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Abstract

In pathological retinal neovascularization (RNV) disorders, the retina is infiltrated by activated
leukocytes and macrophages. Triggering receptor expressed on myeloid cells 1 (TREM-1), an
inflammation amplifier, activates monocytes and macrophages and plays an important role in
cancer, autoimmune and other inflammation-associated disorders. Hypoxia-inducible TREM-1 is
involved in cancer angiogenesis but its role in RNV remains unclear. Here, to close this gap, we
evaluated the role of TREM-1 in RNV using a mouse model of oxygen-induced retinopathy (OIR).
We found that hypoxia induced overexpression of TREM-1 in the OIR retinas compared to that of
the room air group. TREM-1 was observed specifically in areas of pathological RNV, largely
colocalizing with macrophage colony-stimulating factor (M-CSF) and CD45- and Iba-1-positive
cells. TREM-1 blockade using systemically administered first-in-class ligand-independent
TREM-1 inhibitory peptides rationally designed using the signaling chain homooligomerization
(SCHOOL) strategy significantly (up to 95%) reduced vitreoretinal neovascularization. The
peptides were well-tolerated when formulated into lipopeptide complexes for peptide half-life
extension and targeted delivery. TREM-1 inhibition substantially downregulated retinal protein
levels of TREM-1 and M-CSF suggesting that TREM-1-dependent suppression of pathological
angiogenesis involves M-CSF. Targeting TREM-1 using TREM-1-specific SCHOOL peptide
inhibitors represents a novel strategy to treat retinal diseases that are accompanied by
neovascularization including retinopathy of prematurity.
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1. Introduction

Pathological retinal neovascularization (RNV) causes an angiogenesis-related vision
impairment in retinopathy of prematurity (ROP), diabetic retinopathy (DR), and retinal vein
occlusion (RVO), which are the most common causes of vision loss and blindness in each
age group [1-4]. In premature infants, normal retinal vascular development is interrupted
resulting in retinal ischemia and invasion of the vitreous by abnormal neovessels. In
addition, vitreoretinal neovascularization can promote traction retinal detachment, leading to
blindness [5]. In the United States, 14,000-16,000 premature infants are affected by ROP
annually [6,7]. Conventional therapeutic options include laser ablation and the anti-vascular
endothelial growth factor (VEGF) therapy, which both have their limitations and
complications. Laser therapy is often accompanied by corneal edema, anterior chamber
reaction, intraocular hemorrhage, cataract formation, and intraocular pressure changes [4],
while the VEGF-targeted therapy can be complicated by damage of healthy vessels,
potential side effects on neurons, rapid vascular regrowth upon interrupting the VEGF
blockade, and limited effectiveness in some patients [8-11]. This suggests an unmet need for
new targeted therapies that can better address the pathogenesis of RNV diseases and
improve their treatment.

Retinal microglia and blood-derived macrophages (BDM) play a key role in regulating
angiogenesis in the retina and choroid and, as such, are critically involved in the
pathogenesis of RNV diseases [12—16]. In the oxygen-induced retinopathy (OIR) mouse
model [17] that is widely used to study the pathogenesis of RNV as well as to evaluate
medical intervention for retinal angiopathies, the retina is infiltrated by activated leukocytes
and macrophages, and retinal microglial cells show phenotypic changes that have been
implicated in the vascular pathology [18]. While retinal microglia can become activated in
response to retinal pathologies [19], infiltration and activation of BDM may provide a major
contribution in retinal degeneration [20]. In mice with OIR, macrophages promote the
development of pathological RNV [21]. Macrophages induce angiogenesis by secreting
multiple pro-angiogenic factors, including VEGF [22], monocyte chemotactic protein 1
(MCP-1/ CCL2) [23] and cytokines, such as tumor necrosis factor-alpha (TNFa) and
interleukin (IL)-1B [24]. In line with these studies, inhibition of MCP-1 has been shown to
suppress RNV [25,26].

Triggering receptor expressed on myeloid cells-1 (TREM-1), an inflammation amplifier
expressed predominantly on neutrophils and monocytes, plays a role in innate and adaptive
immune responses [27-32], and is upregulated under a variety of inflammatory conditions
[33-36]. Upon activation, TREM-1 enhances the production of multiple cytokines and
growth factors including MCP-1, TNFa., IL-1a, IL-1pB, IL-6, and macrophage colony-
stimulating factor (M-CSF/CSF-1) [36—-41]. Interestingly, while some cellular consequences
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of TREM-1 activation such as upregulation of chemokines, cytokines, matrix
metalloproteases, and post transcriptional gene silencing (PTGS)/COX2 are similar to those
observed upon lipopolysaccharide stimulation, which is consistent with a core inflammatory
response, other immunomodulatory factors, including secreted phosphoprotein 1 (SPP1) and
M-CSF, are induced selectively in response to TREM-1 cross-linking [38]. In line with these
findings, inhibition of TREM-1 in vivo was shown to reduce release of MCP-1, TNFa,
IL-1pB, IL-6, and M-CSF [28,36,40-44]. Blockade of TREM-1 is a promising approach in a
variety of inflammation-associated disorders including sepsis, cancer, rheumatoid arthritis
and other serious diseases with unmet clinical needs [28,36,39-41,43-46]. However, despite
the recent identification of TREM-1 as a novel hypoxic marker in vivo and in vitro [47], the
role of TREM-1 in RNV diseases remains unclear.

In this study, to investigate the role of TREM-1 in the pathogenesis of RNV and its potential
as a therapeutic target, we employed the OIR mouse model [17] and our novel, first-in-class
TREM-1 inhibitory peptide GF9 [39-41] designed using the signaling chain
homooligomerization (SCHOOL) model of TREM-1 signaling [48,49]. In order to improve
peptide half-life and its targeted delivery to macrophages, we formulated GF9 into self-
assembling lipopeptide complexes that mimic human high density lipoproteins (HDL). In
contrast to native HDL, our complexes have two chemically modified peptides with
sequences corresponding to those of helices 4 (H4, or PE22) and 6 (H6, or PA22) of the
major HDL protein, apolipoprotein (apo) A-l, and deliver the incorporated agents to
macrophages [39-41,50,51]. In addition to GF9-HDL, we also used HDL-formulated 31
amino acid-long peptides GE31 and GA31 with combined sequences corresponding to those
of GF9 and PE22 and PA22, respectively. By combining these sequences, GA31 and GE31
can perform three functions: assist in the self-assembly of HDL, target HDL to macrophages
and inhibit TREM-1 in vivo [40,41].

2. Materials and methods

2.1. Lipopeptide complexes

GF9-loaded HDL-mimicking lipopeptide complexes that contain an equimolar mixture of
PE22 and PA22 (GF9-HDL) as well as the complexes that contain an equimolar mixture of
GAZ31 and GE31 (GA/E31-HDL) were synthesized using the sodium cholate dialysis
procedure, purified and characterized as previously described [39-41]. In a subset of
experiments, 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N(lissamine rhodamine B
sulfonyl) was added to reaction mixtures to prepare rhodamine B (rho-B)-labeled GF9-HDL
and rho B-labeled GA/E31-HDL as reported [39-41].

2.2. Invitro macrophage uptake

BALB/c murine macrophage J774A.1 cells were obtained from ATCC (Manassas, VA) and
cultured according to manufacturer’s instructions at 37 °C in 6-well tissue culture plates
containing glass coverslips until reaching about 50% confluency. Then, cells were incubated
for 6 h at 37 °C either with rho B-labeled GF9-HDL that contained Dylight 488-labeled GF9
and Dylight 405-labeled PE22 or with GA/E31-HDL that contained Dylight 488-labeled
GE3L1. In colocalization experiments, TREM-1 staining was performed using an Alexa 647-
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labeled rat anti-mouse TREM-1 antibody (Bio-Rad, Hercules, CA) as previously described
[40]. Coverslips were mounted using Prolong Gold anti-fade DAPI (4”,6-diamidino-2-
phenylindole) mounting medium. Confocal imaging was performed using a Leica TCS SP5
Il laser scanning confocal microscope as reported [40].

Mouse model of oxygen-induced retinopathy

This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health and in the
United States Department of Agriculture Animal Welfare Act (9 CFR, Parts 1, 2, and 3). All
experimental procedures were approved by the Institutional Animal Care and Use
Committee at the Augusta University (Animal Welfare Assurance Number A3307-01) and
all animals were treated according to the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.

Litters of C57BL/6J (Jackson Laboratory, Bar Harbor, ME) neonatal mice and nursing dams
were exposed to a hyperoxia environment (75% oxygen) from postnatal day 7 (P7) to P12
and returned to normoxia until P17. The hyperoxia exposure causes degeneration of the
immature retinal vessels. This results in severe hypoxia upon return to the normoxia
environment which leads to vitreoretinal neovascularization. Beginning on P7, mice were
treated until P17 by daily intraperitoneal (i.p.) injections of GF9-HDL, GA/E31-HDL or
vehicle (phosphate-buffered saline, pH 7.4; PBS). In a subset of experiments, rho B-labeled
GF9-HDL and GA/E31-HDL were used to confirm the ability of these lipopeptide
complexes to cross the BRB. In another subset of experiments, neonatal mice and nursing
dams were not subjected to a hyperoxia environment and reared in room air (RA). At P17,
all mice were humanely sacrificed and their retinas were collected.

Immunofluorescence staining

Treatment effects on vaso-obliteration and pathological angiogenesis were assessed by
morphometric analysis of the avascular and neovascularization areas in retinal flat mounts
after labeling with isolectin B, as described previously [52,53]. Immunofluorescence
analysis (IFA) of the retina flat mounts was performed to assess the effects of the TREM-1-
targeting treatments on the distribution of TREM-1, M-CSF and markers for inflammatory
cells (CD45) and activated macrophage/microglial cells (Iba-1) in relation to RNV. Retinal
frozen sections from pups kept in RA and from the OIR pups were fixed in 4%
paraformaldehyde for 15 min (or in cold acetone at =20 °C for 30 min), washed 3 times with
PBS, and blocked with a solution containing 0.3% Triton X and 3% normal goat serum
(NGS) for 30 min. Then, the samples were reacted with a rat anti-mouse TREM-1 antibody
(Abcam, Cambridge, MA), rabbit polyclonal anti-mouse M-CSF antibodies (Abcam,
Cambridge, MA), rabbit polyclonal anti-mouse CD45 antibodies (Santa Cruz
Biotechnology, Dallas, TX), a rabbit anti-mouse Ibal antibody (Wako Chemical USA, Inc.),
and kept at 4°C overnight. Then, the samples were washed 3 times with PBS and stained
with a donkey anti-rat Oregon Green antibody for TREM-1, a goat anti-rabbit Texas Red
antibody for CD45 and Iba-1 or a donkey anti-rabbit Texas Red antibody for M-CSF
(Invitrogen, Waltham, MA). After washing 3 times with PBS, the images were captured with
a 20x lens using a Zeiss Axioplan2 fluorescence microscope (Carl Zeiss Meditec, Inc.,
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Dublin, CA). Intravitreal neovascular formation and avascular areas were measured as
described [54].

2.5. Western blot analysis

Retina samples from OIR and RA control pups were homogenized in modified RIPA buffer
(20 mM Tris-HCI, 2.5 mM EDTA, 50 mM NaF, 10 mM Na4P,07, 1% Triton X-100, 0.1%
sodium dodecyl sulfate, 1% sodium deoxycholate, 1 mM phenyl methyl sulfonyl fluoride,
pH 7.4). Samples containing equal amounts of protein were separated by 12% sodium
dodecyl sulfate polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane,
and reacted for 24 h with monoclonal rat anti-mouse TREM-1 or polyclonal rabbit M-CSF
antibodies (Abcam, Cambridge, MA) in 5% milk, followed by incubation with
corresponding horseradish peroxidase-linked secondary antibodies (GE Healthcare Bio-
Science Corp., Piscataway, NJ). Bands were quantified by densitometry, and the data were
analyzed using Image Studio L.ite software and normalized to loading control. Equal loading
was verified by stripping the membranes and reprobing them with a monoclonal antibody
against p-actin (Sigma-Aldrich, St Louis, MO).

2.6. Statistical analysis

Group differences were compared by one-way ANOVA followed with a post hoc test for
multiple comparisons. Values are represented as the means + standard error of the means
(SEM). Results were considered statistically significant when p < 0.05.

3. Results
3.1. Induction of TREM-1 in OIR

To investigate the expression of TREM-1 associated with the development of pathological
RNV, we used Western blot analysis to examine the retinas of OIR mice and RA control
mice on P17. High levels of TREM-1 were observed in the OIR samples, while no
detectable TREM-1 expression was observed in the RA control samples (Fig. 1A). IFA
showed that in the retinas of OIR mice at P17, TREM-1 is largely colocalized with M-CSF
that is also overexpressed in OIR (Fig. 1B). Further, IFA of retinal cryosections from OIR
mice at P17 demonstrated localization of TREM-1 in pathological retinal neovessels positive
for the vascular endothelial cell/macrophage marker isolectin B4 (Fig. 2A), the leukocyte
marker CD45 (Fig. 2B), the microglia/macrophage marker Iba-1 (Fig. 2C), and M-CSF (Fig.
2D). Comparatively, the RA samples were immunostained for CD45 and Iba-1 and studied
by IFA (Supplemental Fig. 1A,B). Collectively, these findings indicate that TREM-1 is
highly upregulated during pathological but not physiological RNV and this upregulation is
accompanied by induction of M-CSF.

3.2. Targeted delivery of TREM-1 inhibitory peptides

To further investigate the mechanisms of macrophage-targeted delivery of TREM-1
inhibitory peptides, we designed the GF9, GA31 and GE31 peptides using the SCHOOL
model of TREM-1 signaling (Fig. 3A) and formulated these peptides into HDL-mimicking
lipopeptide complexes (GF9-HDL and GA/E31-HDL, respectively). To rule out nonspecific
cell surface binding and to confirm intracellular uptake of the entire GF9-HDL complex, we

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2019 April 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rojas et al.

Page 6

incubated J774 macrophages with GF9-HDL containing rho B-labeled lipid, Dylight 488-
labeled GF9 and Dylight 405-labeled oxidized apo A-I peptide PE22. We observed
intracellular localization of GF9 as well as both lipid and apo A-I peptide constituents of
HDL (Fig. 3B), suggesting that the entire GF9-HDL complex is intracellularly endocytosed
by macrophages, most likely through a scavenger receptor-mediated mechanism. By using
GA/E31-HDL that contained Dylight 488-labeled GE31, we demonstrated that similarly to
GF9 [40], the intracellularly delivered trifunctional peptide GE31 (and likely GA31) self-
penetrates into the cell membrane from inside the cell and colocalizes with TREM-1 (Fig.
30).

3.3. TREM-1 blockade reduces pathological retinal neovascularization

To evaluate pathological RNV in OIR mice, we analyzed retinal flat-mounts at P17 using
IFA and anti-isolectin B4 antibodies and demonstrated excessive pathological vessel growth
detected in the superficial plexus of vehicle-treated retina of the OIR mice (Fig. 4A). This
was accompanied by the formation of a large avascular area in the central retina, with only
the major vessels present and practically no capillary network (Fig. 4A). When i.p.
administered at a dose of 2.5 mg of GF9/kg, GF9-HDL reduced RNV by at least 95%
compared with vehicle treatment (Fig. 4A,B). Similar anti-angiogenic activity was observed
for GA/E31-HDL i.p. administered at a dose equivalent to 4 mg of GF9/kg (Fig. 4A,B). The
reduced central avascular area was observed for both formulations (Fig. 4A,C). These results
demonstrate that the TREM-1 inhibitors used in this study have strong anti-angiogenic
effects on pathological RNV while allowing physiological neovascularization.

Confocal analysis revealed the presence of rho B fluorescence in the retinas of the OIR mice
i.p. administered with rho B-labeled HDL that contained either GF9 (GF9-HDL, Fig. 4D) or
an equimolar mixture of GA31 and GE31 (GA/E31-HDL, Supplemental Fig. 1C) further
confirming that the self-assembling HDL-mimicking complexes used in the present study
are able to pass the BRB and deliver their cargo to the retina.

3.4. Downregulation of TREM-1 and M-CSF by TREM-1 inhibitors

To further evaluate the molecular mechanisms of the anti-angiogenic activity of TREM-1-
specific peptide inhibitors, we measured TREM-1 and M-CSF protein levels at the peak of
pathological RNV (P17). Western blot analysis indicated that expression of TREM-1 and M-
CSF was substantially decreased in OIR mice systemically treated with 2.5 mg/kg GF9-
HDL or 4 mg/kg GA/E31-HDL as compared with those observed in the vehicle-treated OIR
mice (Fig. 5). These results further confirm that the anti-angiogenic mechanisms of
TREM-1-targeted treatment involve inhibiting the TREM-1 signaling pathway, which is
accompanied by downregulation of M-CSF.

4. Discussion

To the best of our knowledge, this study is the first to demonstrate the role of TREM-1 in
pathological RNV and implicate this receptor as a novel promising therapeutic target in
retinal diseases characterized by pathological RNV. TREM-1 levels were significantly
increased in retinas of mice exposed to OIR as compared to those of the room air control
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group (Fig. 1A). Interestingly, increased TREM-1 levels were accompanied by induction of
M-CSF (Fig. 1B), which is known to play a role in angiogenesis [12], and both were found
to be largely colocalized in OIR (Fig. 1B). M-CSF is required for the differentiation of tissue
macrophages and microglia during postnatal development [55]. In animal models of breast
cancer, M-CSF has been shown to act as an “angiogenic switch” [56]. Continuous inhibition
of M-CSF suppresses tumor angiogenesis and growth [12,57], while healthy vascular and
lymphatic systems outside tumors remain unaffected [12]. It has been reported that M-CSF
induces VEGF production and angiogenic activity by cultured monocytes [58]. In contrast to
VEGF blockade, interruption of M-CSF inhibitory treatment does not promote rapid
vascular regrowth [12]. In OIR mice, M-CSF is required for pathological RNV but not for
the recovery of normal vasculature [12]. In line with these findings, in the retinas of diabetic
rats and in the vitreous of patients with proliferative DR, M-CSF levels are significantly
higher as compared with those of control subjects [59,60]. This suggests targeting M-CSF
either directly or via the specific inflammatory signaling pathway as a highly promising
strategy for treating ocular neovascular diseases including ROP.

The role of TREM-1 in pathological but not physiological RNV is further supported by the
observation that upregulated TREM-1 is localized in pathological retinal neovessels positive
for isolectin B4, CD45 (Fig. 2B), Iba-1 (Fig. 2C), or M-CSF (Fig. 2D). This suggests that
activated microglia/macrophages are the main source of TREM-1 expression in the retinas
of OIR mice and that TREM-1 plays a role in RNV progression, likely through a mechanism
that involves M-CSF. Collectively, these data strongly implicate TREM-1 as a potential
therapeutic target for RNV diseases.

Previously, we used TREM-1 inhibitory GF9 peptide sequences that employ the SCHOOL
mechanisms of TREM-1 blockade (Fig. 3A) in order to silence the specific TREM-1-
mediated signaling pathway in cancer, sepsis, and rheumatoid arthritis [39-41]. According
to the SCHOOL model of TREM-1 signaling [48,49], GF9 self-penetrates into the cell
membrane and disrupts intramembrane interactions between TREM-1 and DAP-12 (Fig.
3A). In this study, we used GF9, GA31 and GE31 peptide inhibitors of TREM-1 formulated
into macrophage-targeted self-assembling lipopeptide complexes. This has been previously
shown to extend peptide half-life and substantially (up to 10-fold) decrease the effective
peptide therapeutic dose in cancer [39,41] and arthritic mice [40]. Notably, formulation of
GF9 into macrophage-specific complexes GF9-HDL results in intracellular delivery of all
lipid and peptide (both GF9 and apo A-1) constituents to macrophages (Fig. 3B), suggesting
endocytosis of the entire GF9-HDL complex, most likely in a receptor-mediated manner.
Our previous and current data also indicate that as hypothesized (Fig. 3A), upon delivery
into macrophages, similarly to the short-chain peptide GF9 [40], the 31 amino acid-long
trifunctional peptides are able to reach their intramembrane site of action from inside the cell
and colocalize with TREM-1 in the cell membrane (Fig. 3C). Further, using confocal
microscopy, we found that similarly to native HDL [61,62], HDL-like lipopeptide complexes
containing TREM-1 inhibitory SCHOOL peptides are able to pass the blood-brain barrier
(Zu T. Shen and Alexander B. Sigalov; unpublished results). In this study, we demonstrate
that these complexes can also infiltrate BRB as shown for both GF9-HDL (Fig. 4D) and GA/
E31-HDL (Supplemental Fig. 1C). It should be noted here that drug delivery to the retina via
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systemic administration is ideal for patients with ROP but remains a challenge due to the
BRB [63].

The high efficacy of systemically administered TREM-1 inhibitory formulations in reducing
up to 95% of pathological but not physiological angiogenesis in OIR demonstrated in our
study (Fig. 4) further implicates TREM-1 as one of the key players in the development of
pathological vitreoretinal neovascularization and as a novel target in the treatment of RNV
disorders. Interestingly, our current observations that TREM-1 blockade is accompanied by
a significant reduction of M-CSF protein expression in the retina (Fig. 5) strongly correlate
with our previous studies, which demonstrated that blockade of TREM-1 reduced serum
levels of M-CSF in arthritic [40] and cancer [41] mice, further supporting the idea that
TREM-1 signaling promotes the M-CSF-mediated involvement in angiogenesis that is
observed in the present study. One can suggest that reduction of M-CSF resulting from
TREM-1 inhibition can represent a mechanistic link between the previously shown
anticancer and anti-arthritic activities of TREM-1-specific SCHOOL inhibitory peptides
[39-41] and their ability to prevent RNV in OIR demonstrated in the present study. Further
studies are required to determine the effects of inhibiting TREM-1 on VEGF expression in
the OIR model.

In summary, our study for the first time, reveals an important role of TREM-1 in the
development of pathological RNV. Down-regulation of TREM-1 and silencing the TREM-1
signaling pathway using novel, first-in-class TREM-1 blockers effectively inhibited RNV
and improved normal vascularization in the OIR mouse model. Furthermore, in retinopathy,
like other inflammatory disorders where blockade of TREM1 has beneficial effect on
disease prevention and management, M-CSF is likely to be involved in the underlying
molecular mechanisms associated with the pathological RNV process.

Importantly, formulation of TREM-1 inhibitory GF9 peptide sequences into HDL-
mimicking macrophage-specific lipopeptide complexes that are able to pass the BRB allows
for their systemic administration with low toxicity. Another important consideration is that
the actual nature of the TREM-1 ligand(s) is still unknown, which increases the risk for
failure in the clinical development of current approaches that all attempt to block the binding
of TREM-1 to its ligand(s) [28,36,45,64]. Advantageously, first-in-class TREM-1-specific
SCHOOL inhibitory peptides employ a new, ligand-independent mechanism of TREM-1
blockade [39-41], which avoids this risk. It should be also noted that TREM-1 blockade
does not affect microbial control [65] and was suggested for the treatment of neonatal
infection [66]. Moreover, septic mice lacking DAP12, a signaling adapter of TREM-1, have
improved survival [67]. Humans lacking DAP12 do not have problems resolving infections
[68]. In future studies, we will determine the possible effects of TREM-1 blockade on
normal development. However, our current study showed no changes in weight gain or
behavior of the neonatal mice treated with the TREM-1 inhibitors.

Collectively, these promising data suggest that targeting TREM-1 using TREM-1-specific
SCHOOL peptide inhibitors represents a novel strategy to prevent the development of
pathological RNV during ROP or other retinal diseases characterized by vitreoretinal
neovascularization.
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Fig. 1.
OIR induces TREM-1 and M-CSF expression. (A) A representative Western blot shows

TREM-1 expression at P17 in the retinas of OIR mice but not of those kept in room air
(RA). The membrane was probed for TREM-1 and then reprobed for B-actin. Values in the
bar graphs represent the mean + SEM, n = 5. **, p<0.01 vs. RA mice. (B) Representative
retinal cryosections from OIR and RA mice at P17 were immunolabeled with antibodies
against M-CSF (red) and TREM-1 (green). TREM-1 and M-CSF are induced and largely
colocalized in OIR. Scale bar = 20 pm. Five retinas were analyzed for each experimental

group.
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Fig. 2.
TREM-1 colocalizes with activated microglia and macrophages in pathological retinal

neovessels. Representative retinal cryosections from OIR mice at P17 were immunolabeled
with antibodies against TREM-1 (green, A-D), the endothelial cell/macrophage marker
isolectin B4 (red, A), the leukocyte marker CD45 (red, B), the macrophage/microglial
marker Iba-1 (red, C), and M-CSF (red, D). The merged images (A-D) demonstrate that
TREM-1 localizes to pathological retinal neovessels, largely colocalizing with isolectin By,
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CD45, Iba-1 and M-CSF. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner
nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Scale bar = 20 pum.
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Fig. 3.
First-in-class peptide inhibitors employ novel mechanisms of action to inhibit TREM-1

signaling. (A) TREM-1 inhibitory GF9 peptide sequences employ ligandindependent
(SCHOOL) mechanisms of action and block intramembrane interactions between TREM-1
and its signaling partner DAP-12. These peptides can be employed as free (Route 1) or
bound to HDL-mimicking lipopeptide complexes for targeted delivery to macrophages/
microglia (Route 2). (B) Immunofluorescence analysis (IFA) of TREM-1-expressing J774A.
1 macrophages incubated for 6 h at 37 °C with rhodamine B-labeled GF9-HDL that contain
Dylight 488-labeled GF9 (green) and Dylight 405-labeled PE22 (blue) demonstrates
intracellular delivery of GF9 as well as both lipid and apo A-l peptide constituents of HDL
complexes. Scale bar =5 um. (C) IFA of TREM-1-expressing J774A.1 macrophages
incubated for 6 h at 37 °C with GA/E31-HDL that contain Dylight 488-labeled GE31
(green) and stained using Alexa 647-labeled anti-TREM-1 antibody (red) demonstrates
colocalization of GE31 with TREM-1 in the cell membrane. Scale bar =5 pm.
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Fig. 4.

TF%EM—l blockade reduces pathological retinal neovascularization and avascular areas in
OIR. As described in the methods, OIR mice were treated by daily intraperitoneal (i.p.)
injections of GF9-HDL (2.5 mg/kg), GA/E31-HDL (4 mg/kg) or vehicle (PBS) from P7 to
P17. (A) Representative retina flat-mounts at P17 stained using isolectin B, (red) from the
indicated treatment groups. Regions of retinal neovascularization (RNV) and avascular areas
(AVA) are indicated. Scale bar = 500 um. (B) Quantification of RNV. Data were analyzed
from 3 independent experiments (n = 6 retinas, 3 litters of mice) and represented as the mean
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+ SEM. *, p< 0.05. (C) Quantification of AVA. Data were analyzed from 3 independent
experiments (n = 6 retinas, 3 litters of mice) and represented as the mean + SEM. *, p<
0.05, ***, p< 0.001. (D) IFA of a representative retina flat-mount confirms that systemically
(i.p.) administered rhodamine B-labeled GF9-HDL penetrate the blood-retinal barrier and
accumulate in the retina, delivering their payload (similar for GA/GE31-HDL, as shown in
Supplemental Fig. 1C). Scale bar = 500 pm.
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Fig. 5.

TREM-1 inhibition reduces expression of M-CSF and TREM-1 in OIR. A representative
Western blot of retinal lysates from OIR mice at P17 reveals that TREM-1 blockade using
GF9-HDL and GA/E31-HDL significantly suppresses expression of TREM-1 and M-CSF.
The membrane was probed for TREM-1, reprobed for M-CSF and then for B-actin. Values
in the bar graphs represent the mean + SEM, n = 6. *, p< 0.05, **, p< 0.01 vs. vehicle-

treated mice.
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