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Abstract

Background Myeloid cells are heterogeneous cells that are critical for spontaneous choroidal neovascularization
(CNV) in the VIdIr’”~ mouse model. However, the specific myeloid cell subtype necessary for CNV remains unknown.

Methods and results To investigate the role of monocytes, we bred Ccr2”~ and Nr4al™~ mice into the Vidir”~
background. We found that Ccr2 and Nr4al deficiency had no effect upon macrophage counts, CNV lesion number,
or total CNV area. Next, we investigated the role of microglia by generating Vidlr”~Tmem119“¢**Rosa26"™"* mice.
Diphtheria toxin (DT) treatment reduced macrophage counts at CNV lesions and CNV lesion number, but did not
affect total CNV lesion area. To target microglia via a second strategy, we generated Vidlr”~Cx3cr1“¢Csf1P™ mice
and treated them with a single low dose of tamoxifen to target microglia without affecting choroidal macrophages.
DT treatment in Vidlr”~Cx3cr1<Csf1/P"% mice decreased macrophage counts at CNV lesions and CNV lesion
number but again had no effect upon total CNV lesion area. To target choroidal macrophages and microglia, we
treated VidIr”~Cx3cr1““RCsf1rP™" mice with 9 tamoxifen treatments. DT-treated mice showed dramatic reductions in
macrophage counts, CNV number, and total lesion area.

Conclusions These data suggest that monocytes and monocyte-derived macrophages are dispensable, microglia
are likely initiators for CNV development, and choroidal macrophages are potential key contributors to CNV growth
and/or maintenance in the Vidlr”’~ model.
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Background

Age-related macular degeneration (AMD) is a lead-
ing cause of blindness in the developed world. Vision
loss from AMD occurs from either photoreceptor atro-
phy (geographic atrophy) in advanced dry AMD [1], or
destructive angiogenesis into the retina (termed cho-
roidal neovascularization [CNV]) in neovascular AMD
[2]. Neovascular AMD is treated with frequent intra-
vitreal anti-vascular endothelial growth factor (VEGF)
injections, but up to 33% of patients do not experience
visual acuity improvement [3]. Recent advances include
longer-lasting anti-VEGF formulations [4, 5]; however,
treatment resistance remains a significant problem for
neovascular AMD patients.

Neovascular AMD is modeled by both the laser-
induced CNV mouse model and spontaneous CNV
models, such as the VIdlr”’~ mouse. The VIdlr”’~ mouse
differs from the laser-induced CNV model because con-
nections develop between retinal and choroidal neo-
vascularization in the subretinal space, most mimicking
the type 3 CNV in patients, which is present in both
neovascular AMD and type 2 macular telangiectasia
[6]. Spontaneous CNV develops due to an absence of
very-low-density lipoprotein receptor (VLDLR) expres-
sion in photoreceptors, impairing their ability to uptake
triglyceride as an energy source [7]. When lipid uptake
into photoreceptors is disrupted and plasma lipid levels
are elevated, glucose transport is paradoxically reduced.
This results in fatty acid- and glucose-starved photore-
ceptors, which stabilizes hypoxia-induced factor 1 and
increases VEGF expression, leading to spontaneous CNV
[7]. Similar to studies in the laser-induced CNV model,
pharmacologic or genetic ablation of all macrophages in
VIdlr~~ mice using colony stimulating factor 1 recep-
tor (CSF1R) antagonists or Cx3crl1“FfRosa26"™ mice
reduces spontaneous CNV [8]. Given the new tools that
are now available to specifically target different ocu-
lar myeloid cell populations, it is imperative to identify
the specific myeloid populations that drive CNV in the
Vidlr~~ mouse model.

Macrophages express multiple complement compo-
nents and receptors, which are extensively linked to
AMD in genome wide association studies [9, 10, 11, 12].
Furthermore, macrophages are detectable in human
excised CNV membranes [13, 14], and are necessary for
the laser-induced CNV mouse model [15, 16]. Poten-
tial myeloid cell contributors to CNV include yolk-sac
derived microglia, monocyte-derived choroidal mac-
rophages, and extravasated classical and non-classical
monocytes [17, 18]. Microglia exist in the plexiform lay-
ers of the retina, are derived from yolk sac progenitors,
and could regulate CNV in VIdlr’~ mice by migrating
posteriorly to the CNV lesions. Microglia can now be
targeted with new state-of-the-art models including
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P2ry12°*ER and Tmem119°ER mice, which specifically
target microglia compared to other macrophages [19,
20, 21, 22]. Prior studies in VIdlr~'~ mice are yet to use
these newer models to specifically target microglia; thus,
their specific role is not entirely elucidated. Choroidal
macrophages are derived from blood monocytes [17] and
could migrate anteriorly from the choroid into the CNV
lesions in Vidlr~~ mice, but are otherwise poorly studied
and no specific markers for choroidal macrophages exist.
In both the laser-induced CNV and Vidlr~"~ models, no
studies have specifically investigated the role of choroi-
dal macrophages. Non-classical monocytes are derived
from classical monocytes via the key transcription fac-
tor NR4A1 [23]. Non-classical monocytes can migrate
into tissue and differentiate into non-classical monocyte-
derived macrophages at CNV lesions. Using Nrdal™’~
mice, which are deficient in non-classical monocytes, our
group has shown that non-classical monocytes are dis-
pensable during laser-induced CNV [24]. However, the
role of non-classical monocytes during CNV in Vidlr~
mice remains unknown. Finally, classical monocytes can
extravasate from the blood and differentiate into clas-
sical monocyte-derived macrophages at CNV lesions.
In the laser-induced CNV model, our group and others
have shown that monocyte-derived macrophages from
extravasated classical monocytes are necessary for CNV
[25, 26, 27], using Ccr2™/~ mice, which are a mouse model
where classical monocytes are present but are deficient in
their ability to emigrate from the bone marrow to blood
and the blood to tissue [28]. Furthermore, using single-
cell RNA-sequencing, we have shown that a subset of
classical monocyte-derived macrophages which express
Sppl and CDl1lc markers drive angiogenesis through
multimodal pro-angiogenic pathways [24, 29]. Despite
these advances in the laser-induced CNV model, the laser
model stimulates an acute inflammatory reaction that
poorly models chronic inflammation in AMD. Therefore,
the goal of this study was to investigate the role of each
myeloid cell type in the Vidlr”~ mouse.

First, we recapitulated prior results and showed that
CSFIR pharmacologic inhibition reduced macrophage
numbers at CNV lesions and are necessary for CNV
lesions in Vidlr’~ mice. Next, we bred Ccr2”~ and
Nrdal™~ mice into the VIdlr”’~ mouse background.
In Cer2”~ mice, classical monocytes lack the ability to
extravasate from bone marrow and blood. Alternatively,
Nr4al~~ mice lack a key transcription factor for non-clas-
sical monocyte development from classical monocytes
[23]. Thus, Vidlr’'"Ccr2”~ and Vidlr”’'"Nr4al™~ mice
will investigate the role of classical and non-classi-
cal monocyte-derived macrophages in Vidlr”~ mice,
respectively. We investigated microglia with two com-
plementary approaches: Vidlr™~Tmeml19°°ERRosaPR

and Vidlr~'~Cx3cr1<ERCsf1rPTR mice.
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Vidlr"~ Tmem119°°FRRosaP™® mice were given 9 tamoxi-
fen injections over 3 weeks to maximize microglia tar-
geting before diphtheria toxin (DT) treatment to deplete
microglia. Vidlr~’~Cx3cr1“ERCsf1r'P™R mice received
a single tamoxifen injection followed by a 2 week wash
out period prior to DT treatment to specifically tar-
get microglia without affecting choroidal macrophages.
Finally, VIdlr~”~Cx3cr1“**RCsf1r"P™® mice were admin-
istered 9 tamoxifen injections to simultaneously target
microglia and choroidal macrophages before DT-based
ablation. We found that classical and non-classical
monocytes were not necessary for spontaneous CNV.
In microglia-depleted mice, CNV lesion number was
reduced but total CNV lesion area was unchanged. In
microglia and choroidal macrophage ablated mice, CNV
lesion number and total CNV lesion area were severely
reduced. These data suggest that microglia may be
CNV initiators, and choroidal macrophages are poten-
tial contributors to CNV growth and/or maintenance in
Vidlr~~ mice.

Methods

Sex as a biological variable

All studies were carried out on mixed sex populations
with a minimum of 8 animals per sex per group. All data
were investigated for sex-specific effects, and none were
found.

Animals

Wildtype C57BL/6] (#000664), Vidlr~”'~ (#002529),
Ccr2™~ (#004999), Nrdal™~ (#006187), Tmeml19“*~
(#031820), Cx3crl““® (#020940), Rosa26°AC~LSL-DIR
(#007900), and Csf1rA¢-LSL-DTR (40124046) mice were
purchased from Jackson Labs (Bar Harbor, ME). Wild-
type C57BL/6] and Vidlr~”~ mice were bred and main-
tained within a pathogen-free barrier environment at the
Center for Comparative Medicine at Northwestern Uni-
versity. Mice were bred as outlined in the results. Because
Vidlr~'~ mice are on a mixed background, all experiments
were performed compared to littermate controls. Geno-
typing was performed by Transnetyx (Cordova, TN) to
confirm the absence of the RDS8 allele (Crb1~). All studies
adhered to the ARVO Statement for Animal Use in Oph-
thalmic and Vision Research and received approval from
the Northwestern University Institutional Animal Care
and Use Committee. All experiments were carried out on
6—7 week-old mice.

CSF1R antagonist administration

Ki 20,227 (44-815-0) was purchased from Tocris Biosci-
ences (Bristol, UK), and dissolved in DMSO. At 6 weeks
of age, mice were treated with 4 consecutive intraperi-
toneal injections of DMSO or Ki 20,227 (50 mg/kg).
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Animals were euthanized on Day 5 for retinal and choroi-
dal wholemount immunofluorescence imaging.

Tamoxifen administration

Tamoxifen (#T5648, Millipore Sigma, Burlington, MA)
was dissolved overnight at 37°C in corn oil at 20 mg/
ml or 40 mg/ml. A single intraperitoneal injection of
tamoxifen (20 mg/ml, 100 mg/kg) was given to Cx3cr-
IERCsf1rPTR  or - VIdlr~~Cx3cr1“*ERCsf1r’P™R  mice
at Week 4 of age to target microglia. Nine intraperi-
toneal injections of tamoxifen (20 mg/ml, 100 mg/kg)
were given 3 times per week to Cx3crl“"ERCsf1rPTR
or Vidlr”’~Cx3cr1“FRCsf1rP™® mice from Week 3 to
Week 6 to target microglia and choroidal macrophages.
Nine intraperitoneal injections of tamoxifen (40 mg/
ml, 200 mg/kg) were given 3 times per week to Tmeml
19CreER/+RosaDTR/+ or Vldlr‘/‘Tmem119C’eER/+RosaDTR/+
mice from Week 3 to Week 6 to target microglia.

Diphtheria toxin administration

At 6 weeks of age, intraperitoneal injections of ster-
ile PBS vehicle control or 100ng of DT (#322326, Mil-
lipore Sigma) in 0.1 mL of PBS were administered
for 4 consecutive days to Cx3cr1““ERCsf1r’PTR or
Vidlr~”~Cx3cr1*FRCsf1rP™® mice to target microg-
lia. Intraperitoneal injections of PBS or 500ng DT
were administered for 4 consecutive days to Tmemll
9CreER/+RosaDTR/+ or Vldl}"_/_ Tmemll 9C’eER/+RosaDTR/+
mice to target microglia and Cx3cr1“ERCsf1r/P™R or
Vidlr~'~Cx3cr1"ER Csf1rP™® mice to target microglia and
choroidal macrophages. Mice were sacrificed on Day 5
for immunofluorescence imaging.

Immunofluorescence imaging of retinal flatmounts

Confocal microscopy was performed as previously
described [30]. Briefly, mice were euthanized, eyes were
enucleated, and retinas were isolated then fixed in 4%
paraformaldehyde (#15713-S; Electron Microscopy Sci-
ences, Hatfield, PA, USA) for 1 h at room tempera-
ture. Retinas were blocked in blocking buffer including
TBS +5% Donkey Serum (#S30, Sigma-Aldrich, St. Louis,
MO) +2.5% bovine serum albumin (A2153, Sigma) + 0.5%
Triton X-100 (X100; Sigma) overnight at 4°C. Primary
incubations were next performed overnight at 4°C (Table
S1). Retinas were washed 5 times in TBS-T (TBS with
0.5% Tween-20, #00777; Amresco, Solon, OH, USA), and
secondary antibody incubations were performed over-
night at 4°C (Table S1). Retinas were washed again with
TBS-T five times and mounted on HistoBond micro-
scope slides (#16004—406, VWR; Batavia, IL, USA) with
Immu-Mount (#9990402; ThermoFisher, Carlsbad, CA,
USA). Nikon W1 Dual CAM Spinning Disk Microscope
was used with Nikon NIS Elements software for imag-
ing. Images were masked and quantitated in FIJI using
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the Cell Counter to generate macrophage and microglia
density.

Immunofluorescence imaging of VldIr—/— choroidal
flatmounts

Mice were euthanized, eyes were enucleated and imme-
diately fixed in 4% paraformaldehyde for 1 h at room
temperature. Next, choroidal flatmounts were dissected
and blocked overnight at 4°C. Primary antibody incuba-
tions were also performed overnight at 4°C (Table S1).
Choroids were washed 5 times in TBS-T, incubated over-
night in secondary antibody, washed 5 times in TBS-T,
and mounted as described above. Nikon W1 Dual CAM
Spinning Disk Microscope was used with Nikon NIS Ele-
ments software for imaging. Images were masked. CNV
number and area was quantitated in FIJI using the ROI
manager tool. Macrophage numbers were quantitated by
Thresholding the IBA1 channel, deleting the optic nerve,
and using the analyze particles to count any cell>20
microns in area.

Immunofluorescence imaging of choroidal flatmounts
Mice were euthanized, eyes were enucleated, and choroi-
dal wholemounts were dissected. Choroidal flatmounts
were fixed in 4% paraformaldehyde for 1 h at room
temperature and blocked as described above overnight
at 4°C. Next, choroids were incubated with primary
antibodies overnight at 4°C (Table S1). Choroids were
washed twice in TBS-T, fixed for 1 h with 4% parafor-
maldehyde at room temperature, washed twice in TBS-
T, and bleached 1% hydrogen peroxide (#BP2633500,
ThermoFisher) diluted in PBS. Bleaching was performed
for 45 min at 55°C, repeated five times as previously
described [31]. Choroids were washed three times in
TBS-T and blocked in blocking solution for 30 min at
room temperature. Secondary antibodies incubations
were performed overnight at 4°C, washed five times in
TBS-T, and mounted. Nikon W1 Dual CAM Spinning
Disk Microscope was used with Nikon NIS Elements
software for imaging. Images were masked and quanti-
tated in FIJI using the Cell Counter to generate choroidal
macrophage density.

Statistical analysis

Data were assessed for normality using the Shapiro-Wilk
test. Comparisons between two groups were made using
Mann-Whitney test if not normally distributed or either
Student’s unpaired t-test or Welch’s t-test if data were
normally distrusted, depending upon if the standard
deviations were different. If more than 3 groups were
compared, data were compared using One-Way ANOVA
or Brown-Forsythe and Welch ANOVA. See figure leg-
ends for the exact test used for each comparison. A
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p-value <0.05 was considered statistically significant. All
data are presented as mean + standard error mean.

Results

To corroborate prior reports that macrophages are
necessary for spontaneous CNV in VIdlr”’~ mice [8],
6-week-old male and female mice were treated with
CSF1R antagonist for 4 consecutive days by intraperi-
toneal injection (Fig. 1A). Because VIidlr~’~ mice are on
a mixed background, all experiments were performed
and compared to littermate controls. On Day 5, mice
were sacrificed, eyes were enucleated, and choroidal
wholemounts were processed for immunofluorescence
imaging. Representative choroidal wholemount images
are shown in Fig. 1B-C. To assess the effectiveness of
the CSFIR antagonist ablation of macrophages at CNV
lesions, we counted IBA1* cells (a pan-macrophage
maker) in Podocalyxin® (a choroidal capillary marker)
CNV lesions on choroidal wholemounts. Podocalyxin®
CNV lesions are easily detectable and not masked by
healthy retinal pigment epithelium (RPE), which blocks
underlying choroidal capillaries from being visualized.
CSFIR inhibition reduced IBA1" cells at CNV lesions by
63% (p <0.0001, Fig. 1D). Furthermore, CNV lesion num-
ber was decreased by 28% (p<0.05, Fig. 1E), and CNV
lesion area reduced by 48% (p <0.0001, Fig. 1F). Data split
by sex can be found in Fig S1. These data at 6 weeks of
age agree with prior findings at 2—4 weeks of age [8]. As
discussed in the introduction, IBA1" cells in CNV lesions
could be microglia, choroidal macrophages, or mono-
cyte-derived macrophages. In the presence of the disease
model, it is very challenging to determine the origin of
the IBA1" cells at the lesion because the cells may adopt
different markers in a new microenvironment. Therefore,
we next assessed the effectiveness of the CSFIR antago-
nist in wildtype mice to determine if microglia and/or
choroidal macrophages can be target by CSF1R antago-
nism for depletion (Fig S2A). Four days of CSFIR inhi-
bition decreased retinal microglia in the outer plexiform
layer / deep capillary plexus by 84% (p <0.0001, Fig S2B-
D). Similarly, choroidal macrophage density was reduced
by 90% (p<0.0001, Fig S2E-G). These data suggest that
CSF1R antagonism could be inhibiting CNV by ablating
microglia, choroidal macrophages, and/or monocyte-
derived macrophages that also depend upon CSFIR
signaling.

Since the laser-induced CNV model is dependent
upon classical monocyte-derived macrophages [25, 26,
27], we crossed the classical monocyte defective Ccr2™/~
mouse into the VIdlr’~ mixed strain background. We
bred Vidlr~”~Ccr2*~ mice to generate littermate con-
trol Vidlr~”'~Ccr2** mice, VlIdlr”~Ccr2*~ mice, and
VIdlr~~Ccr2”~ mice, which were born in appropri-
ate mendelian ratios (Fig. 2A). Vidlr~’~Ccr2™”~ mice are
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Fig. 1 Ocular macrophages are necessary for CNVin Vidlr”~ mice. A: Schematic for injection strategy in Vidlr”~ mice. B-C: Representative choroidal whol-
emount images of DMSO vehicle control and CSF1R inhibitor (INH) treated mice stained for IBA1 (macrophages) and Podocalyxin (choriocapillaris). Insets
are outlined in yellow. CSF1R inhibition reduced macrophage counts (D, Mann-Whitney test), the number of CNV lesions (E, Student’s unpaired t-test),
and total CNV lesion area (F, Student’s unpaired t-test). * p < 0.05, **** p <0.0001. N= 18 mice per group

deficient in classical monocytes and classical mono-
cyte-derived macrophages. Representative choroidal
wholemounts of 6-week-old mice are shown in Fig. 2B-
D. We found that the Ccr2~ allele had no effect upon
lesion number, CNV area, or macrophage counts at CNV
lesions (Fig. 2E-G). These data suggest, in contrast to the
laser-induced CNV model, that classical monocytes and
classical monocyte-derived macrophages are dispensable
in the spontaneous VIdlr’~ CNV model.

Next, we bred the non-classical monocyte deficient
Nrdal”~ mouse into the VIdlr”’~ mixed strain back-
ground to investigate the role of non-classical monocytes.
We crossed Vidlr”'"Nr4al*’~ mice to create littermate
control Vidlr'"Nr4al** mice, Vidlr”’'"Nr4al*~ mice,
and VIdlr”'"Nr4al™~ mice, which were also born in
expected mendelian ratios (Fig. 3A). VIdlr~’"Nrdal™~
mice are deficient in non-classical monocytes and non-
classical monocyte-derived macrophages. Eyes were
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Fig. 2 Classical monocyte-derived macrophages are dispensable for CNV in Vidlr”~ mice. A: Schematic for breeding injection strategy in Vidlr”~ mice.
B-D: Representative choroidal wholemount images of Cer2**, Ccr2*~, and Ccr2™~ mice stained for IBA1 (macrophages) and Podocalyxin (choriocapillaris).
Insets are outlined in yellow. The number of CNV lesions (E, One-Way ANOVA, N=21-31 per group), total CNV lesion area (F, Brown-Forsythe and Welch
ANOVA, N=21-31 per group), and macrophage counts (G, Mann-Whitney test, N=19-27 per group) were equal between groups. ns=not significant

harvested at 6 weeks of age and representative choroidal
wholemounts are shown in Fig. 3B-D. Vidlr”/"Nrdal™*
mice, Vidlr”~Nrdal*’~ mice, and Vidlr”"Nr4al~’~ mice
demonstrated comparable lesion number, CNV area,
and macrophage counts in CNV lesions (Fig. 3E-G).
These data suggest, in agreement with the laser-induced
CNV model [24], that non-classical monocytes and

non-classical monocyte-derived macrophages are dis-
pensable in the spontaneous Vidlr”~ CNV model. These
data agree with prior work that monocytes are absent
from CNV lesions in VIdlr~" mice [32].

Since classical and non-classical monocytes are not
necessary for CNV in Vidlr”~ mice, we next sought to
investigate retinal microglia and choroidal macrophages.
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Fig. 3 Non-classical monocyte-derived macrophages are not necessary for CNV in Vidlr”~

mice. A: Schematic for breeding injection strategy in Vidlr”~

mice. B-D: Representative choroidal wholemount images of Nrda1™*, Nr4a1*~, and Nr4a1™~ mice stained for IBAT (macrophages) and Podocalyxin

(choriocapillaris). Insets are outlined in yellow. The number of CNV lesions (E,

One-Way ANOVA, N=20-42 per group), total CNV lesion area (F, One-

Way ANOVA, N=20-42 per group), and macrophage counts (G, Student’s unpaired t-test, N=21-22 per group) were equal between groups. ns=not

significant

We first targeted yolk-sac derived retina microglia via
Tmem119*FR mice, which specifically target microg-
lia over other macrophage populations [19, 20, 22]. We
bred Tmem119tR and RosaP’® mice. In this mouse
model, tamoxifen will induce CRE expression in microg-
lia, resulting in the expression of the diphtheria toxin

receptor (DTR), making microglia susceptible to DT-
based ablation. First, we optimized microglia ablation in
mice with normal Vidlr expression. Tmem19***Ros
aP™®* mice were given 9 injections of tamoxifen from 3
to 6 weeks of age followed by 4 daily injections of PBS or

DT (Fig S3A). Retinal flatmounts were imaged at the level
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of the deep capillary plexus where only retinal microg-
lia reside [30]. DT treatment decreased retinal microg-
lia density by 33% compared to PBS control (p<0.01, Fig
S2B-D). Next, VIdlr"" Tmem119“***Rosa®™®* mice
were generated, treated with 9 tamoxifen injections from
3 to 6 weeks of age, given 4 daily injections of PBS or DT,
and sacrificed on Day 5 (post-DT treatment) for cho-
roidal wholemount imaging (Fig. 4A). Choroidal whol-
emounts staining for DTR in PBS-treated mice showed
that this strategy led to DTR expression in 48% of macro-
phages at CNV lesions, targeting them for depletion (Fig
S3F-H). These data suggest that half of macrophages in
CNV lesions are microglia and could be ablated by DT

A VIdIr-Tmem119CreER TamOX|fen

Rosa26°™*

3 Weeks

Choroidal Wholemount

PBS or lin,
1 day
2N~ ~ =
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treatment. Only half of macrophages at CNV lesions
expressed DTR either because the Timen119°°ER-based
targeting was inefficient, or because this population
includes other macrophages subtypes like choroidal mac-
rophages. Representative images of PBS- and DT-treated
Vidlr"~Tmem119E¥* Rosa®™* mice are shown in
Fig. 4B-C. DT treatment reduced macrophage counts in
CNV lesions by 21% (p <0.05, Fig. 4D), CNV lesion num-
ber by 16% (p < 0.05, Fig. 4E), but did not affect total CNV
lesion area (Fig. 4F). Data split by sex can be found in Fig
S4, which showed slightly greater effects in females than
males but overall similar trends. The greater effect in
females correlated with improved macrophage depletion
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at CNV lesions. These data suggest that microglia may
have a limited role in spontaneous CNV in the VIdlr~'~
model. However, microglia ablation by 33% was not
optimal and so we sought to ablate microglia via a com-
plementary strategy.

We generated Cx3crl1“ERCsf1rP™® mice, which non-
selectively target all macrophages [33]. In this model,
tamoxifen treatment will induce CRE expression in
monocytes and macrophages. Next, CRE will remove
the stop codon from cells also expressing CsflIr, leading
to DTR expression and susceptibility to DT-based abla-
tion. Cx3cr1“R is highly expressed in microglia and
a single tamoxifen treatment will target>95% of cells in
prior studies using reporter mice [17]. In the choroid,
however, a single tamoxifen treatment only targets ~30%
of choroidal macrophages in prior studies [17]. Since
choroidal macrophages are derived from blood mono-
cytes [17], we treated 4-week-old CxSCrJC’EERCJJFDTR
mice with a single low dose tamoxifen injection and
allowed for a 2-week wash out period before PBS or DT
administration. Thus, a single tamoxifen dose will tar-
get microglia efficiently and ~30% of choroidal macro-
phages [17]. The 2-week washout period will allow some
choroidal macrophage re-population from blood mono-
cytes so that microglia will be more selectively depleted
by PBS or DT treatment (Fig S5A). This strategy signifi-
cantly reduced retinal microglia in the deep capillary
plexus by 46% (p<0.01, Fig S5B-D) while macrophage
density in the choroid was not significantly changed (Fig
S5E-@G). This strategy demonstrated improved microglia
targeting without significantly affecting choroidal macro-
phages. VIdlr’~Cx3cr1“ERCsf1r'P™R mice were treated
identically with a single low-dose tamoxifen at Week
4 followed by daily PBS or DT injections for 4 days two
weeks post-tamoxifen (Fig. 5A). DT treatment decreased
macrophage counts at CNV lesions by 51% (p<0.0001,
Fig. 5B-D), reduced lesion number by 18% (p<0.05,
Fig. 5E), but did not affect total CNV lesion area (Fig. 5F).
Data split by sex can be found in Fig S6, which showed
greater effects in females than males but overall similar
trends. The larger effect in females correlated with more
macrophage depletion at CNV lesions. This complemen-
tary approach affirms that microglia may serve a role in
CNV lesion initiation as suggested by lower lesion num-
bers, but may not affect lesion growth and/or mainte-
nance since total lesion area was unaffected.

To investigate the role of choroidal macrophages, we
treated Cx3cr1““ERCsf1P™® mice with 9 tamoxifen
injections over 3—6 weeks of age to both target microg-
lia and recycling choroidal macrophages (Fig S7A). Since
Cx3cr1“R is highly expressed in microglia, 9 tamoxi-
fen injections will very efficiently target microglia. Since
tamoxifen treatment in Cx3crI“°ER mice targets~30%
of choroidal macrophages, choroidal macrophages are
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derived from blood monocytes [17], and tamoxifen treat-
ment targets ~70% of blood monocytes [25], 9 tamoxifen
injections over 3 weeks should target existing choroidal
macrophages by at least 30% and choroidal macrophages
repopulated from blood monocytes. Daily PBS or DT
treatment for 4 days, after 9 tamoxifen injections over 3
weeks, decreased retinal microglia by 99% (p <0.0001, Fig
S7B-D) and choroidal macrophages by 95% (p<0.0001,
Fig S7E-G). These data suggest that our strategy effec-
tively targets both retinal microglia and choroidal macro-
phages. Vidlr~”'~Cx3cr1 R Csf1rP™® mice were similarly
treated with 9 tamoxifen injections from 3 to 6 weeks of
age followed by 4 daily PBS or DT treatments (Fig. 6A).
DT treatment decreased macrophages numbers at CNV
lesions by 87% (p<0.0001, Fig. 6B-D), lesion num-
ber by 59% (p<0.0001, Fig. 6E), and total lesion area by
73% (p<0.0001, Fig. 6F). Data split by sex can be found
in Fig S8. These data suggest that the ablation of retinal
microglia and choroidal macrophages impacts spontane-
ous CNV initiation and propagation. In the context of the
results from microglia targeting studies (Figs. 4 and 5),
choroidal macrophages may be the key macrophages for
CNV growth in the VIdlr~”~ mouse.

Discussion

Myeloid cells are potential therapeutic targets for anti-
VEGF treatment resistant patients with neovascular
AMD. While the role of myeloid cells and their hetero-
geneity in the laser-induced CNV model is well known,
the role of myeloid cells in the VIdlr’~ spontaneous
CNV model is less well established. By breeding the
Vidlr”~ mouse into the Ccr2”~ and Nr4al™~ back-
grounds, we found that both classical and non-classical
monocytes and their monocyte-derived macrophages
are dispensable for CNV in VIdlr~~ mice (Figs. 2 and
3). We next generated two separate microglia targeting
strategies that yielded the same results: microglia deple-
tion reduces CNV numbers but not CNV area (Figs. 4
and 5). Finally, we ablated both choroidal macrophages
and microglia with high efficiency and found that CNV
number and area were severely decreased (Fig. 6). Taken
together, our results suggest that microglia are poten-
tial CNV initiators while choroidal macrophages are the
likely most important macrophages for CNV growth and
maintenance.

Our results expand and agree with key prior work.
Usui-Ouchi et al. previously showed that microglia
migrate from the outer plexiform layer into the subreti-
nal space at Week 2 in Vidlr~”’~ mice [8]. Additionally,
depletion of posterior segment macrophages— includ-
ing microglia and choroidal macrophages— with CSF1R
antagonist (Fig S1), decreases CNV number [8], but CNV
area was not calculated. Further, genetic macrophage
targeting with Cx3cr1“*FRRosa26P™ mice receiving
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tamoxifen at P10 and P11 followed by DT treatment from
P12-P14 decreases CNV lesion number [8], but CNV
area was not calculated. We did not test this exact regi-
men of tamoxifen without washout, but we suspect from
our studies that microglia would be well depleted while
some choroidal macrophage depletion would also occur.
In agreement, 48 h post two tamoxifen treatments, cho-
roidal macrophages are ~30% GEP* in Cx3cr1“ERRo-
5a26°" mice [17]. Therefore, prior work by Usui-Ouchi
et al. in VIdlr”" mice [8], shows that CNV number is
reduced by targeting both microglia and choroidal mac-
rophages to an unknown extent. Our work expands upon
these results by investigating microglia independently.

In two microglia-specific targeting strategies, microglia
depletion by 33% (Fig S2) leads to a a 16% reduction in
CNV number (Fig. 4). Similarly, microglia depletion by
46% (Fig S3) results in a 18% reduction in CNV num-
ber (Fig. 5). These results may demonstrate that a dose-
dependent reduction in microglia reduces CNV number.
Since microglia migrate into the subretinal space at Week
2 with pathological endothelial cells [8], our results sug-
gest that microglia are important for the initiation of
CNV. These results also agree with the initiation process,
which includes hypoxia-induced factor 1 stabilization
and increased VEGF production by photoreceptors [7],
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which occur on the retinal side of an intact blood-ocular
barrier early in the CNV process.

Since microglia reduction alone did not reduce CNV
lesion area (Figs. 4 and 5) but choroidal macrophage and
microglia ablation severely decreased CNV lesion area
(Fig. 6), our data suggest that choroidal macrophages are
necessary for CNV lesion growth and/or maintenance.
To ablate choroidal macrophages, we used 9 tamoxifen
injections, which led to a 99% reduction in microglia with
a 95% decrease in choroidal macrophages. One could
theorize whether severe microglia depletion resulted in
the absence of CNV initiation, thus severely depleting
CNV area. However, our depletion was done at 6 weeks

of age, after a large amount of CNV initiation had already
occurred. Therefore, severe macrophage depletion led to
both CNV regression in terms of lesion size and number.
The mechanism by which this occurs is unknown; pos-
sible explanations include paracrine factors that stimu-
late angiogenesis, prevention of endothelial cell apoptosis
via paracrine or other mechanisms, or maintenance of
RPE health. Interestingly, choroidal macrophage ablation
leads to choriocapillaris and RPE atrophy [34]. Since cho-
roidal macrophage ablation causes a reduction in VEGF
levels [34] and RPE-specific ablation of Vegfa decreases
CNV number in VIdlr~"~ mice [8], choroidal macrophage
maintenance of RPE health and VEGF production is a
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possible mechanism by which choroidal macrophages
maintain CNV in Vidlr”’~ mice. This mechanism is
potentially supported by transcriptional profiling with
bulk RNA-seq of resident macrophages in VIdlr”~ mice,
which showed that among all pro-angiogenic genes only
Angptl7, Serpinfl, and Ccll2 were increased [32]. Fur-
thermore, inhibition of CCL12 had no effect upon CNV
size or area in VIdlr~™ mice [32]. Therefore, our working
hypothesis is that choroidal macrophages prevent endo-
thelial cell apoptosis and maintain CNV in VIdlr~~ mice.
In the absence of choroidal macrophages, CNV lesions
regress due to loss of RPE-driven VEGF production
and/or direct choriocapillaris cell death via an unknown
mechanism. Future studies will investigate the mecha-
nism by which choroidal macrophages maintain CNV.

We were very surprised to find that classical monocyte
deficiency, using Ccr2™~ mice, had no effect upon CNV
macrophage counts nor CNV number or area in Vidlr™~
mice (Fig. 2). Alternatively, our group and others have
shown that laser-induced CNV area is reduced in clas-
sical monocyte-deficient Ccr2~~ mice [25, 26, 27]. Why
the discrepancy between laser-induced CNV area and
Vidlr~~ mice? We suspect that the difference results from
the lack of acute inflammation in VIdlr~'~ mice compared
to the laser-induced CNV model, which is highly inflam-
matory. Could classical monocytes still be important
despite the lack of CCR2 signaling? It is possible, but we
feel that this is unlikely because Ccr2~~ mice also have
deficient classical monocyte numbers as well as function
[28]. This hypothesis is confirmed by prior studies, which
showed that monocytes are not present in CNV lesions
in Vidlr~’~ mice [32].

All the studies on Vidlr’~ mice were performed at
6 weeks of age. Compared to the literature, our studies
at 6 weeks are older than the other seminal myeloid cell
study at 2—4 weeks of age [8]. This decision was primar-
ily pragmatic. The Tmem119“"FR is unfortunately inef-
ficient, requiring multiple injections and high tamoxifen
doses to target retinal microglia both in our hands and in
the literature [22]. To prevent high rates of mouse death,
we waited until 3 weeks of age to begin tamoxifen injec-
tions and performed 9 injections over 3 weeks to target
50% and deplete only 33% of retinal microglia. Because
this study was so crucial to our results, we matched all
other studies with this age for comparison betweem
results. Although 6-week-old mice are not fully mature,
the key results of our studies agree with prior work [8]
that depleting all ocular myeloid cells either with CSFIR
antagonism or Cx3cr1“*F mediated DT-based ablation
reduced macrophages at CNV lesions, CNV number, and
CNV area. Nevertheless, repeating these key studies in
fully mature 3—4 month old mice may be prudent.

It is worth noting that CSFIR antagonism and 9
tamoxifen injections followed by DT-based ablation in

Page 12 of 15

Vidlr~~Cx3cr1 R Csf1rP™® mice demonstrated iden-
tical and dose-dependent results (Figs. 1 and 6). CSFIR
inhibition decreased macrophages at CNV lesions by
63% and CNV area by 48% (Fig. 1). DT treatment in
Vidlr~”=Cx3cr1" R Csf1rP™® mice reduced macrophages
at CNV lesions by 87% and CNV area by 73% (Fig. 6).
The fact that greater macrophage depletion at CNV
lesions resulted in greater CNV area reduction strength-
ens the importance of macrophages to this process and
provides rigor and reproducibility. Further, each strategy
to deplete macrophages has strengths and weaknesses.
CSF1R antagonism is a receptor tyrosine kinase inhibitor
that inhibits CSF1R with IC50 of 2 nM, but also inhib-
its VEGF receptor 2 (VEGFR2, IC50=12 nM). Thus, the
effects of CSF1R antagonism could be related to VEGFR2
inhibition instead of macrophage depletion. Alternatively,
9 tamoxifen injections followed by 4 DT treatment also
potentially has off target effects. The tamoxifen injections
inhibit estrogen (although the effects were similar in
male and female mice) and DT-based ablation will affect
macrophages in other tissues. Although each strategy has
strengths and weaknesses, it is reassuring that the results
phenocopy one another.

This study has several limitations. First, our attempts
to ablate microglia were not as efficient as desired. We
were able to specifically target microglia with 33-46%
depletions. It would have been ideal to target 100% of
microglia with Tmem119°°FR mice; however, despite 9
intraperitoneal tamoxifen injections at 200 mg/kg and
high dose DT at 500 ng, this was not achievable. Second,
despite using a state-of-the-art model like Timem119™ER
mice, because our tamoxifen use was done over a long
duration to increase ablation effectiveness, it is unknown
if choroidal macrophages could migrate into the subreti-
nal space and upregulate Tmeml119 expression, result-
ing in a mixed lineage ablation. Third, due to our poor
understanding of choroidal macrophages, no models
exist to specifically target choroidal macrophages and not
microglia. Therefore, our choroidal macrophage ablating
mice are hampered by simultaneous microglia ablation.
However, by comparing the results of microglia ablation
versus microglia and choroidal macrophage ablation,
conclusions can be drawn regarding the potential role of
choroidal macrophages. Finally, DT-based ablation may
have unknown off target effects. However, since CSFIR
antagonism to deplete myeloid cells and DT-based
myeloid cell depletion showed identical effects on CNV,
it is unlikely that the phenotype is a result of off target
actions.

Conclusions

In summary, we found that monocytes and monocyte-
derived macrophages are dispensable for CNV in Vidlr~
mice. Microglia depletion decreased CNV number and
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likely affects CNV initiation. Choroidal macrophage and
microglia ablation severely reduces CNV number and
total area, suggesting that choroidal macrophages are
potentially crucial for CNV growth and/or maintenance.
Future studies will aim to ablate choroidal macrophages
independent of microglia and investigate the mechanism
by which choroidal macrophages maintain CNV.

Abbreviations

AMD Age related macular degeneration
CNV Choroidal neovascularization

VEGF Vascular endothelial growth factor
VLDLR  Very-low-density lipoprotein receptor
CSFIR  Colony stimulating factor 1 receptor

DT Diphtheria toxin
DTR Diphtheria toxin receptor
RPE Retinal pigment epithelium

VEGF Vascular endothelial growth factor receptor 2
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Supplementary Material 6. Fig. S6. Title of data Microglia reduction de-
creases CNV number in VIdIr’=Cx3cr1<*RCsf1r°™ mice. Description of
data Data for number of CNV lesions, CNV area, and IBA1 +cells at lesions
split by sex from Fig. 5.

Supplementary Material 7: Fig. S7. Title of dataCx3cr1<¢tfCsf1r°™ mice
can target choroidal macrophages and microglia with additional tamoxi-
fen treatment. Description of Data: A: Schematic for injection strategy

in Cx3cr1<ERCsf1rP™R mice. B-C: Representative retinal wholemount
images of PBS- and DT-treated Cx3cr1<€ERCsf1rPTR mice stained for IBA1
(macrophages) and CD31 (endothelial cells). D: DT (diphtheria toxin) treat-
ment significantly reduced microglia density (Welch's t-test, N=7-8 mice
per group). E-F: Representative bleached choroidal wholemount images of
PBS- and DT-treated Cx3cr1ERCsf1rP™F mice stained for IBAT (macro-
phages) and Podocalyxin (choriocapillaris). G: DT treatment significantly
decreased choroidal macrophage density (Welch's t-test, N=7-8 mice per
group). **** p<0.0001.

Supplementary Material 8: Fig. S8. Title of data Microglia and choroidal
macrophage ablation severely impacts CNV number and lesion area in
Vidir’~Cx3cr1<ERCsf1rP™R mice. Description of data Data for number of
CNV lesions, CNV area, and IBAT +cells at lesions split by sex from Fig. 6.

Supplementary Material 9: Table S1. Title of Data Antibodies. Descrip-
tion of Data: Antibodies and dilutions used. Title of Data Raw Graph
Data. Description of Data: Raw data of all graphs

Supplementary Material 1: Fig. S1. Title of Data Colony stimulating factor
1 receptor (CSF1R) blockade reduces CNV area split by sex. Description of
Data: Data for number of CNV lesions, CNV area, and IBA1+ cells at lesions

split by sex from Fig 1.

Supplementary Material 2: Fig. S2. Title of Data Colony stimulating factor
1 receptor (CSF1R) blockade reduces microglia and choroidal macrophage
density. Description of Data A: Schematic for injection strategy. B-C:
Representative retinal wholemount images of DMSO vehicle control and
CSF1R inhibitor (INH) treated mice stained for IBA1 (macrophages) and
CD31 (endothelial cells). CSF1R inhibition reduced retinal microglia density
(D, Student’s un-paired t-test). E-F: Representative bleached choroidal
wholemount images of DMSO vehicle control and CSF1R inhibitor (INH)
treated mice stained for IBA1 (macrophages) and Podocalyxin (chorio-
capillaris). CSF1R inhibition reduced choroidal macrophage density (G,
Student’s un-paired t-test). **** p <0.0001. N=6 mice per group.

Supplementary Material 3: Fig. $3. Title of Data Microglia depletion in
Tmem119¢E+RosaP™™* mice. Description of Data: A: Schematic for
injection strategy in Tmem119<"*RosaP™* mice. B-C: Representative
retinal wholemount images of PBS- and DT-treated Tmem119¢®*+Ros
a®™* mice stained for IBA1 (macrophages) and CD31 (endothelial cells).
DT (diphtheria toxin) treatment reduced microglia density (D, Student’s
unpaired t-test, N=>5-7 mice per group) E: Schematic for injection strategy
in VIdIr"~Tmem1195"*RosaP™* mice. F-G: Representative choroidal
wholemount images of PBS-treated VIdIr’~Tmem119¢®+RosaP"™™* mice
stained for IBA1 (macrophages), CD31 (endothelial cells), and DTR. H: 48%
of IBA1" macrophages were also DTR* (N=6 mice). ** p<0.01.

Supplementary Material 4: Fig. S4. Title of data Microglia depletion
slightly decreases CNV number in Vidlr”~Tmem119R*Rosa® ™™+ mice.
Description of data Data for number of CNV lesions, CNV area, and
IBAT +cells at lesions split by sex from Fig. 4.

Supplementary Material 5: Fig. S5. Title of dataCx3cr1<*RCsf1r°™ mice
can target microglia.Description of Data: A: Schematic for injection strat-
eqgy in Cx3cr1<¢ERCsf1rPTR mice. B-C: Representative retinal wholemount
images of PBS- and DT-treated Cx3cr1<ERCsf1rP™ mice stained for IBA
(macrophages) and CD31 (endothelial cells). D: DT (diphtheria toxin)
treatment reduced microglia density (Welch's t-test, N=7 mice per group).
E-F: Representative bleached choroidal wholemount images of PBS- and
DT-treated Cx3cr1<*RCsf1rP™ mice stained for IBA1 (macrophages) and
Podocalyxin (choriocapillaris). G: DT treatment but had no significant effect
upon choroidal macrophage density (Welch's t-test, N=7 mice per group).
**p<0.01, ns=not significant.
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