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ABSTRACT

This study aims to investigate the effect of a systemic lipopolysaccharide (LPS) stimulus in the course of
laser-induced choroidal neovascularization (CNV) in C57BL/6 J mice. A group of CNV-subjected mice
received 1 mg/kg LPS via the tail vein immediately after CNV induction. Mouse eyes were monitored
in vivo with fluorescein angiography for 2 weeks. In situ hybridization and flow cytometry were performed
in the retina at different time points. LPS led to increased fluorescein leakage 3 days after CNV, correlated
with a large influx of monocyte-derived macrophages and increase of pro-inflammatory microglia/
macrophages in the retina. Additionally, LPS enhanced Vegfa mRNA expression by Glul-expressing cells
but not AifT positive microglia/macrophages in the laser lesion. These findings suggest that systemic LPS
exposure has transient detrimental effects in the course of CNV through activation of microglia/macro-
phages to a pro-inflammatory phenotype and supports the important role of these cells in the CNV

course.

Several studies have implicated inflammation in the develop-
ment and progression of retinal diseases such as diabetic retino-
pathy and age-related macular degeneration (AMD)."?
Activation of resident microglia and infiltration of monocyte-
derived macrophages from the periphery have been documented
in mouse models of eye disease, including choroidal neovascu-
larization (CNV), a characteristic of wet AMD.>* The reduction
of vascular leakage through suppression of retinal immune cells
reactivity after local injection of polysialic acid or after oral
administration of the colony-stimulating factor 1 inhibitor
PLX5622 further supports the involvement of innate immune
cells activation in the progression of CNV.>® Activation of
retinal Miiller glia by infiltrating macrophages during CNV has
been also reported, suggesting that macrophages interact with
Miiller cells to orchestrate the inflammatory response.*”
Systemic inflammatory stimuli can trigger the activation of
innate immune cells in the central nervous system. In murine
prion and Alzheimer’s disease models, for instance, systemic
exposure to lipopolysaccharide (LPS) led to increased brain
microglia activation accompanied by increased cytokine pro-
duction and neurodegeneration.s’9 Likewise, in the retina, sys-
temic LPS-induced inflammation increased the number of
reactive microglia and photoreceptor loss, and worsened
synaptic function in a model of inherited retinal dystrophy in
rats.'” In agreement with these studies, in diabetic patients, an
association between high levels of LPS in blood serum and the
progression of microvascular complications of diabetes has
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been reported, suggesting that systemic LPS may be involved
in diabetic retinal pathology."'

LPS is an endotoxin that can elicit inflammatory responses
by binding mainly to the pattern recognition receptor Toll-like
receptor 4 (TLR4)."> According to previous studies, TLR4
signaling over-activation induces the production of pro-
inflammatory cytokines in the retina, which may contribute
to the formation of choroidal neovascularization.'” In humans,
LPS is released by gram-negative bacteria in the gastrointest-
inal tract and very low or undetectable levels are present in the
circulation, due to the inability of LPS to cross the healthy
intestinal epithelium.'* Disruption of the intestinal barrier
function can cause LPS transport into the systemic circulation,
leading to flu-like symptoms and septic shock among others."
Systemic LPS exposure has been correlated with several dis-
eases such as autism,'® sporadic amyotrophic lateral sclerosis,
Alzheimer’s disease,'” allergic airway disease in children'® and
others. Specifically in the retina, a correlation between systemic
LPS and progression of diabetic retinopathy has been proposed
(for a recent review see,'®) whilst in healthy volunteers that
received LPS intravenously, leukocytosis in the blood was
correlated with increased numbers of immune cells in ocular
microvessels, retinal vasodilation, and vascular
dysregulation.”® A connection between the gut microbiome
and retinal disease has gained attention during the last
years®' and specific bacteria have been proposed as potential
biomarkers for diagnosis of neovascular AMD.?? However,
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whether bacteria are involved in the formation of CNV
remains to be elucidated.

Here, we utilized a murine model of CNV to investigate
whether a systemic LPS stimulus immediately after CNV
induction, may affect CNV progression. This model has been
previously established by others, first in non-human primates
and later in rodents.”>** It is based on the use of laser photo-
coagulation to disrupt the layer that separates the retinal pig-
ment epithelium and the choroid, the Bruch’s membrane,
leading to development of new blood vessels, similar to that
observed in patients suffering from wet AMD.** The laser-
induced CNV model has a high success rate and it has become
the most used rodent model for the study of neovascular AMD.

The data obtained in the present study suggest that systemic
LPS exposure immediately after the CNV induction exacer-
bates fluorescein leakage during CNV mainly by (1) increasing
the infiltration of pro-inflammatory monocyte-derived macro-
phages into the CNV lesion, (2) increasing microglia activation
to a pro-inflammatory phenotype and (3) enhancing Vegfa
mRNA expression by Glul-expressing cells adjacent to the
lesion area.

Materials and methods
Experimental animals

This study was approved by the local Animal Ethics Committee
(Veterinardienst des Kantons Bern: BE 136/16 and BE34/20)
and conformed to the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research. Adult 3-6 months old male
and female C57BL6/] mice were used. Animals were housed
under controlled temperature and humidity conditions in ven-
tilated cages with a 12-h light-dark cycle and had access to food
and water ad libitum. Before and after CNV induction or
in vivo imaging, the mice were anesthetized and anesthesia
was reversed, respectively, as described elsewhere.””> At the
end of the experiments, mice were euthanized with CO, inha-
lation followed by decapitation. All efforts were made to mini-
mize animal suffering.

Systemic inflammation and laser-induced choroidal
neovascularization

CNV was induced in anesthetized mice with laser photocoa-
gulation using a 532 nm argon laser (Visulas 532s; Carl Zeiss
Meditec AG, Oberkochen, Germany) according to previous
studies.® Three laser spots around the optic nerve head were
applied per eye (50 um size, 300 mV intensity, 100 ms dura-
tion) and both eyes were lasered per mouse. A group of mice
was injected intravenously (tail vein) with a single dose of LPS
from E. coli (1 mg/kg; Sigma-Aldrich, GmbH, Buchs,
Switzerland in 1x sterile phosphate buffer saline, PBS, pH
7.4), immediately after the CNV induction (CNV+LPS
group). A second group of mice received the same volume of
PBS instead of LPS (CNV group). Since LPS pre-conditioning
has been reported to have beneficial effects on CNV
progression,”® a third group of mice was injected with the
same dose of LPS 1 week before the CNV induction to test

whether we can detect a similar beneficial effect. In vivo ima-
ging was performed at different time points after the CNV
induction as described below. Mice were randomly assigned
to the CNV or CNV + LPS groups. The experiment was
performed twice and 4-6 mice per experimental group were
treated per session.

In vivo imaging and fluorescein leakage measurements

Anesthetized mice were monitored in vivo using fluorescein
angiography (FA) to visualize the retinal vasculature and to
monitor the fluorescein leakage. Mice were imaged 3 days (d3),
7 days (d7) and 14 days (d14) after the CNV induction. FA was
performed using a Heidelberg Spectralis system (Heidelberg
Spectralis HRA 2; Heidelberg Engineering GmbH, Heidelberg,
Germany) and a non-contact 55° wide field lens (Heidelberg
Engineering GmbH) as described elsewhere.”*> We have
recently shown that measurement of fluorescein leakage corre-
lates well with CNV measurements ex vivo.”” Thus, the Heyex
software version 1.10.2.0 (Heidelberg Engineering Inc.,
Franklin, USA) was used for the delineation and measurement
of fluorescein leakage areas. Lesions with hemorrhages were
excluded from the analysis. Fluorescein leakage areas were
measured in pixel and were normalized to baseline.

Immunohistochemistry and microscopy

All subsequent experiments were conducted in mice that were
exposed to LPS immediately after the CNV induction, since the
effects of the immediate exposure of CNV-subjected mice to
LPS have not been reported in the literature so far. Eyes were
fixed in 4% paraformaldehyde solution (PFA in 1x PBS, pH
7.4) overnight, were embedded in paraffin and 5 um sections
were collected on Superfrost slides using a microtome (Leica
Biosystems, Muttenz, Switzerland). The slides were deparaffi-
nized, rehydrated, and incubated in Tris-EDTA buffer (pH 9.0,
95°C, 10 min). Slices were blocked for 30 min with 5% normal
goat serum (NGS, Lucerna-Chem AG, Luzern, Switzerland) in
0.2% Triton X-100 in 1x PBS (blocking buffer) and incubated
with a rabbit polyclonal antibody against the microglia/macro-
phage marker ionized calcium-binding adapter molecule 1
(anti-ibal rabbit polyclonal antibody, 1:500, Cat # 016-20001,
FUJIFILM Wako Shibayagi, Japan) overnight at 4°C in block-
ing buffer. The slides were washed in 1x PBS and incubated
with the secondary antibody goat anti-rabbit Alexa Fluor 594
conjugate (1:1000, Cat # A11012, ThermoFisher scientific,
Waltham, MA, USA) for 1 h at room temperature. Cell nuclei
were labelled using mounting medium with DAPI (Vector
Laboratories, Reactolab SA, Servion, Switzerland). Images
were acquired on a fluorescence Nikon Eclipse 80i microscope
(Nikon, Tokyo, Japan).

Flow cytometry

For flow cytometry experiments, six laser spots were applied
per eye. Retinas from CNV-subjected and PBS-challenged mice
(CNV group), and CNV-subjected and LPS-challenged mice
(CNV+LPS group) were mechanically detached from eutha-
nized mice 3 or 7 days after the laser application. Retinas from



naive mice were used as controls and both retinas of each
mouse were analyzed as one sample. Tissues were processed
according to previous studies.”® Samples were stained with
fluorescent-labeled anti-mouse monoclonal antibodies against
the extracellular markers: leukocyte common antigen CD45,
expressed by leukocytes and in lower levels by microglia®*>°
(CD45-APC/Cy7; clone 30-F11; Cat # 103115, 1:400), CD11
antigen-like family member B (CD11b-APC; clone M1/70; Cat
# 101212, 1:200), which is expressed by myeloid-lineage cells
and microglia® and the pro-inflammatory activation marker
costimulatory molecule CD80 (CD80-BV421; clone 16-10A1;
Cat # 104725, 1:100). B-lymphocytes, T cells, natural killer cells
and granulocytes were excluded from the analysis using FITC
conjugated monoclonal antibodies against CD19 (clone 6D5;
Cat # 115505, 1:200), CD3 (clone 17A2; Cat # 100203, 1:200),
NK1.1 (clone PK136; Cat # 108705, 1:200) and Ly6G (clone
1A8; Cat # 127605, 1:200). Samples were fixed with 2% PFA,
were permeabilized and stained with fluorescent-labeled anti-
bodies against the intracellular microglia/macrophages activa-
tion markers CD68-PerCP/Cy5.5 (monoclonal, clone FA-11;
Cat # 137010, 1:100) and Arginase 1-PE (Argl; polyclonal, cat #
IC5868P; 1:100). Zombie Green Fixable Viability Kit (Cat #
423111; 1:800) was used for detection of dead cells, according
to manufacturer’s instructions. Prior to antibody staining,
samples were incubated with TruStain FcX™ PLUS (anti-
mouse CD16/32; clone S17011E; Cat # 156603, 1:200) to
block non-specific staining. An LSR II Cytometer System
with the BD FACSDiva software version 4.1 (BD Biosciences,
Allschwil, Switzerland) was used for data acquisition. The
Flowjo single-cell analysis software version 10 (TreeStar,
Ashland, OR) was used for the analysis of the flow cytometry
data. All antibodies were purchased from Biolegend (San
Diego, CA, USA) apart from Argl that was purchased from
R&D systems (Minneapolis, MIN, USA). The experiment was
performed 3 times and 3-4 mice per experimental group were
used for each experiment. Eyes with obvious intraocular
hemorrhages were excluded from the analysis.

In situ hybridization (ISH)

Paraffin eye sections of 5 um thickness were processed for
in situ hybridization using BaseScope probes (Advanced Cell
Diagnostics SRL, Vignate, Italy) to detect Vegfa (Cat # 823291-
C2; target region: 1304-1655), Tlr4 (Cat # 891651-C2; target
region: 395-536), Glul (Cat # 891661; target region: 146-273)
and Aifl (Cat # 891671; target region: 620-760) mRNA with
a BaseScope™ Duplex Reagent Kit (Advanced Cell Diagnostics
SRL, Vignate, Italy) according to manufacturer instructions.
Briefly, slides were incubated for 1 h at 60°C in a HybEZ™ II
oven (Advanced Cell Diagnostics SRL, Vignate, Italy) and de-
paraffinization was performed with serial immersion in xylene
and 100% ethanol. The slides were dried in the oven at 60°C,
and endogenous peroxidase activity was blocked with incuba-
tion in hydrogen peroxide provided with the kit. The slides
were washed in distilled water, were boiled for 15 min in target
retrieval reagent and were left to dry overnight at room tem-
perature. Protease III was added to each section and incubated
at 40°C for 15 min. The slides were washed with distilled water
and the probe mix (Vegfa and Aifl or Tir4 and Aifl or Vegfa
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and Glul) was added to each section and incubated for 2 h at
40°C. Signal amplification and color detection were performed
with serial incubations in different amplification buffers, fol-
lowed by signal detection buffers provided with the kit. Horse
radish peroxidase (HRP)-red and alkaline phosphatase (AP)-
green chromogenic substrates were used for sequential signal
detection of Vegfa and Aifl, Tlr4 and Aifl, and Vegfa and Glul,
respectively. The slides were counterstained with hematoxylin
for nuclear labeling, imaged under a 3D Histech Slide
Pannoramic Scanner microscope (3D HISTECH, Budapest,
Hungary) and analyzed using the CaseViewer 2.3 image ana-
lysis software (3D HISTECH, Budapest, Hungary).

Statistics

GraphPad Prism software version 8.0 (San Diego, CA, USA) was
used for statistical analysis. Fluorescein leakage measurements are
presented as mean * standard error of the mean (SEM) and were
compared between different groups using two-way ANOVA fol-
lowed by Sidak’s multiple comparison test. The flow cytometry
data are presented as mean + standard deviation (SD) and were
analyzed using one-way ANOVA, followed by Tukey’s multiple
comparison test. The data in Figure 2d were compared using
unpaired t-test. P values <.05 were considered statistically signifi-
cant. Fold changes were calculated by dividing the value of the
treated group by the value of the naive group.

Results

Systemic LPS challenge immediately after CNV leads to
larger fluorescein leakage areas

Fluorescein leakage was evident immediately after the laser-
induced disruption of the Bruch’s membrane (Figure 1b, f).
A 1.83-fold increase in fluorescein leakage areas was observed
from baseline to CNV d3 (Figure 1b, ¢, j). At later time points,
fluorescein leakage area was decreased to 1.32-fold and 1.36-
fold of baseline levels on CNV d7 and CNV d14, respectively
(Figure 1d, e, j). In the CNV+LPS d3 group fluorescein leakage
areas were significantly higher compared to the CNV d3 group
(2.81-fold increase compared to baseline), while no statistically
significant difference was observed in CNV+LPS d7 (1.81-fold
increase compared to baseline) (Figure 1j). On d14 fluorescein
leakage areas were comparable between the CNV and the CNV
+LPS group (Figure le, i, jj). In mice that received an intrave-
nous injection of LPS 1 week before the CNV induction fluor-
escein leakage areas were statistically smaller compared to the
CNV group in all time points examined, in agreement with
previous studies®® (Supplementary Figure 1).

Iba-1 positive cells accumulate in the laser lesions on CNV
d3

Immunohistochemistry against the microglia/macrophage
marker Iba-1 revealed accumulation of Iba-1 positive cells in
the lesion site of the CNV d3 and CNV+LPS d3 groups, whilst
in the CNV+LPS d3 more Iba-1 positive signal was detected
compared to the CNV d3 group (Figure 1k, n). On CNV d7
and CNV d14 less Iba-1 positive cells was detected around the
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Figure 1. Increased fluorescein leakage and Iba-1 positive cells accumulation in CNV-subjected mice after a systemic LPS challenge. Experimental setup (a) and
representative fluorescein angiography (FA) images in CNV-subjected mice (b, ¢, d, e) and mice that received a single dose of LPS immediately after the CNV induction (f,
g, h, i) on the indicated time points post CNV. A single laser spot per FA image is indicated (yellow circle). (j). Comparison of fluorescein leakage areas between the CNV
and CNV+LPS groups (***p < .001, 2-way ANOVA followed by Sidak’s multiple comparison test, n = 11 and 9 mice corresponding to 28 and 18 spots for the CNV and the
CNV+LPS group, respectively; the results are representative of 2 independent experiments). Immunohistochemical studies against Iba-1 (red) in retinal sections from
CNV d3 (k), CNV d7 (I), CNV d14 (m) and CNV+LPS d3 (n), CNV+LPS d7 (o) and CNV+LPS d14 (p) mice (n = 3 mice per condition). DAPI (blue) was used for nuclear
staining. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bars: 200 um.

laser lesion compared to d3, irrespective of LPS challenge
(Figure 11, m, o, p). In order to quantify the numbers of
microglia and macrophages in the whole retina of the different
experimental groups, we performed flow cytometry analysis.

Effect of LPS on microglia/macrophages dynamics during
CNV - Flow cytometry analysis

Flow cytometry was performed according to the gating strategy
illustrated in Supplementary Figure 2. After selection of single

and live FITC negative (FITC"®) cells, cells were gated for the
expression of CD11b (CD11bP°® Figure 2a), an integrin known
to be expressed in monocytes, macrophages, and microglia.”®
To distinguish between microglia and monocyte-derived
macrophages, the CD11bP** cells were further gated for the
lymphocyte common antigen CD45, which is expressed in high
levels by monocyte-derived macrophages (CD11bP°°CD45™;
Figure 2b) and low to intermediate levels by adult microglia
(CD11bP*°CD45'"/"€; Figure 2b).*> On CNV d3, CD11bP*
cells were increased by 2.0-fold compared to naive retinas but
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Figure 2. Flow cytometry analysis of microglia/macrophages population in the retina of CNV + LPS challenged mice. (a) Live single cells were gated based on
the expression of CD11b. (b) CD11bP** cells were further gated as CD11bP°°CD45'°" and CD11bP°°CD45", representing microglia and monocyte-derived macrophages,
respectively. (c) Quantification of CD11bP°* cells (***p < .001; one-way ANOVA followed by Tukey’s post-hoc analysis). (d) Percentages of CD45"°" and CD45" cells in the
total CD11bP** cells population (***p < .001 compared to CNV; unpaired t-test). Quantification of CD11bP°°CD45'°*/9 cells (e) and CD11bP>°CD45M cells (f), expressed
as a presentence of the total live cell population in the sample (e: *p =.029 and ***p < .001; f: ***p < .001; one-way ANOVA followed by Tukey’s post-hoc analysis). The
results are representative of 3 independent experiments (n = 10 naive, n = 9 CNV d3, n = 8 CNV+LPS d3, n = 8 CNV d7, n = 9 CNV+LPS d7).

no statistical difference was detected between the 2 groups
(Figure 2a, c). The LPS challenge led to a further 7.2-fold
increase of CD11bP*® cells compared to naive, which was sig-
nificantly higher from the CNV d3 group (Figure 2a Figure 2c¢).
No significant changes were detected on d7 (Figure 2a, c). The
composition of the CD11bP** cell population differed between
the CNV d3 and the CNV+LPS d3 groups. Specifically, 77.8%
of CDI11bP* cells in the CNV d3 group were
CD11bP°CD45'°"™¢ and 22.2% were CD11bP*°CD45™.
Intriguingly, in the presence of LPS the majority of CD11bP*®
cells were CD11bP°°CD45" (80.5%) and only 19.5% were
CD11bP°CD45'0"/nes (Figure 2d). However, the number of
microglia cells, expressed as a percentage of the total cell
population in the samples, was comparable between the CNV
d3 and the CNV+LPS d3 groups (1.8-fold increase compared
to naive for both groups), indicating that a single LPS challenge
does not affect the total number of retinal microglia cells
compared to the CNV group (Figure 2e). No statistically sig-
nificant differences on the number of microglia cells compared
to naive were observed on CNV d7 or CNV+LPS d7 (Figure
2e). Contrariwise, LPS led to a 33.6-fold increase of monocytes/

macrophages on d3, which was significantly higher from the
CNV d3 retinas, where an increase of 2.9-fold compared to
naive was detected (Figure 2f). No differences were observed at
the later time point of d7 (Figure 2f).

CD11bP*CD45'°"/**8 microglia and CD11bP*°CD45"
macrophages were subsequently gated for the expression of
Argl - one of the best characterized markers of anti-
inflammatory microglia/macrophages® - as Argl negative
(Argl"™“®) and Argl positive (Argl®’) populations. In the
Arg1"°® population, CD80 positive cells (CD80P°*) were iden-
tified and further gated as CD68 positive cells (CD68P°;
Supplementary Figure 2). Upregulation of CD80 and CD68
is indicative of a pro-inflammatory phenotype: the costimu-
latory molecule CD80 is upregulated by antigen presenting
cells in response to inflammation and CD68 is expressed in
the lysosomal membranes of microglia and monocytes/
macrophages and its upregulation denotes actively phagocytic
cells.’>** The fluorescence intensity of the activation markers
Argl, CD80 and CD68 by microglia and macrophages were
increased in the CNV + LPS d3 groups compared to naive
(Figure 3a, b, ¢, d, e). The composition of microglia
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Figure 3. Expression of activation markers by microglia and monocyte-derived macrophages on CNV * LPS d3. Representative overlaid histograms of the Arg1
signal of CD11bP°°CD45Y (a) and CD11bP*°CD45" (c) populations in the naive group and the CNV and CNV+LPS d3 groups. Representative overlaid histograms of the
CD80 signal expressed by CD11bP°CD45°¥Arg1™9 (b, left panel) and by CD11bP>°CD45MArg1™? cells (d, left panel) and of the CD68 signal expressed by
CD11bP°CD45""%Arg1™9CD80P** (b, right panel) and CD11bP*CD45MArg1™9CD8OP** cells (d, right panel) in the different experimental groups. Pie charts showing
the composition of microglia and macrophages in the different experimental groups. The percentages of Arg1"*9CD80"*9CD68"*7, Arg1"*9CD80P°*CD68P** and Arg1
cells in the total population of CD11bP°°CD45'°"/"9 microglia (e, f, g for naive, CNV d3 and CNV+LPS d3, respectively) and CD11bP>CD45" monocyte-derived
macrophages (h, i, j for naive, CNV d3 and CNV+LPS d3, respectively) are shown. The statistical analysis of the data used for the creation of the pie charts are presented
*p =.011, **p = .010, ***p < .001; one-way ANOVA followed by Tukey's post-hoc analysis). The results are

ink, [, m and n (k: ***p < .001; I: **p =.002, ***p < .001; m:

representative of 3 independent experiments (n = 10 naive, n =9 CNV d3, n = 8 CNV+LPS d3, n = 8 CNV d7, n = 9 CNV+LPS d7).



(CD11bP*CD45'°"/"%) and monocyte-derived macrophages
(CD11bP°°CD45M) in the naive retinas and the different
experimental groups on d3 is illustrated in pie charts in
Figure 3. In the naive groups a very small portion of microglia
and macrophages expressed the activations markers Argl or
CD80 and CD68 (Figure 3e, h). In the CNV d3 group, 14.6%
of microglia and 36.5% of macrophages expressed both CD68
and CD80, while 5.9% of microglia and 11.7% of macro-
phages were Argl®®* (Figure 3f, i). In the CNV+LPS d3
group these percentages were 36.2% and 41.1%, for
CD68P°*CD80P*° microglia and macrophages, respectively
and 7.2% and 9.1%, for Argl®®® microglia and macrophages,
respectively (Figure 3g, j). The data used for the creation of
pie charts are shown as bar graphs in Figure 3. CNV d3
significantly increased the percentage of pro-inflammatory
macrophages compared to naive, but no significant changes
in the percentage of pro-inflammatory microglia were
detected, even if a 12.7-fold increase was noticed (Figure 3k,
1). LPS on the other hand, led to a significant increase in the
percentage of pro-inflammatory microglia and macrophages
as well as Arg’* microglia (Figure 3k, 1, m). Statistically
significant changes between the CNV d3 and the CNV+LPS
d3 groups were only detected in the percentages of
CD80P**CD68P* microglia cells, where LPS increased the
polarization of microglia towards a pro-inflammatory pheno-
type (Figure 3k). No differences were observed between the
two groups (CNV d3 and CNV+LPS d3) on the percentage of
CD80P*°CD68P°° macrophages (Figure 31) and no significant
changes were observed on d7.

Effect of LPS on Vegfa and Tir4 expression during the
acute phase of CNV

The role of VEGF-A in CNV formation has been well
documented in the past,”* whilst LPS-induced upregula-
tion of VEGF-A and TLR4 in monocytes has been pre-
viously reported.”®>® Since we found elevated numbers of
microglia/macrophages in our CNV + LPS groups, we
aimed to investigate whether the LPS challenge may lead
to increased expression of Vegfa and/or Tlr4 mRNA from
microglia/macrophages in the acute phase of CNV (CNV
d3). In the retina of naive mice, Vegfa mRNA was mainly
found in the inner nuclear layer (INL), the ganglion cell
layer (GCL) and the RPE (Figure 4a, b), in agreement
with previous studies.”” In CNV d3, Vegfa mRNA was
found in the inner retina as well, and adjacent to the
lesion area (Figure 4c, d). Upregulation of Vegfa mRNA
was noticed in the presence of LPS, mainly adjacent to
the lesion area, where larger clusters of Vegfa mRNA
spots were detected (Figure 4e, f). In both experimental
groups there were areas with close proximity between the
Vegfa and the Aifl staining, suggesting Vegfa expression
by Iba-1 positive cells in the CNV area (arrows and
inserts in Figure 4d, f). However, the majority of Vegfa
mRNA signal was not co-localized with Aifl suggesting
that microglia/macrophages are not the main source of
Vegfa upregulation caused by the LPS challenge. TIr4
mRNA was detected mainly in the inner retina®® and
only a few positive spots were detected in the choroid
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of naive mice (Figure 4g, h), while no notable upregula-
tion was observed in the CNV or CNV+LPS groups
(Figure 4i, j, k, 1). However, areas with close proximity
between the TIr4 and the Aifl expression were also
detected (Figure 4j, 1).

Effect of LPS on Vegfa expression from Glul-expressing
cells during the acute phase of CNV

Miiller cells are an important source of VEGF-A in ocular
neovascularization models’””® and genetic depletion of
Miiller cell-derived VEGE-A, using conditional knockout
mice, reduces retinal neovascularization in a murine diabetes
model.** Since Glul is mainly expressed by Miiller cells and
astrocytes in the mouse retina,*’ we used a Glul and Vegfu
mRNA probes to investigate whether LPS leads to upregulation
of Vegfa expression by glial cells. In naive mice, Glul was
detected throughout the entire retinal thickness as well as in
the RPE and choroid (Figure 5a, b). In the CNV d3 group,
enhanced Glul expression was detected in the choroid-RPE in
the lesion area and in close proximity with Vegfa expression
(Figure 5¢, d). In the CNV+LPS d3 group Glul expression was
further upregulated in the lesion area and adjacent expression
of Glul and Vegfa mRNA was more pronounced (Figure 5e, f),
indicating increased Vegfa expression by Glul positive cells.

Discussion

Microglia and monocyte-derived macrophages are key consti-
tuents of the inflammatory response. We have previously
shown that when suppressing the inflammatory responses,
through inhibition of the colony stimulation factor-1 receptor
(CSF1R), increased involution of CNV is observed in mice.® In
support to that study, we show here that enhancement of the
inflammatory response by systemic LPS exposure immediately
after CNV, through shifting of microglia to a pro-
inflammatory phenotype and large influx of pro-
inflammatory macrophages from the periphery into the retina
(Figures 2, 3) correlates with exacerbation of fluorescein leak-
age (Figure 1) and increase of Vegfa mRNA expression by Glul-
expressing cells adjacent to the CNV lesion (Figure 5) at the
earliest time point examined.

Exacerbation of CNV through intravitreal LPS injection
1 day before laser photocoagulation has been previously
reported in rats.*” Specifically, it has been shown that LPS,
through TLR4 activation, upregulates the expression of CXC
chemokine receptors 4 and 7 (CXCR4 and CXCR?) in choroid-
retinal endothelial cells and this contributes to increased CNV
lesions. Systemic administration of LPS can also elicit inflam-
matory responses in the retina (and the central nervous system
in general), can worsen retinal pathology,'®** and it has been
associated with abnormal vascular development and retinal
dysfunction.*> However, previous studies reported that intra-
peritoneal injection of low-dose LPS before the CNV induction
reduced the CNV size via induction of IL-10 production from
macrophages.”® We also observed reduction of fluorescein
leakage when LPS was administered 1 week before the CNV
damage (Supplementary Figure 1). Likewise, LPS pre-
conditioning afforded protection in retinal ischemia
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Figure 4. Expression of Vegfa, Aifl and TIr4 mRNA in the retinas of CNV + LPS-challenged mice. Representative BaseScope images of Vegfa and Aifl mRNA expression
in naive (a, b), CNV d3 (c, d) and CNV+LPS d3 (e, f) mice (n = 3 mice per condition). Higher magnification images of red squares in A, C and E are shown in B, D and F,
respectively. Red squares in B, D, F are magnified in inserts. Representative BaseScope images of Tlr4 and Aifl mRNA expression in naive (g, h), CNV d3 (i, j) and CNV+LPS
d3 (k, I) mice. Higher magnification images of red squares in G, | and K are shown in H, J and L, respectively. Red squares in H, J and L are magnified in inserts. Red arrows

indicate close proximity between Vegfa and Aifl mRNA expression. INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium. Scale bars: 100 pm
(A,C E G, I K 20 um (B, D, F, H, J, L) and 5 um (inserts).
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Figure 5. Expression of Vegfa and Glul mRNA in the retinas of CNV * LPS-challenged mice. Representative BaseScope images of Vegfa and Glul mRNA expression in
naive (a, b), CNV d3 (c, d) and CNV+LPS d3 (e, f) mice (n = 3 mice per condition). Higher magnification images of red squares in A, C and E are shown in B, D and F,
respectively. Red squares in B, D, F are magnified in inserts. Red arrows indicate close proximity between Vegfa and Glul mRNA expression. INL, inner nuclear layer; IPL,
inner plexiform layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium. Scale bars: 100 um (A, C, E) 20 um (B, D, F) and 5 um (inserts).

models.**** In a murine model of middle cerebral artery occlu-
sion (MCAO), a single LPS exposure 2 days before MCAO
resulted in reduced activation of brain microglia, reduced
infiltration of immune cells from the periphery and reduced
activation of immune cells in the blood, and these effects were
correlated with neuroprotection.*® We speculate that LPS
exposure before the induction of CNV renders retinal micro-
glia/macrophages and blood monocytes hypo-responsive to
activation by subsequent CNV. Given the role of these cells
in inflammation and their involvement in CNV®*** we
assume that this hypo-responsiveness of immune cells to the
CNV damage accounts for the beneficial effects of LPS pre-
conditioning. On the other hand, LPS exposure immediately
after the lesion seems to enhance the inflammatory response.
The increased numbers of microglia and monocyte-derived
macrophages that we observed during the early course of CNV
are in agreement with previous studies. For instance, histology
in postmortem retinas of AMD patients revealed the presence
of monocyte-derived macrophages in the sub-retinal space,*’
and infiltration of monocyte-derived macrophages into the
retina has been also shown in a murine CNV model.* Indeed,
experiments using depletion of circulating monocytes or
blockade of their recruitment into the retina via genetic deple-
tion of chemokine (C-C motif) ligand 2 (Ccl2) or its receptor
(Ccr2), revealed the important role of monocyte-derived
macrophages in CN'V formation.*”**** However, other studies
have shown that microglia are the dominant population of
immune cells in the sub-retinal space in different murine

retinal degeneration models, where they act by restricting
rather than hastening disease progression.”" Our flow cytome-
try data show that during CNV, microglia are indeed the
dominant population of immune cells in the retina
(Figure 1). Importantly, the LPS challenge changes the equili-
brium towards a monocyte-derived cells dominance through
the large infiltration of pro-inflammatory monocyte-derived
macrophages. Rather unexpectedly, we observed that LPS did
not alter the population of microglia cells compared to the
CNV group, suggesting that it did not influence microglia
proliferation. We have previously shown that four daily intra-
venous injections of 1 mg/kg LPS lead to increased numbers of
microglia in the retina of Balb/c mice,”> while an older study,
employing a brain injury model, suggested that four daily
intraperitoneal LPS challenges failed to trigger microglia pro-
liferation in the brain.”> More recent studies have shown that
a single intraperitoneal injection of 100 pg/kg, 1 mg/kg, or
5 mg/kg LPS leads to microglia proliferation in the brain.>»**
Thus, the LPS treatment regimen and the disease model that is
used in each individual study, may be important factors deter-
mining variability in experimental outcomes.

Additionally, we found a higher percentage of
CD80P**CD68P*° microglia in the retina after the LPS challenge
compared to the CNV d3 group (Figure 3). LPS is known to
trigger activation of microglia/macrophages towards a pro-
inflammatory phenotype both in vitro and in vivo (for
a recent review see,””) but anti-inflammatory macrophages
are thought to have a more important role in angiogenesis
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and neovascularization.’®”” For instance, a previous study
reported that injection of anti-inflammatory CD206"°° bone
marrow-derived macrophages into the vitreous of CNV-
subjected mice increased CNV lesions, while injection of pro-
inflammatory CD80P°® macrophages reduced CNV lesions.”®
Here, we found a moderate increase of Arg1?°® microglia in the
CNV+LPS d3 group, which however was much lower com-
pared to the increase observed in CD80P*°CD68P*° cells
(Figure 3). These data suggest that systemic LPS triggers the
polarization of microglia towards a dominant pro-
inflammatory phenotype and in the same time leads to
a large influx of pro-inflammatory monocyte-derived macro-
phages, whilst these events correlate with exacerbation of the
CNV leakage areas.

CD80P°° macrophages were able to produce VEGF-A dur-
ing early degeneration before the onset of neovascularization
in a bone regeneration mouse model, while CD80"°® macro-
phages failed to do so0.”” According to other studies,
pro-inflammatory macrophages produce not only several
pro-inflammatory cytokines but VEGF-A as well,>®" whilst
LPS can trigger production of VEGF-A in the eye after intra-
vitreal injection. Moreover, a recent study suggested that co-
inhibition of placental growth factor (PGF) and VEGF-A was
effective in reducing vascular leakage through reduction of
PGF and VEGF-A expression from Iba-1 positive cells.®”
Here, we did detect higher expression of Vegfa mRNA in
the lesion area upon the LPS challenge, but we did not observe
any apparent alterations in Vegfa expressed from AifI positive
microglia/macrophages (Figure 4). However, we did detect
enhanced adjacent expression of Vegfa and Glul in the CNV
+LPS d3 group, suggesting that Glul-expressing cells upregu-
late Vegfa expression after the LPS challenge (Figure 5). Glul
is mainly expressed by Miiller cells and astrocytes in the
retina,®>** but Glul expression from RPE cells and from
melanocytes, macrophages, fibroblasts, and mast cells in the
choroid has been also reported.®> Bi-directional interaction
between activated microglia/macrophages and Miiller cells, in
response to retinal injury, has been suggested to elevate the
initial inflammatory response®”°® whilst, upregulation of
Vegfa mRNA in RPE cells leads to microglia recruitment
towards the RPE.®” We speculate that LPS contributes to
exacerbation of fluorescein leakage during early CNV, by
the transient increase of pro-inflammatory microglia/macro-
phages, which leads to upregulation of Vegfa expression by
Miiller and RPE cells, and this would be in agreement with
previous in vitro studies.®® However, the involvement of other
Glul-expressing cells, such as melanocytes, fibroblasts, and
choroidal macrophages cannot be excluded.

Taken together, the present study demonstrates the transi-
ent detrimental effects of systemic LPS exposure immediately
after CNV induction in mice and highlights its different effect
on microglia and monocyte-derived macrophage populations
in the retina. Importantly, a single dose of LPS immediately
after the laser lesion leads to increased influx of pro-
inflammatory monocyte-derived macrophages into the lesion
area as well as upregulation of Vegfa expression by Glul-
expressing but not Aifl positive cells. On the other hand,
microglia participate in the immune response by shifting to
a pro-inflammatory activation status without proliferating.

Thus, in contrast to the common assumption that pro-
inflammatory macrophages inhibit CNV development, while
anti-inflammatory macrophages increase it,””**% our study
shows that an enhancement of pro-inflammatory microglia/
macrophages status by LPS correlates with larger CNV leakage
areas in the early onset of the disease. Whether and how these
immune cells participate in LPS-induced Vegfa upregulation
and increased fluorescein leakage remains to be investigated
and more studies are needed to elucidate the effect of chronic
inflammation in the course of CNV.
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