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Abstract: Infiltrating macrophages are critically involved in pathogenic angiogenesis such as neovascular age-
related macular degeneration (nAMD). Macrophages originate from circulating monocytes and three subtypes
of monocyte exist in humans: classical (CD14"CD167), non-classical (CD14'CD16") and intermediate
(CD14'CD16") monocytes. The aim of this study was to investigate the role of circulating monocyte in
neovascular age-related macular degeneration (nAMD). Flow cytometry analysis showed that the intermediate
monocytes from nAMD patients expressed higher levels of CX3CR1 and HLA-DR compared to those from
controls. Monocytes from nAMD patients expressed higher levels of phosphorylated Signal Transducer and
Activator of Transcription 3 (pSTAT3), and produced higher amount of VEGF. In the mouse model of choroidal
neovascularization (CNV), pSTAT3 expression was increased in the retina and RPE/choroid, and 49.24% of
infiltrating macrophages express pSTAT3. Genetic deletion of the Suppressor of Cytokine Signalling 3
(SOCS3) in myeloid cells in the LysM-Cre*:SOCS3"" mice resulted in spontaneous STAT3 activation and
accelerated CNV formation. Inhibition of STAT3 activation using a small peptide LLL12 suppressed laser-
induced CNV. Our results suggest that monocytes, in particular the intermediate subset of monocytes are
activated in nAMD patients. STAT3 activation in circulating monocytes may contribute to the development of
choroidal neovascularisation in AMD.
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INTRODUCTION

Macrophages are known to play an important role in
pathogenic angiogenesis [1] in conditions such as
malignant tumour [2], rheumatoid arthritis [3], diabetic
retinopathy [4] and age-related macular degeneration
(AMD) [5]. Macrophages are heterogeneous in
phenotype and functions [6]. Naive macrophages can
be polarized into inflammatory (M1) macrophages upon
IFN-y and/or LPS stimulation, or the alternative
activated wound-healing/immune regulatory (M2)
subtype upon Th2 cytokines such as IL-4 or IL-10
stimulation [6]. M2 macrophages are known to play an
important role in angiogenesis [6], although, M1
macrophages can also produce angiogenic growth
factors (e.g., VEGF) under hypoxic conditions [7, 8].
The tissue microenvironment critically controls the
phenotype and function of macrophages [9, 10].

Tissue macrophages originate from blood
monocytes, which are also heterogeneous. Human
monocytes can be classified into three subsets based
on the surface CD16 and CD14 antigens: the
“classical” (CD14'CD16°), “non-classical” (CD14
CD16%) [11], and the intermediate CD14°CD16" [12,
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13]. Different subsets of monocytes respond differently
to inflammatory stimuli [14-16] and may contribute
differently to human disease [17]. The classical
monocytes, which account for 70-80% of circulating
monocytes, express high levels of CD14, a co-receptor
of LPS, and are potent producers of pro-inflammatory
cytokines in response to bacterial infection [14, 15].
They play an important role in bacterial defence,
inflammation and atherosclerosis [18, 19]. In contrast,
non-classical monocytes, accounting for 10% of total
monocytes, express high levels of CD16, an Fcy
receptor, and might respond preferentially to
immunoglobulin related stimuli. These cells exhibit a
“patrolling” (crawling) behaviour along vessel walls and
react strongly against viruses [12, 20]. The
intermediate monocytes have been linked to antigen
presentation as well as angiogenesis [15]. In particular,
the Tie-2 expressing monocytes (TEM), a subset of
intermediate monocytes, are known to be the main
progenitors that give rise to angiogenic macrophages
[21] and promote angiogenesis in tumours [22, 23]. The
intermediate monocytes and TEM may also be critically

involved in myocardial remodelling [24] or liver
regeneration [25].
Age-related macular degeneration (AMD) is

progressive degeneration of the macula in people older
than 60 years [5]. In the early stages, AMD is
characterized by the presence of drusen —seen on
colour fundus photography as yellowish deposits in the
macula and pigmentary irregularities consisting of
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hypo- or hyper-pigmentation. Over time the lesions
may progress into a form of macular atrophy known as
geographic atrophy (GA) or neovascularization, a
manifestation termed neovascular AMD (nAMD) [5].
GA is caused by the loss of retinal pigment epithelia
(RPE), photoreceptors and the choriocapillaris,
whereas nAMD is the growth of abnormal blood
vessels into the macula resulting in haemorrhage or the
leakage of blood fluids [5]. Both GA and nAMD lead to
devastating visual loss and AMD poses a major social
and economic burden to modern societies [26, 27].

The pathogenesis of AMD is not fully understood,
although inflammation is known to play an important
role. Genetic studies have identified a strong link
between the risk of AMD and the polymorphisms of
various immune related genes involving the
complement pathways, Toll-like receptors (TLRs) and
chemokine receptors (CX3CR1) [28-30]. Increased
systemic immune activation evidenced by higher
plasma levels of C-reactive protein [31, 32],
complement fragments [33-35] and inflammatory
cytokines (e.g., IL-1B, IL-6, IL-17) [36], and higher
numbers of circulating neutrophils [37, 38] has been
observed in AMD patients. Infilirating macrophages
have been detected at the lesion site of NAMD [39, 40],
and in vivo studies in animal models have shown that
depletion of monocytes/macrophages suppresses the
development of choroidal neovascularization (CNV)
[41]. These results suggest that macrophages may
contribute critically to retinal angiogenesis in nAMD.
However, which monocyte precursors give rise to
macrophages in nAMD, how they infiltrate the macula
and what controls their angiogenic phenotype remain
unknown. In this study, we investigated the role of
circulating monocytes in nAMD.

MATERIALS AND METHODS
Study Participants

The study adhered to the tenets of the Declaration
of Helsinki on research into human volunteers and the
design was approved by the Northern Ireland HSC
Trust Research Governance Permission through the
Integrated Research Application System (IRAS).
Written informed consent was obtained from all
participants.

Participants were recruited from the macular
disease clinics in Belfast Health and Social Care Trust,
UK. Spouses or relatives who accompanied patients
and who were confirmed to have no retinal disease by
fundus photography and optical coherence tomography
(OCT) were recruited as controls. Forty-nine
participants, including 27 nAMD patients and 22 age-
matched controls were recruited to the study. All
participants were above 50 years of age and structured
questionnaires were used to ascertain a history of
medical conditions, current medication, family history of
AMD, smoking habits and body mass index (BMI).
Participants with systemic inflammatory or autoimmune
disease and those on steroid therapy were excluded
from the study.
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The diagnosis of NAMD was by clinical examination
and confirmed by multimodal imaging using a
combination of colour, autofluorescence, OCT and
fluorescein and indocyanine green angiography.
Peripheral blood samples were drawn into tubes
containing  ethylenediaminetetraacetic acid and
processed within 3h of collection.

Flow Cytometry

Blood samples (30 pl) were incubated with
fluorochrome-labelled antibodies in a total volume of
100 yl FACS buffer (PBS/1% fetal calf serum (FCS))
for 45min. Red blood cells were removed and samples
fixed with lysis/fix solution (BD Biosciences, Oxford,
UK). All samples were examined by flow cytometry
(FACS CANTO II; BD Biosciences), and data analysed
using the FlowJo software (Tree Star, Ashland, OR,
USA). The following antibodies were used: CD14-APC-
Cy7, CD16-Pacific Blue, CD62L-APC, MHC-II (HLA-
DR, DP, DQ)-FITC (BD Biosciences), CCR2-PerCP,
CX3CR1-PE-Cy7 (BioLegend UK Ltd., London, UK)
and HLA-DR-PE (eBioscience, Hatfield, UK).

STAT3

Detecting Activation in

Leukocytes

Circulating

Blood samples (100 pl) were incubated with
recombinant human IL-6 (100 ng/ml; BD Biosciences)
at 37°C for 15min. Red blood cells were removed and
samples fixed with Lyse/Fix buffer (BD Biosciences).
After thorough washing, cells were incubated with
Human TruStain FcR Blocking Solution (BioLegend) for
10min followed by incubation with CD16-PE and HLA-
DR-APC (BD Biosciences). Cells were permeabilised
using pre-chilled Perm buffer [l solution (BD
Biosciences) and then incubated again with TruStain
FcR Blocking Solution, followed by incubation with
FITC-conjugated anti-pSTAT3 or mouse lgG2a-FITC
isotype control (BD Biosciences). All samples were
examined by flow cytometry, and data analysed using
the FlowJo software (see above).

PBMC Isolation and VEGF Measurement in Cell
Culture Supernatants

Peripheral blood mononuclear cells (PBMC) were
isolated from whole blood by Ficoll-Paque (Histopaque;
Sigma-Aldrich, UK) density gradient centrifugation.
Cells were cultured in RPMI 1640 medium containing
10% FCS and 1% penicillin-streptomycin under
normoxia (21% oxygen) or hypoxia conditions (1%
oxygen) for 16h, and the supernatants were collected
and stored at -80°C until analysis.

Cytometric Bead Array (CBA; BD Biosciences) was
used to measure VEGF in cell culture supernatants
according to the manufacturer’s instructions. Briefly,
beads coated with anti-VEGF antibodies were mixed
and incubated with cell culture supernatants or
standards for 1h, followed by incubation for 2h with PE-
conjugated anti-VEGF detection. Samples were
analysed by flow cytometry (FACS CANTO II; BD
Biosciences). VEGF concentrations were calculated
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using the FCAP Array software version 3.0 (BD
Biosciences). The total protein concentration was
measured using a Pierce BCA protein assay kit
(Thermo Fisher Scientific, Renfrew, UK). The
concentration of VEGF was normalised to the total
protein concentration (pg/mg total protein).

Real Time RT-PCR

Total RNAs were extracted from PBMC using
Qiagen’s RNeasy Mini kit (Qiagen, Manchester, UK)
and then reverse transcripted into cDNA using a
Superscript Il Reverse Transcriptase kit (Invitrogen,
Renfrew, UK) as per manufacturer’s instructions. The
cDNA samples were stored at -20°C until further use.

Real time PCR was carried out in a total reaction
volume of 10 pl containing 2 pl of cDNA, 5 pl of 2X
SYBR green (Fermentas, Ontario, Canada), 0.5 pl of
10 mM forward (FP) and reverse primer (RP) and 2.5
pl RNase/DNase free water. Reactions were performed
in triplicates. Thermal cycling was completed using the
LightCycler 480 Real-Time PCR System (Roche
Diagnostics Ltd, West Sussex, UK). Expression of the
target genes relative to the reference gene was
calculated using the advanced relative quantification
analysis module of the LightCycler 480 software 1.5
(Roche Diagnostics Ltd) based on the delta delta CT
method. 60S acidic ribosomal protein PO (RPLPO or
HuPO0) was used as a reference gene as it was shown
to be a suitable reference gene for gene expression
studies in PBMC cultures [42]. The following primers
were used: IL-6R FP: 5-ATCGGGCTGAACGGTCAAA
G-3', IL-6R RP: 5-GGCGTCGTGGATGACACAG-3/,
gp130 FP: 5-GCAACACACAAGTTTGCTGATT-3', gp130
RP: 5-CCTTCCCAAGGGCATTCTCTG-3', SOCS3 FP:
5-CCTGCGCCTCAAGACCTTC-3, SOCS3 RP: 5'-
GTCACTGCGCTCCAGTAGAA-3', RPLPO FP: 5"-
CCATTCTATCATCAACGGGTACAA-3', RPLPO RP: 5"-
AGCAAGTGGGAAGGTGTAATCC-3.".

Animals

Eight to twelve weeks old C57BL/6J, CX3CR19""
and LysM—CreJ'/':SOCSBﬂ/fI mice were provided by the
Biological Research Unit of the Queen’s University
Belfast. All animals were housed in a temperature and
light-controlled environment with 12h-light-dark cycle.
All procedures were complied with the UK Animals
(Scientific Procedures) Act 1986, and the protocols
were approved by the Animal Welfare & Ethical Review
Board of the Queen’s University Belfast.

Laser-Induced Choroidal Neovascularization

CNV was induced in mice as previously described
[43]. Briefly, mice were anesthetized with an
intraperitoneal injection of 75 mg/kg ketamine and 7.5
mg/kg xylazine. The pupils were dilated with 1%
tropicamide (Chauvin Pharmaceuticals Ltd., Essex,
UK). Three 532nm diode laser spots (150mW,
100msec, 100um, HGM Elite 532 Green Laser,
Litechnica) were applied to each fundus. The rupture of
Bruch’s membrane was confirmed by the appearance
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of a vaporization bubble at the time of laser treatment.
At different times after CNV induction, eyes were
collected for Western blotting (on day 1 and 3) or
immunohistochemistry investigation (on day 5, 7, 10
and 14).

In Vivo Treatment

Immediately after CNV induction, mice were treated
with an intraperitoneal injection of a STAT3 inhibitor
LLL12 (once daily, 5 mg/kg, 57313, Merck Chemicals
Ltd., Nottingham, UK) or vehicle (Dimethyl Sulfoxide,
DMSO). LLL12  specifically  inhibits = STAT3
phosphorylation (Tyr705) and activation [44]. On day 7,
fluorescein angiography was performed as previously
described [43, 45]. The animals were then sacrificed
and eyes collected and fixed in 2%PFA for further
investigation.

Immunostaining of RPE/Choroidal Whole Mounts

RPE/choroidal whole mounts were prepared as
described previously [43]. Briefly, tissues were
permeabilised with 0.3% triton X-100 for 1h. The
samples were then blocked with 6% BSA and incubated
with biotinylated Griffonia Simplicifolia Lectin I-Isolectin
B4 (1:100, Vector Laboratories Ltd., Peterborough, UK)
and rabbit anti-mouse collagen IV (1:100, ABD Serotec
Ltd, Oxford, UK), followed by FITC-conjugated
Streptavidin (1:200, Dako, Denmark) and goat anti-rabbit
AlexFluor 594 (1:200, Invitrogen, Paisley, UK) for 2h.
Samples were observed by confocal microscopy
(Eclipse TE200-U, Nikon UK Ltd., Surry, UK).

Immunoblotting

Retina and RPE-choroid were lysed in RIPA buffer
with protease inhibitor cocktails and phosphatase
inhibitors (Sigma-Aldrich). The protein concentration
was determined by BCA kit (Thermo Scientific). Thirty
microgram protein was loaded on a 10% SDS-PAGE
gel and transferred to an Immobilon-FL PVDF
membrane (Millipore, Watford, UK). The membranes
were incubated sequentially with rabbit anti-STAT3
(79D7, 1:1000) or rabbit anti-pSTAT3 (Tyr705, D3A7,
1:1000) (both from Cell Signalling, Danvers, MA, USA),
followed by goat anti-rabbit 1gG (1:10,000, Li-COR
Biosciences, Cambridge, UK). The membranes were
imaged with Odyssey infrared imaging system (Li-COR
Biosciences), and analysed by ImageStudiolite
Software (Li-COR Biosciences). The mouse anti-f
actin (C4, 1:10,000, Santa Cruz, Dallas, Texas, USA)
was used as a housekeeping control protein.

Data Analysis

Data were analysed using the Statistical Package
for the Social Sciences (version 21, SPSS Inc,,
Armonk, NY). The distribution of continuous variables
was assessed for normality using the Kolmogorov-
Smirnov test and logarithmic transformation was
performed if necessary to achieve normal distribution.
The data were then analysed using the Independent
samples t-test or one-way ANOVA.



Monocyte Activation in nAMD

For the associations that were significant in the
univariate analysis, multinomial logistic regression was
performed to adjust for age and gender. All variables
were also tested for association with family history of
AMD, history of cardiovascular disease, history of
hypertension, history of diabetes, smoking habits, BMI,
taking of cardiovascular medication, vitamins and low
dose aspirin using the Independent samples t-test,
one-way ANOVA or Pearson’s correlation. If significant
associations were identified, adjustments were made in
the multinomial logistic regression analysis.

Data from animal studies were analysed using
either unpaired t test or one-way ANOVA (for multiple
group test). P values <0.05 were -considered
statistically significant.

RESULTS
Monocyte Subsets in nAMD Patients and Controls

Leukocyte antigen CD14, CD16 and HLA-DR were
used to identify blood monocytes (Fig. 1A). A gating
strategy previously suggested by Heimbeck et al. [46,
47] was used in this study. Firstly, CD16" and CD14"
cells were gated (R1, Fig. 1A). These cells were then
plotted using CD16 and HLA-DR to exclude
CD16"HLA-DR’ neutrophils/NK cells (Fig. 1B). The
remaining cells (R2) were then plotted using CD14 and
CD16 to identify three subsets of monocytes:
CD14°CD16™ (classical), CD14°CD16" (intermediate)
and CD14CD16" (non-classical) (Fig. 1C). The
classical monocytes constituted 70-80%, whereas the
non-classical and intermediate each constituted 10-
15% of total monocyte. The percentage of different
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subsets of monocyte did not differ between nAMD and
controls (Fig. 1D).

Chemokine Receptor Expression in Blood
Monocytes in nAMD Patients

L-selectin (CD62L), chemokine receptors CCR2 and
CX3CR1 are commonly used to differentiate different
subsets of monocytes [17, 48]. The classical
monocytes expressed higher levels of CD62L, followed
by intermediated and non-classical monocytes (Fig.
2A). There was no significant difference in expression
levels of CD62L in different subsets of monocytes
between nAMD and controls (Fig. 2B). The classical
and intermediate monocytes expressed significantly
higher levels of CCR2 compared to the non-classical
monocytes (Fig. 2C), and the expression levels did not
differ between nAMD and controls in different
monocytes (Fig. 2D). The expression level of CX3CR1
was significantly higher in the non-classical and
intermediate monocytes compared to that in classical
monocytes (Fig. 2E). Interestingly, the intermediate
monocytes from nAMD patients expressed significantly
higher levels of CX3CR1 than their counterparts from
controls, and the difference remained significant after
adjustment for age and gender (Fig. 2F). The non-
classical monocytes from nAMD also expressed signi-
ficantly higher levels of CX3CR1 compared to controls
(p = 0.048), however, after adjusting for age and
gender, the difference became insignificant (Fig. 2F).
There was no significant difference in the expression
levels of CX3CR1 in classical monocytes between
nAMD and controls (Fig. 2F).
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Fig. (1). Monocyte subsets in nAMD patients. A-C gating strategy to identify true monocyte. CD14" and CD16" cells were
gated in R1 (A). Cells in R1 were then plotted using CD16 and HLA-DR, and CD16"HLA-DR’ cells were excluded (B). The
remaining cells (R2) were true monocytes and were further plotted using CD16 and CD14 to identify the classical monocytes
(CD14*CD16°), non-classical monocytes (CD14'CD16%) and intermediate monocytes (CD14°CD16%). D, the population of
different subsets of monocyte in nAMD patients and controls. Mean + SEM, n = 22 in control, n = 27 in nAMD.
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Fig. (2). The expression of L-selectin (CD62L), CCR2 and CX3CR1 in different subsets of monocytes in nAMD patients.
(A, C, E) Representative histogram from healthy control donor showing CD62L (A), CCR2 (C) and CX3CR1 (E) expression in
different subsets of monocytes. (B, D, F), the average expression level of CD62L (B), CCR2 (D) and CX3CR1 (F) in monocytes
from nAMD patients and controls. *, P < 0.05 compared to control of the same monocyte subset. Mean + SEM, n = 22 in control;

n =27 in nAMD.

MHC-ll and HLA-DR Expression in Circulating
Monocytes in nAMD Patients

To further explore the difference between
monocytes from nAMD patients and controls, we
examined the activation state of the cells using MHC-I
(HLA-DR, DP, DQ) and HLA-DR as markers. The
intermediate monocytes expressed the highest levels
of MHC-II and HLA-DR, followed by the non-classical
monocytes, and then the classical monocytes (Fig. 3A-
D). There was no significant difference in the
expression levels of MHC-Il in different subsets of
monocyte between nAMD and controls (Fig. 3B).
However, the intermediate monocytes from nAMD
patients expressed significantly higher levels of HLA-
DR compared to those from controls (Fig. 3D, E), and
the difference remain significant after adjusting for age,
gender, vitamin intake, diabetes and BMI. Our results
suggest that the intermediate monocytes from nAMD
patients are more active than those from age-matched
controls.

Angiogenic Phenotype of Monocytes from nAMD
Patients

To further understand if the increased activation of
circulating monocyte resulted in an angiogenic phenotype
in nAMD patients, VEGF production by PBMCs was
measured. PBMCs from nAMD patients produced 3~5
times more VEGF than those from controls in both
normoxic and hypoxic conditions (Fig. 4A).

The JAK2/STAT3 pathway critically regulates vegf
gene expression [49]. To understand whether this
cytokine pathway is involved in the angiogenic
phenotype of monocytes in nAMD patients, p-STAT3

expression in blood cells from nAMD and controls was
examined by flow cytometry. In the absence of any
stimulation a small population of leukocytes (0.5-2%)
expressed p-STAT3" (Fig. 4B) and the population of p-
STAT3" cells was significantly higher in nAMD patients
than that in controls (Fig. 4C). A brief (20min) treatment
with IL-6 resulted in a significant increase in pSTAT3
expression in blood cells, including lymphocytes and
myeloid cells (Fig. 4B). Significantly more pSTAT3"
cells were detected in nAMD patients compared to that
in controls following IL-6 stimulation (Fig. 4C). 64.85%
of pSTAT3" leukocytes were myeloid cells and 35.15%
were lymphocytes (Fig. 4B, D). Approximately 90% of
pSTAT3" myeloid cells were CD16™ (Fig. 4E) and they
express higher levels of HLA-DR (Fig. 4E), suggesting
that the majority of them are likely to be monocytes
rather than neutrophils. Due to lack of anti-CD14
antibodies that are suitable for the intracellular pSTAT3
staining protocol (none available commercially), we
were unable to further identify the subset(s) of
pSTAT3-expressing monocytes.

The JAK2/STAT3 pathway is activated through the IL-
6R/gp130 receptor, and the pathway is negatively regul-
ated by the Suppressor Of Cytokine Signalling 3 (SOCS3)
[50]. Real-time RT-PCR showed that PBMC from nAMD
patients and controls expressed comparable levels of /L-
6R, gp130 and SOCS3 mRNAs (Fig. 4F), suggesting that
increased pSTAT3 expression in NAMD patients was not
caused by abnormalities of the IL-6R/gp130 or SOCS3.

Taken together, our results suggest that monocytes
from nAMD patients are more active and exhibit an
angiogenic phenotype compared to monocytes from
age-matched controls. The angiogenic phenotype is
related to increased STAT3 activation in these cells.
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Fig. (5). Western blot of STAT3 and pSTAT3 in the retina, RPE/choroid of WT and SOCS3 KO mice. Retinas (A-C) and
RPE/choroidal tissues (D-F) were collected from 10-12 week old WT and LysM-Cre:SOCS3™ (SOCS3-/-) mice for Western
blotting analysis of inactivated STAT3 and activated pSTAT3. B-actin was used as housekeeping reference protein for semi-
quantitative analysis. B, relative STAT3 expression in the retina of WT and SOCS3-/- mice. C, relative pSTAT3 expression in
the retina of WT and SOCS3-/- mice. E, relative STAT3 expression in the RPE/choroid of WT and SOCS3-/- mice. F, relative
pSTAT3 expression in the RPE/choroid of WT and SOCS3-/- mice. Mean £ SD,n=5

Laser-Induced Choroidal Neovascularization in the
LysM-Cre™:50CS3"" Mice

To understand whether increased STAT3 activation
in circulating monocytes could promote retinal
angiogenesis, we conducted the laser-induced CNV in
the LysM- -Cre*:50CS3" mice, in which SOCS3 was
deleted in myeloid cells resulting in spontaneous
STAT3 activation [51, 52]. Although the expression of
non-phosphorylated STAT3 did not differ between the
KO and WT mice (Fig. 5A, B), significantly increased p-
STAT3 expression was detected in the retlna (Fig. SC)
and RPE/choroid (Fig. 5D) in the LysM-Cre*:SOCS3"
mice, suggesting a spontaneous activation of STAT3 in
ocular myeloid cells (e.g., retinal microglia, choroidal
macrophages and dendritic cells) in the KO mice.

At 5 and 7 days after CNV induction, the LysM-
Cre*:50CS3" mice developed more severe lesion
compared to WT mice (Fig. 6A-D, I). The CNV lesion
regressed from day 10-14 and the IeS|on size was
similar between the LysM- -Cre*:50CS3" mice and
WT mice at this stage (Fig. 6E-l). This result suggests
that increased STAT3 activation in myeloid cells
promoted retinal angiogenesis.

The Effect of STAT3 Inhibition in Laser-Induced
Choroidal Neovascularization

To further confirm the role of myeloid cell STAT3
activation in retinal angiogenesis, the expression level
of pSTAT3 in the laser-induced CNV was examined.
The non-phosphorylated STAT3 was detected in both
the retina (Fig. 7A) and RPE/choroid (Fig. 7B) in
control and laser-treated eyes, and the expression
levels increased significantly in the retina 72h post-

CNV induction (Fig. 7A). The expression of pSTAT3
was markedly increased at 24h post-CNV induction in
both the retina (Fig. 7C) and RPE/choroid (Fig. 7D),
which then reduced (but was still significantly higher
than in non-CNV tissues) at 72h (Fig. 7C, D). RPE/
choroidal whole mount staining showed that 49.24 +
3.98% of infiltrating CX3CR1" macrophages expressed
pSTAT3 at 24h after CNV induction (Fig. 7E).

Administration of a STAT3 inhibitor LLL12
significantly reduced fluorescence leakage at day 7
post-CNV induction (Fig. 8A-C). Confocal microscopy
of RPE/choroid flatmount stained for isolectin B4
revealed significantly reduced size of CNV following
LLL12 but not vehicle treatment (Fig. 8D-G).

DISCUSSION

We show in this study that PBMCs from nAMD
patients expressed significantly high levels of pSTAT3
and produced 3~5 times more VEGF compared to
those from controls. We also show that circulating
monocytes, in particular the CD14"CD16" intermediate
subset, from nAMD patients were more active and
expressed significantly higher levels of CX3CR1 and
HLA-DR compared to those from controls. Using a
mouse model of laser-induced CNV, we further show
that STAT3 activation in monocytes/macrophages
contributes significantly to the development of choroidal
neovascularization. Our results suggest that actlvatlon
of circulating monocytes, in particular the CD14"CD16"
intermediate subset may contribute to macular lesion
development in nAMD.

Compelling evidence suggests that monocytes and
macrophages are involved in the pathogenesis of
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Fig. (6). Laser-induced CNV in WT and SOCS3 KO mice. Three laser burns were applied to each eye in WT (A, C, E, G) and
LysM-Cre*:50CS3"" (SOCS3-/-) (B, D, F, H) mice. Samples were collected at day 5 (A, B), 7 (C, D), 10 (E, F), and 14 (G, H)
post-CNV induction. RPE/choroidal flatmounts were stained for Isolectin B4, and imaged by confocal microscopy. Scale bar —
100 um. I, histogram showing the average size of CNV in each group from different time points. *, P < 0.05 compared to controls
of the same time point. Mean +SEM, N = 5 mice. Two-way ANOVA, followed by Bonferroni Post Test.
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Fig. (7). The expression of STAT3, pSTAT3 in the retina and RPE/choroid in laser-induced CNV. Laser-induced CNV was
conducted in WT C57BL/6 mice. Eyes were collected at 24h and 72h after and retina (A, C) and RPE/choroid (B, D) were
processed for Western Blotting analysis of STAT3 (A, B) and pSTAT3 (C, D). B-actin was used as housekeeping reference
protein. Mean £+ SD, n =5. *, P < 0.05, **, P < 0.01, ***, P < 0.001 compared to non-CNV controls. One-Way ANOVA followed
by Tukey’s Multiple Comparison Test. E, Laser-induced CNV was conducted in CX3CR1%"* mice. 24h later, eyes were
collected for confocal flatmount investigation of pSTAT3 expression. A confocal image of RPE/choroidal flatmount showing

pSTAT3 expression in CNV lesion and infiltrating CX3CR1" cells.
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Fig. (8). The effect of LLL12 in laser-induced CNV. CNV was induced in WT mice by applying laser ruptures in the Bruch’s
membrane. Immediately after CNV induction, animals were untreated (A, D) or treated with LLL12 (B, E) or Vehicle (DMSO) (C,
F) daily (see Materials & Methods). On day 7 post CNV induction fluorescence angiography (A-C) was conducted, and the eyes
were then collected. RPE/choroidal flatmounts were stained for Isolectin B4 and examined by confocal microscopy (D-F). OD,
optic disc. G, the average size of CNV in each group. Mean + SEM, N = 6 mice. Tukey’s Multiple Comparison Test.

nAMD. Infiltrating macrophages have been detected in
CNV lesions in nAMD patients [39]. Animal studies
have shown that circulating CCR2" monocytes are
critically involved in retinal angiogenesis in the laser-
induced CNV [41, 53, 54], and depletion of monocytes
reduces CNV lesion size [41, 53]. However, exactly
how monocytes contribute to CNV in nAMD remains
poorly defined. After monocytes are recruited to the
lesion site, they can be differentiated into either
macrophages or dendritic cells - both can argument
choroidal neovascularization [41, 55]. In this study, we
found that increased STAT3 activation in monocytes is
related to an angiogenic phenotype of PBMC in nAMD
patients. STAT3 is a signal transducer as well as a
gene transcription activator that is critically involved in
VEGF production and angiogenesis under both
physiological (e.g. development) and pathological
conditions [56-58]. STAT3 can be activated by a
number of growth factors, including IL-6, IL-10, IL-17,
GM-CSF, IGF, and EPO [52, 58], and activation of this
pathway leads to a diverse transcriptional activation,
including vegf expression [58, 59]. Interestingly, STAT3
can also be activated through the VEGF/VEGFR2
pathway [60-62]. STAT3 can modulate HIF-1-mediated
VEGF expression in various cells [63-66] and
constitutive STAT3 activity in tumour cells can

upregulate VEGF expression and induce tumour
angiogenesis [67]. The basal levels of pSTAT3
expression and the VEGF production in PBMC are both
higher in nAMD patients compared to controls (Fig. 4A,
C), suggesting that constitutive STAT3 activation may
contribute to higher levels of VEGF production. The
constitutive STAT3 activation in nAMD is not caused by
the abnormalities of the IL-6R/gp130 receptor or the
negative regulator SOCS3 as their expression levels
were comparable between nAMD patients and controls.
Increased STAT3 activation in PBMC from nAMD
patients was also observed in IL-6 treated cells. Since
the same amount of IL-6 was used to stimulate cells
from nAMD patients and controls, and IL-6R/gp130
was expressed at similar levels, the higher levels of
response to IL-6 by PBMC from nAMD patients may
suggest that cells in nAMD patients are more sensitive
(or primed) for STAT3 activation and VEGF production.
A previous study by Jiang et al. has reported increased
pSTAT3 expression in aged human eyes, particularly in
eyes with large drusen [68], suggesting that the
pSTAT3 is related to retinal aging and drusen
development.

The role of STAT3 activation in circulating immune
cells in retinal angiogenesis was further confirmed by

our in vivo study using the LysMCre*:SOCS3"" mice,
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where SOCS3 was deleted specifically in myeloid cells
(monocytes and neutrophils) [51, 52], resulting in
increased STAT3 activation through the JAK2/STAT3
pathway [50, 57]. In the laser-induced CNV, where
macrophages play an important role in retinal
angiogenesis [41, 53, 54], the LysMCreJ’/':SOCSBﬂ/fI
mice developed more severe CNV at days 5 and 7
post-laser treatment, and inhibition of pSTAT3
suppressed laser-induced CNV. Our results suggest
that STAT3 activation in myeloid cells promotes
pathogenic retinal angiogenesis.

The intermediate monocytes express higher levels
of MHC-II, HLA-DR, and CCR5 [17] and are linked to
antigen presentation, inflammation and angiogenesis
[15]. They are known to be involved in atherosclerosis
[69, 70], in particular, activation of intermediate
monocyte increases the cardiovascular risk in patients
with chronic kidney disease [71]. We found that the
intermediate monocytes from nAMD patients
expressed higher levels of HLA-DR and CX3CR1 than
those from controls. A previous study has reported
increased CCR2 expression in CD14'CD16"
intermediate monocytes in nAMD patients [72]. In our
study, although the expression of CCR2 was slightly
increased in the CD14°CD16° and CD14'CD16"
monocytes in NAMD patients compared to those from
controls, the increment did not reach statistical
significance (Fig. 2C, D). The discrepancy may be
related to differences in patient populations and gate
strategies in flow cytometry data analysis. Although the
link between increased CX3CR1 and HLA-DR
expression and pSTAT3 expression/VEGF production
in circulating monocytes is unknown, genetic studies
have shown that polymorphisms of cx3cr1 [28] and
HLA [73] are associated with AMD. CX3CR1 is the
receptor for chemokine CX3CL1, and is known to be
involved in monocyte adhesion and migration [74, 75].
More recently, it has been shown that the CX3CR1-
CX3CL1 pathway also plays a major role in monocyte
survival [76]. In the laser-induced CNV, CX3CR1" cells
were recruited to the lesion site prior to angiogenesis
and many of them expression pSTAT3 (Fig. 7E). HLA-
DR is a subtype of the MHC-II molecule encoded by
the human leukocyte antigen complex on chromosome
6p21.31, and is constitutively expressed by antigen
presenting cells (e.g., dendritic cells, monocytes, etc.).
The primary function of HLA-DR is to present peptide
antigens to CD4 T cells. The expression levels of MHC-
I and its subtypes such as HLA-DR can be
upregulated upon pathogen or cytokine (e.g.,
interferon) stimulation. Whether the increased HLA-DR
and CX3CR1 expression in nAMD patients relates to
genetic predisposition warrants further investigation.
Nevertheless, our results suggest that the intermediate
monocytes may contribute to nAMD pathology,
probably through producing inflammatory cytokines and
angiogenic growth factors.

CONCLUSION

Our study suggests that circulating monocytes, in
particular the CD14°CD16" intermediate monocytes in

Current Molecular Medicine, 2016, Vol. 16, No. 4 421

nAMD patients appear to be pre-conditioned to an
inflammatory phenotype, and may contribute to CNV
development when they are recruited to the damaged
macula. Further understanding the role of the
intermediate monocytes in CNV pathogenesis may
uncover novel targets for therapy.

ABBREVIATIONS

AMD = Age-related macular degeneration
CNV = Choroidal neovascularization
nAMD = Neovascular AMD

PBMC = Peripheral blood mononuclear cell
pSTAT3 = Phosphorylated STAT3

RPE = Retinal pigment epithelium

SOCS3 = Suppressor of cytokine signalling 3

STAT3 = Signalling transducer and activator of
transcription 3

VEGF = Vascular endothelial growth factor.
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