in various pathological
conditions, including cancer, fibrosis, and pain [4]. Wound regeneration promotes resolution of
inflammation by restoring barrier function [5]. Neutrophils are the first circulating inflammatory cells
to be recruited to the wound site [6]. Clinical observations demonstrating that leukocyte recruitment
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disorders and reduced neutrophil infiltration are associated with delayed wound healing indicate the
importance of neutrophils for efficient wound repair [7]. Recent studies have shown that macrophages
exhibit different functions during the immune response, with proinflammatory signaling occurring
during the early stages of inflammation and, once inflammation is resolved, promotion of tissue
regeneration at late stages [8,9].

Inflammatory pain indicates increased mechanical and thermal sensitivity due to inflammatory
reactions [10]. These mechanisms have been extensively investigated over the past two decades [11,12].
The earliest factors causing inflammatory pain are lipid mediators (leukotrienes (LTs) and prostaglandins
(PGs)) and proinflammatory cytokines (Tumor necrosis factor (TNF)-α and interleukin (IL)-1β) [13].
They sensitize nociceptors of the primary sensory neurons (peripheral sensitization) through modulation
of ion channels including TRP channels [14–16]. However, our understanding of the resolution
processes and mechanisms that causes inflammatory pain is limited. The acute inflammatory response
is protective, evolved to repair damaged tissues and eliminate invading organisms [17,18]. This
is ideally a self-limited inflammatory response that leads to a complete resolution of leukocyte
infiltrates and removal of cellular debris, allowing for the return to normal homeostasis [18]. However,
uncontrolled or unresolved acute inflammatory conditions can lead to chronic inflammation, causing
greater tissue damage, tissue remodeling disorders, and poor tissue healing [19,20]. These conditions
are known to induce the transition to chronic and maladaptive inflammatory pain [21,22] and may
lead to vascular disease, metabolic syndromes, and neurological diseases [19].

In general, the resolution of acute inflammation is an active rather than a passive process that
requires the biosynthesis of SPMs including lipoxins (LXs), resolvins (Rvs), protectins (PDs), and
maresins (MaRs), derived from the omega-6 fatty acid arachidonic acid (AA) and the omega-3
polyunsaturated fatty acids docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) [23]. SPMs
turn off the inflammatory response by acting on distinct G-protein-coupled receptors expressed in
immune cells that activate dual anti-inflammatory and pro-resolution activity in various animal models
of inflammation [24–26]. In response to injury or infection, an acute inflammatory response involves
early tissue edema and neutrophil infiltration, some of which transits to mature macrophages [27,28].
Macrophages are major repair mediators in peripheral nerve and spinal cord injuries [29] that exist
in two polarization states [30]. These states are not fixed but instead change rapidly in response to
the microenvironment [31–33]. M1 (classically activated) macrophages produce proinflammatory
cytokines and promote nociceptor sensitization that can be converted into inflammatory pain, whereas
M2 (alternatively activated) macrophages produce anti-inflammatory cytokines and promote wound
healing [34]. Based on these functional roles, macrophages regulate the enhancement or alleviation of
pain sensitivity under various conditions [32,35]. For example, M1 infiltration has been identified in
pain-associated synovial tissue in models of muscle, joint, and paw inflammation [35,36]. In contrast,
M1 deficiency has been reported to reduce increased proinflammatory cytokines and prevent local
inflammatory pain in response to proinflammatory agents or chemotherapy-induced peripheral
neuropathy [37]. The transition from M1 to M2 phenotypes—or the balance thereof—appears to be
crucial for resolution associated with acute inflammatory response [13,38]. Spinal cord injury (SCI),
a condition frequently associated with prolonged inflammatory pain, increases the abundance of M1
phenotype cells in the spinal cord [13]. Thus, the balance of M1/M2 macrophages plays an important
role in the resolution of inflammation and inflammatory pain relief.

MaRs are believed to act as potent protective mediators of macrophage function [39,40] and
promote the resolution of acute inflammation and tissue regeneration [23,41,42]. Recent studies report
that MaRs promote inflammatory activity in macrophages; furthermore, the incubation of human
macrophages with MaRs improves resolution by increasing phagocytosis and efferocytosis. These
effects are likely due to various substances released by MaRs that alter macrophage function and
possibly contribute to the resolution of inflammation. For example, biosynthesized MaRs downregulate
proinflammatory cytokines, such as IL-1β, IL-6, and TNF-α, to induce inflammation resolution and
tissue regeneration [43,44]. However, defective or delayed resolution causes chronic inflammation that
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can eventually lead to chronic inflammatory pain [20]. It has been reported that inflammatory resolution
is reduced due to the following functional problems of the lipid mediator family and macrophages:
(a) M1/M2 macrophage imbalance [45,46]; (b) reduced MaR or other SPM formation [27,42,47–49];
(c) impaired synthesis of DHA [50]; and (d) aging [2,51,52]. Therefore, MaRs may act directly or
indirectly to reverse the inflammation relief deficiencies caused by these functional problems, thereby
restoring normal inflammation relief function. Moreover, a new series of bioactive peptide-lipid
conjugated mediators—MCTRs—are produced in the later stages of self-resolved infection [23,41] that
regulate inflammation and resolution mechanisms as well as tissue regeneration [23,41]. Consequently,
this review described the functional mechanisms of MaRs based on their potential ability to control
macrophage activation and inflammatory resolution.

2. Tissue Inflammation and Regeneration

2.1. Tissue Inflammation

The inflammatory response after tissue damage is an important biological process that is essential
for the survival of living organisms [1]. When tissues are damaged by infection, exposure to
toxins, or mechanical damage, an inflammatory response is induced by damage-associated molecular
patterns (DAMPs) and pathogen-associated molecular patterns (PRR) released by dead cells and
invading organisms [53]. These molecules provoke a complex inflammatory response characterized
by the recruitment, proliferation, and activation of various hematopoietic and non-hematopoietic
cells, including neutrophils, macrophages, innate lymphoid cells, natural killer cells, B cells, T cells,
fibroblasts, epithelial cells, endothelial cells, and stem cells, which together constitute the cellular
response that orchestrates tissue repair [54–56].

2.2. Tissue Regeneration

When the wound healing reaction is well organized and controlled, the inflammatory response is
quickly resolved and normal tissue structure is restored [57]. However, if the wound healing response is
chronic or becomes dysregulated, it can lead to the development of pathological fibrosis or scars, which
impair normal tissue function and may ultimately lead to organ failure and death [56]. Therefore, the
wound-healing reaction must be strictly regulated. Biological processes involved in cutaneous wound
healing include infiltration of inflammatory cells, fibroblast repopulation and new vessel formation,
keratinocyte migration, and proliferation [54,58,59]. Although many cells are involved in tissue repair,
macrophages exhibit significant regulatory activity at all repair and fibrosis stages and are critically
involved in normal tissue homeostasis [60]. It is clear that monocytes and macrophages play more
complex roles in tissue repair and in contributing to fibrosis and tissue regeneration [8]. Macrophages
are an important source of chemokines, matrix metalloproteinases (MMPs), and other inflammatory
mediators that induce early cellular response after injury [61]. Indeed, when macrophages are depleted
soon after injury, the inflammatory response is often greatly reduced [8]. However, their removal
can also reduce wound debris and cause less efficient repair and regeneration [56]. After the initial
inflammatory phase subsides, the main macrophage population develops a wound healing phenotype
characterized by the production of numerous growth factors, such as transforming growth factor beta
1 (TGF-β1), platelet-derived growth factor (PDGF), vascular endothelial growth factor alpha (VEGF-α),
and insulin-like growth factor 1 (IGF-1) [5].

3. Specialized Pro-Resolving Mediators (SPMs)

3.1. Biosynthesis of SPMs

SPMs are bioactive autacoids enzymatically produced from the omega-6 fatty acids arachidonic
acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA); they include lipoxins (LXs),
resolvins (Rvs), protectins (PDs), and maresins (MaRs) generated via the action of lipoxygenases (LOXs)

125



Int. J. Mol. Sci. 2019, 20, 5849

and cytochrome p450 (CYP450) and cyclooxygenase-2 (COX-2) enzymes usually found in different
cell types residing in inflammatory environments [62,63]. Although many cell types can produce
SPMs, immune cells, such as neutrophils, monocytes, and macrophages, are reported to be primarily
responsible for the synthesis of these SPMs [24,64,65] (Figure 1) [66].

 
Figure 1. Biosynthesis of specialized pro-resolving mediators (SPMs) derived from omega-3 and
omega-6 polyunsaturated fatty acids (PUFAs).

3.2. SPMs: Resolution Function

The mechanisms involved in acute inflammatory conditions are critical for the restoration of
tissue homeostasis [19,20]. The acute inflammatory response can be divided into two general phases:
initiation of acute inflammation and resolution [23]. Initiation is marked by tissue edema, resulting
from increased blood flow and vessel dilation that allows for the migration of leukocytes from the
post-capillary lumen to the interstitial space [17,18]. This process is mediated by proinflammatory lipid
mediators—namely, leukotrienes (LTs) and prostaglandins (PGs)—derived from the omega-6 fatty acid
AA [28,67]. The initial recruitment of neutrophils (polymorphonuclear leukocytes (PMNs)) is followed
by the recruitment of monocytes/macrophages from the blood and into the affected tissue [67,68].
In contained inflammatory exudates, coordinated lipid mediator class switching occurs in the course
of acute inflammation and resolution (Figure 2) [23,69,70]. AA-derived LXA4 is the first PUFA-derived
mediator found to have anti-inflammatory and pro-resolving activities [71,72]. Platelet-leukocyte
interaction leads to the formation of LXA4 and LXB4, which stimulates the lipid signaling class switch
by blocking the further recruitment of polymorphonuclear cells from post-capillary venules [73].
Once the noxious materials are removed via phagocytosis, the inflammatory reaction must be resolved
to maintain homeostasis [70,74]. The resolution of acute inflammation is an active process that is
controlled by SPMs [39,75]. These SPMs lead to the recovery of homeostasis by blocking leukocyte
trafficking to the inflamed site, reversing vasodilation and vascular permeability, and promoting the
clearance of inflammatory cells, exudates, and tissue debris [76,77]. In the lipid class-switch process,
SPMs share similar biological functions, limiting neutrophil infiltration, shifting cytokine profiles from
pro- to anti-inflammatory, and promoting macrophage phagocytosis [78].
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Figure 2. The outcome of acute inflammation and resolution. Under stimulation of injury or infection,
release of proinflammatory lipids (prostaglandin (PG), leukotriene (LT)), chemokines (C-C motif
chemokine ligand 2 (CCL2), C-X-C motif ligand 8 (CXCL8)), and cytokines (tumor necrosis factor-α
(TNF-α), interleukin (IL)-6) induce the recruitment of neutrophils. Other immune cells (macrophages,
B cells, and T cells) also participate in the process. Macrophages directly phagocytize organisms and
apoptotic neutrophils, while B cells are converted into plasma cells to kill organisms through secreted
antibodies, referred to as antibody-dependent cell-mediated cytotoxicity. Macrophages and B cells
activate T cells via antigen cross presentation (AP). PGE2 leads to vasodilation and LTB4 stimulates
PMN influx into the inflammatory locus. Subsequently, lipid mediator (LM) class switching converts
proinflammatory signals into pro-resolving signals and triggers resolution. SPMs restrict excessive
PMN influx to the injury site, enhance efferocytosis, and stimulate pro-resolving signals.

4. MaRs

4.1. Biosynthesis of MaRs

MaRs (from macrophage mediator in resolving inflammation) are a fourth family of DHA-derived
SPMs [79]. In macrophages, MaR-1 biosynthesis is initiated by 12-LOX from DHA, producing
14S-hydroperoxydocosa-4Z,7Z,10Z,12E,16Z,19Z-hexaenoic acid—the hydroperoxy intermediate—which
undergoes further conversion via enzymatic 13(14)-epoxidation. This epoxide intermediate is hydrolyzed
enzymatically via an acid-catalyzed nucleophilic attack by water at carbon 7, resulting in the introduction of
a hydroxyl group at that position and a double bond rearrangement to form the stereochemistry of bioactive
MaR1, which has potent pro-resolution properties. The 13S, 14S-epoxy-MaR intermediate is also the
precursor of MaR-2 (13R, 14S-dihydroxy-4Z,7Z,9E,11Z,16Z,19Z-DHA). This product of DHA biosynthesis by
12-LOX produces the 14S-hydroperoxide that is converted to the 13S, 14S-epoxy-MaR and finally converted
by a soluble epoxide hydrolase into MaR-2 (Figure 3A) [49].
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Figure 3. Synthesis and function of maresins (MaRs) and macrophages. (A) MaRs and MaR conjugates
in tissue regeneration (MCTRs) biosynthesis. Human macrophage 12-LOX converts DHA to the
13S,14S-epoxy-maresin intermediate and hydrolase or soluble epoxide hydrolase is converted to MaR1
and MaR2, respectively. The MCTR biosynthetic pathway is initiated by lipoxygenation of 14S-HpDHA,
converted by lipoxygenase activity to the 13S,14S-epoxy-maresin intermediate. MCTR1 is catalyzed by
glutathione s-transferase mu4 (GSTM4) and/or leukotriene C4 synthase (LTC4S). MCTR1 is converted
by gamma-glutamyl transferase (GGT) to MCTR2, which then acts as a substrate for conversion by
dipeptidase (DPEP) to MCTR3. (B) M1 and M2 polarization of macrophages. Bone marrow-derived
macrophages differentiate into mononuclear cells and gradually become mature macrophages that
can be released into circulation. IFN-γ, TNF-α, and LPS stimulate macrophages into M1, IL-4 and
IL-13 into M2a, IC and TLR into M2b, and IL-10 into M2c; A2AR agonist stimulates them into
M2d. M1 macrophages induce a proinflammatory response, whereas M2 macrophages induce an
anti-inflammatory response. M1 macrophages can also differentiate into M2 macrophages through local
cues. The M1 phenotype is proinflammatory, phagocytic, and bactericidal, while the M2 macrophages
act to switch off inflammation. IFN-γ: interferon gamma; TNF-α: tumor necrosis factor alpha; LPS:
lipopolysaccharides; IC: immune complexes; TLR: toll-like receptor; A2AR: adenosine A2A receptor;
IL: interleukin; IL-1R: IL-1 receptor.

4.2. Biosynthesis of MaR Conjugates in Tissue Regeneration (MCTRs)

Macrophages also produce a family of bioactive peptide-conjugated mediators called MCTRs [80].
MCTR compounds are produced from the 13(S), 14S-epoxide MaR intermediate during MaR
biosynthesis. This epoxide intermediate is enzymatically converted to an MCTR. DHA is converted
by 12-LOX into 13,14-epoxy-maresin (an intermediate of MaR-1 and MaR-2) that can be directly
conjugated at C13 to glutathione by LTC4 synthase, yielding MaR conjugated in tissue regeneration
1(MCTR 1). MCTR 1 (13R-glutathionyl, 14S-hydroxy-4Z,7Z,9E,11E,13R,14S,16Z,19Z-DHA)—the first
cysteinyl-SPM to be identified—is synthesized in the presence of leukotriene C4 (LTC4) synthase and
γ-glutamyltransferase-μ4 in human macrophages. γ-Glutamyl transferase is involved in the conversion
of MCTR-1 to MCTR2 (13R-cysteinylglycinyl, 14S-hydroxy-4Z,7Z,9E,11E,13R,14S,16Z,19Z-DHA) and
MCTR-3 (13R-cysteinyl,14S-hydroxy-4Z,7Z,9E,11E,13R,14S,16Z,19Z-DHA) (Figure 3A) [34,39].

4.3. Function of MaRs and MCTRs

13S, 14S-epoxy-DHA(eMaR) stimulates the conversion of the M1 macrophage phenotype to
M2 and blocks LTA4 hydrolase [81]. MaR1 possesses potent pro-resolving, antinociceptive, tissue
regenerative, antiaggregant, and vasculoprotective functions. Recently, MaR-2 was reported to have
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powerful bioregulatory effects. Similarly, MCTRs act as tissue protective and regenerative agents, with
anti-inflammatory and pro-resolving properties [25]. Thus, MaRs and MCTRs are regulated during
acute self-limited infectious-inflammation and possess many attributes that contribute to host defense,
tissue regeneration, organ protection, and pain modulation [25,34,39,49,72].

5. Macrophages

5.1. Macrophage Origin, Polarization, and Function

Naïve macrophages are widely distributed in all tissues via circulation through the bloodstream [82].
These cells remove apoptotic cells and foreign material via phagocytosis and participate in various
processes, such as wound healing and tissue repair [83]. Macrophages are derived from bone marrow
hematopoietic stem cells [84]. When stimulated by cytokines, bone marrow-derived macrophages
develop into monocytes that then differentiate into pre-macrophages [35,85]. Finally, they become
mature macrophages that can be released into the bloodstream [35,86]. Macrophages respond to
current conditions to form a heterogeneous cell population [87]. Under the influence of various
stimuli, they usually differentiate into one of two phenotypes (polarization) [88]: proinflammatory type
(M1) and anti-inflammatory or reparative type (M2) [89]. M1 macrophages are proinflammatory and
secrete cytokines, while M2 macrophages are anti-inflammatory and promote tissue repair to resolve
inflammation [87]. M2 macrophages can be further sub-classified as M2a, M2b, M2c, and M2d based
on transcriptional changes that result from exposure to different stimuli [90]. Lipopolysaccharides
(LPS), TNF-α, and interferon gamma (IFN)-γ are used to convert macrophages to M1, IL-4 and IL-13 to
M2a, immune complexes (IC) and toll-like receptors (TLR) to M2b, IL-10 to M2c, and adenosine A2A
receptor (A2AR) agonist to M2d (Figure 3B) [29]. Therefore, stimulus-dependent polarization controls
the specific functions and phenotypes of macrophages.

5.2. Relationships between Macrophages and MaRs

Macrophages participate in the biosynthesis of SPMs with both anti-inflammatory and
pro-resolving properties [34]. SPMs are enzymatically biosynthesized from essential fatty acids
with different stereochemistry [74,80,91]. MaRs—a new family of macrophage-derived mediators—are
synthesized from DHA by macrophages and are potent in the resolution of inflammation [33]. Most
importantly, MaR1 directly enhances neutrophil activation and the switch from macrophage M1 to
M2 phenotype [92], both of which promotes anti-inflammatory and pro-resolving actions, inhibiting
neutrophil infiltration and stimulating macrophage phagocytosis and efferocytosis to enhance the
clearance of inflammation without affecting the innate response [27,49].

6. Role of MaRs in Inflammation Resolution

The level of this potent leukocyte agonist decreases in the later stages of the self-limited
inflammatory response [93]. It is possible that other signals regulate leukocyte responses to promote
tissue repair and regeneration. Given the pivotal roles of chemical signals in infections, it has been
revealed that new mediators, within self-resolving infections, can regulate tissue repair and regeneration
without immune suppression [34]. MaR-1 exhibits potent pro-resolving and tissue regenerative activity
and is involved in self-limited infections that regulate tissue regeneration [34,94]. New pathways and
mediators in planaria promote recovery and regeneration during infection [27]. The recruitment of
leukocytes into the lesioned spinal cord is regulated by various proinflammatory mediators [95,96].
Cytokines mediate inflammation by acting on specific receptors that activate different intracellular
inflammatory cascades [97]. Additionally, MaR-1 downregulates cytokine expression in mouse models
of colitis and acute respiratory distress syndrome [41,49,92]. However, little is known about the
intracellular cascades regulated by MaR-1.

Although IL-10 has anti-inflammatory properties, its contribution to the healing process is not
fully established. In a recent report, MaR1 increased the levels of IL-10 postoperatively for 14 days [98].
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Notably, MaR-1 has been reported to interact with stem cells to reduce chronic inflammation and improve
wound healing following SCI [77,99]. Interestingly, macrophages incubated with MaR-1 are polarized
toward an anti-inflammatory phenotype and increase MRC1 mRNA expression (an M2 macrophage
phenotype marker), implying a possible role of MaR-1 in M2 macrophage polarization [42]. TNF-α is
one of the earliest cytokines to appear following tissue damage and is associated with the production
of many cytokines, including IL-1β and IL-6. MaR-1 attenuates the release of proinflammatory
cytokines and TNF-α in macrophages [49,100]. In addition, intracellular adhesion molecule 1 (ICAM-1)
is an epithelial PMN ligand that promotes neutrophil migration through epithelial cells during
inflammation [92]. MaR-1 inhibits the 10-fold upregulation of ICAM-1, suggesting that it contributes
to the resolution of inflammation by affecting neutrophil clearance and efferocytosis. Another possible
avenue for treatment with MaRs is motor neuron disease, a fatal neurodegenerative disease that
causes loss of motor neuron function and progressive degeneration [101]. However, the molecular
mechanisms of motor neuron degeneration in amyotrophic lateral sclerosis (ALS) are not yet full known.
Many pathogenic changes occur in the affected motor neurons, including mitochondrial dysfunction,
hyper excitability, glutamate excitotoxicity, and nitroxidative stress [101]. Superoxide dismutase 1
(SOD1) G93A and transactivation response DNA-binding protein (TDP)-43A315T cause oxidative stress,
endoplasmic reticulum (ER) stress, and inflammation. MaR-1 possesses neuroprotective effects against
stress-induced cell death induced by various factors, such as SOD1 G93AA315T and TDP-43A315T,
inhibiting NF-κB activation [102]. Therefore, MaR-1 may also contribute to treatment options for motor
neuron diseases, such as ALS and SMA (spinal muscular atrophy).

7. Role of MaRs and Macrophages in Inflammation Resolution

Macrophages are involved in the processes of homeostasis, tissue repair, and regeneration [29].
They are recruited to damaged nerve sites through the activation of M1 and M2 subtypes [29]: M1
macrophages exhibit a proinflammatory profile and mediate cytotoxic actions; and M2 macrophages
have anti-inflammatory effects and promote tissue healing and recovery [31,32]. The balance of M1 and
M2 macrophages regulates early events in local inflammation [103]. In this process, cytokine contributes
to the recruitment of M1 macrophages [104]. It releases other proinflammatory cytokines, such as
TNF-α, IL-1α, and IL-β, to promote further tissue damage [105]. To control this process, activated M2
macrophages release anti-inflammatory cytokines, IL-10 and TGF-β, which mediate tissue regeneration
and inhibition of the proinflammatory function [106]. Also, an increased ratio of M2 macrophages
significantly enhances nerve regeneration and wound healing [107]. DHA plays important roles in
peripheral organs, as well as in the central nervous system, and is the precursor of various molecules that
regulate the resolution of inflammation [50,108]. Macrophages derived from mice deficient of Elov12
(Elovl2-/-)—the main enzyme for DHA synthesis—demonstrate an increased expression of M1-like
markers (iNOS and CD86), whereas M2 macrophages downregulate M2-like markers such as CD206 [50].
Similarly, the impairment of systemic DHA synthesis in activated macrophages results in an alteration of
M1/M2 macrophages, supporting the important role played by DHA in regulating the balance between
pro- and anti-inflammatory processes. Inflammation resolution is an active and highly regulated
inflammatory process that is necessary to prevent the transition into chronic inflammation with the
spread of tissue injury or exacerbated scarring [13]. However, differential leukocyte subpopulations
reduce or otherwise impair the ability to resolve inflammation at the lesion site after acute experimental
spinal cord injury (SCI) [95,103]. For example, after SCI, M2 macrophage function is shown to be
defective in resolving inflammation, impairing tissue remodeling and healing [77]. Macrophages in
SCI are not defined within the M1-M2 dichotomy. MaR1 is effective in enhancing several stages of
inflammation resolution after SCI through the downregulation of cytokines, reduction of neutrophils
and macrophages, shift in macrophage phenotype, and stimulation of macrophage phagocytosis [77].
Treatment with MaR1 after SCI reportedly enhances neutrophil clearance and reduces macrophage
accumulation in the lesioned tissue [77]. Inappropriate biosynthesis of SPMs after SCI interferes with
the resolution of inflammation and contributes to the pathophysiology of SCI. Abnormal production of
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SPMs is also reported in the cerebrospinal fluid (CSF) of patients with Alzheimer’s disease and multiple
sclerosis [68,75]. Thus, the potential function of MaRs can be confirmed by their immunoresolvent
effects on the phagocytosis of macrophages and their inhibitory functions on cytokine levels and
inflammatory signaling pathways [77]. Chronic inflammation is the basis of the common pathology of
age-related diseases, such as cardiovascular disease, diabetes, and Alzheimer’s disease [2], involving
alterations to the immune system that promote chronic inflammation. Macrophages are important
in these age-associated changes that cause chronic inflammatory diseases [72]. Recent studies have
shown that aging impairs macrophage phagocytosis, resulting in a failure to resolve damage-associated
molecular patterns in aged animals [2,45,51].

8. Role of MaRs in Resolution of Inflammatory Pain

MaR1 not only regulates the resolution of inflammation, but also plays a powerful role in
preventing hyperalgesia sensitivity in inflammatory- and chemotherapy-induced chronic inflammatory
pain [23,27]. MaR1 dramatically reduces vincristine-initiated neuropathic pain in a cancer chemotherapy
model [27] and in temporomandibular joint pain [26]. In addition, MaR1 has played an important
role in the prevention of postoperative pain in orthopedic surgery models [24]. Postoperative pain
management with MaR1 may help control the onset of neuroinflammation. Acute perioperative
treatment with MaR1 delayed the development of mechanical and cold allodynia. Moreover, MaR1 has
been shown to induce analgesia by regulating transient receptor potential vanilloid 1 (TRPV1) currents
in neurons. [27]. Intrathecal treatment with MaR1 reduces inflammatory pain with a long-lasting
analgesic profile through the inhibition of astrocytic and microglial activation [109].

In the periphery, various cytokines contribute to neutrophil recruitment into the tissue and,
consequently, an increase in inflammatory processes and pain [28,110]. Intrathecal MaR1 treatment
reduces recruitment and leukocyte count [94,100]. In addition, MaR1 reduces CFA-induced mRNA
expression of Nav1.8 and Trpv1 channels [26]. MaR1 likely controls TRPV1 expression in DRG
neurons during inflammation. Thus, targeting these channels is effective for reducing inflammatory
pain [111,112]. Under noxious stimuli, nociceptor neurons release neuropeptides, such as CGRP and
substance P, which control the recruitment of immune cells to the inflamed tissue [113,114]. MaR1
reduced the release of CGRP from DRG neurons, indicating a possible mechanism by which MaR1
reduces inflammatory pain through reduced recruitment of neutrophils and macrophages. In the
spinal cord, TNF-α and IL-1β contribute to spinal cord plasticity and, hence, central sensitization [97].
Cytokines improve the amplitude of AMPA- and glutamate-induced excitatory currents [97]. Indeed,
the CFA model induces central sensitization with stronger activation of astrocytes when compared to
microglia [111,115,116]. Central sensitization has been recognized as the main cause of pathological pain,
resulting in plastic changes in the CNS [117]. Intrathecal treatment with MaR1 reduced CFA-induced
astrocyte and microglial activation and decreased activation by TNF-α, IL-1β, and NF-κB [26].
In addition, the interaction between glial cells and nociceptor neurons has been linked to these plastic
changes in the spinal cord [26]. MaR1 reduces glial cell activation and blocks capsaicin-induced TRPV1
calcium influx as well as spontaneous EPSC frequency [26]. Thus, MaR1 can reduce spinal cord plastic
changes and inhibit central sensitization via presynaptic and postsynaptic mechanisms [26]. MCTRs
also rescue Escherichia coli infection-mediated delays in tissue regeneration of planaria, in addition
to protecting mice from second-organ reflow injury and promoting repair by limiting neutrophil
infiltration [41]. Furthermore, each MCTR promotes the resolution of E. coli infections by increasing
bacterial phagocytosis and limiting neutrophil infiltration [25]. Phagocytosis is a main means by
which macrophages resolve inflammation [2]. Increasing evidence suggests that MaRs produce potent
anti-inflammatory and pro-resolution profiles, partially by enhancing macrophage activity [17,93].
However, it remains unclear how MaRs regulate macrophage phagocytosis.

131



Int. J. Mol. Sci. 2019, 20, 5849

9. Conclusions

MaRs belong to the most recently uncovered family of anti-inflammatory lipid mediators with
pro-resolving activity in the amelioration of inflammation. The activation of MaRs in macrophages
enhances phagocytosis and helps to reverse inflammatory pain by shifting cytokine release to an
anti-inflammatory state. However, M1/M2 macrophage imbalance, reduced SPM formation, impaired
synthesis of DHA, and aging reduce and generally impair the resolution of inflammation under
pathological conditions. MaRs have been shown to alleviate this deficiency by reversing and improving
the function of macrophages (Figure 4). However, the specific receptors and signaling mechanisms
involved in the ability of MaRs to resolve inflammation must be investigated in order to fully establish
their important role in the treatment of inflammation in various diseases.

Figure 4. Maresins regulate macrophage phenotype and resolution of inflammatory pain. Maresins
(MaRs) improve M2 macrophage function, shifting cytokine release to an anti-inflammatory profile and
thereby facilitating the resolution of inflammatory pain.
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Abstract: Following peripheral nerve trauma that damages a length of the nerve, recovery of function
is generally limited. This is because no material tested for bridging nerve gaps promotes good
axon regeneration across the gap under conditions associated with common nerve traumas. While
many materials have been tested, sensory nerve grafts remain the clinical “gold standard” technique.
This is despite the significant limitations in the conditions under which they restore function. Thus,
they induce reliable and good recovery only for patients < 25 years old, when gaps are <2 cm in length,
and when repairs are performed <2–3 months post trauma. Repairs performed when these values are
larger result in a precipitous decrease in neurological recovery. Further, when patients have more
than one parameter larger than these values, there is normally no functional recovery. Clinically, there
has been little progress in developing new techniques that increase the level of functional recovery
following peripheral nerve injury. This paper examines the efficacies and limitations of sensory nerve
grafts and various other techniques used to induce functional neurological recovery, and how these
might be improved to induce more extensive functional recovery. It also discusses preliminary data
from the clinical application of a novel technique that restores neurological function across long nerve
gaps, when repairs are performed at long times post-trauma, and in older patients, even under all
three of these conditions. Thus, it appears that function can be restored under conditions where
sensory nerve grafts are not effective.

Keywords: nerve repair; nerve gaps; platelet-rich plasma (PRP); platelet-rich plasma; axon
regeneration; allografts; autografts; nerve conduits

1. Introduction

Clinically, traumatic peripheral nerve injuries are common, and are caused by violence, recreational
activities, motor vehicle accidents, and iatrogenic injuries during surgery. The majority of nerve
injuries occur in the upper extremity [1] with about 1–3% of all upper extremity trauma patients
presenting with nerve injuries [2]. These injuries can be severely debilitating and have a significantly
negative impact on the individual’s lifestyle, function, and work [3,4]. The majority of those who suffer
traumatic nerve injuries are young, with an average age of 39 [5]. Less than 50% of such individuals
undergo nerve repair surgery, and of those who do, only 40–50% recover good function [6]. Thus,
the majority of individuals who suffer peripheral nerve traumas suffer permanent neurological deficits,
and frequently also chronic neuropathic pain associated with the nerve injury.

Due to the generally limited extent of neurological recovery, it is essential to develop novel
techniques that restore more extensive function to a larger number of patients. This review examines
the relative efficacies of different techniques that have been tested for their ability to restore function
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and discusses a novel technique that shows great promise for inducing recovery under conditions
where it is presently not possible.

2. Issues Influencing the Extent of Axon Regeneration and Neurological Recovery

2.1. Type of Nerve Trauma

The type of nerve injury has a major influence on the extent of neurological recovery. Following a
traumatic nerve injury, sometimes referred to as an “untidy” wound (shrapnel, bullet, blunt object,
open fracture, contaminated), there is significantly less recovery than following a “tidy,” or clean-cut,
injury (glass, knife, scissors) [7]. This is because untidy injuries damage longer lengths of the nerve,
which must be removed, resulting in longer nerve gaps, from which recovery is less than for short gaps.

Another type of nerve injury involves the loss of nerve vascularization, such as occurs with untidy
injuries. When nerves lose their blood supply, a significantly lower percentage of those repaired nerves
recover function than those following the repair of a tidy injury [7]. This is because of the time required
for the nerve graft to be re-vascularized, during which axons do not, or are permanently prevented
from, regenerating into the non-vascularized portion of the nerve.

2.2. Gender and Age

Although some behavioral differences are seen in neurons and Schwann cells associated with
gender and age, their impact on clinical neurological recovery following nerve trauma is not clear.
Thus, it has been observed that the density of epidermal nerve fibers decreases with age, and is lower
in men compared with women [8]. This suggests age and gender influence innervation.

In hamsters, recovery of function following facial nerve injury is significantly faster in females
than males [9]. While the administration of exogenous steroids accelerates axon regeneration in males,
it has a lower impact on the rate of regeneration in females [9]. In rats, continuous exercise training
increases the extent of axon regeneration in male, but not female, or castrated rats [10,11]. However,
interval exercise training enhances axon regeneration in female, but not male rats [10,11].

In the male animal model, the influence on axon regeneration is associated with the expression
of androgens [12]. They influence the extent of axon regeneration in peripheral nerves by regulating
motor neurons’ expression of brain-derived neurotrophic factor (BDNF) and its receptor, trkB [11,13,14].
These molecules, in turn, influence the extent of axon regeneration [10,12]. The effect of training on
axon regeneration in females works through a different mechanism than that of males [12]. Further
studies are required to determine whether hormone treatment strategies may be effective in enhancing
the extent of neurological recovery following nerve injury.

2.3. Promoting Axon Regeneration Through Crushed Nerves

Two to three days after a crush nerve injury, the severed axons begin to regenerate into the distal
part of the nerve and continue to regenerate until they reach and reinnervate their original targets.
Axon regeneration is promoted by the denervated Schwann cells in the distal portion of the nerve by
their release of neurotrophic factors, and their extracellular matrix [15–21]. The greater the number of
axons that regenerate through the distal nerve, the greater the extent of neurological recovery [19,22]
Generally, the precision of target reinnervation is extremely high [19].

2.4. Restoration of Function without Surgical Intervention

Following a nerve transection, the nerve stumps normally retract, resulting in a gap of ≤3 mm.
Despite this small gap, neurological recovery may develop without surgical intervention. This is due
to a cascade of events involving the diffusion of fibrinogen from leaky blood vessels into the nerve
gap where it combines with thrombin. This leads to fibrinogen polymerization and the formation of a
three-dimensional fibrin matrix within the gap [23]. This matrix provides passive support to axons,
which allows them to regenerate to the distal nerve stump.
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However, fibrin clots are converted into a matrix that actively promotes axon regeneration by the
migration of Schwann cells into the fibrin clot from the central and distal nerve stumps. These Schwann
cells release a cocktail of neurotrophic and wound healing factors that bind to the pure fibrin converting
it from a passive three-dimensional matrix into one that actively promotes axon regeneration [24]. This
results in a significant increase in the number of axons that regenerates across the gap [25].

The efficacy of fibrin in promoting axon regeneration is increased by the platelets and mesenchymal
stem cells that become entrapped in the fibrin clot in the nerve gap. They act by multiple mechanisms:
(1) They release neurotrophic and other factors that act directly on the axons to promote regeneration [26].
(2) They release factors that promote Schwann cells of the distal nerve pathway to proliferate and release
neurotrophic factors, which also enhance the extent of axon regeneration [27]. (3) The mesenchymal
stem cells differentiate into Schwann cells, which release neurotrophic and other factors, thus enhancing
the concentration of these factors and the extent of axon regeneration [28]. (4) Mesenchymal stem cells
release factors that induce angiogenesis, which is essential for axon regeneration [29].

Although factors within the fibrin clot promote axon regeneration, factors are also required to
direct axons across the nerve graft. Growth cones extend fine processes that sample the environment
around them in search of factors to which they can adhere, and that both promote and direct their
growth. When Schwann cell-released neurotrophic factors are distributed in a uniform concentration
around neurons and their growth cones, neurite outgrowth is promoted, but the outgrowth is random.
However, when neurons and their growth cones are exposed to a concentration gradient of those
same factors in vitro and in vivo, the growth cones turn and increase the concentration gradient of
the Schwann cell-released factors [19,30]. This is because, as the factors diffuse away from the distal
nerve stump, they create a concentration gradient of the factor, which is the highest at the distal nerve
stump [30–33]. This directs the axons up the gradient and to the distal stump [19,30,33–35]. Once the
axons reach the distal nerve stump, their regeneration continues to be promoted and directed through
the distal nerve segment by the concentration gradient of Schwann cell-released factors ahead of them.

2.5. Restoration of Function with Surgical Intervention—Anastomosis

When a nerve has a clean transection, or when the nerve defect is small (only a few millimeters),
the nerve stumps can be anastomosed, which leads to the restoration of function. However, to develop
functional recovery, the repaired nerve must be tension-free [36]. When anastomosis is performed
within 14 days of nerve trauma, functional recovery is good in about 80% of patients [37]. However,
with increasing time between nerve trauma and anastomosis, the extent of recovery decreases [38–40].
The types of changes that occur over time that lead to this decrease in recovery are discussed below.

2.6. Promoting Axon Regeneration Across Nerve Gaps

When the gap between the nerve stumps is too long, anastomosis is not possible because the nerve
cannot be stretched to extend across the gap. Therefore, to restore function to such nerves, the gaps must
be bridged with a material that both supports and promotes axon regeneration entirely across the gap.

2.7. Autografts

It was originally hypothesized that the best material for inducing axons to regenerate across nerve
gaps would be a length of the autologous peripheral nerve [41]. The most commonly used donor
nerves are the cutaneous saphenous, medial antebrachial cutaneous, and sural nerves [42–45].

The following sections discuss the efficacy of sensory nerve grafts and other techniques in
promoting axon regeneration and neurological recovery.
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3. Sensory Nerve Grafts: Limitations

3.1. Loss of Sensory Nerve Function

The primary drawback to using lengths of nerve as a graft is that their use requires sacrificing the
function of that nerve. This creates a permanent neurological deficit [15,46,47].

3.2. Incorrect Schwann Cell Phenotype

Both sensory and motor nerve grafts have been tested for their efficacy in promoting axon
regeneration and restoration of function. Motor nerve grafts induce significantly greater axon
regeneration than sensory nerve grafts. This is because sensory and motor nerve Schwann cells
express distinctly different phenotypes, and each best supports the regeneration of their specific
axon phenotype [16,48]. Although motor nerve grafts are more effective than sensory nerve grafts in
promoting axon regeneration across a nerve gap, they are not used because it is considered unethical
to sacrifice a motor nerve function, when the loss of a pure sensory nerve has minimal impact on
the patient.

3.3. Inflammation

The standard technique for securing nerve grafts in place is to use multiple sutures through
the epineurium of the graft and the nerve stumps. However, sutures often cause inflammation and
scarring, both of which inhibit axon regeneration [49]. This problem can be overcome by placing a
degradable collagen [50] or fibrin [51] conduit around the site of nerve stump anastomosis, which
stabilizes the juxtaposition of the nerve stumps. An alternative technique is to apply fibrin glue to the
anastomosis site of the nerve stumps [52].

3.4. Necrosis

Sensory nerves generally have a smaller diameter than the mixed sensory/motor nerves they are
commonly used to repair. Often, multiple small diameter grafts are used so that the final diameter
of the grafts approximates that of the nerve to be repaired. However, smaller diameter grafts are
correlated with less functional recovery than larger diameter grafts [53–55]. This is ascribed to the lack
of vascularization leading to necrosis of the Schwann cells within the graft [54,56]. Necrosis reduces,
if not blocks, axon regeneration through the graft. This situation is not improved when multiple
small grafts are used. To avoid necrosis, the best approach is to use vascularized nerve grafts (see the
following section on vascularized grafts and inducing vascularization).

3.5. Decreasing Recovery with Increasing Gap Length

Sensory nerve grafts promote good to excellent functional recovery only when nerve gaps are
<2 cm in length [57–59]. The extent of recovery decreases to only good for gaps ≥ 3 cm in length [60,61],
decreases further for gaps up to 4 cm [58,62,63], and there is a precipitous decrease in recovery for
gaps > 4–5 cm [58,64,65]. Few axons regenerate across grafts of 8 cm in length [57,60] and there are no
reports of axons regenerating across gaps >10 cm in length [7,58,63,65–67]. Thus, neurological recovery
decreases with increasing gap length [53]. Therefore, sensory nerve grafts are only considered reliable
for “short” nerve gaps (≤3 cm) [55,68]. Furthermore, no material is Food and Drug Administration
(FDA)-approved for repairing nerve gaps >3 cm in length [55,69,70].

The reduction in axon regeneration across long nerve grafts appears correlated with the longer
time required to vascularize longer grafts [71]. As mentioned above, without vascularization, the graft
environment is ischemic, which inhibits axon regeneration [72].

142



Int. J. Mol. Sci. 2020, 21, 1808

3.6. Decreasing Recovery with Increasing Time between Nerve Injury and Repair

Anastomosing nerve stumps of non-traumatic transected radial nerves of young males (25 years)
immediately [73] or within 14 days [7] of the injury generally results in good neurological recovery for
67% of subjects [73]. However, as the delay in performing the repair increases, the recovery of good
function decreases to 30%, fair in 28%, and fails for 42% of patients [7,73].

Similarly, when short nerve gaps are repaired using sensory nerve grafts, recovery is very good
to excellent following repairs performed ≤ 14 days post-trauma [7] or good to excellent for repairs
performed ≤ 2 months post-trauma [74]. However, the extent of recovery decreases significantly for
repairs performed> 3 months post-trauma [62,75,76]. Thus, delays of>2 months result in good recovery
in only 49% of patients [62], but are poor for repairs performed > 6 months post-trauma [62,77–79].
No recovery is reported for repairs performed > 10 months post-trauma [80,81].

3.7. Schwann Cell Senescence

Axon regeneration across long nerve gaps requires Schwann cells of the proximal nerve stump
to proliferate extensively so they can both promote and accompany the axons as they regenerate.
The limited regeneration of axons across long nerve gaps, and when nerves are repaired at long
times post-trauma, is in part, attributed to Schwann cell senescence [69]. Senescence is associated
with increased expression of markers for β-galactosidase, p16INK4A, and interleukin (IL)6 [82]. Thus,
over time, without contact with an axon, Schwann cells lose their ability to proliferate, synthesize,
and release neurotrophic factors, which are required to promote axon regeneration [82,83].

3.8. Neuron Loss of Ability to Regenerate

Another explanation for the significant decrease in axon regeneration with increasing time of
motor neuron axotomy is that many motor neurons lose the ability to extend axons [83]. The decrease
in the ability of motor neurons to regenerate with increasing time of axotomy appears to be associated
with the downregulation of neuregulin 1, which is required for axon regeneration [38,84,85]. However,
it is important to note that while some motor neurons lose this capacity, others can regenerate even
after many years of axotomy. In a clinical case, motor neurons that were axotomized for 22 years were
able to extend axons to reinnervate newly denervated muscles [86].

It is not known what determines which motor neurons retain or lose the capacity to regenerate.
However, understanding this regulation might provide insights into how neurons’ gene expression
can be modulated to promote enhanced axon outgrowth. Thus, it would be interesting to compare the
gene expression between motor neurons with and without the capacity to regenerate after prolonged
axotomy to determine the gene expression that underlies the capacity to regenerate normally. As is
discussed later, techniques have been developed that induce motor neurons, which appear to have lost
the ability to regenerate, to extend axons.

3.9. Decreasing Recovery with Patient Age

The recovery of function following nerve graft repair is best for patients < 20–25 years of age [87],
and the extent of recovery decreases significantly with increasing patient age [87,88]. This is, in part,
attributed to the decreasing capacity of sensory nerve grafts to promote axon regeneration (i.e., their
Schwann cells becoming senescent) [69]. This change is also associated with the downregulation over
time post-axotomy of the ability of neurons to synthesize and release neuregulin 1, which is required
for axon regeneration [38,84,85].

Endoneurial vasculature is required for the outgrowth of axons from the proximal stump, and
angiogenesis is essential for nerve regeneration [89]. However, clinically, with increasing age, there is a
reduction in, or lack of, angiogenesis in response to injury [90]. This change is due to the decrease in
nerve injury-induced upregulation of the expression and release of vascular endothelial growth factor
(VEGF) [91,92]. VEGF is required for inducing vascularization, which, in turn, is required for axon
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regeneration. This suggests that vascular abnormalities might play a role in the decreasing ability of
axons to regenerate with increasing age. This further suggests that promoting vascularization may
increase the extent of neurological recovery in older patients.

3.10. Enhancing the Efficacy of Autografts to Promote Axon Regeneration

The extent and distance axons regenerate decreases with increasing graft length, increasing delays
between nerve injury and repair, and increasing age. As already stated, these limitations are associated
with (1) the inability of neurons to extend axons, (2) development of Schwann cell senescence, and (3) the
failure, or slow process of, graft re-vascularization. Despite these challenges, various techniques
overcome these limitations and promote axon regeneration.

Axon regeneration can be triggered from neurons that no longer extend axons, and the rate and
extent of axon regeneration increases by refreshing central nerve stumps and then stimulating them
electrically, or by applying neurotrophic factors [93–95]. These techniques restore the capacity of
neurons to regenerate [96–98] while also inducing the senescent Schwann cells of the distal portion
of the nerve to proliferate and release neurotrophic factors that promote the extension of axons from
long-term axotomized neurons [99,100].

4. Electrical Stimulation

4.1. Promoting Axotomized Neurons to Extend Axons

As mentioned previously, within increasing the time of axotomy, neurons lose their ability to
extend axons [83]. However, these neurons can be induced to extend axons by electrical stimulation
of the proximal portion of the transected nerves for as little as one hour [94,101,102] This results in
a 34–50% increase in the number of neurons that extend axons [98,103,104]. Electrical stimulation
also induces a 2.3-fold increase in the extent of axon sprouting from transected axons [105] while
increasing the speed of axon regeneration [101,103,106]. At the same time, in animal models, electrical
stimulation increases the distance axons regenerate across nerve gaps, the accuracy of sensory vs. motor
axon innervation of their appropriate targets, and extent of functional recovery [107–110]. Electrical
stimulation of peripheral nerve clinically also induces enhanced axon regeneration [102].

Electrical stimulation acts by inducing neurons to upregulate their level of cyclic-AMP [89,103].
This, in turn, induces motor neurons to upregulate their expression and synthesis of the neurotrophic
factor BDNF and its trkB receptor mRNA, as well as the mRNA for other factors that enhance axon
regeneration [99,111] These actions make neurons more receptive to regeneration-promoting factors [112].

4.2. Activating Senescent Schwann Cells

The decrease in axon regeneration across long nerve grafts, and with increasing time between
nerve injury and repair, is attributed in part to Schwann cells becoming senescent when they lose
contact with axons [69,75]. Thus, they stop proliferating and releasing neurotrophic factors that are
required to promote axon regeneration. Electrical stimulation enhances axon regeneration by inducing
the senescent Schwann cells to proliferate, migrate, and upregulate their synthesis and release of
neurotrophic factors, which act to promote axon regeneration [99,113].

Schwann cells can also be induced to exit their senescent state by the application of VEGF [76,112,114]
and marrow-derived mesenchymal stem cells. Thus, the Schwann cells reinitiate their ability to
proliferate and to express and release neurotrophic factors [80].

4.3. Vascularized Nerve Grafts and Promoting Vascularization

The standard sensory nerve graft is cut from a donor nerve without maintaining its vasculature.
As stated earlier, non-vascularized grafts become necrotic, which creates a toxic environment that
inhibits axons regeneration until re-vascularization occurs. However, re-vascularized takes days
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to develop, and takes more time for longer nerve grafts. This is because vascularization normally
progresses from one end of the graft to the other.

The limitation of using non-vascularized grafts is avoided by using vascularized nerve grafts.
In the rat sciatic nerve model, vascularized grafts induce significantly greater neurological recovery
than non-vascularized nerve grafts [115]. Clinically, vascularized nerve grafts are required for axons to
regenerate across gaps of longer than 6 cm [116]. Although vascularized nerve grafts are more effective
in restoring function than non-vascularized grafts, they are not commonly used because the surgery is
more complicated and time-consuming.

An alternative technique to using vascularized autografts is to induce the rapid re-vascularization
of non-vascularized grafts. This can be done by pre-treating nerve grafts with VEGF before using
them [117]. This treatment stimulates neovascularization of the graft, and Schwann cell invasion into
the graft [117] and can reduce the time of graft ischemia by three days [118].

Axon regeneration can also be enhanced by using autografts with cells overexpressing VEGF,
which leads to hyper-vascularization [119]. This enhances axon regeneration by reducing endoneurial
scarring, by maintaining the viability of Schwann and other cells within the graft, and by decreasing
fibroblast infiltration. This results in a good nutritional environment for supporting axonal regeneration.

The decrease in axon regeneration through nerve grafts with increasing age is also attributed to
reduced graft vascularization. This is because aging is associated with a decrease in the upregulation of
the expression, and release of VEGF following nerve injury [91]. Following nerve injury to aged mice,
there is a significant reduction in the upregulation of VEGF synthesis and release, and thus, a failure of
axons to regenerate. These findings suggest that, with increasing age, vascular abnormalities might
play a role in the decreasing ability of axons to regenerate. They also suggest that clinically, inducing
enhanced vascularization might enhance axon regeneration and functional recovery.

4.4. Conclusion about Sensory Nerve Grafts

The use of sensory nerve grafts leads to a permanent neurological deficit of the donor nerve.
While such grafts can induce good to excellent functional recovery, such recovery is only for young
patients [120,121], short gaps [65,67] (Aszmann et al., 2008b), and 3 when the repairs are performed
within a short time post-trauma [77,79,81]. As any one of these values increases, the extent of recovery
decreases precipitously. When the values of two or all three of these parameters increase, there is
minimal to no functional recovery. However, even when nerve repair surgery is offered to patients
who are considered good candidates for recovery function, <50% of them recover function [122]. Thus,
most individuals who suffer peripheral nerve traumas suffer permanent neurological deficits and
commonly chronic neuropathic pain. Therefore, there is a need for novel techniques that induce
recovery under conditions where sensory nerve grafts are not effective.

The following sections examine other techniques that have been tested for their efficacy in
enhancing the extent of axon regeneration and neurological recovery across nerve gaps. They also
examine methods tested for increasing their efficacy in enhancing the extent of axon regeneration.
The final section briefly discusses a novel technique that holds promise for restoring function, even
when simultaneously the values of all three nerve injury parameters far exceed those when sensory
nerve grafts are effective in promoting axon regeneration.

5. Allografts

Conceptually, a good alternative to autographs is cellular cadaveric allografts. First, they would
avoid the need to sacrifice a sensory nerve function; second, they provide both a three-dimensional
extracellular matrix for supporting and promoting axon regeneration and Schwann cells, which can
release neurotrophic factors for promoting axon regeneration. However, using allografts requires the
administration of immunosuppressive drugs to avoid graft rejection and regeneration failure [123],
but immunosuppressants are associated with significant clinical morbidity [124]. They also cause
unwanted side effects, such as suppressing the regeneration-promoting capacity of host Schwann
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cells [30]. Thus, the use of cellular allografts for peripheral nerve repair is rare and their uses are limited
to the most severe cases of nerve injuries, such as those involving repairing long nerve gaps [125].

An alternative to cellular allografts is to use acellular allografts. These can be used without
immunosuppression after eliminating their immunogenicity [126]. Although they lack cells, they
typically maintain a highly organized extracellular matrix scaffold, which can induce axon regeneration.
Acellular nerve allografts, also called processed nerve allografts, are now increasingly used instead of
autografts [124,127–131].

In a comparative study bridging 1.4-cm sciatic nerve gaps in rats, acellular allografts, isografts, and
empty collagen conduits were seen to induce similar axon regeneration entirely across the gap [126].
Another recent comparative clinical study looked at the success of sensory recovery when digital nerve
gaps of 1.4 and 1.8 cm were bridged by acellular nerve grafts and empty collagen tubes. Allografts
vs. collagen tubes induced excellent outcomes in 39% vs. 48%, good in 55% vs. 26%, and poor in 6%
vs. 26%, respectively [126]. However, for 2.8-cm gaps, isografts were more effective than allografts,
but conduits were not effective [120]. Other studies determined that acellular allografts are excellent
for promoting axon regeneration across gaps 1–1.5 cm [31], 2–3 cm [131], and up to 5 cm meaningful
recovery across gaps [132]. However, similar to autografts, their efficacy decreases with increasing
gap length [53] and they are not recommended for (or FDA-approved) use across “long” nerve gaps,
considered to be >3 cm in length [55,68,82,125,133–135].

Enhancing the Regeneration-Promoting Capacity of Allografts

The efficacy of acellular allografts in promoting axon regeneration and functional recovery can
be increased by infusing them with neurotrophic factors, such as glial-derived neurotrophic factor
(GDNF) [136], nerve growth factor (NGF) [24], BDNF plus ciliary neurotrophic factor (CNTF) [137],
VEGF [138], and βNGF and VEGF [139].

Additional techniques for enhancing axons regeneration through long allografts grafts include
filling them with platelet-rich plasma (PRP) [140], autologous Schwann cells [141,142], adipose-derived
mesenchymal stem cells (ADSCs), or primary Schwann cell-like differentiated bone marrow-derived
mesenchymal stem cells (DMSCs) [142–145]. These cells induce enhanced axon regeneration by
releasing neurotrophic factors [146,147].

Although acellular allografts and autografts induce similar extents of axon regeneration across
short nerve gaps, acellular allografts are less effective when used for long nerve gaps [148]. However,
when the efficacy of acellular allografts is enhanced, they induce axon regeneration that is comparable
to that induced by autografts. Unfortunately, the techniques required to enhance the efficacy of
acellular allografts have only been tested in animal models, and none can presently be applied clinically.
Therefore, sensory nerve grafts remain the “gold standard” for bridging long nerve gaps.

6. Nerve Conduits

6.1. Conduit Composition

Regardless of their composition, empty conduits longer than 1 cm in length, generally induce
poor, if any, axon regeneration. However, conduit composition is important. Silicon conduits induce
axon regeneration [149,150] but can have the complication of rigidity, which can result in significant
chronic nerve compression and irritation at the implantation site [151]. In this case, they may have to
be removed, which endangers any recovered neurological function. Therefore, it is advisable to use a
fully degradable matrix that does not negatively affect axon regeneration [152].

Axon regeneration is extensive through conduits composed of fibrin [145,153], hydrogel tubes [154],
alginate/chitosan polyelectrolyte [155–157], poly epsilon-caprolactone [158,159], polyglycolic acid [160],
poly(lactic-co-glycolic acid) or silk-based [161–164]. Conduits composed of decellularized human
umbilical artery [165] and muscles [166] are also effective in promoting axon regeneration across
nerve gaps.
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Veins are promising as conduits [167,168]. Clinically, empty vein conduits appear to have a
3-cm-long limit for their ability to induce axon regeneration [169]. A meta-analysis of published
papers determined that for nerve gaps up to 4 cm in length, vein conduits did not induce any
significant improvement in sensory recovery outcome compared to conduits of other materials [170].
However, the axon regeneration-promoting efficacy of vein conduits is enhanced when they are
filled with PRP [171–173], muscle [174], pre-degenerated muscle [175,176], muscle seeded with
neural-transdifferentiated human mesenchymal stem cells [177], and minced peripheral nerves [178].
One study in sheep showed that using the median epineural sheath as a conduit can restore median
nerve function across 6-cm-long nerve gaps [179].

6.2. Conduit Architecture

Electrospun collagen/poly(lactic-co-glycolic acid) (PLGA) conduits with a three-dimensional
internal structure induce more extensive axon regeneration than conduits without a three-dimensional
structure [180]. Functional recovery through conduits filled with pure fibrin gel is significantly
increased when three-dimensional collagen tubes are filled with gelatin containing biodegradable
poly-epsilon-caprolactone and collagen/ poly ε-caprolactone (PCL) sub-micron scale fibers [181].

6.3. Conduits Containing Neurotrophic and Other Factors

The efficacy of collagen conduits is increased when they contain, or release, neurotrophic or
other factors, such as GDNF [180] or neurotrophin-3 (NT-3) [182]. Alginate/chitosan conduits induce
more extensive axon regeneration when they contain or release simvastatin [183], NGF [184–187],
GDNF [184], VEGF [188], GDNF and NGF [24,189], or pleiotrophin [15]. Efficacy is also increased when
alginate/chitosan conduits are combined with fibronectin, laminin [190], or when hydrogel conduits
contain Matrigel, collagen, heparin (sulfate), laminin, or fibronectin [190]. Conduit efficacy is further
increased by the release of neurotrophic factors within conduits from biodegradable polymeric with
aligned heparin-conjugated nanofibers [191,192].

Although pure fibrin-filled conduits induce axon regeneration [153], this influence is increased
by adding neurotrophic and other axon regeneration-promoting factors [59]. This increase in efficacy
is due to the fibrin binding the growth factors, such as basic fibroblast growth factor (bFGF) [65],
NGF, BDNF, and NT-30 and factors from the PDGF/VEGF, FGF, and tumor growth factor-beta (TGF-β)
families [73]. Fibrin also facilitates the promotion of axon regeneration by binding Schwann cell-released
extracellular matrix factor laminin [59]. The binding of these factors converts the fibrin from a passive
to a potent regeneration-promoting three-dimensional matrix. This influence is supported by data
showing that the application of neurotrophic factors within fibrin glue to the sites of nerve stump
anastomosis significantly increases axon regeneration compared to applying the factors directly without
fibrin [73,193]. Regeneration is also enhanced by infusing conduits with FK506, an immunosuppressive
agent [109,194].

6.4. Conduits Containing Cells

The efficacy of fibrin conduits is enhanced when they are filled with autologous undifferentiated
adipose-derived stem cells [145] or contain mesenchymal stem cells [195], and when hydrogel conduits
contain mesenchymal stem cells [196]. The efficacy of chitosan conduits is enhanced when they
contain combinations of fibronectin and laminin with mesenchymal stem cells (MSCs) or Schwann
cells [190], chitosan/PLGA scaffolds are combined with mesenchymal stem cells [197], and when
three-dimensional alginate/chitosan conduits are filled with muscle fibers [198]. Adding PRP to the
inside of silicon tubes bridging nerve gaps increases the extent of axon regeneration compared to
that induced by empty silicon conduits [149,198,199]. Axon regeneration through conduits can be
enhanced by adding olfactory ensheathing cells [200] or dissociated Schwann cells, which release
axon regeneration-promoting neurotrophic factors, such as NGF, BDNF, NT-3, CNTF, GDNF, and cell
adhesion molecules (CAMs) [175] and by building up a basement membrane [69].
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Clinically, the number of axons and the distance they regenerate, are significantly increased by
adding minced pieces of peripheral nerve to empty conduits [184]. Clinically, bridging a 5-cm-long
radial nerve gap with two sensory nerve grafts within a pure fibrin-filled collagen tube induces
excellent sensory and motor recovery across a 5-cm-long nerve gap [201].

6.5. Conduit Composition and Electrical Stimulation

Neurite outgrowth from neuron-like cells in vitro is enhanced when they are grown on nerve
guidance channels composed of an electrically conductive polymer (oxidized polypyrrole) [202].
Electrically conductive biodegradable polymer composite materials enhance the rate of neurite
outgrowth from cultured PC12 cells [101]. Similarly, electrical stimulation of stem cells seeded onto
electrospun conducting polymer nanofibers induces neurite extension [203]. Thus, electrical stimulation
of conduits composed of such material may enhance axon regeneration in vivo.

6.6. Conclusion for Conduits

Axon regeneration through conduits can be increased compared to that through empty collagen
conduits by modifying their composition, architectures, and the factors/cells they contain. However,
no conduit tested is as effective as allografts in inducing axon regeneration across both short and long
gaps [55,68,204] under nerve injury conditions that are common clinically, such as a long gap in older
patients that must be repaired at a long time post-trauma. An additional challenge is that the conduits
that are most effective in animal models cannot be used clinically. Therefore, collagen conduits are the
most commonly used clinically.

7. Novel Technique

A novel technique was tested clinically for bridging a nerve gap. It involved bridging a 12-cm-long
ulnar nerve gap with a PRP-filled collagen tube [205]. The subject was a 58-year-old male, and the
repair was performed post-nerve trauma (Figure 1). The subject recovered good motor and sensory
function [205]. Thus, both sensory and motor function can be restored, even when simultaneously,
all three nerve trauma values far exceeded those where sensory nerve grafts alone are effective.
This result shows that functional recovery can be restored under conditions where sensory nerve grafts,
allografts, and conduits are not effective. The technique is presently being further tested.

Support for the clinically observed efficacy of a PRP-filled collagen tube enhancing axon
regeneration comes from both a clinical study and a number of animal studies. Clinically, the application
of PRP eye drops to the cornea enhances the regeneration of sensory innervation [206]. PRP applied to
the site of anastomosed rat nerve stumps enhances the extent of axon regeneration in rats [207–209] and
guinea pigs, In rabbits, PRP applied to an autograft increases Schwann cell proliferation and the extent
of axon regeneration [210]. Bridging a rat sciatic nerve gap with a PRP-filled silicon tube [198,211] or
surrounding the sciatic nerve anastomosis site with a PRP-saturated membrane [212] enhances axon
regeneration. In rabbits, filling vein grafts with PRP induces significant axon regeneration compared
to empty vein grafts [198,206,213–215].

The influence of PRP in enhancing axon regeneration has been proposed to result from
platelet-released neurotrophic and other factors [214–217]. An additional platelet potential contributor
to enhanced axon regeneration is VEGF, which, as discussed earlier, induces enhanced axon regeneration
by inducing rapid vascularization of the entire nerve gap [218,219]. This result suggests that
platelet-released neurotrophic and other factors create an environment within the collagen tube
that promotes axon regeneration despite a long nerve gap, a long delay between nerve trauma and
repair, and an old patient. These results suggest that the platelet-released factors play a number of roles
to induce axon regeneration and functional recovery: (1) They induce neurons to extend axons long
after they normally do not; (2) induce the Schwann cells of the proximal nerve stump to proliferate,
and release axon regeneration-promoting factors; (3) induce the Schwann cells of the proximal stump
to migrate with the elongating axons; (4) induce the Schwann cells of the distal nerve to proliferate and
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release neurotrophic factors and support axon regeneration into and through the distal nerve to the
denervated targets; (5) a platelet-released factor, potentially VEGF, promotes vascularization of the
gap region.

 

Figure 1. Repairing an ulnar nerve with a 12-cm-long gap. (A) Sewing two 4 × 8 cm collagen sheets
together end to end, and then into a 16-cm-long tube around the handle of a surgical tool. (B) The
collagen tube cut to a 12.6 cm length and placed in the nerve gap. (C) The proximal and distal nerve
stumps secured about 3 mm into the collagen tube. (D) Completed nerve gap repair with the collagen
tube filled with autologous platelet-rich plasma (PRP).

Confirmation of this result will mean that, without sacrificing a sensory nerve function, neurological
recovery can be restored under conditions of long nerve gaps, when repairs are performed years
post-trauma and to older patients.

8. Conclusions

Sensory nerve grafts, allografts, and conduits all induce axons to regenerate across nerve gaps.
Acellular allografts and conduits are considered to induce neurological outcomes only for nerve gaps
<6 cm, although they are routinely used with reliability for “short” nerve gaps considered to be <3 cm,
and allografts are FDA-approved only for repairing nerve gaps > 3 cm in length. All three techniques
suffer the same imitations of decreasing efficacy with increasing gap length, increasing time between
nerve trauma and repair, and increasing patient age. Although the distance across which allografts and
conduits induce axon regeneration can be increased by modifying them in various ways, none of those
techniques can be used clinically. Therefore, despite their limitations, sensory nerve grafts remain the
clinical “gold standard” for repairing peripheral nerves [69,70,166,220–223]. The recovery of function
across a 12-cm-long nerve gap of a 58-year-old patient, repaired 3.25 years post-trauma, suggests that
functional recovery can be established, even when the values of all three injury parameters far exceed
those where autografts are effective. Further testing and development of the technique are required to
determine its reliability and the limits of its efficacy.
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Abstract: Intestinal wound healing is a complicated process that not only involves epithelial cells but
also immune cells. In this brief review, we will focus on discussing the contribution and regulation of
four major immune cell types (neutrophils, macrophages, regulatory T cells, and innate lymphoid cells)
and four cytokines (interleukin-10, tumor necrosis factor alpha, interleukin-6, and interleukin-22) to
the wound repair process in the gut. Better understanding of these immune factors will be important
for developing novel targeted therapy.
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1. Introduction

Wound healing in the intestine is a critical process affecting the prognosis of inflammatory bowel
disease (IBD) [1]. Failure of healing could result in prolonged hospitalization, critical illness, and even
death. Intestinal wound healing is consisted of three cellular events: restitution, proliferation, and
differentiation of epithelial cells adjacent to the wounded area [2]. After intestinal tissue damage,
the initial response is dominated by a proinflammatory type 1 immune response, whereas during
the wound repair process, a more anti-inflammatory type 2 immune response will dominate to
promote tissue regeneration and maintain tissue homeostasis [3]. A diverse array of evolutionarily
ancient hematopoietic immune cell types, including lymphocytes, dendritic cells (DCs), monocytes,
macrophages, and granulocytes, participate in this process. These immune cells secrete large amounts
of cytokines and growth factors to signal to local tissue progenitors and stromal cells and promote
wound repair. Here, we will discuss the contribution of four major immune cell types (neutrophils,
macrophages, and regulatory T cells (Treg) and innate lymphoid cells (ILCs)) and four cytokines
(interleukin-10 (IL-10), tumor necrosis factor alpha (TNF-α), IL-6, and IL-22) to the wound healing
process in the intestine (Figure 1).
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Figure 1. Immune cells and cytokines are contributing to intestinal wound repair. Four major immune
cell types (neutrophils, macrophages, Treg) and ILCs), four cytokines (IL-10, TNF-α, IL-6, and IL-22)
and their corresponding receptors are involved in stem cell renew and wound healing process in
the intestine.

2. Immune Cells

The innate immunity is our first line of nonspecific and rapid defense against pathogens, whereas
adaptive immunity confers specific long-lasting memory. Innate immune cells include neutrophils,
macrophages, and DCs. The roles of neutrophils and macrophages in wound repair are discussed in
detail below. DCs are antigen presenting cells mediating T cell activation and adaptive immunity,
thus playing key roles in the crosstalk between innate and adaptive immunity [4].

2.1. Neutrophils

Neutrophils are the first responding leukocytes to sites of inflammation when the intestinal
epithelial barrier is breached and the gut microbiota invade [5]. Mouse neutrophils migrate to
wounded tissues begins 4 h and reach peak numbers 18 to 24 h after injury [6]. Neutrophils are
short-lived cells with a half-life in the circulation of approximately 1.5 h and 19 h in mice and humans,
respectively [7,8]. However, proinflammatory cytokines such as TNF-α, IL-1β, and IL-6 increase the
lifespan of neutrophils [9], which may contribute to the resolution of inflammation [7].

2.1.1. The Function of Neutrophils

The neutrophils can exert both destructive and protective effects in wound healing (Figure 2) [10].
Excess neutrophils in injured tissues impair healing and correlate with the crypt destruction and
ulceration [11,12]. During intestinal inflammation, neutrophils undergo transepithelial migration and
secrete a large amount of matrix metalloproteinase-9 (MMP-9) to disrupt epithelial intercellular
adhesions, which leads to enhanced epithelial injury [13]. Neutrophil-derived miR-23a–and
miR-155-containing microparticles also promote accumulation of double-strand breaks, which leads to
impaired colonic healing [14].
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Figure 2. Neutrophils are a double edge sword in intestinal wound repair. Neutrophils damage
intestinal mucosal through secreting MMP-9 and miRNA containing microparticles at acute phase
of injury, but they can also promote wound repair through killing bacteria, modulating HIF-1α/ITF
signaling and secreting pro-repair cytokines, chemokines, and growth factors.

As neutrophils have a key role in controlling microbial contamination and attracting monocytes
and/or macrophages [15], individuals with too few neutrophils display not only higher risk for
developing wound infections, but also delayed wound healing [16]. However, blocking neutrophil
invasion or neutrophil depletion led to aggravated experimental colitis in animals, indicating a
protective role of neutrophils in mucosal repair process [17].

Neutrophils kill bacteria through phagocytosis, neutrophils extracellular traps [18], antimicrobial
peptides (including cathelicidins and β-defensins), microbicidal reactive oxygen species, and cytotoxic
enzymes such as elastases, myeloperoxidase, and MMPs [19]. Infiltrating neutrophils deplete local
oxygen to stabilize the transcription factor hypoxia inducible factor (HIF)-1α in wounded human and
murine intestinal mucosa and promote resolution of inflammation. HIF-1α stabilization also protects
barrier function through induction of intestinal trefoil factor (ITF) [20,21]. It has been shown that the
probiotic Lactobacillus rhamnosus GG restored alcohol-reduced ITF in a HIF dependent manner [22].

In addition to eliminating bacteria and adjusting the wound microenvironment through oxygen
metabolism, neutrophils promote wound repair by secreting pro-repair cytokines, chemokines, and
growth factors. After dextran sodium sulfate (DSS)-induced mucosal injury, neutrophil-derived
transforming growth factor-beta (TGF-β) activates MEK1/2 signaling and induces the production of
the EGF-like molecule amphiregulin (AREG) in intestinal epithelial cells, which protects intestinal
epithelial barrier function and ameliorates DSS-induced colitis [23].

2.1.2. The Regulation of Neutrophils

Antibiotic treatment of dams reduced circulating and bone marrow neutrophils via reducing
IL-17-producing cells in the intestine and their production of granulocyte colony-stimulating factor
(G-CSF) [24]. In contrast to the mucosal protective effects of acute HIF-1α activation described above,
we have previously showed that chronic activation of epithelial HIF-2α increased the proinflammatory
response [25] and cancer development [26,27]. Among various mechanisms, HIF-2α can directly
regulate the expression of neutrophil chemokine CXCL1, which facilitates the recruitment of neutrophils
in colitis associated colon tumor [28]. Similarly, during intestinal inflammation, the intestinal epithelial
production of neutrophil chemotactic cytokine IL-8 (chemokine C-X-C motif ligand 8, CXCL8) is
increased by proinflammatory cytokines IL-1β, TNF-α, or interferon-γ (IFN-γ) [29]. A recent report
also showed that IFN-γ induced expression of a neutrophil ligand intercellular adhesion molecule-1
(ICAM-1) on the intestinal epithelium apical membrane, which led to enhanced epithelial permeability
and facilitated neutrophil transepithelial migration [30]. Interestingly, the enhanced ICAM-1 and
neutrophil binding results in decreased neutrophil apoptosis, activation of Akt and β-catenin signaling,
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increased epithelial cell proliferation, and wound repair [31]. Il-23 signaling is also required for
maximal neutrophil recruitment after DSS treatment [32].

2.2. Macrophages

Intestine contains the largest pool of macrophages in the body [33]. It was long considered that,
different from other tissues, embryonic-derived macrophages only populate the colon during neonatal
stage. Ly6C (hi) circulating monocytes that recruited and differentiated locally into anti-inflammatory
macrophages gradually replace embryonic macrophages at the time of weaning. However, a recent study
found that there are three subpopulations of macrophage in the mouse gut: Tim-4+CD4+macrophages
are locally maintained, whereas Tim4-CD4+ and Tim4-CD4−macrophages are replenished from blood
monocytes [34]. Another study showed that a population of self-maintaining macrophages aroused
from embryonic precursors and bone marrow derived monocytes persists in the intestine throughout
adulthood. Deficiency of this population leads to vascular leakage, reduced intestinal secretion and
motility [35]. In mice, colonic macrophages are identified by the following marker expression profile:
CX3CR1int/hi CD64+ CD11b+ CD11clo/int F4/80+ Ly6C-/lo MHCII+ CD172α+ CD103− SiglecF−
CCR7− [36,37]. The lifespan of macrophages is at least 1–2 week [36,38].

2.2.1. The Function of Macrophages

Defects in macrophage differentiation may contribute to increased susceptibility to IBD [39].
Compared with blood monocytes, human intestinal macrophages display downregulated cytokine
production upon bacterial products stimulation but preserve phagocytic and bactericidal activity [40].
Thus, intestinal macrophages (CX3CR1 hi) normally possess an anti-inflammatory phenotype
during homeostasis via constitutive production of IL-10 [41], whereas Toll-like receptor-responsive
proinflammatory macrophages accumulate in the colon and may contribute to disease severity and
progression in IBD [37]. However, colonic anti-inflammatory macrophages are still present and promote
tissue repair after injury [42]. Studies in mice lacking macrophages suggested that macrophages are
necessary for proper epithelial regeneration after DSS injury [43]. Furthermore, Trem2 expressing
macrophages are required for efficient mucosal regeneration after colonic biopsy injury [44]. In addition,
macrophage-secreted WNT ligands enhance intestinal regeneration response against radiation [45].
Transfer of anti-inflammatory macrophages accelerate mucosal repair in 2, 4, 6-trinitrobenzenesulfonic
acid (TNBS)-treated mice through the activation of the Wnt signaling pathway [46].

2.2.2. The Regulation of Macrophages

Macrophage-dependent wound repair in response to DSS-induced colonic injury is markedly
diminished in germ-free mice, indicating an essential role of microbiota in macrophage-mediated
wound healing [43]. Commensal microbiota-derived local signals in the intestine are essential for
recruiting macrophages from circulating monocytes [33]. Breeding of mice in germ-free conditions had
a detrimental effect on the number of mature macrophages populating the adult colon compared to
mice house in conventional conditions.

However, the small intestine macrophages are regulated by dietary amino acids but not
microbiota [47]. Mice fed a protein-free diet had significantly lower levels of IL-10-producing
macrophages but not IL-10-producing CD4+ T cells in their small intestine, compared with control-diet
fed mice [47]. Depletion of commensal bacteria did not affect numbers of mature macrophages in the
small intestine, spleen, or bone marrow, indicating that the recruitment of macrophages to the small
intestine is regulated independently of the microbiota [47]. Depletion of microbiota also has no effect
on the repair of small intestinal injury [48].

2.3. Regulatory T Cells (Treg)

Treg cells are a subset of CD4+ T cells that can inhibit T helper (Th) cells through the release of
anti-inflammatory cytokines, such as IL-10 and TGF-β, or by direct contact with Th cells [49]. Th1 cells
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are induced by IL-12 and secrets IFN-γ, whereas Th2 cells are induced by IL-4 and releases IL-5 and
IL-13 [50]. Crohn’s disease (CD) has been long considered to be driven by a Th1 response, whereas the
notion that UC is mediated by Th2 response is still controversial [50]. There are two best-characterized
subsets of Treg cells that suppress the immune response: forkhead box P3+ (Foxp3+)-positive Treg cells
and Foxp3-negative type 1 Treg (Tr1) cells [51]. Foxp3+ Tregs are mainly derived from the thymus, and
some travel to the intestine where they inhibit inappropriate immune reactions. Tregs are significantly
reduced in peripheral blood and colonic mucosa of IBD patients [52].

2.3.1. The Function of Treg

Foxp3+Tregs promotes the healing of UC through endogenous vascular endothelial growth factor
receptor 1 tyrosine kinase (VEGFR1-TK) signaling as mucosal repair of DSS-induced colitis is delayed
in VEGFR1-TK knockout mice [53]. For Tr1 cells, in addition to secreting immunosuppressive cytokines
IL-10 and TGF-β [54], they secrete IL-22 to regulate repair of the epithelium and protect barrier function
of human intestinal epithelial cells [55]. It has been shown recently that patients with refractory in CD
were well tolerated with ovalbumin-specific Tr1-based therapy and had a dose-related efficacy [56].

2.3.2. The Regulation of Treg

The microbiota affects the frequency and function of mucosal Tregs. The frequency of Tregs
increased in the colon and lamina propria of the small intestine after weaning suggesting a role of the
microbiota [57]. Post-weaning accumulation of Tregs was impaired in germ-free or antibiotic-treated
mice compared with conventionally housed mice. In addition, germ-free mice fed fecal suspensions
from conventionally housed mice saw a substantial increase in Treg levels. Indigenous Clostridium
species were reported to play a central role in the induction of IL-10 producing Foxp3+ Tregs in the
colon and small intestine in mice [57]. Additionally, it appears as though Clostridia bacteria have a
direct role in modulating immune cell populations in the gut as many Clostridium-colonized mice
were observed to have Tregs negative for Helios—a transcription factor reported to be expressed in
thymus-derived “natural” Tregs. Therefore, the absence of Helios suggests that increasing levels of
Tregs in the colon may be induced Treg (iTregs). Indeed, the culture of splenic CD4+ cells in the
presence of supernatant of intestinal epithelial cells from Clostridium-colonized mice induced the
differentiation of FoxP3-expressing cells. Furthermore, this effect was diminished by neutralizing
antibody against TGF-β. Interestingly, it appears that iTregs also play a role in maintaining gut
homeostasis as demonstrated in a DSS treatment model of colitis. Symptoms of colitis, such as weight
loss, rectal bleeding, colon shortening, edema, mucosal erosion, crypt loss, and cellular infiltration,
were all reduced in Clostridium-colonized mice treated with DSS compared to controls.

Different from microbiota-induced Treg cells, dietary antigens from solid food induce the main
part of the short-lived small intestinal periphery Treg cells [58].

2.4. Innate Lymphoid Cells (ILCs)

ILCs are mainly tissue-resident lymphocytes that lack adaptive antigen receptors expressed on T
cells and B cells (Figure 3) [59]. They are generally classified into three subgroups according to their
cytokine and transcription factor expression, which parallel with adaptive CD4+ Th cell subsets: group
1 (ILC1), group 2 (ILC2), and group 3 (ILC3) [59–61]. ILC1s are dependent on the T-box transcription
factor (T-bet) for their development and function, and they produce IFN-γ and TNF-α [62]. ILC2s are
dependent on GATA binding protein 3 (GATA3) and RAR-related orphan receptor alpha (RORα) [63],
and produce type 2 cytokines, including IL-4, IL-5, IL-9, and IL-13 [64]. ILC3s are dependent on
the transcription factor RAR-related orphan receptor gamma (RORγt) and can produce IL-17 and/or
IL-22 [59,65]. ILC1s react to intracellular pathogens, such as viruses and tumors; ILC2s respond to large
extracellular parasites and allergens; and ILC3s combat extracellular microbes, such as bacteria and
fungi [59]. In addition, a recent report identified a regulatory subpopulation of ILCs (called ILCregs)
that exists in the mouse and human gut and Id3 is a fate decision marker for their development [66].
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Compared with these ILC subsets, conventional natural killer (NK) cells has a similar developmental
process and quick effector functions, thus NK cells are defined as cytotoxic ILCs, which parallel with
adaptive CD8+ cytotoxic T lymphocytes [61]. Mature NK cells are dependent on the transcription
factor eomesodermin (Eomes), and produce perforins, IFNγ, and granzymes [67]. NK cells control
certain viruses such as herpesviruses and cytomegalovirus and tumors [68].

 

Figure 3. ILCs contribute to the process of intestinal wound repair. During wound healing, ILC1
secretes TNF-α and IFN-γ; ILC2 secretes IL-4, IL-5, IL-13, and AREG; ILC3 secretes IL-17 and IL-22;
ILCreg secretes IL-10; and cytotoxic ILC (NK cell) secrete perforins, IFN-γ, and granzymes.

2.4.1. The Function of ILCs

ILCs maintain tissue homeostasis but also contribute to inflammatory diseases including IBD [69].
ILCs promote the resolution of inflammation and tissue repair [70].

ILC1s have a crucial role in promoting innate immunity to intracellular pathogens, such as T.
gondii, by secreting TNF-α and IFN-γ to recruit inflammatory myeloid cells [70]. Intraepithelial ILC1s
expand in CD patients and depletion of intraepithelial ILC1s reduced proximal colon inflammation in
the anti-CD40-induced colitis model in mice [71].

ILC2s rapidly respond to helminth parasite infection [70]. ILC2s are increased in patients with
ulcerative colitis (UC) and play an important role in the tissue reparative response [72]. ILC2s secreted
IL-13 binds with its receptor IL-13Rα1 and activates transcription factor Foxp1 to promote β-catenin
pathway-dependent intestinal stem cell renewal [73]. In addition, IL-33 can stimulate ILC2s to produce
AREG in the colon and promote intestinal epithelial cell regeneration in a model of DSS-induced
colitis [74].

ILC3s promotes innate immunity to extracellular bacteria and fungi, such as Citrobacter rodentium
and Candida albicans [70]. ILC3s are decreased in inflamed tissue in both CD and UC patients [72] and
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are required for tissue repair and regeneration in the inflamed intestine [75]. Adherent CD-associated
microbiota induces the CX3CR1+mononuclear phagocyte-derived TNF-like ligand 1A (TL1A) [76],
which stimulates the production of ILC3-derived IL-22 and increases mucosal healing in human IBD [77].
ILC3s are the main source of intestinal IL-22 and the symbiotic commensal microbiota represses this IL-22
production via inducing epithelial expression of IL-25 [75]. In graft versus host disease, radioresistant
ILC3s-produced IL-22 protects intestinal stem cells from immune-mediated tissue damage [78].
Mechanistically, IL-22 activates signal transducer and activator of transcription 3 (STAT3) signaling to
increase antiapoptotic proliferative response in Lgr5+ stem cells, promoting epithelial regeneration
and reducing intestinal pathology and mortality from graft-versus-host disease [79]. Moreover, dietary
aryl hydrocarbon receptor aryl hydrocarbon receptor (Ahr) ligands such as glucosinolates promote
IL-22 production from ILC3s and protect intestinal stem cells against genotoxic stress [80]. In addition,
ILC3s produced IL-22 production also protects damage to the intestine induced by infection and
chemotherapy [81,82]. Apart from IL-22, ILC3s secreted IL-17 and IFN-γ is dependent on IL-23
stimulation and is required in Helicobacter hepaticus-mediated innate colitis [83].

ILCregs suppress the activation of ILC1s and ILC3s via secretion of IL-10 and promote innate
intestinal inflammation resolution induced by several inflammatory stimuli including DSS, anti-CD40
antibody, Salmonella typhimurium, and Citrobacter rodentium in Rag1 −/−mice [59].

NK cells with cytolytic potential are accumulated in colonic lamina propria of individuals with
active IBD [84], and thiopurines can normalize NK cell numbers by inhibition of Rac1 activity to
induce apoptosis [85]. Activated NK cells produce proinflammatory cytokines such as IFN-γ and
TNF-α to augment CD4+ T cell proliferation and Th17 differentiation, which contributes to exacerbated
inflammatory response [86].

2.4.2. The Regulation of ILCs

Commensal microbiota regulates the transcriptional gene expression and epigenetic regulation in
ILCs [87]. RNA- and ATAC-seq integration identified that c-MAF and BCL6 regulate the plasticity
between ILC1 and ILC3 in the intestine [69]. Moreover, the Ahr signaling is critical in regulating
intestinal ILC2-ILC3 balance. This was demonstrated by the fact that Ahr knockout mice have
altered gut ILC2 transcription with increased expression of anti-helminth cytokines such as IL-5 and
IL-13, whereas Ahr activation increases gut ILC3 to better control Citrobacter rodentium infection [88].
Furthermore, ILC1 and ILC3 undergo retinoic-acid dependent upregulation of gut homing receptors
CCR9 and α4β7, while ILC2 acquire these receptors during development in the bone marrow [89].
These gut homing receptors are also critical for optimal control of Citrobacter rodentium infection.
For ILCregs, autocrine TGF-β1 is critical for their expansion during inflammation [66]. NK cells are
regulated by various cytokines such as type I IFN, IL-12, IL-18, IL-15, IL-2, and TGF-β1 [90].

3. Cytokines

3.1. IL-10

3.1.1. The Source of IL-10

IL-10 production in the colon was mainly from lamina propria macrophage and regulatory T
cells [91]. Macrophage-specific knockout of IL-10 had a detrimental effect on intestinal wound healing
using a colon biopsy-induced injury model in vivo indicating macrophages are an important source of
IL-10 [92]. In addition, intestinal epithelial cells and Th1 cells are also able to produce IL-10 [93,94].

3.1.2. The Function of IL-10

Analysis of biopsy-induced murine colonic wounds revealed an increase in IL-10 as soon as 24 h
post-injury suggesting an upregulation during intestinal wound repair [92]. Exposure of intestinal
epithelial cells to recombinant IL-10 was demonstrated to enhance wound repair in vitro whereas
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knockdown of IL-10 receptor ameliorated this effect. IL-10 promotes epithelial activation of cAMP
response element-binding protein (CREB) and secretion of pro-repair WNT1-inducible signaling
protein 1.

In a mouse model of small intestine epithelial injury induced by Indomethacin, MHC-II+ CD64+

Ly6C+ macrophage-derived IL-10 produced during the acute phase of injury was demonstrated to be
critical for wound recovery [48].

3.1.3. The Regulation of IL-10

Macrophage- and regulatory T cell-derived IL-10 production was demonstrated to be
microbiota-dependent in the colon, as germ-free mice responded to LPS-stimulation by producing more
TNF-α and IL-6 but less IL-10 [91]. In Th1 cells, microbiota-derived short-chain fatty acids promote
IL-10 production via G-protein coupled receptors 43/B lymphocyte induced maturation protein 1
signaling [94].

3.2. TNF-α

TNF-α, also known as TNF, was first identified as a tumoricidal protein that mediates
endotoxin-induced hemorrhagic necrosis in sarcoma and other transplanted tumors in 1975 [95].
Later in 1984 human TNF was cloned [96].

3.2.1. The Source of TNF-α

TNF is produced predominantly by activated macrophages and T lymphocytes as a plasma
membrane bound 26 kDa precursor glycoprotein. TNF-α converting enzyme (TACE; also known
as ADAM-17) mediates the cleavage in the extracellular domain of TNF-α precursor and releases a
soluble 17 kDA form [97]. In addition to macrophages and T lymphocytes lineage, a wide range of
cells can produce TNF-α, including mast cells, B lymphocytes, natural killer (NK) cells, neutrophils,
endothelial cells, intestinal epithelial cells (IECs), smooth and cardiac muscle cells, fibroblasts, and
osteoclasts [98,99]. TNF-α is not usually detectable in healthy individuals, but elevated serum and
tissue levels are found in inflammatory conditions [100], and serum levels correlate with the severity
of infections [101,102].

3.2.2. The Function of TNF-α

TNF-α is a key regulator of inflammation and has been involved in many human diseases,
including psoriasis, rheumatoid arthritis, and IBD [103]. Anti-TNF-α therapy is the best available
therapeutic option to induce mucosal repair and clinical remission in IBD patients [104]. However, a
recent report showed that TNF-α blockage may cause dysbiosis and increased Th17 cell population in
the colon of healthy mice [104]. Another report demonstrated that TNF-α promotes colonic mucosal
repair through induction of the platelet activating factor receptor (PAFR) via NF-B signaling in the
intestinal epithelium. Increased PAFR expression leads to activation of epidermal growth factor
receptor Src as well as increased Rac1 and FAK signaling to promote cellular migration and wound
closure. Consistently, TNF-α neutralization ablates PAFR upregulation and impairs intestinal wound
repair [105]. In addition, bone marrow-derived TNF-α binds to epithelial TNF receptors (TNFRs)
and activates epithelial beta-catenin signaling, promotes intestinal stem cell proliferation and IEC
expansion, and helps mucosal healing in chronic colitis patients [98]. This was shown as enhanced
apoptosis, reduced IEC proliferation, and decreased Wnt signaling when stimulated with anti-CD3
mAb in TNF-deficient (Tnf −/−) mice [76]. TNFR2 was increased in the epithelial cells from IBD
patients and disruption of TNFR2 in naïve CD8+ T cells increased the severity of colitis in Rag 2 −/−
mice [106,107]. TNF-induced intestinal NF-κB activation is also crucial for prevention of local intestinal
injury following ischemia–reperfusion [108].
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3.2.3. The Regulation of TNF-α

At the transcriptional level, the TNF gene is induced in response to a diversity of specific stimuli
including inflammation, infection, and stress [109]. Bacterial endotoxin specially activates TNF-α gene
expression [110]. Analysis of human TNF-α promoter indicated that transcription factors such as
Ets and c-Jun are involved in the transcriptional regulation of TNF-α [111]. Previously, we have also
shown that HIF-2α is a positive regulator of TNF-α production in the intestinal epithelium [25].

3.3. IL-6

The IL-6 family of cytokines include IL-6, IL-11, IL-27, IL-31, oncostatin M, leukaemia inhibitory
factor, ciliary neurotrophic factor, cardiotrophin 1, and cardiotrophin- like cytokine factor 1 [112].
They play crucial roles in cell proliferation, survival, migration, invasion, and inflammation [113].

3.3.1. The Source of IL-6

IL-6 is mainly produced by lymphocytes, myeloid cells, fibroblasts and epithelial cells [114].
Enterocyte IL-6 production is increased during inflammatory conditions such as sepsis and
endotoxemia [115].

3.3.2. The Function of IL-6

IL-6 and its soluble receptor s-IL6R are highly elevated in the colonic mucosa of IBD [116].
The single nucleotide polymorphism rs2228145 in IL-6R associates with increased levels of s-IL6R,
as well as reduced IL-6R signaling and risk of IBD [117]. A randomized clinic trial in 36 patients with
active CD showed that 80% of the patients given a human anti-IL-6R monoclonal antibody biweekly
at a dose of 8 mg/kg had a clinical response compared with only 31% of placebo injected patients,
indicating that targeting IL-6 signaling may serve as a promising strategy for CD [118].

IL-6 promotes IEC proliferation and regeneration, and IL6-deficient mice exhibit elevated IEC
apoptosis following exposure with DSS [119]. The proliferative and antiapoptotic effects of IL-6 are
mainly mediated by the transcription factor STAT3, whose IEC-specific ablation leads to more severe
DSS-induced colitis compared to wild-type mice [98]. In addition, the IL-6 co-receptor gp130 stimulates
intestinal epithelial cell proliferation through Yes-associated protein (YAP) and Notch signaling, which
leads to aberrant differentiation and promotion of mucosal regeneration [120]. Activation of YAP [121]
and Notch [122] are required for mucosal regeneration after DSS challenge.

3.3.3. The Regulation of IL-6

IL-6 is a multifunctional NF-kB-regulated cytokine that acts on epithelial and immune cells [119].
Endotoxin and IL1-β stimulates IL-6 production from IEC [123]. IFN-γ alone did not stimulate
but synergistically potentiated the effect of IL-1β stimulated IL-6 production [124]. In contrast,
TGF-β and cAMP were found to enhance IL-6 secretion, and they could potentiate IL-1β stimulated
IL-6 production [125,126]. All four major transcription factors, i.e., NF-B, activator protein-1,
CCAAT/enhancer binding protein, and CREB, are involved in the cAMP activated IL-6 production [126].

3.4. IL-22

IL-22, a cytokine of the IL-10 superfamily, was originally identified as an IL-9-induced gene in
mouse T cells, and was named as IL-10-related T cell-derived inducible factor as it shares 22% amino
acid identity with IL-10 [127]. IL-22 binds to a functional receptor complex composed of two chains:
IL-22 receptor 1 (IL-22R1) and IL-10R2 [128].

3.4.1. The Source of IL-22

IL-22 is produced from many different cell types such as activated T, NK cells and CD11c+
cells [129–131]. As mentioned above, in the intestine ILC3s are the main source of IL-22 [75].
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3.4.2. The Function of IL-22

IL-22 is increased in the intestine in patients with IBD as well as murine DSS colitis [132–135].
Although IL-22 increases the gene expression of other proinflammatory cytokines, such as IL-8 and
TNF-α in intestinal epithelial cells, IL-22 promotes wound healing of the intestinal epithelium in vitro
through stimulation of cell migration via phosphatidylinsitol 3-kinase signaling and beta-defensin-2
expression [135]. In addition, as mentioned above, IL-22 protects intestinal stem cells in graft versus host
disease via activating STAT3 signaling and protects against genotoxic stress [78–80]. IL-22 knockout
mice showed delayed recovery from biopsy forceps and DSS induced mucosal injury [129,130].
Due to decreased production of antimicrobial proteins, such as RegIIIβ and RegIIIγ, IL-22 knockout
mice have increased susceptibility to Citrobacter rodentium infection [134]. A recent study showed
that IL-22 induces expression of H19 long noncoding RNA in epithelial cells to promote epithelial
proliferation and mucosal regeneration [136]. Exogenous IL-22 also mitigates Citrobacter rodentium
infection mediated colitis in mice with depletion of CX3CR1+mononuclear phagocytes [77]. Local
gene delivery of IL-22 into the colon promotes recovery from acute intestinal injury via STAT3 mediated
mucus production [137].

3.4.3. The Regulation of IL-22

Human intestinal ILC3 production of IL-22 is regulated by microbial stimulated IL-23 and IL-1β
from CX3CR1+mononuclear phagocytes [77]. IL-22 can be neutralized by its soluble receptor IL-22
binding protein (IL-22BP; also known as IL-22RA2), which specifically binds IL-22 and prevents its
binding with membrane-bound IL-22R1 [138]. IL-22 is most highly expressed at the peak of DSS and
biopsy induced intestinal tissue damage, whereas IL-22BP has the lowest expression at this time [139].
AhR also increases IL-22 production to protect against trinitrobenzene sulfonic acid-induced colitis [140].
A recent report showed that the receptor-interacting protein kinase 3 promotes intestinal tissue repair
after DSS colitis via induction of IL-22 expression in a IL-23 and IL-1β dependent manner [141].

4. Concluding Remarks and Perspectives

In conclusion, inflammatory cells and cytokines play critical roles in intestinal tissue repair.
The introduction of anti-TNF-α antibodies has already been a great advance for IBD targeted therapy.
Thus, targeting the above cells and cytokines may represent novel therapies for IBD. A recent phase II
clinical trial showed that a human blocking antibody against T cell and NK cell receptor natural killer
group 2D induced significant clinical remission in active CD patients after 12 weeks [142].

This review only covered some of the most important immune cell types and cytokines; others may
also play an important role in wound healing. For example, IL-36γ was induced during experimental
colitis and human IBD in a microbiota-dependent manner [143]. IL-36R-deficient mice showed delayed
recovery after DSS-induced intestinal injury with profound IL-22 reduction and impaired neutrophil
accumulation. In addition, we did provide much detail about the interaction between different cell
types; for example, inflammatory monocytes may inhibit neutrophil activation in a prostaglandin E2
dependent manner [144]. Also, the bidirectional interactions between macrophages and lymphocytes
were previously reviewed [145].

As discussed above, microbiota is essential in regulating neutrophil recruitment, colonic
macrophage development, Treg function, and gene expression of ILCs (Figure 4). Thus, it is also critical
to investigate microbiota and other emerging factors such as nutrients for developing novel targeted
therapy to promote intestine repair.
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Figure 4. Regulation of immune cells by microbiota. A. Antibiotics can inhibit the recruitment of
neutrophils by inhibition of G-CSF production. B. Colonic macrophages and their secretion of IL-10
are significantly reduced in germ-free mice. C. Tregs and their production of IL-10 are reduced in
germ-free mice as well as antibiotics treatment. D. The gene expression of ILCs are modulated by
commensal microbiota.
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