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PURPOSE. To characterize vitreous microparticles (MPs) in patients with traumatic prolif-
erative vitreoretinopathy (PVR) and investigate their role in PVR pathogenesis.

METHODS. Vitreous MPs were characterized in patients with traumatic PVR, patients with
rhegmatogenous retinal detachment (RRD) complicated with PVR, and control subjects by
flow cytometry. The presence of M2 macrophages in epiretinal membranes was measured
by immunostaining. Vitreous cytokines were quantified by ELISA assay. For in vitro stud-
ies, MPs isolated from THP-1 cell differentiated M1 and M2 macrophages, termed M1-MPs
and M2-MPs, were used. The effects and mechanisms of M1-MPs and M2-MPs on RPE
cell proliferation, migration, and epithelial to mesenchymal transition were analyzed.

RESULTS. Vitreous MPs derived from photoreceptors, microglia, and macrophages were
significantly increased in patients with traumatic PVR in comparison with control and
patients with RRD (PVR), whereas no significance was identified between the two control
groups. M2 macrophages were present in epiretinal membranes, and their signature
cytokines were markedly elevated in the vitreous of patients with traumatic PVR. More-
over, MPs from M2 macrophages were increased in the vitreous of patients with traumatic
PVR. In vitro analyses showed that M2-MPs promoted the proliferation and migration
of RPE cells via activation of the phosphatidylinositol 3-kinase (PI3K)/protein kinase
B (AKT)/mammalian target of rapamycin (mTOR) signaling pathway. However, M2-MPs
did not induce the expression of fibrotic proteins, including fibronectin, α-smooth muscle
actin, and N-cadherin in RPE cells.

CONCLUSIONS. This study demonstrated increased MP shedding in the vitreous of patients
with traumatic PVR; specifically, MPs derived from M2 polarized macrophages may
contribute to PVR progression by stimulating RPE cell proliferation and migration.

Keywords: proliferative vitreoretinopathy, ocular trauma, vitreous microparticles,
PI3K/AKT/mTOR signaling pathway

P roliferative vitreoretinopathy (PVR) is a common chal-
lenging complication of open globe injuries and rheg-

matogenous retinal detachment (RRD), which occurs in 40%
to 60% of patients with open globe injuries and 8% to 10%
of patients with RRD.1,2 Eyes with PVR often progress to
tractional retinal detachment, which is the most common
cause of surgical failure for RRD and open globe injuries.3

The pathogenesis of PVR is complex and involves the
following stages: breakdown of the blood–retinal barrier,
chemotaxis and cellular migration, cellular proliferation,
membrane formation with the remodeling of the extracel-
lular matrix, and contraction.4–6 RPE cells are present in
almost 100% of epiretinal membranes and are considered
the prominent participants in PVR progression.1,2,7 However,
the mechanism underlying the activation and epithelial-to-
mesenchymal transition (EMT) of RPE cells remains elusive.

Microparticles (MPs) are submicron vesicles formed by
budding and blebbing of cell membranes.8 They range from
100 nm to 1000 nm in size and express specific mark-
ers of parental cells, which can be used to determine
their cellular origin. MPs can be released during various
cellular activities, including cell activation or cell injury,
or following cell senescence and apoptosis.9,10 Numerous
studies have revealed the biological activities of MPs in
cell adhesion, apoptosis, vascular function, and angiogen-
esis.11–15 MPs have been identified in human plasma and
other tissue compartments such as synovial fluid,11–13 and
increased levels of circulating MPs are associated with
various diseases.13–15 In the eye, elevated vitreous MPs
have been reported for patients with proliferative diabetic
retinopathy and RRD, and their increased amount stimu-
lates endothelial proliferation and angiogenesis in vitro.16,17
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Ocular trauma is associated with vitreous hemorrhage and
significant damage of ocular structures and retinal cells, indi-
cating that vitreous MPs might be increased locally from
injured retinal cells or from blood origin. Nevertheless, the
pathobiological roles of MPs in ocular trauma remain to be
determined.

Macrophages are cellular components of PVR
membranes, and they migrate into the vitreous during
vitreous hemorrhage and retinal break, suggesting that
macrophages might contribute to the development of
intraocular proliferation and fibrosis.18,19 Macrophages can
be phenotypically characterized as M1 and M2 subtypes,
with M1 macrophages being proinflammatory and M2
macrophages playing a significant role in wound healing
and tissue remodeling.20,21 Macrophage-derived extracellu-
lar vesicles have been detected in body fluid and tissues,
where they function as critical regulators of cross-talk
between macrophages and surrounding tissue, thereby
modulating the migratory and proliferative properties of
target cells.22,23

In this study, we analyzed vitreous MPs from different cell
origins in patients with open globe injuries who developed
PVR, and we also investigated the potential effects of M2
macrophage-derived MPs on activation of RPE cells in vitro.

MATERIALS AND METHODS

Collection of Vitreous Samples From Human
Patients

Seventy-two patients who underwent vitrectomy in the
ophthalmology department of Tianjin Medical University
General Hospital between June 2016 and December 2018
were included. Vitreous samples were collected during the
standardized three-port vitrectomy for the treatment of reti-
nal diseases. Specifically, vitreous samples were collected
from 27 eyes of RRD complicated with PVR, including two
eyes with concomitant idiopathic macular hole, 15 eyes with
traumatic PVR, and 31 eyes of 30 patients with idiopathic
macular hole, idiopathic epiretinal membrane, or ectopia
lentis as controls. The demographic characteristics of the
patients are summarized in the Table.

The exclusion criteria included previous laser coagulation
within the last 3 months, malignant tumors, and any other
ocular condition such as glaucoma or diabetic retinopathy.
In this study, the diagnosis of traumatic PVR was based
on the criteria proposed by the Retina Society Terminology
Committee.24 This study was reviewed and approved by the
ethics committees of Tianjin Medical University and adhered
to the tenets of the Declaration of Helsinki. All patients gave
written informed consent.

Isolation and Identification of Microparticles

MPs were isolated by density gradient ultracentrifugation as
described previously.25–27 Briefly, human vitreous samples or
THP-1 cell culture medium were centrifuged at 4400g for 15
minutes and at 13,000g for 2 minutes at 4°C to remove cells
and debris. MPs in the supernatant were further purified
by centrifugation at 20,000g for 90 minutes, then MPs were
resuspended in PBS and stored at –80°C until use. The ultra-
structure of isolated MPs was examined under a transmission
electron microscope (HT7700; Hitachi, Tokyo, Japan) at the
Research Centre of Basic Medical Science of Tianjin Medical
University. The size distribution of MPs was determined by
nanoparticle tracking analysis (NS300; Malvern Panalytical,
Malvern, UK).

Flow Cytometry

Analysis of vitreous MPs by flow cytometry was performed
on an LSRFortessa flow cytometer (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) and was analyzed using
FlowJo. A mix of 0.5-, 0.9-, and 3.0-μm BioCytex beads
(BioCytex SARL, Marseille, France) was used to set up an
acquisition gate to include particles measuring up to 0.9 μm
in diameter. Vitreous samples were run on the same setting
to identify particles within the gate (including all particles of
≤1 μm in size). Retinal-derived MPs were labeled with lectin
from fluorescein isothiocyanate–labeled peanut agglutinin
(FITC-PNA; Sigma-Aldrich, St. Louis, MO, USA) and lectin
from fluorescein isothiocyanate–labeled isolectin B4 (FITC-
ILB4; Sigma Aldrich).17 D-Galactose (Sigma-Aldrich) served
as isotype controls.17 Macrophage-derived MPs were labeled
with the CD14 antibody APC (BioLegend, San Diego, CA,

TABLE. Demographic and Clinical Characteristics of the Study Groups

Control PVR With RRD Traumatic PVR

Patients/eyes, n 30/31 27/27 15/15
Sex (male/female), n 9/22 15/12 12/3*

Age (y), mean ± SD 63 ± 13 56 ± 15 42 ± 17*

Systemic diseases, n (%)
Hypertension 11 (36) 8 (30) 5 (33)
Diabetes 3 (10) 5 (19) 1 (7)
Dyslipidemia 2 (7) 1 (4) 0 (0)
Coronary heart disease 2 (7) 2 (7) 0 (0)
Renal disease 1 (3) 0 (0) 1 (7)
Liver disease 0 (0) 1 (4) 0 (0)

Smoking, n (%) 4 (13) 4 (15) 4 (27)
Ophthalmology features, n (%)
Epimacular membrane 1 (3) 0 (0) 0 (0)
Macular hole 29 (94) 2 (7) 1 (7)
Ectopia lentis 1 (3) 0 (0) 3 (20)
Proliferative vitreoretinopathy 0 (0) 27 (100) 15 (100)

* Significant difference between patients with traumatic PVR and control patients.
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USA), and MPs expressing phosphatidylserine were labeled
with PE Annexin V (BioLegend). Moreover, macrophage-
derived MPs were further validated by dual-labeling with the
CD14 antibody APC and the CD68 antibody PerCP (BioLe-
gend). To determine the macrophage MP polarization states
(M1 or M2 polarized macrophages), macrophage MPs were
triple-labeled with the CD68 antibody PerCP, CD80 anti-
body PE (BioLegend), and CD163 antibody (BioLegend).
Isotype-matched immunoglobulins (BioLegend) were used
as controls. The concentration of MPs was calculated by
comparison with calibrator beads of known concentration
(Spherotech, Lake Forest, IL, USA).

Immunofluorescence

Fresh epiretinal membrane isolated from patients was fixed
in 4% paraformaldehyde for 2 hours at room tempera-
ture and subsequently processed in 30% sucrose for 24
hours prior to embedding in optimal cutting tempera-
ture compound (Sakura Finetek Japan, Tokyo, Japan). The
processed epiretinal membranes were cut into serial sections
approximately 8 mm in size. The following antibodies were
used in this study: anti–α-smooth muscle actin (αSMA; 1:200;
Abcam, Cambridge, UK), anti-CD68 (1:100; Abcam), and anti-
CD163 (1:200; Abcam). Slides were examined under a Zeiss
fluorescent microscope (LSM 800; Carl Zeiss Microscopy,
Jena, Germany).

For immunostaining assay, adult retinal pigment epithe-
lial (ARPE)-19 cells were grown in 24-well cover glass
to 80% confluence. After starvation overnight, ARPE-19
cells were treated with M1 macrophage MPs (M1-MPs) or
M2 macrophage MPs (M2-MPs) for 48 hours. Cells were
then fixed with 4% paraformaldehyde, permeabilized, and
blocked with 2% BSA 0.3% Triton X-100/PBS. Cells were
incubated with primary antibodies ZO-1 (1:50; Invitro-
gen, Waltham, MA, USA), fibronectin (1:100; Sigma-Aldrich),
αSMA (1:100; Abcam), N-cadherin (1:100; Cell Signal-
ing Technology, Danvers, MA, USA), or E-cadherin (1:80;
ImmunoWay Biotechnology Company, Plano, TX, USA)
overnight at 4°C, followed by incubation with secondary
antibodies for 2 hours at room temperature. Images were
acquired with a FV1000 confocal microscope (Olympus,
Tokyo, Japan).

Measurement of Vitreous Cytokines

The concentrations of cytokines including interleukin (IL)-
6, tumor necrosis factor (TNF)-α, monocyte chemoattractant
protein (MCP)-1, IL-12, IL-10, and IL-1ra in human vitreous
samples were measured by ELISA. In brief, ELISA kits were
allowed to equilibrate at room temperature for 30 minutes
prior to cytokine quantification according to the manu-
facturers’ instruction. One ELISA kit (AMEKO, Shanghai,
China) was used to measure soluble extracellular levels of
IL-6 (D711013), TNF-α (D711045), MCP-1 (D711364), IL-12
(D711069), and IL-10 (D711114). Another ELISA kit (mlbio,
Shanghai, China) was used to measure soluble extracellular
levels of IL-1ra (ML058061).

Cell Culture

Human RPE cell line ARPE-19 (American Type Culture
Collection, Manassas, VA, USA) was cultured in Gibco
Dulbecco’s modified Eagle’s medium (DMEM)/F-12 medium
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented

with Gibco 10% fetal bovine serum (FBS) and 1% penicillin–
streptomycin. Human RPE cells were maintained at 37°C in a
humidified atmosphere of 5% CO2 and 95% air and grown to
80% to 90% confluence; passages 7 to 20 were used for the
experiment. Before treatment with M1-MPs or M2-MPs for
the indicated times and concentrations, cells were starved
overnight with DMEM/F-12 containing 1% FBS.

Differentiation of THP-1 Cells

The human monocyte cell line THP-1 (American Type
Culture Collection) was cultured in Gibco RPMI 1640
medium supplemented with 10% FBS and 1% penicillin–
streptomycin at 37°C in 5% CO2. Differentiation of THP-
1 to M0 macrophages was induced by treatment with
320-nM phorbol 12-myristate 13-acetate (Sigma-Aldrich) for
24 hours. Afterward, cells were stimulated with either
1000 ng/mL lipopolysaccharide (LPS) and 20 ng/mL IFN-γ
or 20 ng/mL IL-4 and 20 ng/mL IL-13 for 48 hours for induc-
tion of M1 or M2 polarized macrophages, respectively. The
level of endotoxin contamination in M1-MPs was measured
using an LPS ELISA kit (mlbio).

RNA Extraction and Real-Time Quantitative
Polymerase Chain Reaction

To validate the successful differentiation of THP-1 cells
into M1 or M2 polarized macrophages, the RNA of THP-
1 cell–differentiated M1 or M2 macrophages was extracted
using Trizol reagent (Life Technologies, Carlsbad, CA, USA),
according to the manufacturer’s protocol. RNA concentra-
tions were measured with a NanoDrop One C spectropho-
tometer (Thermo Fisher Scientific). The quality of extracted
RNA was detected by an ultraviolet spectrophotometer and
further confirmed to be of good quality, with an A260/280
ratio of between 1.8 and 2.0 and A260/230 between 2.0 and
2.2. We used 1000 ng of total RNA to synthesize cDNA using
the PrimeScript Reverse Transcription Reagent Kit (Trans-
Gen Biotech, Beijing, China). Real-time quantitative poly-
merase chain reaction (qRT-PCR) was performed in triplicate
in a total volume of 20 μL containing 10 μL SYBR Green
Master (Thermo Fisher Scientific), 1.2 μL PCR primers (at
a final concentration of 0.3 mM), 1 μL cDNA template, and
7.8 μL of nuclease-free water. Amplifications were conducted
using the CFX Connect system (Bio-Rad, Hercules, CA, USA)
with the following cycle conditions: 95°C for 30 seconds,
40 cycles of 95°C for 5 seconds, and 60°C for 30 seconds.
The expression levels of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) were used as endogenous control. The
sequences for the qRT-PCR primers are listed in Supplemen-
tary Table S1.

Cell Proliferation Assay

Cell Counting Kit 8 (CCK8; ApexBio, Houston, TX, USA)
and bromodeoxyuridine (BrdU; Sigma-Aldrich) assays were
employed to determine the effects of differentiated M1-MPs
or M2-MPs from THP-1 cells on ARPE-19 cell proliferation.
To determine the effects of vitreous MPs on RPE cell prolif-
eration, MPs collected from three groups (control patients,
patients with macular holes, and patients with traumatic
PVR) were used for the CCK8 assay. For each group, vitreous
samples from four randomly selected patients were pooled
together as one biological replicate, and a total of three
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replicates were used. MPs were isolated from the pooled
vitreous samples as described above.

For the CCK8 assay, ARPE-19 cells were grown in a 96-
well plate to 80% confluence. After treatment with MPs for
48 hours, cell proliferation was measured with the CCK8 kit.
For the BrdU assay, ARPE-19 cells were starved overnight
prior to treatment with M1-MPs or M2-MPs for 48 hours.
BrdU (10 μM) was subsequently added and incubated for
4 hours at 37°C and detected with appropriate rat anti-
BrdU (Abcam) and secondary antibody anti-rat Cy3 (Life
Technologies). Nuclei were stained with 4′,6-diamidino-2-
phenylindole (DAPI; Abcam), and images were taken using
an Olympus FV1000 confocal microscope.

Cell Migration Assay

The effect of M1-MPs or M2-MPs on RPE cell migration
was evaluated by wound healing and transwell assay. For
the wound healing assay, ARPE-19 cells were grown in six-
well plates to 80% confluence. After starvation overnight,
the cell monolayers were scratched with 200 μL yellow tips
and washed twice with PBS to remove the detached cells.
Subsequently, cells were incubated with MPs for 48 hours at
37°C, and images were taken at 0, 24, and 48 hours after
a scratch (Eclipse 80i; Nikon, Tokyo, Japan). To analyze
cell migration, wound closure in three random fields was
quantified.

With the transwell assay, 24-well transwell cell culture
chambers (8-μm pores; MilliporeSigma, Burlington, MA,
USA) were used; 5 × 104 cells/mL of ARPE-19 cells were
suspended in 200 μL of FBS-free medium and then added to
the upper inserts, and 500 μL of medium with 10% FBS and
M1-MPs or M2-MPs were added to the lower inserts. After
incubation with MPs for 8 hours, cells across pores were
fixed with 4% paraformaldehyde and stained with 1% crys-
tal violet solution (Beyotime Biotechnology, Haimen, China)
for 30 minutes. For each chamber, migrating cells in three
random fields were counted.

Western Blot

ARPE-19 cells were lysed by ice-cold radioimmunopre-
cipitation assay buffer containing protease and phos-
phatase inhibitor cocktails (Roche, Basel, Switzerland).
The extracted proteins were separated by sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene fluoride membranes (Millipore-
Sigma). After blocking with 5% skim milk, the membrane
was incubated at 4°C overnight with the following primary
antibodies: PI3Kp85 (1:1000; Cell Signaling Technology),
PTEN (1:1000; Cell Signaling Technology), phosphorylated
(p)-AKT (1:1000; Cell Signaling Technology), AKT (1:1000;
Cell Signaling Technology), p-mTOR (1:1000; Cell Signal-
ing Technology), mTOR (1:1000; Cell Signaling Technol-
ogy), pS6 (1:1000; Cell Signaling Technology), S6 (1:1000;
Cell Signaling Technology), and GAPDH (1:1000; Utibody,
Beijing, China). The membrane was washed and incubated
with horseradish peroxidase–linked secondary antibody for
1 hour at room temperature. GAPDH was used as endoge-
nous control, and the proteins band quantification was
performed using ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

Statistical Analysis

Statistical analysis was performed using Prism 5.0 (Graph-
Pad, San Diego, CA, USA). Quantitative results are displayed
as mean ± SD. The statistical significance of differences was
calculated with Student’s t-test or one-way analysis of vari-
ance (ANOVA) for multiple comparisons. Differences were
considered statistically significant for P < 0.05, and the exact
P values are provided in the text.

RESULTS

Characterization of Microparticles in the Vitreous
of Human Patients

To investigate the role of MPs in the pathogenesis of PVR,
we isolated MPs from the vitreous from patients with trau-
matic PVR, patients with RRD complicated with PVR, and
control patients. The Table summarizes the demographic
and clinical characteristics of the studied patients. Among
the study participants, we found that patients with traumatic
PVR were significantly younger than patients in the control
groups (P < 0.01). Compared with the other two groups,
traumatic PVR occurred more frequently in male patients (P
< 0.01). There was no significant difference in the occur-
rence of systemic diseases, smoking status, or ophthalmol-
ogy features between the groups.

To understand the role of MPs in the pathogenesis of
PVR, we first isolated MPs from the vitreous of the sampled
patients and then assessed the MPs by transmission elec-
tron microscope (TEM) and nanoparticle tracking analysis.
Under the TEM, we found that the isolated MPs appeared as
double-layer membrane structures with a diameter between
100 and 1000 nm (Fig. 1A). Furthermore, nanoparticle track-
ing analysis confirmed that the isolated MPs had a diame-
ter primarily distributed between 100 and 500 nm (Fig. 1B).
Next, we determined the expression of cell type–specific
markers in isolated vitreous MPs by flow cytometry analy-
sis. Specifically, photoreceptor-derived MPs defined as FITC-
PNA+, microglial-derived MPs defined as FITC-ILB4+, and
macrophage-derived MPs defined as CD14-APC+ were iden-
tified (Figs. 1C–1G). Vitreous levels of photoreceptor PNA+,
microglial ILB4+, macrophage CD14+, and Annexin V+ MPs
were markedly increased in patients with traumatic PVR in
comparison with control patients (P = 0.0002, P = 0.0012, P
< 0.0001, and P = 0.0003, respectively) (Fig. 1H, Table) and
in patients with RRD complicated with PVR (P = 0.0042,
P = 0.0109, P = 0.0003, and P = 0.0030, respectively)
(Fig. 1H, Table). There was no significant difference in the
concentrations of vitreous MPs labeled with PNA+, ILB+,
CD14+, or Annexin V+ between patients with RRD with
PVR and control patients (P = 0.5306, P = 0.7066, P =
0.5406, and P = 0.7520, respectively) (Fig. 1H, Table). In
addition, MPs of macrophage origin were further confirmed
by dual-labeling with macrophage markers CD14 and CD68.
We found that CD14 and CD68 double-positive MPs were
significantly higher in patients with traumatic PVR compared
with control patients and patients with RRD with PVR
(P = 0.0052 and P = 0.0030, respectively) (Figs. 1I–1L),
suggesting increased shedding of MPs from macrophages in
patients with traumatic PVR. Altogether, these results indi-
cate that MPs were increased significantly in the vitreous
of patients with traumatic PVR, and the increased MPs may
have originated from photoreceptors, microglial cells, and
macrophages.
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FIGURE 1. Characterization of MPs in the vitreous of patients with traumatic PVR. (A) A TEM was used for ultrastructural analysis of vitreous
MPs. (B) The size distribution of vitreous MPs was determined with nanoparticle tracking analysis. (C) A mix of 0.5-, 0.9-, and 3.0-μm
BioCytex beads was ran on forward scatter (FSC) and side scatter (SSC) to set up an acquisition gate (P1) to include particles measuring
up to 0.9 μm in diameter. Vitreous samples were run on the same setting to identify all particles ≤ 1 μm in size. MP concentration was
assessed by comparison with calibrator beads (P2, 3.5–4.1 μm in diameter) with predetermined concentration. (D–G) Events selected by
size are plotted according to their fluorescence for specific lectin FITC-PNA labeling (D), lectin FITC-ILB4 labeling (E), anti-human CD14
antibody APC labeling (F), or Annexin V PE binding (G). Light-gray areas represent unspecific binding determined by D-galactose (D, E),
unlabeled isotypic control antibody (F), or the absence of calcium (G). (H) Levels of PNA+, ILB4+, CD14+, and Annexin V+ MPs in human
vitreous samples measured by flow cytometry. (I, J) APC-IgG and PerCP-IgG were used as isotype control. (K, L) Flow cytometry plots and
quantification showing CD14+ and CD68+ macrophage-derived MPs in vitreous of control patients and patients with RRD or traumatic PVR
(n = 9 patients in each group). Values are mean ± SD. *P < 0.5; **P < 0.1; ***P < 0.001 versus control group by one-way ANOVA.

MPs from M2 Polarized Macrophages Are
Increased in the Eyes of Patients With Traumatic
PVR

Previous studies have identified macrophages as an impor-
tant risk factor for PVR development.19,28 In addition,
macrophage-derived MPs, especially those derived from
M2-phenotype macrophages, showed pathogenic effects

in, for example, tumor invasion and fibrogenesis.29–31

To determine whether the increased macrophage-derived
MPs in vitreous samples were of the M1 or M2 pheno-
type, we performed triple-labeling with the CD68 antibody
PerCP (pan-macrophage marker), CD80 antibody PE (M1
macrophage marker), and FITC-CD163 (M2 macrophage
marker) of macrophage-derived MPs isolated from control,
patients with RRD with PVR, and patients with traumatic
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FIGURE 2. Detection of M2 macrophages and M2-MPs in the eyes of patients with traumatic PVR. (A) Flow cytometry histograms of CD68-
and CD80-labeled M1-MPs in control patients, patients with RRD with PVR, and patients with traumatic PVR. (B). Flow cytometry histograms
of CD68- and CD163-labeled M2-MPs in control patients, patients with RRD with PVR, and patients with traumatic PVR. (C) Quantification
of vitreous M1-MPs in different groups. (D) Quantification of vitreous M2-MPs in different groups (n = 12 patients in each group). Gray
lines represent unstained MPs. (E, F) Representative confocal images showing expressions of αSMA (E) and markers of macrophages (CD68)
and M2 polarized macrophages (CD163) (F) in epiretinal membranes from patients with traumatic PVR. (G, H) Vitreous levels of cytokines
related to M1 macrophages (G) or M2 macrophages (H) from control patients and patients with traumatic PVR were measured by ELISA.
Values are mean ± SD. *P < 0.5; **P < 0.1; ***P < 0.001 versus control group by one-way ANOVA.

PVR.We found M2-MPs, defined as CD68 and CD163 double-
positive MPs, were significantly higher in the traumatic PVR
group than in the control and RRD with PVR groups (P
< 0.0001 and P < 0.0001, respectively) (Figs. 2B, 2D),
whereas no significant difference was observed for M1-MPs,
defined as CD68 and CD80 double-positive MPs, in the
traumatic PVR group compared with the control and RRD

with PVR groups (P = 0.3116 and P = 0.2934, respectively)
(Figs. 2A, 2C).

Next, we examined the presence of M2 polarized
macrophages on epiretinal membranes (positive for αSMA)
(Fig. 2E) collected from patients with traumatic PVR by
immunostaining. We found positive fluorescent signals of
CD163 (M2 marker) but not CD86 (M1 marker; data not
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FIGURE 3. M2-MPs promoted RPE cell proliferation and disrupt the tight junction. Differentiation of monocytic THP-1 cells into M1 and M2
macrophages was stimulated with LPS/IFN-γ and IL-4/IL-13, respectively. (A, B) mRNA expression of markers of (A) M1 macrophages (MCP-
1, CXCL10, and IL-6) and (B) M2 macrophages (CD163, CD206, and CCL22) in THP-1 cells were detected by RT-PCR. (C) Representative TEM
image of MPs isolated from aforementioned THP-1 cells conditioned medium. (D) Nanoparticle tracking analysis of THP-1 microparticles
showing the size distribution to be between 100 and 500 nm with a peak around 200 nm. (E) Measurement of endotoxin/LPS levels in
M1-MPs using a LPS ELISA kit. (F) Measurement of cell proliferation by CCK8 assay in RPE cells treated with THP-1–derived M1-MPs and
M2-MPs for 48 hours. (G) Measurement of cell proliferation by CCK8 assay in RPE cells treated with vitreous 1 × 107/mL MPs collected
from patients with macular hole (MH) and traumatic PVR. (H, I) Measurement of RPE cell proliferation by the BrdU incorporation assay and
quantification. (J) Immunostaining of tight-junction protein ZO-1 in ARPE-19 cells treated with M1-MPs or M2-MPs for 48 hours. (K) The
integrity of ZO-1 proteins was evaluated by calculating the ratio of the continuous tight junction to cell circumference using Image J. Values
are mean ± SD from at least three independent experiments. *P < 0.5; **P < 0.1; ***P < 0.001 versus control group by one-way ANOVA.
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FIGURE 4. M2-MPs induced ARPE-19 cell migration. (A) ARPE-19 cells were treated with 1 × 107/mL M1-MPs or M2-MPs, and cell migration
was assessed by scratch assay. (B, C) Quantification of migrating RPE cells 24 hours (B) and 48 hours (C) after wound scratch. (D) M1-MP–
induced and M2-MP–induced migration of RPE cells was confirmed by transwell assay. (E) Quantification of the transwell assay. The number
of migrating cells was counted at 8 hours after MP treatment. Values are mean ± SD from at least three independent experiments. *P < 0.5;
**P < 0.1; ***P < 0.001 versus control group by one-way ANOVA.

shown) in the examined epiretinal membranes, colocaliz-
ing with pan macrophage marker CD68 (Fig. 2F). M1 or
M2 polarized macrophages can be distinguished by differ-
ential cytokine production; for example, proinflammatory
cytokines such as IL-6, TNF-α, and MCP-1 are associated
with M1 macrophages, whereas M2 macrophages produce
the anti-inflammatory cytokines IL-10, IL-12, and IL-1ra.32–34

To further substantiate which macrophage phenotype (M1
vs. M2) was present within the vitreous samples from
patients with traumatic PVR and control patients, we eval-
uated macrophage-induced cytokine production. We found
that vitreous levels of TNF-α, MCP-1, IL-10, IL-12, and IL-1ra
were significantly higher in the traumatic PVR group than
in the control group (Fig. 2G). Among these, the cytokines
mostly secreted by M2 macrophages (IL-10, IL-12, and IL-
1ra) showed remarkable fold changes in their expression
levels compared with the control group (Fig. 2H). There
was no significant difference in the vitreous IL-6 expres-
sion levels between the two groups (Fig. 2G). Together, our
data suggest that M2 macrophages are activated after ocular
trauma, accompanied by increased MPs shedding, which is
likely involved in the pathogenesis of PVR.

M2-MPs Promote RPE Cell Proliferation and
Migration

To further understand the pathogenic role of macrophage-
derived MPs in PVR, the effect of macrophage-derived MPs
on the RPE EMT was studied in vitro with ARPE-19 cells.

However, due to the challenge of the limited amounts of
MPs collected from human vitreous samples, we utilized
MPs isolated from cultured THP-1 cells for the in vitro study.
Successful induction of THP-1 cells into M1 or M2 polarized
macrophages was confirmed by qRT-PCR, which showed
marked mRNA expression of M1 markers such as MCP-1,
IL6, and CXCL10 in IFN-γ /LPS–treated THP-1 cells (Fig. 3A)
and the M2 markers CD163, CD206, and CCL22 in IL-4/IL-
13–treated THP-1 cells (Fig. 3B). To this end, we isolated
MPs from the differentiated THP-1 cells and confirmed their
double-membrane structure with a TEM (Fig. 3C); the size
distribution was determined with nanoparticle tracking anal-
ysis and was found to be between 100 and 500 nm (Fig. 3D).
Because LPS was used to induce M1 polarization, we deter-
mined endotoxin levels in M1-MPs and found that the endo-
toxin levels in M1-MPs were similar to the PBS solvent levels
(Fig. 3E), thus ruling out the possibility of LPS contamination
in M1-MPs.

Exposure of ARPE-19 cells to M2-MPs at 1 × 107/mL or 1
× 108/mL but not M1-MPs significantly increased cell viabil-
ity compared with the PBS control (P = 0.0044 and P =
0.0104, respectively) (Fig. 3F). In addition, vitreous MPs from
patients with traumatic PVR also significantly increased RPE
cell viability compared with patients with macular hole or
control subjects (P = 0.0231) (Fig. 3G). The BrdU incorpo-
ration assay revealed increased proliferation of RPE cells by
M2-MPs compared with control (P = 0.0053) (Figs. 3H, 3I),
although no such effect was observed in M1-MP–treated cells
(Figs. 3H, 3I). The epithelial integrity of ARPE-19 cells was
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FIGURE 5. M2-MPs did not affect the fibrotic protein expressions in ARPE-19 cells. (A) Immunostaining of fibronectin, αSMA, N-cadherin,
and E-cadherin in ARPE-19 cells treated with M1-MPs, M2-MPs, or TGF-β for 48 hours. (B–E) Quantification of immunostaining shown in
(A). Values are mean ± SD from at least three independent experiments. *P < 0.5; **P < 0.1; ***P < 0.001 versus control group by one-way
ANOVA.

evaluated by staining of junction protein ZO-1. In contrast
to the continuous lining of ZO-1 in untreated cells, cells co-
cultured with M2-MPs but not M1-MPs demonstrated signifi-
cantly disrupted ZO-1 expression (P = 0.0004) (Figs. 3J, 3K).
Moreover, the scratch assay showed an enhanced migratory
ability of RPE cells after 24 hours of M2-MP treatment (P
= 0.0007) (Fig. 4B), which was even more pronounced at
48 hours after M2-MP treatment (P = 0.0018) (Figs. 4A–
4C). Similarly, with the transwell assay, ARPE-19 cells exhib-
ited a twofold increase in mobility stimulated by M2-MPs as
compared with untreated cells (P = 0.0263) (Figs. 4D, 4E).
The M1-MPs, however, did not show any effect in promoting
RPE cell migration in the scratch or transwell assay (Figs. 4A–
4E).

To further evaluate the RPE EMT, we detected the expres-
sions of several EMT markers, including fibronectin, αSMA,
N-cadherin, and E-cadherin, in RPE cells by immunostain-
ing. Among these, decreased expression of E-cadherin and
increased expression of fibronectin, αSMA, and N-cadherin
are considered to have occurred during the process of RPE
EMT.35,36 TGF-β was included as a positive control because
its role in inducing the RPE EMT has been well reported.37,38

The results showed that, compared with TGF-β, significantly
increased fibronectin, αSMA, and N-cadherin expression, as
well as M1-MPs or M2-MPs, did not induce an increased
expression of these mesenchymal proteins in ARPE-19 cells.
In addition, the expression of epithelial marker E-cadherin
was significantly reduced by TGF-β, whereas M1-MPs or M2-
MPs did not affect the expression of E-cadherin in ARPE-19
cells (Figs. 5A–5E).

Collectively, these data suggest a role for M2-MPs in
promoting RPE cell proliferation, migration, and loss of
epithelial integrity, suggesting that vitreous macrophage-

derived MPs may contribute to RPE activation and PVR
development.

M2-MP–Induced RPE Proliferation and Migration
Are Mediated by the PI3K/AKT/mTOR Signaling
Pathway

Previous studies have revealed that M2-MPs can modulate
tumor cell viability and migration through PI3K/AKT signal-
ing in different cancers.29,39 To validate the previous find-
ings in RPE cells, we examined the impact of PI3K/AKT
signaling activation in ARPE-19 cells after M2-MP treatment.
We found significantly increased AKT phosphorylation in
ARPE-19 cells at 1, 3, and 6 hours after M2-MP treatment
(P = 0.0220, P = 0064, and P = 0.0080, respectively) (Figs.
6A, 6B). mTOR and S6 kinase are important downstream
targets of the AKT pathway that regulate key cellular activi-
ties such as cell proliferation and protein synthesis.40,41 West-
ern blotting analysis showed that M2-MP treatment triggered
the phosphorylation of S6 at Ser240/244 and Ser235/236 in
ARPE-19 cells at 1 hour and 3 hours (P = 0.0432 and P
= 0.0026; P = 0.0339 and P = 0.0031, respectively) (Figs.
6D, 6E). To determine if M2-MP–induced RPE cell prolifer-
ation and migration are mediated by the PI3K/AKT/mTOR
pathway, we incubated ARPE-19 cells with the AKT inhibitor
MK-2206 together with M2-MPs. We found that treatment
with MK-2206 markedly reduced the phosphorylation of
AKT and S6 triggered by M2-MPs (P = 0.0016, P = 0.001,
and P < 0.0001; P = 0.0068, P = 0.017, and P = 0.0005;
P = 0.0068, P = 0.017, and P = 0.0005; P = 0.0254, P =
0.0036, and P = 0.0004, respectively) (Figs. 7B–7D). Further-
more, BrdU and transwell assays showed that treatment with
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FIGURE 6. M2-MPs activated the PI3K/AKT/mTOR signaling pathway in ARPE-19 cells. (A) Western blot analysis of PI3K, PTEN, p-AKT, and
total AKT protein expression in ARPE-19 cells treated with M2-MPs at the indicated time points. (B) Quantification of p-AKT expression.
(C) Western blot analysis of p-mTOR, total mTOR, p-S6, and total S6 in ARPE-19 cells treated with M2-MPs at the indicated time points.
(D, E) Quantification of p-S6 (Ser240/244) (D) and p-S6 (Ser235/236) (E) expression. Values are mean ± SD from at least three independent
experiments. *P < 0.5; **P < 0.1; ***P < 0.001 versus control group by one-way ANOVA.

MK-2206 significantly abrogated M2-MP–induced cell prolif-
eration (P = 0.0006) (Figs. 7E, 7F) and migration (P =
0.0009) in ARPE-19 cells (Figs. 7G–7H). In summary, these
results demonstrate that M2-MPs regulate RPE cell prolifer-
ation and migration via activation of the PI3K/AKT/mTOR
signaling pathway (Fig. 8).

DISCUSSION

In the current study, we have reported for the first time
the presence of MPs shedding from photoreceptor cells,
microglia cells, and macrophages in the vitreous of patients
with traumatic PVR. Moreover, we have demonstrated the
presence of M2 polarized macrophages and M2macrophage-
derived MPs in the eyes of traumatic PVR patients. This
study thus identified M2-MPs as key stimulators of RPE cell
proliferation, migration, and disruptors of tight epithelial
junctions through the PI3K/AKT/mTOR signaling pathway,
suggesting that vitreous M2-MPs may contribute to the RPE
EMT during PVR development (Fig. 8).

Extracellular vesicles (EVs) are membrane vesicles that
can be broadly classified into exosomes and microparti-

cles based on their mechanism of biogenesis and size.42,43

Exosomes are 50- to 150-nm membrane vesicles released to
the extracellular environment upon fusion of multivesicu-
lar bodies with plasma membrane.44 Exosomes have shown
remarkable potential as a therapeutic delivery vesicle in
various ocular diseases, including choroidal neovascular-
ization, diabetic retinopathy, traumatic optic neuropathies,
uveal melanoma, and glaucoma.45–47 Our group recently
reported the use of exosomes as carriers to deliver thera-
peutics into the ocular to treat proliferative retinopathy48

and traumatic optic neuropathy.49 In comparison, MPs are
100- to 1000-nm vesicles that bud out into the extracel-
lular space directly from the plasma membrane.50 MPs
have great promise not only as disease biomarkers but
also as targets in various diseases, including eye disor-
ders and diseases.51,52 For example, several studies have
reported the involvement of MPs in pathological neoan-
giogenesis diseases such as DR.16,53,54 In addition, Tuma-
hai et al.17 showed that MPs derived from photoreceptors
were higher in the vitreous of patients with rhegmatogenous
retinal detachment compared with control patients, and
photoreceptor-derived MPs may contribute to photoreceptor
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FIGURE 7. AKT inhibitor prevented M2-MP–induced cell proliferation and migration in ARPE-19 cells. (A) Western blot analysis showing that
AKT inhibitor MK-2206 mitigated M2-MP–induced phosphorylation of AKT and S6 in ARPE-19 cells. (B–D) Quantification of phosphorylation
levels for AKT and S6. (E) ARPE-19 cells were treated with control, M2-MPs, M2-MPs, and MK-2206 or MK-2206 for 48 hours, then cell
proliferation was measured by immunostaining of BrdU for 4 hours. (F) Quantification of the BrdU incorporation assay. (G) The transwell
assay confirmed the effect of M2-MPs and MK-2206 on ARPE-19 cell migration. (H) Quantification of the transwell assay. The number of
migrating cells was counted at 8 hours after treatment. Values are mean ± SD from at least three independent experiments. *P < 0.5;
**P < 0.1; ***P < 0.001 versus control group by one-way ANOVA.

apoptosis in patients with rhegmatogenous retinal detach-
ment. In our study, photoreceptor-derived MPs were also
markedly increased in the vitreous of patients with trau-
matic PVR compared with controls, an observation that is
consistent with the findings of Tumahai et al.17 In addi-
tion, we found that microglial- and macrophage-derived MPs
were also increased in the vitreous of patients with traumatic
PVR.

The pathological process of retinal detachment and
ocular trauma involves retinal injury, inflammation, and
extracellular matrix remodeling, and such cellular activi-
ties are known to stimulate the production of MPs.4,55,56

For example, shortening of photoreceptor outer segments

and cell apoptosis observed in retinal injuries such as reti-
nal detachment and ocular trauma may contribute to the
release of MPs from activated or apoptotic retinal cells.17

Moreover, the vitreous hemorrhage that occurs in ocular
trauma is usually accompanied by increased migration of
macrophages into the vitreous cavity.1,19 Our study and the
study by Tumahai et al.17 suggest that increased MP shed-
ding in the vitreous could result from the mechanical stress
induced by RD or mechanical ocular trauma. Therefore,
vitreous MP levels may be related to the severity of the retinal
injury and could be used as markers for disease prognosis. In
addition, our study and that of Tumahai et al.17 revealed that,
depending on their parental origin, MPs could exert diverse
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FIGURE 8. The proposed working model. MPs released by M2
macrophages act on RPE cells, resulting in increased RPE cell migra-
tion, proliferation, and disruption of epithelial integrity via activa-
tion of PI3K/AKT/mTOR signaling, which may contribute to the
progression of traumatic PVR.

biological functions, including inflammation and activation
of RPE cells. Thus, this study and others suggest a role for
vitreous MPs in the pathogenesis of vitreoretinal disorders.

Upon activation, macrophages can be polarized into the
classical activated M1 phenotype or alternative activated
M2 phenotype.16,17 In this study, we found that MPs from
M2-polarized macrophages (defined as CD68 and CD163
double-positive MPs) were significantly higher in patients
with traumatic PVR than in control patients and patients with
RRD with PVR. In addition, the presence of M2 (CD163+)
macrophages in the epiretinal membrane may explain the
source of increased M2-MPs in the vitreous of patients with
traumatic PVR. Moreover, by using M1-MPs and M2-MPs
isolated from in vitro polarized THP-1 cells, we demon-
strated that M2-MPs but not M1-MPs could stimulate RPE
cell proliferation and migration. Our findings are consistent
with previous reports showing that M2 macrophage-derived
extracellular vesicles promoted the promigratory activity on
cancer cells.7,57 Because the loss of epithelial characteris-
tics and acquisition of mesenchymal phenotype of RPE cells
are key pathological events in PVR development,58 M2-MP–
induced RPE cell proliferation, migration, and loss of ZO-1
protein suggest a role for M2-MPs in stimulating the pheno-
typic transition of RPE cells.

MPs contain a broad range of biological molecules,
including proteins, lipids, genetic material, and low-
molecular-weight metabolites.59 The contents of MPs are
regulated by their parental origin, environmental factors,
cell topography, and activating stimulus.60,61 The bioactive
molecules contained in MPs can modulate the cell signal
transduction of recipient cells.13,62,63 The PI3K/AKT/mTOR
signaling pathway has been identified as a critical regu-
lator of numerous cellular processes, including intercellu-
lar adhesion, cell proliferation, and migration.64–67 Here, we
have demonstrated that M2-MPs activated PI3K/AKT/mTOR
signaling in RPE cells, and AKT inhibitor markedly miti-
gated M2-MP–induced RPE cell proliferation and migration.
However, the bioactive molecules encapsulated in M2-MPs
responsible for activating PI3K/AKT/mTOR signaling are
unclear. Previous studies showed that exosomes derived
from tumor-associated macrophages containing functional
apolipoprotein E (ApoE),29 or microRNA,68 can promote
cancer cell migration by activating AKT signaling. We,
however, did not find expressions of ApoE proteins in vitro

in polarized M2-MPs. MicroRNA are small, non-coding RNA
molecules that function in the posttranscriptional regulation
of multiple genes and may be enriched in MPs; whether M2-
MPs could modulate AKT signaling via microRNA warrants
further investigation.

In this study, we used patients with idiopathic epireti-
nal membrane samples as control; however, activation of
macrophages and microglia cells has been reported during
the formation of idiopathic epiretinal membrane.69,70 There-
fore, we cannot exclude the possibility that MPs derived from
macrophages and microglia may also be present in the vitre-
ous of patients with idiopathic epiretinal membrane. This
was one of the limitations of the current study, and the role
of macrophage- and microglia-derived MPs in the idiopathic
epiretinal membrane warrants further investigation.

In conclusion, EVs such as MPs and exosomes are emerg-
ing as promising tools as disease biomarkers and drug deliv-
ery vehicles in various diseases, including ocular disorders
and diseases. Our study has highlighted the pathogenic
activity of vitreous MPs, especially those of macrophage
origin, in proliferative intraocular disorders. Due to the
complexity and diversity of EVs, future studies are neces-
sary to expand the scope of EVs biology and pathophysiol-
ogy, which would greatly benefit the advancement of ocular
research and expedite the development of therapeutics in
ocular diseases.
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