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signalling
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ABSTRACT
Purpose:  To evaluate the role of M2 macrophages in subconjunctival fibrosis after silicone 
implantation (SI) and investigate the underlying mechanisms.
Materials and methods:  A model of subconjunctival fibrosis was established by SI surgery in 
rabbit eyes. M2 distribution and collagen deposition were evaluated by histopathology. The 
effects of M2 cells on the migration (using wound-scratch assay) and activation (by 
immunofluorescence and western blotting) of human Tenon’s fibroblasts (HTFs) were investigated.
Results:  There were more M2 macrophages (CD68+/CD206+ cells) occurring in tissue samples 
around silicone implant at 2 weeks postoperatively. Dense collagen deposition was observed 
at 8 weeks after SI. In vitro experiment showed M2 expressed high level of CD206 and 
transforming growth factor-β1 (TGF-β1). The M2-conditioned medium promoted HTFs 
migration and the synthesis of collagen I and fibronectin. Meanwhile, M2-conditioned medium 
increased the protein levels of TGF-β1, TGF-βR II, p-Smad2/3, yes-associated protein (YAP), 
and transcriptional coactivator with PDZ-binding motif (TAZ). Verteporfin, a YAP inhibitor, 
suppressedTGF-β1/Smad2/3-YAP/TAZ pathway and attenuated M2-induced extracellular matrix 
deposition by HTFs.
Conclusions: TGF-β1/Smad2/3-YAP/TAZ signalling may be involved in M2-induced fibrotic activities 
in HTFs. M2 plays a key role in promoting subconjunctival fibrosis and can serve as an attractive 
target for anti-fibrotic therapeutics.

Introduction

Fibrosis is an important process that results from  
an overly driven wound-healing response and is  
characterized by the excessive production of extra-
cellular matrix (ECM) components by myofibroblasts. 
Macrophages have been recognized as key regula-
tors of wound healing and fibrosis [1–3]. 
Subconjunctival fibrosis is critical to the outcomes 
of several ophthalmic conditions or procedures such 
as glaucoma filtering surgery and pterygium. 
Therefore, it is important to explore and better 
understand the cellular mechanisms of macrophages 
in subconjunctival fibrosis.

Macrophages are highly plastic and exhibit func-
tional and phenotypic versatility after tissue injury or 

disease. Broadly, these cells can be divided into classi-
cally activated (M1) or alternatively activated macro-
phages (M2) according to their activation state and 
functions [4]. M1 macrophages are a prototypic proin-
flammatory macrophage subset [4]. In contrast, M2 
macrophages are polarized by Th2 cytokines IL4 and 
IL13 and other factors, characterized by the produc-
tion of high levels of anti-inflammatory cytokines and 
profibrogenic factors [4, 5]. M2 macrophages are a 
major source of transforming growth factor β1 
(TGF-β1), which is widely recognized as a key cytokine 
associated with fibrogenesis [3, 4, 6]. It has been 
reported that M2 macrophages play roles in fibrotic 
processes, such as pulmonary fibrosis [7–10], renal 
fibrosis [11, 12], dermal wound healing [13, 14], isch-
aemic cardiac fibrosis [15, 16] and neovascularization 
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[17–19]. The fibrous encapsulation (Figure 1 in 
Supplementary Material) is one major cause of failed 
glaucoma drainage surgery. CD68+ or CD206+ cells 
had been observed in perivalvular tissues from patients 
with failed Ahmed glaucoma valve (AGV) implantation 
surgery (Figure 2 in Supplementary Material). Thus, we 
speculated that M2 macrophages may be involved in 
subconjunctival fibrosis. Although the important role 
of macrophages in multiple tissue fibrosis has been 
recognized by researchers [3, 5, 12, 20], few studies 
have focused on the role of M2 macrophages in sub-
conjunctival scar formation; the specific molecular 
mechanism underlying M2 cells’ contribution to sub-
conjunctival fibrosis remains poorly understood.

Recent studies have shown that the Hippo signal-
ling pathway, which is highly evolutionarily conserved 
in mammals, is linked to the pathophysiology of fibro-
sis [21]. Yes-associated protein (YAP) and transcrip-
tional coactivator with PDZ-binding motif (TAZ) are the 
key downstream transcriptional regulators of Hippo 
signalling. YAP/TAZ phosphorylation results in loss of 
transcriptional coactivator function. In contrast, 
unphosphorylated YAP/TAZ localizes to the nucleus 
and exerts its biological functions by binding to cog-
nate transcription factors, which are predominantly 
members of the TEF1 family, and modulating transcrip-
tion [22]. YAP/TAZ is differentially activated in distinct 
cell types, and their capacities are incompletely under-
stood. Recent studies have shown that YAP/TAZ signal-
ling exhibits extensive crosstalk with TGF-β1/Smad 
[23–26]. M2 macrophages are the main source of 
TGF-β1. The profibrotic response of fibroblasts to 
TGF-β1 is highly mechanosensitive. Therefore, we pro-
pose that TGF-β1/Smad2/3-YAP/TAZ signalling may be 
involved in the M2-induced fibrotic processes in sub-
conjunctival fibrosis.

In the present study, we developed a rabbit model 
that mimics the process of subconjunctival fibrosis to 
evaluate the role of M2 macrophages in the early 
recovery phase. We further investigated the underlying 
mechanisms of YAP/TAZ signalling in M2-activated 
fibrotic behaviours of human Tenon’s fibroblasts (HTFs).

Material and methods

Animals and subconjunctival fibrosis model

New Zealand White rabbits weighing 2.5–3.0 kg (n = 9, 
obtained from Huaxing Experimental Animal Farm, 
Zhengzhou, China) were used in this study. All animals 
were treated in accordance with the principles of the 
Declaration of Helsinki and ARRIVE guidelines. The 
experimental protocol was approved by the Ethics 

Committee of the Experimental Animal Care of Henan 
Eye Institute (permit number: HNEECA-2022-21). All 
rabbits were acclimated for 1 week before the experi-
ment. Their eyes were examined under the slit lamp 
before the surgical procedures and were found to be 
unremarkable.

One piece of 4 mm × 3 mm sterile silicone (obtained 
from the silicone plate body of AGV-FP7, New World 
Medical, CA, USA) was used as the implant. Three rab-
bits did not receive any treatment and were used as 
controls. There were six rabbits in the silicone implan-
tation (SI) group; the right eyes in this group under-
went SI surgery as follows. After the administration of 
anaesthesia, the study eye was prepped with 
povidone-iodine. An eyelid speculum was then placed 
to expose the surgical field. A fornix-based peritomy 
was performed extending approximately 5 mm in the 
superotemporal quadrant, and posterior dissection was 
performed to separate Tenon’s capsule from the globe. 
The silicone implant was positioned and secured 4 mm 
from the limbus, and a tight conjunctival closure was 
performed. The animals were treated with gatifloxacin 
eye gel (0.3%, 5 g, Xingqi, China) three times per day 
for 7 days to prevent infection. Slit-lamp examinations 
were performed to observe postoperative changes in 
the eyes.

Histological examinations

Three eyes with SI surgery were enucleated for dou-
ble staining to identify M2 cells at 2 weeks postoper-
atively, and three eyes with SI surgery for analysis of 
collagen expression at 8 weeks postoperatively. 
Eyeballs from the control group served as controls. 
The eyeballs were excised, fixed, trimmed, dehydrated 
and embedded in paraffin. Thereafter, the tissue 
specimens were cut into 5-μm-thick sections for hae-
matoxylin and eosin (H&E) staining. The sections were 
also stained using Masson’s trichrome kit (G1006, 
Servicebio, China) to identify collagen according to 
the manufacturer’s instructions. Immunohistochemical 
staining was performed to detect the expression of 
CD68 and CD206, as previously described [27]. In 
brief, the sections were deparaffinized and rehy-
drated. After antigen retrieval and serum blocking, 
the sections were subjected to immunohistochemical 
assays using anti-CD68 (1:200, ab955, Abcam, 
Cambridge, MA, USA) or anti-CD206 (1:100, DF4149, 
Affinity Biosciences, Cincinnati, OH, USA) primary 
antibodies. The slides were washed three times with 
phosphate-buffered saline (PBS) and incubated with 
the appropriate horseradish peroxidase-conjugated 
secondary antibody. Collagen expression was detected 

https://dx.doi.org/10.1080/07853890.2024.2313680
https://dx.doi.org/10.1080/07853890.2024.2313680
https://dx.doi.org/10.1080/07853890.2024.2313680


Annals of Medicine 3

by immunofluorescence staining. Briefly, sections 
were deparaffinized and rehydrated. After antigen 
retrieval, anti-collagen I antibodies (1:100, NB600-408, 
Novus Biologicals, Littleton, CO, USA) were added and 
incubated for 1 h. Then, the specimens were washed 
thoroughly with PBS and incubated with cyanine 
3-labelled secondary antibodies at room temperature 
for 1 h, followed by 4′-6-diamidino-2-phenylindole 
(DAPI) staining. Double immunofluorescence staining 
of macrophages was performed using a mixture of 
mouse anti-CD68 (1:100, ab955, Abcam, Cambridge, 
MA) and rabbit anti-CD206 (1:100, DF4149, Affinity 
Biosciences, Cincinnati, OH, USA) primary antibodies. 
Immunoreactivity was evaluated using fluorescein 
isothiocyanate-labelled and cyanine 3-labelled sec-
ondary antibodies. Cell nuclei were counterstained 
with DAPI. Stained sections were imaged using a 3D 
digital slice scanner (3D HISTECH, Pannoramic 
250Flash II, Hungary). Fiji (http://fiji.sc/) was used to 
perform the analysis, including area measurement 
and semiquantitative analysis of the median fluores-
cence intensity (MFI). Grouping information in both in 
vivo and in vitro experiments were withheld from the 
person who did data analysis.

M2 polarization and phenotyping

Human monocytic THP-1 cells were obtained from the 
Cell Bank of the Type Culture Collection of the Chinese 
Academy of Sciences (Shanghai, China). THP-1 cells 
were cultured in Roswell Park Memorial Institute (RPMI) 
1640 medium (Solarbio Life Sciences, China) supple-
mented with 10% (v/v) fetal bovine serum (FBS) (Gibco, 
Gaithersburg, MD, USA) at 37 °C in a 5% CO2 atmo-
sphere. M0 differentiation was induced by exposure to 
100 nM phorbol-12-myristate-13-acetate (PMA, P6741, 
Solarbio) for 48 h, followed by two washes with the 
culture media. M0 macrophages were polarized to the 
M2 phenotype by incubation with 20 ng/mL IL4 
(200-04, PeproTech, Rocky Hill, NJ, USA) and IL13 
(200-13, PeproTech) for 48 h. The macrophage superna-
tant was collected for further experiments. Adherent 
cells were prepared for phenotypic analysis using flow 
cytometry and immunofluorescence staining.

Flow cytometry

The adherent M0 and M2 macrophages were rinsed 
with cold PBS and detached by incubation with ETDA. 
For flow cytometry, the cell suspension was centri-
fuged and resuspended at 8 × 105 cells per  
sample. The cells were then stained with an 

allophycocyanin-conjugated monoclonal antibody 
against human CD206 (17-2069-42, eBioscience, San 
Diego, CA, USA) for 1 h to characterize the M2 pheno-
type. Upon labelling, the cells were washed, suspended 
in sheath fluid and analysed using a BD FACSCanto™ 
flow cytometer (BD Biosciences, USA).

Immunofluorescence

THP-1 cells were seeded at 5 × 105 cells/well into 
coverslip-bottomed six-well plates and stimulated 
with PMA alone or PMA with IL4/IL13 (as mentioned 
above). After fixation, permeabilization and blocking 
with 5% BSA, the cells were incubated with primary 
antibodies (anti-CD206, 1:200, sc-58986, Santa Cruz 
Biotechnology, CA; anti-pSTAT6, 1:200, PA5-104892, 
Invitrogen, Waltham, MA; anti-TGFβ1, 1:200, AF1027, 
Affinity, Cincinnati, OH, USA) overnight at 4 °C. After 
washing with PBS, secondary antibody was added. 
The cells were then counterstained with DAPI.  
The samples were examined under a Nikon fluores-
cence microscope. MFI was quantified using Fiji 
software.

Cytokine quantification by enzyme-linked 
immunosorbent assay

THP-1 cells were seeded at a density of 2 × 105 cells/mL 
in 12-well plates at a density of 1.5 mL per well. M0 
and M2 stimulations were performed as previously 
described. The supernatant was harvested and centri-
fuged at 12,000 g for 5 min at 4 °C. Human TGF-β1 
enzyme-linked immunosorbent assay (ELISA) kits (E-EL-
0162c, Elabscience, China) were used to measure the 
level of TGF-β1 in M0 or M2 supernatants according to 
the manufacturer’s instructions.

Primary culture of HTFs

Human Tenon’s capsule samples were isolated from 
patients with primary open-angle glaucoma during 
glaucoma filtration surgery (trabeculectomy or AGV 
implantation) under sterile conditions. All procedures 
involving human tissues were performed according to 
the tenets of the Declaration of Helsinki and were 
approved by the institutional ethics review board of 
Henan Eye Hospital. Written informed consent was 
obtained from all the patients.

Primary cultures of HTFs were established as previ-
ously described [28, 29]. Briefly, Tenon’s capsule sam-
ples were cut into small pieces and cultured in 
Dulbecco’s modified Eagle’s medium/nutrient mixture 
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F-12 (DMEM/F12, Solarbio) containing 10% FBS (Gibco, 
Gaithersburg, MD) and 1% penicillin/streptomycin. 
Human Tenon explants were maintained in 5% CO2 at 
37 °C in a humidified atmosphere, and primary HTFs 
were harvested as expansion cultures. Cells from pas-
sages 2 to 5 were used in subsequent experiments. 
HTFs were characterized by their adherent morphol-
ogy and vimentin expression. Immunofluorescence 
staining was performed to identify the HTFs. Cells 
were labelled with a primary antibody against vimen-
tin (1:500; ab45939, Abcam, Cambridge, MA, USA) and 
then with a secondary antibody. Cell nuclei were coun-
terstained with DAPI.

Wound healing assay

The M2 supernatant was centrifuged and filtered 
through a 0.22 μm filter, after which it was mixed with 
DMEM/F12 culture medium at a ratio of 1:1 and used 
as M2 conditioned medium. A culture medium con-
taining 2% FBS served as the control. HTFs were 
seeded in six-well plates at a density of 5 × 105 cells per 
well. When the cells reached 90% confluence, the cul-
ture medium was replaced with an FBS-free medium 
overnight to synchronize cell growth. Scratch wounds 
were then gently made in the centre of the cell mono-
layer using a sterile 200 µL pipette tip. The scratched 
wells were washed to remove cell debris and incu-
bated with M2 conditioned medium or control 
medium. The gaps in each well were photographed 
using an inverted microscope (Olympus) at 0 and 22 h. 
The cellular migration area in each image was mea-
sured using the Fiji software. The data were quantified 
based on the area of the wounds at 0 h, which was 
considered 100%.

HTFs co-cultured with M2 supernatant

HTFs were seeded in cover-glass-bottomed six-well 
plates at a concentration of 2 × 105 cells per well. 
Verteporfin (S1786, Selleck Chemicals, Houston, TX) 
was prepared as a 1.5 mM stock in DMSO. HTFs were 
cultured in the presence of M2 supernatant with or 
without pretreatment with verteporfin for 3 h in the 
dark at a final concentration of 1.5 μM or in complete 
culture medium alone for 24 h. Immunofluorescence 
staining was performed to study the changes 
in  α-smooth muscle actin (α-SMA) (1:200, 19245, CST, 
Danvers, MA),  fibronectin (1:200, bs-13455R, Bioss, 
China) and collagen I (1:200, NB600-408, Novus 
Biologicals, Littleton, CO) expression in vitro as previ-
ously described.

Western blotting

HTFs were pretreated with either verteporfin (final 
concentrations 1.5 μM) or control (complete culture 
medium) for 3 h and sequentially incubated with 
M2-conditioned medium for 36 h. Cells were collected 
for western blot analysis as described in our previous 
study [27]. The total protein was extracted and quanti-
fied using a bicinchoninic acid protein assay  kit 
(Solarbio), according to the  
manufacturer’s instructions. Equal amounts of each 
protein sample were loaded onto sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene fluoride membranes. 
Membranes were blocked with 5% non-fat milk for 2 h 
and incubated with primary antibodies specific for the 
target proteins overnight at 4 °C. The membranes were 
then washed with tris-buffered saline with Tween 
20  and incubated with horseradish 
peroxidase-conjugated secondary antibodies on a 
shaker for 1 h. After washing with tris-buffered saline 
with Tween 20, the membranes were detected using a 
chemiluminescence detection system (Bio-Rad 
Laboratories) and analysed using the Fiji software. The 
following primary antibodies were used in the current 
study: anti-collagen I (1:500, AF7001, Affinity), 
anti-fibronectin (1:500, bs-13455R, Bioss), anti-TGF-β1 
(1:500, AF1027, Affinity), anti-TGFβR II (1:1000, 
ab186838, Abcam), anti-Smad2/3 (1:500, AF6367, 
Affinity), anti-phospho-Smad2/3 (1:500, AF3367, 
Affinity), anti-YAP1 (1:500, bs-3605R, Bioss), anti-TAZ 
(1:500, bs-12367R, Bioss) and anti-TEF1 (1:500, 
PA5-37075, Invitrogen). GAPDH (1:2000, 10494-1-AP, 
Proteintech, Chicago, IL, USA) and β-tubulin (1:2000, 
10094-1-AP, Proteintech) were used as loading controls.

Statistical analysis

All experiments were repeated at least three times. 
The results are reported as the means ± SD. All statisti-
cal analyses were performed using SPSS (SPSS 20.0, 
Inc., Armonk, NY, USA). The statistical significance of 
the differences between the groups was determined 
using Student’s t-test or one-way analysis of variance. 
P < 0.05 was considered significant.

Results

Rabbit model of subconjunctival fibrosis

We performed SI surgery to mimic the process of peri-
valvular fibrosis. There were no instances of infection, 
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Figure 1.  Histopathological evaluation in the early recovery phase following SI. Eyes with SI surgery were enucleated 2 weeks after 
surgery (SI group), and eyes without any treatment served as controls (n = 3 per group). (A) Macroscopic appearance of rabbit 
eyes with SI showed conjunctival hyperaemia and chemosis in the early postoperative phase and thickening and fibrotic tissue in 
the surgical area in the late phase. Original magnification: 10×. (B) Representative micrographs of tissue sections from the controls 
and SI group. Black asterisk marked the position of the silicone implant. H&E staining revealed significant inflammatory cell infil-
tration in the surgical area. Scale bar: 100 μm (20 μm within the enlarged box). (C) Immunofluorescent double staining of macro-
phages with anti-CD68 (red) and anti-CD206 (green) antibodies. There were more CD68+/CD206+ macrophages (white arrows) in 
surgical areas in SI group than in the controls. Scale bars: 50 μm.
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unexpected animal death or other complications. The 
macroscopic appearance of the surgical site is shown 
in Figure 1A. Conjunctival hyperaemia in the surgical 
eyes peaked in the first 1–2 days after surgery and 
lasted approximately 2 weeks. Mild chemosis devel-
oped and declined during the first week. Flares were 
not detected in the anterior chamber. Thickening and 
fibrotic tissue surrounding the silicone implant were 
observed in the surgical eyes in the late postoperative 
period, while a thin and translucent conjunctiva was 
observed in the control eyes.

Macrophages are critical regulators of tissue repair 
and the development of fibrosis. Two weeks after SI 
surgery, there was an increase in the population of 
inflammatory cells at the surgical site (Figure 1B). To 
identify the presence of M2 macrophages, we per-
formed double immunofluorescence staining using 

anti-CD68 and anti-CD206 antibodies. Few macro-
phages were observed in the control group. By con-
trast, numerous CD68+ and CD206+ cells were 
observed in the surgical area (Figure 1C and Figure 3 
in Supplementary Material).

For further analysis of subconjunctival fibrosis, rab-
bits were sacrificed 8 weeks after surgery, which is sup-
posed as the late remodelling period. The tissue 
around the silicone implant was assessed using H&E, 
Masson trichrome and immunofluorescence staining. 
As shown in Figure 2A, H&E staining demonstrated an 
increase in fibroblasts and a more compact collagen 
deposition in the surgical area at week 8 postopera-
tively. Masson’s trichrome staining also showed more 
dense collagen bundles in eyes with SI surgery com-
pared with the controls (P < 0.001; Figure 2B,C). 
Fluorescent immunohistochemistry revealed a 

Figure 2.  Histopathological assessment in the late remodelling phase following SI. Three eyes with SI surgery were enucleated 
8 weeks after surgery (the SI group), and rabbits without any treatment served as controls (n = 3 per group). (A) H&E staining 
showed a more fusiform fibroblast-like appearance of cells (black arrows) and more compact collagen deposition surrounding the 
implant compared to the controls. Black asterisk marked the position of the silicone implant. Scale bar: 100 μm (50 μm within the 
enlarged box). (B) Masson’s trichrome staining demonstrated dense collagen bundles in blue. Black asterisk marked the position 
of the silicone implant. (C) Quantification of the Masson’s trichrome staining results. Scale bars: 50 μm. ***P < 0.001 compared to 
the controls; n = 3. (D) Immunofluorescence revealed significant expression of collagen I (red staining). White asterisk marked the 
position of the silicone implant. (E) Quantification of immunofluorescence staining for collagen I. Scale bars: 50 μm. **P < 0.01 
compared to the controls; n = 3.

https://dx.doi.org/10.1080/07853890.2024.2313680
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Figure 3. D ifferentiation of THP-1 cells into alternatively activated (M2) macrophages. (A) Different morphologic appearances of 
THP-1 cells that were untreated (THP-1), treated with PMA (M0) or treated with PMA and subsequently with IL4/IL13 (M2). THP-1 
cells grew in suspension, while M0 and M2 were larger with increased adherence and more granules in the cytoplasm. Scale bar: 
50 μm. (B) Representative flow cytometric analysis of untreated THP-1, M0 and M2 cells stained with allophycocyanin-conjugated 
monoclonal antibody anti-CD206. The MFI is shown on the x-axis, and the relative cell number on the y-axis. (C) Representative 
immunofluorescence images showing increased expression of CD206 in M2 cells compared to M0 macrophages. Scale bars: 10 μm. 
(D) Quantification of the results in (C). **P < 0.01; n = 3. (E) Representative immunofluorescence images showing stronger staining 
of pSTAT6 in M2 cells than that in M0 macrophages. Scale bars: 10 μm. (F) Quantification of the results in (E). **P < 0.01; n = 3. 
(G) Representative immunofluorescence images showing that the expression of TGF-β1 in M2 macrophages was stronger than in 
M0 macrophages. Scale bar: 10 μm. (H) Quantification of the results in (G). **P < 0.01; n = 3. (I) ELISA analysis of the cytokine 
TGF-β1 in M2 supernatant. **P < 0.01; n = 3. Similar results were obtained in three independent experiments.
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significant expression of collagen I (P < 0.01; Figure 
2D,E). These data confirmed increased collagen deposi-
tion following SI surgery compared to that in the 
controls.

Identification of M2 macrophages in vitro

Figure 3A shows the morphological characteristics of the 
M2 macrophages derived from THP-1 cells. THP-1 cells 
were small, oval cells, while PMA-differentiated THP-1 
macrophages (M0) were larger, with increased adherence 
and more granules in the cytoplasm. After incubation 
with 20 ng/mL IL4 and IL13 for 48 h, M0 macrophages 
were polarized into M2 cells with enhanced granularity. 
Figure 3B shows significantly higher expression of CD206 
(one marker of M2) in M2 macrophages than in M0 mac-
rophages by flow cytometry. Immunofluorescence label-
ling showed higher protein levels of CD206 (P < 0.01; 
Figure 3C,D) and phospho-STAT6 (a major transcription 
factor responsible for M2 polarization; P < 0.01; Figure 
3E,F) in M2 cells compared to that in M0 macrophages. 
Immunofluorescence staining showed that the expres-
sion level of TGF-β1 in M2 macrophages was higher than 
that in M0 macrophages (P < 0.01; Figure 3G,H). ELISA 
showed that the concentration of TGF-β1 was higher fol-
lowing treatment with PMA plus IL4/IL13 than following 
treatment with PMA alone (P < 0.01; Figure 3I). These 
data indicated that THP-1 cells were successfully acti-
vated and polarized into M2 macrophages.

Primary HTF culture and characterization

A small number of cells migrated out of the tissue 
explants of human Tenon’s capsule within 3–5 days of 
primary culture. The cells adhered to the bottom of the 
culture dish and exhibited a spindly and elongated phe-
notype. After 10 days, the cells reached sub-confluence 
(80%; Figure 4A). HTFs cultured in monolayers were 
identified as fibroblasts by intense immunostaining for 
vimentin (Figure 4B).

Effect of M2 macrophages on the migration of 
HTFs

The scratch wound healing assay was used to evaluate 
the influence of M2 macrophages on the migration of 
HTFs. As shown in Figure 5A,B, the M2-conditioned 
medium significantly enhanced the migratory capacity 
of HTFs compared to the blank control (P < 0.01).

Effect of M2 macrophages on HTF activation and 
ECM synthesis

To evaluate the effect of M2 macrophages on HTF acti-
vation and ECM synthesis, we used immunofluores-
cence staining to examine the expression of α-SMA, 
fibronectin and collagen I in HTFs cultured with blank 
control or M2-conditioned medium, with or without 
verteporfin pretreatment. The expression of α-SMA 

Figure 4. C haracterization of primary HTFs. (A) Representative phase-contrast images of HTFs on days 3, 5 and 10. Scale bar: 
100 μm. (B) Cells were stained with anti-vimentin antibodies and DAPI. Scale bar: 10 μm.
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(P < 0.001; Figure 6A,B), collagen I (P < 0.01; Figure 6C,D) 
and fibronectin (P < 0.05; Figure 6E,F) was significantly 
increased in HTFs cultured in M2-conditioned medium 
compared to that in the control. Verteporfin pretreat-
ment effectively decreased the expression of α-SMA 
(P < 0.01; Figure 6A,B), collagen I (P < 0.01; Figure 6C,D) 
and fibronectin (P < 0.05; Figure 6E,F) stimulated by the 
M2-conditioned medium. These results indicate that 
YAP signalling may be involved in M2-induced myofi-
broblast activation in HTFs.

Mechanisms underlying the M2-induced fibrotic 
process in HTFs

Figure 7A,B shows the protein levels of collagen I, 
fibronectin and the components of TGF-β1/Smad2/3- 
YAP/TAZ signalling in the presence or absence of 
M2-conditioned medium. As expected, the M2-conditioned 
medium enhanced the protein expression of collagen I, 
fibronectin, TGF-β1, TGF-βR II and p-Smad2/3 (P < 0.05, vs. 
blank control). More interestingly, M2-conditioned 
medium induced higher expression of YAP and TAZ in 
HTFs than in the blank control (P < 0.05). These data fur-
ther suggested an association between YAP/TAZ and the 
canonical TGF-β1 signalling pathway.

To verify the role of YAP/TAZ in M2-induced fibrosis, 
HTFs were pretreated with verteporfin. As shown in 
Figure 7A,B, verteporfin significantly reduced the 

protein expression of collagen I and fibronectin. The 
expressions of YAP, TAZ and TEF1 were significantly 
downregulated by verteporfin treatment. Moreover, 
verteporfin decreased the expression of TGF-βR II and 
Smad2/3 and prevented the phosphorylation of 
Smad2/3.

Taken together, these data indicate that the interac-
tion between YAP/TAZ and TGF-β1/Smad2/3 signalling 
may contribute to M2-induced myofibroblast activa-
tion in HTFs.

Discussion

Subconjunctival fibrosis remains a prominent chal-
lenge in surgical interventions for the treatment of 
glaucoma and other ocular surface conditions [30, 31]. 
M2 macrophages have been shown to promote wound 
repair and tissue fibrosis [2, 3, 5]. However, the roles of 
M2 macrophages in subconjunctival fibrosis remains 
underexplored. Herein, we found that dense collagen 
deposition around silicone was positively correlated 
with M2 infiltration in the early recovery phase after 
surgery. Our results showed that the M2 macrophage 
supernatant was rich in TGF-β1 and activated HTFs 
into myofibroblasts in vitro. Verteporfin inhibits myofi-
broblast activation. These findings indicate that cross-
talk between YAP/TAZ and TGF-β1/Smad2/3 signalling 
may contribute to M2-induced HTF activation.

Figure 5.  M2 supernatant promoted the migration of primary HTFs in wound healing assay. HTFs were cultured with 
M2-conditioned medium (M2 group) or fresh culture medium (control group). (A) Light microscopic images of the scratch wound 
area taken at 0 and 22 h in the presence or absence of M2 supernatant. Scale bar: 100 μm. (B) Quantitative analysis of the ratio 
of the cellular migration area to the initial scratch area; the initial scratch area in each group was set as 100%. All experiments 
were repeated three times independently. **P < 0.01.
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Figure 6.  M2 supernatant promoted HTF activation and ECM synthesis. HTFs were treated with fresh culture medium (control), 
M2-conditioned medium only and verteporfin (VTP) (1.5 μmol/L, 3 h) followed by M2-conditioned medium treatment (M2/VTP) for 
24 h. The expression levels of α-SMA, collagen I and fibronectin were evaluated by immunofluorescence staining. (A) Representative 
immunofluorescence images of HTFs stained with an anti-α-SMA antibody. Scale bars: 10 μm. (B) Quantitative analysis of the MFI 
of α-SMA.  **P < 0.01, ***P < 0.001; n = 3. (C) Representative immunofluorescence images of HTFs stained with an anti-collagen I 
antibody. Scale bars: 10 μm. (D) Quantitative analysis of the MFI of collagen I. **P < 0.01; n = 3. (E) Representative immunofluores-
cence images of HTFs stained with an anti-fibronectin antibody. (F) Quantitative analysis of the MFI of fibronectin. *P < 0.05; n = 3. 
All experiments were repeated three times independently.
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Macrophages exhibit high phenotypic and genetic 
plasticity. Depending on the microenvironment, mac-
rophages can acquire distinct functional phenotypes 
(M1 versus M2 polarization) [4, 32]. M2 macrophages 
are typically considered ‘pro-healing’. Although prior 
studies have reported the presence of macrophages in 
subconjunctival lesions and failed blebs [33–35], there 
is little information on the role of M2 macrophages in 
subconjunctival fibrosis. Prior study reported that mac-
rophages existed on a continuum of polarization states 
between M1 and M2 following tissue injury [36]. The 
ratio of M1 and M2 phenotypes altered about 5–7 days 
after skin injury in mice [37]. Clinical specimens from 
patients with failed AGV surgery may only show patho-
logical changes during the late remodelling period. 
Therefore, we established an animal model to mimic 

early wound healing after AGV surgery. In the present 
study, we found a large amount of M2 macrophages 
in subconjunctival tissue surrounding silicone implant 
at 2 weeks after surgery. Our results indicate that the 
macrophage population shifted to an alternatively 
activated phenotype during the early recovery phase. 
Since the phenotypic polarization of macrophages is a 
dynamic process that responds to signals in the micro-
environment [4, 20], this study did not reveal the 
entire picture of the phenotypes of macrophages in 
the subconjunctival tissue around glaucoma implant 
device. Further research is required in this regard. 
Nevertheless, our data can enrich the understanding 
of M2 macrophage activity in subconjunctival fibrosis.

Fibrotic encapsulation at surgery site is one major 
cause of AGV failure [35, 38]. Subconjunctival 

Figure 7. C rosstalk between YAP/TAZ and canonical TGFβ/Smad signalling contributed to M2 macrophage-induced fibrosis in 
HTFs. HTFs were treated with the fresh culture medium (control), M2-conditioned medium only and verteporfin (1.5 μmol/L, 3 h) 
followed by M2-conditioned medium treatment (M2/VTP) for 36 h. Protein levels of collagen I, fibronectin, YAP, TAZ and compo-
nents of TGF-β1/smad signalling were determined by western blotting. (A) Representative images of western blot images. (B) 
Analysis of relative protein expression. GAPDH or β-tubulin was used as a loading control, as appropriate. *P < 0.05, **P < 0.01, 
***P < 0.001; n = 3. All experiments were repeated three times independently. ns, not significant.
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perivalvular fibrosis may result from wound healing 
response and immune reaction to silicone implants, in 
which M2 macrophages are proposed to play an 
important role. We found thick collagen deposits sur-
rounding the silicone fragments, which supported the 
conclusions of prior studies [35, 38]. Given that these 
silicone fragments had no filtering function, our model 
could not perfectly reflect the effect of aqueous humor 
on perivalvular fibrosis. However, to a certain extent, it 
can serve as a handy animal model for research on 
subconjunctival fibrosis.

Culturing human monocyte-derived macrophages is 
a useful tool for studying macrophages in vitro. We fol-
lowed a classical protocol for M2 polarization, in which 
THP-1 cells were incubated with PMA and sequentially 
with IL4 and IL13 [39, 40]. The JAK/STAT signalling 
pathway is pivotal in macrophage polarization, and 
STAT6 is a crucial transcription factor in IL4- and 
IL13-mediated M2 polarization [39]. We identified sig-
nificant phospho-STAT6 expression in THP-1-derived 
macrophages, which indicates M2 polarization. 
Moreover, IL4/IL13-treated cells showed a high expres-
sion of CD206. Furthermore, the expression of TGF-β1 
increased after IL4/IL13 treatment, which is consistent 
with the notion that M2 macrophages are the main 
source of TGF-β1 [5]. Thus, the biological role of M2 
may be related to the secretion of TGF-β1.

In vitro studies have shown that M2 macrophages 
promote fibrogenic activities in mouse lung epithelial 
cells [41], murine corneal fibroblasts [42] and human 
skin fibroblasts [13, 14]. However, the specific roles of 
M2 macrophages in HTF fibrosis are unclear. The TGF-β 
superfamily of proteins plays a critical role in tissue 
fibrosis. In contrast to TGF-β2, which has predomi-
nantly been detected in the aqueous humor [43, 44], 
TGF-β1 is ubiquitously expressed and its target recep-
tors have been identified in most cell types. TGF-β1 
binds to the serine and threonine kinase receptor 
TGF-βR II as a homodimer; TGF-βR II then recruits and 
activates TGF-βRII to activate intracellular signalling via 
the transcription factor Smad-2/3 [45,46]. 
Phosphorylated Smad2/3 accumulates in the nucleus 
and induces the transcription of profibrotic genes. 
There is ample evidence that TGF-β signalling via 
Smads plays a central role in the development of 
fibrosis in conjunctival wound healing [47]. Our study 
demonstrated that M2-conditioned medium signifi-
cantly induced the synthesis of ECM in HTFs and pro-
moted cell migration. Moreover, TGF-β1-induced 
Smad2/3 phosphorylation was observed in response to 
M2-conditioned medium. These findings suggest that 
canonical TGF-β1 signalling may be involved in the 
communication between M2 macrophages and HTFs.

ECM deposition increases stiffness of the microenvi-
ronment. YAP and TAZ are key mechanotransducers 
that can convey mechanical signals associated with 
ECM stiffness to many intracellular signals [48]. Notably, 
YAP/TAZ has been shown to interact with TGF-β signal-
ling by regulating the cytoplasmic/nuclear shuttling of 
Smads [23–25, 49]. Consistent with these results, the 
expression levels of YAP and TAZ were increased in 
response to M2-conditioned medium treatment in our 
study. Moreover, Smad2/3 phosphorylation was 
observed, suggesting that TGF-β1/Smad2/3-YAP/TAZ 
signalling may be involved in M2-induced activation 
of HTFs.

To further test this hypothesis, we blocked YAP/TAZ 
signalling using verteporfin, a benzoporphyrin deriva-
tive that is clinically used for the ocular photodynamic 
treatment of neovascular macular degeneration [50]. 
This drug has been reported to have highly potent YAP 
inhibitory activity in the absence of light activation. 
Recently, Akiko Futakuchi and colleagues reported that 
YAP/TAZ was essential regulator of TGF-β2-mediated 
conjunctival fibrosis and verteporfin suppressed TGF-β2-
fibrotic changes in conjunctival fibroblasts [24]. Similarly, 
we found that TGF-βR II and phosphorylated Smad2/3 
protein levels were significantly decreased after verte-
porfin treatment, which was accompanied by decreased 
YAP/TAZ expression. Our study indicated that vertepor-
fin suppressed the crosstalk between HTFs and M2 
cells and attenuated M2-induced fibrotic activities. 
Taken together, our findings suggest that the crosstalk 
between YAP/TAZ and Smad2/3 may be at least partly 
involved in M2 macrophage-induced fibrosis.

The current study has two main limitations. Firstly, 
communications between macrophages and fibroblasts 
are very complicated. Our study focused on TGF-β1/
Smad2/3-YAP/TAZ signalling, which did not reveal the 
full contents. Thus, we cannot conclude that M2 cells 
promoted fibroblasts only by TGF-β1/Smad2/3-YAP/TAZ 
pathway. There may be other mechanisms involved in 
cell-cell talk between M2 macrophages and fibroblasts. 
Further studies are needed. Secondly, we did not use 
inhibitors of YAP or deplete M2 macrophages in surgi-
cal wound to verify the roles of M2 cells in subcon-
junctival fibrosis in vivo. However, this study may be 
inspiring; macrophages or other upstream mediators 
of fibroblast activation may serve as targets for 
anti-fibrotic therapeutics.

In conclusion, the current study revealed a key role 
of M2 macrophages in subconjunctival fibrosis. TGF-β1/
Smad2/3-YAP/TAZ signalling may contribute to 
M2-induced myofibroblast activation in HTFs. M2 mac-
rophage may be a promising potential target for 
anti-fibrotic treatments in the future.
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