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26 

27 Abstract 

28 Current treatments for choroidal neovascularization, a major cause of blindness for 

29 patients with age-related macular degeneration, treat symptoms but not the 

30 underlying causes of the disease. Inflammation has been strongly implicated in the 

31 pathogenesis of choroidal neovascularization, and in this study we examined the 

32 inflammatory role of toll-like receptor 2 (TLR2) in age-related macular degeneration. 

33 TLR2 was robustly expressed by the retinal pigment epithelium in mouse and human 

34 eyes, both normal and with macular degeneration/choroidal neovascularization. 

35 Nuclear localization of NF-κB, a major downstream target of TLR2 signaling, was 

36 detected in the retinal pigment epithelium of human eyes, particularly in those with 

37 advanced stages of age-related macular degeneration. TLR2 antagonism effectively 

38 suppressed initiation and growth of spontaneous choroidal neovascularization in a 

39 mouse model, and the combination of anti-TLR2 and anti-vascular endothelial growth 

40 factor receptor 2 yielded an additive therapeutic effect on both area and number of 

41 spontaneous choroidal neovascularization lesions. Lastly, in primary human fetal 

42 retinal pigment epithelium cells, ligand binding to TLR2 induced robust expression of 

43 pro-inflammatory cytokines, and end products of lipid oxidation had a synergistic 

44 effect on TLR2 activation. Our data illustrate a functional role for TLR2 in the 

45 pathogenesis of choroidal neovascularization, likely by promoting inflammation of the 

46 retinal pigment epithelium, and validate TLR2 as a novel therapeutic target for 

47 reducing choroidal neovascularization. 

48 

49 
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50 Introduction 

51 Investigations into the pathophysiology of age-related macular degeneration (AMD) 

52 have yielded valuable molecular targets for the treatment of choroidal 

53 neovascularization (CNV), including vascular endothelial growth factor A (VEGF)1, 2. 

54 Although anti-VEGF treatment effectively suppresses the vascular hyperpermeability 

55 associated with CNV, this treatment mainly addresses a disease endpoint rather than 

56 the molecular mechanism of CNV development3. Experimental overexpression of 

57 VEGF by either the retina or the RPE in different mouse models did not result in the 

development of CNV4-7, suggesting that pathological stimuli in addition to elevated 58 

59 VEGF are required for CNV pathogenesis, and anti-VEGF therapy has critical 

60 limitations. Patients receiving anti-VEGF therapies require intraocular injections 

61 every 4-8 weeks, potentially lifelong, to maintain their vision8. The beneficial effects 

62 of anti-VEGF therapy appear to diminish after the third or fourth year of treatment9-11, 

63 and a significant proportion of patients with CNV do not respond to anti-VEGF 

therapy12. Finally, there is emerging evidence that chronic VEGF neutralization may 64 

65 lead to ocular side effects13-15. Thus, there is a clear imperative for an alternative 

66 therapy that will intervene earlier in the disease process and provide a means for 

67 more-effective, long-term management of AMD. 

68 Dysregulated inflammation may play a critical role in the development of 

69 AMD16, and some observations suggest autoimmune contributions17. Numerous 

70 studies point to involvement of the innate immune system, including interactions 

71 among the complement system18-21, leukocytes22-25 and pattern recognition receptors 

72 such as the toll-like receptors (TLRs)26, 27, in AMD and CNV28. The TLRs are pattern 

73 recognition receptors that can bind to and sense both pathogen-associated 

74 molecular patterns (PAMPs) and self-derived danger-associated molecular patterns 

75 (DAMPs), then mediate appropriate inflammatory and repair responses26, 29. TLR2 is 

76 expressed primarily on plasma membranes and is essential for the recognition of 
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77 microbial lipopeptides (PAMPs) as well as end products of lipid oxidation (DAMPs)30, 

31. The ω-(2-carboxy-ethyl) pyrrole (CEP) adducts, end products of lipid oxidation, 78 

79 are reportedly endogenous ligands for TLR2 and have been shown to promote 

80 angiogenesis in a wound healing model by directly activating TLR2 on endothelial 

cells31, 32. 81 

82 Microenvironments with high oxidative stress, including the highly 

83 metabolically active neural retina33, promote lipid oxidation and formation of CEP 

84 adducts. This could result in chronic TLR2 activation, inflammation and, eventually, 

85 angiogenesis. Interestingly, there is evidence that CEP adducts and DAMPs in 

86 general do not directly activate TLR2, but instead potentiate the activation of TLR2 

87 by PAMPs34, 35. This suggests that direct TLR2 activation by pathogens, coupling with 

88 potentiation or priming of the TLR2 activity by DAMPs, could be important in the 

89 pathogenesis of CNV. Indeed, TLR2 activation by Chlamydia pneumoniae has been 

90 shown to enhance the expansion of laser-induced CNV36. Increased TLR2 

91 expression and reactivity in peripheral blood mononuclear cells from patients with 

92 AMD supports the concept that TLR2 may be involved disease pathogenesis37 and, 

93 intriguingly, C. pneumoniae was detected in human CNV samples but not in control 

94 eyes without AMD38, highlighting a potential role for pathogen-mediated TLR2 

95 activation in pathology. 

96 In this study, we investigated the expression of TLR2 in human AMD at 

97 different stages, including CNV, as well as in age-matched controls without disease 

98 to assess potential involvement of TLR2 in AMD pathogenesis. To examine the 

99 functional role of this receptor in the initiation and growth of pathological choroidal 

100 vessels, neutralizing antibodies against TLR2 were used in a mouse model of 

101 spontaneous CNV. Mechanisms for TLR2 activation were examined by treating 

102 human primary RPE cells with a combination of different synthetic and natural 

103 bacterial ligands, as well as CEP adducts. Results of these studies suggest that 
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104 dysregulated TLR2 activation in the RPE may play an important role in the 

105 pathogenesis of CNV by modulating the inflammatory response of the RPE. These 

106 studies point to the TLR2 pathway as a potential therapeutic target to prevent 

107 blindness in patients with AMD. 

108 

109 Materials and Methods 

110 Immunohistochemistry of human tissues 

111 Formalin-fixed and paraffin-embedded sections from de-identified human donor 

112 eyes, with (77-90 years old) and without (77 years old) AMD, were deparaffinized in 

113 100% xylene, rehydrated in a series of ethanol, and washed in PBS. Sections were 

114 processed for immunohistochemistry using the following antibodies: anti-TLR2 

115 (1:500; Abcam, Cambridge, MA), nuclear factor-κB p65 (NF-κB p65, 1:300; Cell 

116 Signaling, Danvers, MA), and control IgGs (goat IgG at 1:500 or rabbit IgG at 1:300; 

117 Sigma-Aldrich, St. Louis, MO). Epitope retrieval was accomplished in boiling citrate 

118 buffer (pH6). Sections were incubated in 3% H2O2 in methanol to inhibit endogenous 

119 peroxidases, then blocked in protein blocking solution and incubated in primary 

120 antibody overnight at 4°C. The following day, sections for TLR2 staining were 

121 incubated in a goat probe for 15 min followed by alkaline phosphatase-polymer that 

122 conjugates to the probe (Goat-on-Rodent AP-polymer kit; Biocare Medical, Concord, 

123 CA) for 30 min and then visualized with the Vulcan Fast Red chromogenic substrate 

124 kit (FR805; Biocare Medical). For NF-κB p65 staining, sections were incubated in 

125 MACH2 Rabbit HRP-polymer (Biocare Medical) for 30 min and then visualized with 

126 the Deep Space Black Chromogenic substrate kit (BRI4015, Biocare Medical). 

127 Finally, the slides with (for TLR2) and without (for NF-κB p65) hematoxylin 

128 counterstaining (Gill no.3 hematoxylin, Sigma-Aldrich) were mounted with Permount 

129 medium (Thermo Fisher Scientific, Waltham, MA) before imaging using an Axioskop 

130 2 MOT Plus microscope (Carl Zeiss Inc., Thornwood, NY) equipped with an Axiocam 
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131 MRc color camera (Carl Zeiss Inc.). Axiovision 4.9.1 (Carl Zeiss Inc.) was used for 

132 image acquisition. 

133 

134 Animals 

135 Six-week-old male wild type C57BL/6J mice were obtained from Harlan UK Ltd., 

136 (Blackthorn, UK) or the Jackson Laboratory (Bar Harbor, ME, USA), and the JR5558 

137 mice displaying spontaneous CNV39, 40 were produced from an in-house colony. The 

138 animals were fed standard lab chow, received water ad libitum, and were housed in a 

139 temperature-controlled environment with a 12-hour day-night cycle. For in vivo 

140 procedures, mice were anesthetized with a single i.p. injection of a mixture of 

141 medetomidine hydrochloride (1 mg/kg body weight; Domitor; Pfizer Animal Health, 

142 New York, NY) and ketamine (60 mg/kg body weight, Fort Dodge Animal Health Ltd, 

143 Southampton, UK) in sterile water. Prior to procedures involving fluorescein imaging, 

144 pupils were dilated with one drop each of 2.5% phenylephrine hydrochloride 

145 (Chauvin Pharmaceuticals Ltd, Kingston-Upon-Thames, UK) and 1% tropicamide 

146 (Bausch and Lomb, Surrey, UK). After the procedures, an i.p. injection of Antisedan® 

147 (20%, Orion Pharma, Espoo, Finland) at 0.01 ml/150 g was used to reverse the 

148 effects of the anesthesia. All animal procedures were reviewed and approved 

149 according to the British Home Office Animals Scientific Procedures Act 1986 and 

150 were performed in accordance with European Directive 86/609/EEC and the ARVO 

151 Statement for the Use of Animals in Ophthalmic and Vision Research. 

152 

153 Treatment of spontaneous CNV in JR5558 mice 

154 JR5558 mice39-41, which spontaneously generate CNV lesions, were treated with a 

155 single intravitreal injection (in 0.8 μl) of rat anti-mouse VEGF receptor-2 (VEGFR2) 

156 blocking antibody (0.8 or 4.8 μg per injection, MAB4431, R&D systems), purified 

157 mouse neutralizing anti-mouse TLR2 antibody (0.8, 1.6, or 3.2 μg per injection, mab- 

158 mTLR2, Invivogen), a combination of anti-VEGFR2 and anti-TLR2 antibodies (0.8 + 
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159 0.8 μg or 4.8 + 3.2 μg per injection), a mixture of a rat non-immune, isotype-matched 

160 control IgG2α antibody (4.8 μg per injection, R&D systems), mouse isotype-matched 

161 control IgG1 antibody (3.2 μg per injection, Invivogen), or vehicle control at postnatal 

162 day (P) 24. CNV was analyzed by fundus fluorescein angiography (FFA) on P31, 

163 seven days after injection, and eyes were collected at 24 hours after FFA for 

164 immunohistological analysis. Each litter was divided into at least three different 

165 treatment groups, including either a vehicle or control IgG group, to minimize the 

166 potential inter-litter variation of responses to the different treatments. Mice (P24) of 

167 both sexes were used for the experiments, and at least eight mice were used per 

168 treatment group based on prior pilot experiments using the same models. All dosing 

169 was done in a masked fashion. 

170 

171 FFA and image analysis for CNV lesions in mice 

172 Analysis of the CNV was performed as described39, 40. Briefly, the pupils of mice were 

173 dilated with 2.5% phenylephrine hydrochloride and 1% tropicamide, then 2% 

174 fluorescein sodium (at 10 ml/kg body weight) diluted in water was administered by 

175 i.p. injection. Fluorescein angiograms were captured using a Kowa Genesis-Df 

176 fundus camera (Kowa, Tokyo, Japan) at early (90 sec after fluorescein injection) and 

177 late (7 min post-injection) phases of dye transit. At the early phase, the CNV tissue 

178 was clearly defined by the intravascular fluorescein dye whereas at the late phase, 

179 extravascular fluorescein was evident as patches of hyperfluorescence. To 

180 determine the number of spontaneous CNV lesions per eye in the JR5558 mice, 

181 early phase FFA images with the best coverage of the posterior pole (with optic disc 

182 at the center) were used. Image J (version 1.48, National Institutes of Health, 

183 Bethesda, MD, http://rsbweb.nih.gov/ij) was used to quantify CNV area by measuring 

184 the areas of hyperfluorescence in late phase FFA images, which correlate well with 

185 CNV area based on immunohistologial analysis39, 40. Animals were excluded for FFA 

186 analysis if a clear image of the retina could not be obtained, for example because of 
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187 cataracts. All FFA image analysis was performed by trained investigators who were 

188 masked to the identity of the treatment groups. 

189 

190 Immunohistological analysis of eye from mice 

191 Eyes were enucleated and fixed with 4% paraformaldehyde in PBS for 3 hr at 4°C. 

192 To generate eye sections, the cornea and lens were removed after fixation, and the 

193 resulting eye cups with retina were cryoprotected in 30% sucrose in PBS overnight at 

194 4°C, snap-frozen in optimum cutting temperature compound (TissueTek; Sakura 

195 Finetek, Torrance, CA) and cryostat sections (10 µm) thaw-mounted onto glass 

196 slides. Eyecups whole-mounted without the retina and eyecup sections with the 

197 retina were blocked in buffer containing 0.3% Triton X-100 and 5% FBS in PBS 

198 (blocking buffer) for 1 hr at room temperature, then incubated overnight at 4ºC with 

199 FITC-isolectin B4 (1:300, Vector, Burlingame, CA) alone or in combination with 

200 primary antibodies (all at 1:100 dilution), namely anti-F4/80 (Abcam), anti-TLR2 

201 (Abcam), anti-Ezrin (07130, Thermo Fisher, Pittsburgh, PA) or anti-NFκB p65 (Cell 

202 Signaling). After three washes, appropriate secondary antibodies, including anti-rat 

203 Alexa Fluor® 594, anti-goat Alexa Fluor® 594, anti-rabbit Alexa Fluor® 488 and anti- 

204 rabbit Alexa Fluor® 594 (all 1:300; Life Technologies, Waltham MA), were added and 

205 specimens incubated at room temperature for 2 hr. Nuclei were stained with DAPI 

206 (Life Technologies). After five washes, the specimens were mounted in 50% glycerol, 

207 50% PBS, 0.04% sodium azide and viewed by epifluorescence (Olympus BX51 

208 microscope, Olympus, Essex, UK) with a Retina SRV camera (QImaging, Surrey BC, 

209 Canada) with the following objectives and numerical apertures: 4x, 0.16; 10x, 0.40; 

210 20x, 0.75; 40x, 0.90; 60x, 1.35 (oil), and ImagePro 6.2 (Media Cybernetics, Rockville, 

211 MD) was used for image acquisition, or an Axioskop 2 Mot Plus microscope (Carl 

212 Zeiss, Inc., Throwood, NY) equipped with an Axiocam MRm monochrome color 

213 camera (Carl Zeiss Inc.), and Axiovision 4.9.1 (Carl Zeiss Inc.) was used for image 

214 acquisition. 
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215 

216 Real-time PCR 

217 Mouse eyes were stored in RNAlater (Invitrogen, Grand Island, NY) until RNA was 

218 extracted from the retina and the RPE/choroid complex using the RNeasy mini kit 

219 (Qiagen, Valencia, CA). For experiments using human fetal RPE cells (hfRPE), total 

220 RNA was extracted from cells after indicated treatments using the RNAeasy mini kit 

221 (Qiagen). Complementary DNA synthesis was performed using the iSCRIPT kit 

222 (BioRad, Hercules, CA), as per the manufacturer’s specifications. For real-time PCR, 

223 reactions were performed on the LightCycler 480 II (Roche, Indianapolis, IN) or a 

224 Realplex2 real-time PCR machine (Eppendorf, Hauppauge, NY) using 0.5 μM primers 

225 and Faststart Universal SYBR Green PCR Master Mix (Applied Biosystems, Grand 

226 Island, NY). Relative gene expression was determined using the --Ct method after 

227 normalizing sample loading with the housekeeping gene HPRT1. The primer 

228 sequences are listed below: 

9 

human HPRT1 
 

5’ CCT GGC GTC GTG ATT AGT GAT 3’ 
 

 5’ AGA CGT TCA GTC CTG TCC ATA A 3’ 
 

human TLR2 
 

5’ TGG TAG TTG TGG GTT GAA GC 3’ 
 

 5’ GAC AGA GAA GCC TGA TTG GAG 3’ 
 

human IL1B 
 

5’ ATG CAC CTG TAC GAT CAC TG 3’ 
 

 5’ ACA AAG GAC ATG GAG AAC ACC 3’ 
 

human IL6 
 

5’ CAA CCT GAA CCT TCC AAA GAT G 3’ 
 

 5’ ACC TCA AAC TCC AAA AGA CCA G 3’ 
 

human CXCL8 
 

5’ AGA AAC CAC CGG AAG GAA CCA TCT 3’ 
 

 5’ AGA GCT GCA GAA ATC AGG AAG GCT 3’ 
 

human MCP1 
 

5’ TGT CCC AAA GAA GCT GTG ATC 3’ 
 

 5’ ATT CTT GGG TTG TGG AGT GAG 3’ 
 

human VEGFA 
 

5’ GGG CAG AAT CATC ACG AAG TG 3’ 
 

 



229 

230 Isolation and culture of primary human fetal RPE cells 

231 Human fetal eyes were obtained from Advanced Bioscience Resources, Inc. 

232 (Alameda, CA) or Novogenix Laboratories, LLC (Los Angeles, CA). Tissues with a 

233 gestational age of 15-20 weeks were used. The tissue was harvested within two hr of 

234 death and kept on ice. The eyes were shipped the same day and processed the day 

235 of arrival. The time from death to tissue processing was 24 ± 4 hours. 

236 RPE isolation and culture were performed according to published methods42. 

237 Briefly, intact eye globes were rinsed in antibiotic-antimycotic solution (diluted to 10X, 

238 Invitrogen) for 5 min. Antibiotics were rinsed off with PBS and the eyes were 

239 transferred to a 10-cm petri dish coated with Sylgard-184 (Dow Corning, Midland, MI) 

240 and filled with 5% Miller medium. Excess muscle and connective tissues were 

241 removed from around the eyes, then the eyes were bisected at one-third the distance 

242 from the eye equator to the anterior surface. Prior to separation of the anterior 

243 segment of the eye, the vitreous body was cut to avoid detaching the retina from the 

244 RPE. The eyecups were then incubated with dispase-I solution (2 U/ml, Roche 

245 Diagnostics, Indianapolis, IN) in 5% Miller medium for 45 min at 37°C, transferred to 

246 a petri dish filled with 5% Miller medium, fixed with 27G needles in the silicon 

247 padding and dissected into quadrants. The retinas were gently removed with fine 

248 forceps and RPE-Bruch’s membrane samples were collected directly into a cold 

249 trypsin-EDTA solution. After incubation at 37°C for 15 min, the samples were 

250 vigorously shaken to separate the RPE cells from Bruch’s membrane. The cells were 
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 5’ ATT GGA TGG CAG TAG CTG CG 3’ 
 

mouse Hprt1 
 

5’ TCA GTC AAC GGG GGA CATA AA 3’ 
 

 5’ GGG GCT GTA CTG CTT AAC CAG 3’ 
 

mouse Tlr2 
 

5’ CCA GAA GCA TCA CAT GAC AGA 3’ 
 

 5’ CAA CTT ACC GAA ACC TCA GAC A3’ 
 

 



251 pelleted (1300 rpm, 4 minutes), suspended in Miller medium with 15% serum and 

252 seeded onto a tissue culture dish (35mm x 10mm). The medium was replaced after 

253 24 hr with 5% Miller medium and changed every two days. Once cells reached 

254 confluence (one to two weeks; passage 0), they were seeded into transwells (12 mm 

255 insert, 400 nm pores, Corning Inc., Corning, NY) that were coated with laminin 

256 extracellular matrix (Sigma-Aldrich), at 1.5- 2.0 x 105 cells/well. Cells at passages 1-3 

257 were used for experiments; they were often pigmented and displayed a 

258 transepithelial electrical resistance of at least 500 ohm·cm2 (EVOM2 Voltohmmeter, 

259 World Precision Instruments, Inc., Sarasota, FL) as described{Iacovelli, 2016 #77}. 

260 The synthetic TLR2 ligand PAM2CSK4, neutralizing anti-TLR2 antibody 

261 (MAb-mTLR2), anti-TLR1 antibody (Anti-hTLR1-IgG), anti-TLR6 antibody (Anti- 

262 hTLR6-IgG) and control mIgG1 were obtained from InvivoGen. The high purity (≥ 

263 98% based on NMR analysis) CEP-dipeptide was obtained from a commercial 

264 source as a custom synthesis (Haoyuan Chemexpress Co., Limited, Shanghai, 

265 P.R.China). C. pneumoniae (gamma-irradiation inactivated bacteria from cell lysate) 

266 was obtained from Meridian Life Science, Inc (R02620, Memphis, TN). 

267 

268 Statistical analysis 

269 For the JR5558 spontaneous CNV model, total CNV area per eye and number of 

270 CNV lesions per eye were quantified using FFA, and each individual eye was 

271 analyzed as an individual data point (n). Data from FFA were analyzed using one- 

272 way ANOVA followed by a Dunnett’s post hoc test to compare the different test 

273 groups and dosages to either the control (IgG) or the single treatment group (anti- 

274 VEGFR2 at 4.8 μg) as indicated (GraphPad Prism). For real-time PCR analysis using 

275 hfRPE transwell culture, each transwell was analyzed as individual data point (n). For 

276 real-time PCR analysis using eye tissues, each individual eye was analyzed as an 

277 individual data point (n). PCR data were analyzed using one-way ANOVA followed 

278 by a Turkey post hoc test to compare between different test groups as indicated 
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279 (GraphPad Prism). For all comparisons, values of p < 0.05 were considered 

280 statistically significant. Data are shown as mean ± SEM unless otherwise noted. All 

281 experiments and data analysis for both animal and cell-based experiments were 

282 performed in a masked fashion, and sample size was determined based on prior pilot 

283 experiments using the same models. 

284 

285 Results 

286 TLR2 is highly expressed by the RPE in human eyes with and without AMD 

287 In light of the evidence for inflammation as a contributor to AMD and the critical role 

288 of TLR2 in modulating oxidative stress-induced angiogenesis in a wound-healing 

289 model31, 32, we investigated the expression of TLR2 in CNV associated with AMD. 

290 Robust expression of TLR2 was detected in the RPE at all stages of AMD as well as 

291 in the RPE of control eyes with no signs of AMD (Figure 1). Some TLR2-positive 

292 endothelial cells and/or leukocytes associated with the vessels were also observed in 

293 the choroid, and sometimes a few pigmented cells (likely RPE) within the CNV 

294 membrane were positive for TLR2 staining (Figure 1i-j), but interestingly, the CNV 

295 membrane (including the vessels) was only weakly stained or negative for TLR2 

296 expression. Weak TLR2 staining was also detected on drusen (Figure 1e-f). These 

297 data suggest that RPE cells normally express high levels of TLR2, and that the RPE 

298 continue to express TLR2 at different stages of AMD. 

299 

300 RPE cells display greater nuclear localization of the TLR2 target NF-κB during 

301 intermediate and late stages of human AMD. 

302 We used immunohistological analysis of clinical specimens to examine nuclear 

303 localization of NF-κB, a major downstream target of the TLR2 pathway, as an 

304 indicator of TLR2 activation. Nuclear localization of NF-κB was detected in a small 

305 number of RPE cells in aged eyes without any signs of AMD and with early AMD, 
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306 corresponding to AREDS 1. Greater numbers of RPE cells displaying nuclear 

307 translocation of NF-κB were observed in RPE cells in aged eyes with intermediate 

308 AMD, corresponding to AREDS 3, and advanced AMD (Figure 2). Activation of NF- 

309 κB was detected in some cells in the choroid, likely endothelial cells of the choroidal 

310 vessels and resident leukocytes (Figure 2), a pattern similar to that observed for 

311 TLR2 (Figure 1). Interestingly, in the CNV membrane and in the adjacent retina, 

312 nuclear staining of NF-κB was mostly detected in cells with small rounded nuclei 

313 (Figure 2g). These are likely infitrated inflammatory cells, since vascular endothelial 

314 cells often have elongated nuclei (Figure 2i-p). The lack of nuclear NF- κB in the 

315 CNV membrane (Figure 2g) matches the lack of TLR2 expression in the CNV lesion 

316 (Figure 1). 

317 

318 TLR2 is highly expressed by the RPE in mouse eyes with and without CNV 

319 To investigate the role of TLR2 in the pathogenesis of CNV, the JR5558 mouse, an 

established model of spontaneous CNV39, 40, was used. As with the human eyes, the 320 

321 RPE cells in close proximity to and distant from the CNV lesion were positive for 

322 TLR2 staining (Figure 3). RPE cells in the wild type control mouse, too, stained 

323 positive for TLR2 (Figure 3d-f). TLR2 was localized to the apical side of the RPE 

324 (Figure 3g-j), where it co-localized with ezrin, a marker for RPE microvilli (Figure 3k- 

325 m). The vessels of the spontaneous CNV were mostly negative for TLR2 staining, 

326 though some cells that tightly associated with the CNV vessels, likely leukocytes 

327 and/or microglia, were positive for TLR2 (Figure 3a-c). Immunostaining of the eye 

328 sections confirmed the lack of TLR2 staining in CNV vessels (Figure 3g-h). 

329 Using semi-quantitative reverse transcription and real-time qPCR analysis, 

330 significantly higher expression levels of Tlr2 mRNA were detected in the RPE/choroid 

331 complex compared to the retina from both the wild-type C57BL/6J and the JR5558 
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332 mice (Figure 3n). Taken together, these results suggest that the primary source of 

333 TLR2 in the eye is the RPE, both in normal eyes and in eyes with CNV. 

334 

335 TLR2 plays a functional role in CNV development 

336 To determine the function of TLR2 in the development of CNV, including the initiation 

337 as well as growth of the CNV lesion, different doses (0.8, 1.6, and 3.2 μg per 

338 injection per eye) of TLR2-neutralizing antibody were delivered via a single 

339 intravitreal injection into the eyes of JR5558 mice, then the effect on CNV was 

340 analyzed by FFA seven days post-injection. All three doses of anti-TLR2 antibody 

341 significantly suppressed the formation of CNV, with an efficacy that was similar to 

342 that of VEGFR2 neutralization (0.8 and 4.8 μg per intravitreal injection per eye) 

343 (Figure 4). The higher doses of anti-TLR2 antibody (1.6 and 3.2 μg) were significantly 

344 more effective in reducing the area of CNV per eye compared to the lower dose (0.8 

345 μg), indicating a dose response for the anti-TLR2 antibody in reducing CNV 

346 development in this model (Figure 4b). No significant dose effect was observed for 

347 the anti-VEGFR2 antibody, suggesting that the 0.8 μg intravitreal dose was already 

348 achieving maximal inhibition. 

349 As expected, combination treatment with anti-VEGFR2 and anti-TLR2 

350 antibodies resulted in significant inhibition of the number of CNV lesions per eye as 

351 well as CNV area per eye compared to the IgG control. Interestingly, the high-dose 

352 combination treatment (4.8 μg anti-VEGFR2 and 3.2 ug anti-TLR2) was significantly 

353 better than the high-dose treatment with anti-VEGFR2 alone (4.8 μg) for reducing the 

354 number of CNV lesion per eye and in reducing average CNV area per eye (Figure 

355 4b). No significant difference was detected between other combination treatment 

356 groups and the anti-VEGFR2 treatment groups. These results suggest an additive 

357 suppressive effective for antagonism of VEGFR2 and TLR2 on the development of 
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358 spontaneous CNV, and that the VEGFR2 and TLR2 pathways may have non- 

359 overlapping function during CNV pathogenesis. 

360 

361 TLR2 promotes macrophage recruitment to the CNV 

362 Because macrophage recruitment to sites of CNV plays a significant role in 

363 pathological vessel development in the JR5558 mice40, the eyes from animals 

364 treated with antibodies against VEGFR2 and/or TLR2 were examined by 

365 immunohistochemistry to determine the morphology of the CNV vessels and the 

366 degree of macrophage association with the CNV. Although there were no obvious 

367 morphological differences between the CNV vessels in eyes treated with anti- 

368 VEGFR2 and/or anti-TLR2 and those treated with vehicle, the levels of staining for 

369 macrophages associated with the CNV were dramatically lower in eyes treated with 

370 anti-TLR2 alone or anti-TLR2 in combination with anti-VEGFR2 (Figure 5). Anti- 

371 VEGFR2 treatment alone was effective in inhibiting CNV development (Figure 4), but 

372 this treatment had no detectable effect on the degree of CNV-associated 

373 macrophages (Figure 5). These data suggest that TLR2 activation in the RPE 

374 promotes recruitment of macrophages during CNV, and that this effect is 

375 independent of that of the VEGF/VEGFR2 pathway. 

376 

377 Activation of TLR2 promotes expression of pro-inflammatory cytokines by the RPE 

378 To determine why TLR2 antagonism was effective in inhibiting spontaneous CNV 

379 development and, in particular, macrophage recruitment to the CNV, we determined 

380 the effect of TLR2 activation on RPE cells in vitro. Cultured hfRPE expressed TLR1, 

381 TLR2, TLR4 and TLR6 mRNA, albeit at levels significantly lower (2- to 16-fold) than 

382 those observed for THP-1 cells (data not shown), a human monocyte cell line known 

383 to express high levels of these TLRs43. Treatment of hfRPE with a synthetic 

384 diacylated lipopeptide TLR ligand, Pam2CSK444, led to robust induction of the mRNA 
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385 for pro-inflammatory cytokines interleukin 6 (IL6), monocyte chemoattractant protein 

386 1 (MCP1/CCL2), C-X-C motif chemokine ligand 8 (CXCL8/IL8), interleukin 1 beta 

387 (IL1B) and TLR2 itself. Neutralizing antibody against TLR2 significantly blocked the 

388 increase in cytokines/TLR2 expression induced by Pam2CSK4 (Figure 6a). The 

389 degree of up-regulation was variable, likely due in part to the fact that different 

390 isolates of hfRPE had different baseline levels of expression for these pro- 

391 inflammatory genes, but significant induction was observed in all hfRPE isolates 

392 tested (Figure 6). 

393 To determine if other TLRs contribute to the Pam2CSK4-induced expression 

394 of pro-inflammatory genes, e.g. via hetero-dimerization with TLR2, neutralizing 

395 antibodies against TLR1 and TLR6 were tested both alone and in combination with 

396 anti-TLR2 antibody. Only anti-TLR2 neutralizing antibodies were effective in inhibiting 

397 Pam2CSK4-induced up-regulation of IL1B, IL6 and TLR2 in our system (Figure 6b). 

398 

399 End products of lipid oxidation enhance TLR2-mediated expression of pro- 

400 inflammatory genes in RPE 

401 We next sought to identify a pathologically relevant ligand that could mediate TLR2 

402 activation in the RPE during AMD pathogenesis. The aged RPE is exposed to high 

403 oxidative stress in the lipid-rich microenvironment of the retina and, during AMD, in 

404 drusen deposits. End products of lipid oxidation, including CEP adducts, can directly 

405 activate TLR2 and promote angiogenesis31, 32. We therefore tested the effect of CEP 

406 on TLR2 activation in RPE cells. 

407 Primary hfRPE were treated with different doses of Pam2CSK4 and CEP, 

408 both alone and in combination, and expression of pro-inflammatory genes was 

409 assessed by qPCR. CEP alone did not induce expression of pro-inflammatory 

410 cytokines or chemokines in hfRPE (Figure 7), even at doses up to 52.4 μM and 

411 duration of treatment of up to 72 hours (data not shown). However, addition of CEP 
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412 to Pam2CSK4 significantly enhanced expression of IL6, MCP1, CXCL8, IL1B and 

413 TLR2 relative to Pam2CSK4 treatment alone (Figure 7a-c, e,f). Interestingly, 

414 treatment with Pam2CSK4 and CEP, either individually or in combination, did not 

415 significantly affect expression of VEGFA (Figure 7d). These data suggest that CEP is 

416 not a conventional ligand for TLR2, but rather functions as a co-stimulatory ligand to 

417 potentiate and enhance the activation of TLR2 by conventional ligands such as 

418 Pam2CSK4 that regulate expression of pro-inflammatory genes. 

419 Next, we probed the effect of gamma-irradiation inactivated C. pneumoniae 

(Cpn)36, 38, a bacterial strain associated with AMD on TLR2-mediated expression of 420 

421 pro-inflammatory genes. The effects of Cpn were assessed in the presence or 

422 absence of CEP. Combination treatment of hfRPE with Cpn and CEP enhanced 

423 expression of MCP1, CXCL8 and IL1B compared to Cpn treatment alone at the six- 

424 and 48-hour time points (Figure 8c-h). Induction of IL6 expression by Cpn was also 

425 significantly enhanced by CEP treatment at the 48-hour time point (Figure 8a-b). 

426 Treatment with a neutralizing anti-TLR2 antibody significantly suppressed induction 

427 of the pro-inflammatory genes by the Cpn and CEP combination treatment, 

428 confirming that TLR2 is involved in the response. Again, treatment with Cpn and/or 

429 CEP did not significantly increase VEGFA expression in hfRPE compared to 

430 untreated controls (Figure 8i-j). Cpn therefore acts as a ligand for TLR2 in RPE cells, 

431 promoting expression of pro-inflammatory genes, and the activity of TLR2 in this 

432 context is enhanced by end products of lipid oxidation 

433 

434 

435 
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436 Discussion 

437 To validate the functional role of TLR2 in CNV pathogenesis, we examined the 

438 expression of TLR2 in clinical specimens and in an animal model of AMD. The 

439 finding that RPE cells express high levels of TLR2 on their apical surface is a 

440 reflection of RPE function as a barrier, an important role in immune surveillance, as a 

441 sensor for various PAMPs and DAMPs in the retina 27, 45. The increase in nuclear 

442 localization of NF-κB with AMD progression could indicate an increase in TLR2 

443 activation and a possible pro-inflammatory function for RPE in AMD pathogenesis. 

444 As AMD progresses, the RPE become atrophic, which would result in a reduction in 

445 overall TLR2 levels in the eye, due to the loss of RPE. This is consistent with our 

446 observation of lower TLR2 staining levels because of RPE loss in the clinical 

447 samples with advanced AMD (CNV) compared to eyes with earlier stage AMD or 

448 without AMD. This finding is also consistent with the data from the mouse model of 

449 spontaneous CNV, in which the levels of TLR2 gene expression by the RPE/choroid 

450 complex tended to be lower than those for age-matched, wild-type controls, though 

451 this difference was not statistically significant. 

452 Although some TLR2-positive cells were detected in the choroid in both the 

453 human and mouse eyes, neovessels in the CNV did not express high levels of TLR2. 

454 These finding differ from the reports of TLR2 in endothelial cells, in which TLR2 has 

455 been implicated in oxidative stress-modulated angiogenesis during wound healing31. 

456 This dissimilarity is likely due to the difference in mechanisms of angiogenesis 

457 between these two models. We have shown that the spontaneous CNV model is 

458 driven by inflammation39-41 and thus may lack certain components of the oxidative- 

459 stress–mediated wound-healing response, which would include TLR2-expressing 

460 endothelial cells. Since TLR2 antagonism effectively inhibited the initiation and 

461 growth of spontaneous CNV, it is reasonable to assume that TLR2 activation in the 

462 RPE plays an early role in CNV pathogenesis. The reduction in CNV-associated 
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463 macrophage investment observed with anti-TLR2 treatment is consistent with this 

464 hypothesis, since macrophage recruitment to the CNV/RPE is considered to be one 

465 of the initial steps that drives CNV pathogenesis28. 

466 It was surprising that the CEP adduct, a known component of drusen that has 

been associated with AMD pathogenesis46, 47, did not directly activate TLR2 in RPE, 467 

468 though it did enhance the effects of both synthetic and bacterial ligands. By 

469 enhancing activation of TLR2 activation by other ligands, CEP generated during 

470 aging could exacerbate the TLR2-mediated inflammatory response in the RPE. It is 

471 important to point out that hyperactivation of TLR2 by the synthetic ligand or bacterial 

472 ligand in combination with CEP in our cell-based model induced NF-κB activation but 

473 was not sufficient to induce activation of the inflammasome and RPE cell death (data 

474 not shown). However, it did lead to induction of pro-inflammatory genes including IL- 

475 1β, which could represent a priming step necessary for full activation of the 

476 inflammasome in the RPE by additional signals, such as oxidative stress or 

lysosomal destabilization48. Thus, we speculate that CNV pathogenesis in aging eyes 477 

478 may involve a two-hit process: the first, accumulation of CEP in aging eyes that 

479 effectively sensitizes TLR2 for promoting inflammation; the second, activation of 

480 TLR2 by DAMPs and/or PAMPs such as infection with bacteria or viruses. This two- 

481 step process would trigger hyperactivation of the TLR2 and chronic RPE-mediated 

482 inflammation, resulting in tissue damage, subsequent upregulation of VEGFA 

483 including by the RPE and recruited macrophages and eventual neovascularization. In 

484 support of this concept, C. pneumoniae antigen has been detected in clinical 

485 samples of CNV membranes, and human cytomegalovirus infection has been 

486 associated with wet AMD38,49, 50. If this mechanism is responsible for even a portion of 

487 CNV pathogenesis, treating patients with broad-spectrum antibiotics and/or anti-viral 

488 drugs to suppress infection at the RPE could inhibit the development of CNV and 

489 represent a novel means of reducing the incidence and/or progression of CNV. 
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490 TLR2 antagonism effectively blocked CNV in our mouse model of 

491 spontaneous CNV, either when used as a mono-therapy or in combination with anti- 

492 VEGFR2, suggesting that targeting of TLR2 activation could be an efficacious 

493 therapeutic strategy for CNV. Although our studies focus on TLR2, it is well 

494 established that other TLRs are expressed by the RPE, and some have been 

495 implicated in AMD pathogenesis26-28, 32. It will be important to determine if other TLRs 

496 contribute to CNV pathogenesis by promoting RPE inflammation. 

497 Since TLR2 is highly localized on the apical surface of RPE, ocular delivery of TLR2 

498 antagonist could be an effective route of delivery. Furthermore, since the TLR2-null 

499 mice are largely normal, and do not display any reported retinal phenotype, ocular 

500 TLR2 antagonism for CNV should be relatively safe36, 51. TLR2 may therefore serve 

501 as a novel therapeutic target for reducing CNV, either as a single therapy or in 

502 combination with anti-VEGF therapy for wet AMD. 
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522 

523 

524 Figure legends: 

525 

526 Figure 1. Expression of TLR2 (red staining) in the RPE/choroid area of aged eyes (≥ 

527 77 yrs) without AMD and with different stages of AMD. (A, B) Aged eye (77 yrs) 

528 without AMD (C, D), aged eye with early AMD (AREDS 1), (E-F) aged eye with 

529 intermediate stage AMD (AREDS 3), (G-J) aged eye with advanced AMD, showing 

530 regions without CNV (G, H) and with CNV (I, J; green asterisk). Note the absence of 

531 the RPE layer beneath regions with CNV. Brm, Bruch’s membrane; blue arrows, 

532 RPE; black arrowheads, TLR2-positive staining; red V, vessel in CNV; white 

533 arrowheads in E-F, a small drusen. IgG Control = isotype match IgG, Bar = 10 μm. 

534 

535 Figure 2. Activation of NF-κB in the RPE during AMD pathogenesis. (A-D) In aged 

536 eyes without any signs of AMD and with early AMD (≥ 77 years), only a few RPE 

537 cells displayed nuclear localization of NF-κB (white arrows). Cells with nuclear NF-κB 

538 staining in the choroid of the eyes with no AMD and with early AMD may be vascular 

539 endothelial cells and inflammatory cells (blue arrows in A, C). (E-P) In aged eyes with 

540 intermediate AMD and advanced AMD (≥ 77 years), nuclear localization of NF-κB 

541 was detected in many RPE cells (white arrows in E, I, K, M, O). In the CNV 

542 membrane (green asterisk), staining for nuclear NF-κB was unremarkable and limited 

543 to a few cells in the retina (green arrows) and choroid (blue arrows) (G, H). RPE cells 
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544 with activated NF-κB were detected near the transition zone with geographic atrophy 

545 (outlined with white dotted line) (I, J). The absence of RPE in the area with 

546 geographic atrophy could contribute to the lower number of RPE cells with nuclear 

547 NF-κB staining near the transition zone. NF-κB–positive cells in the retina (green 

548 arrows in G, I, M and O) are likely to be inflammatory cells because of their rounded 

549 nuclear morphology. More nuclear NF-κB staining in choroidal cells was detected in 

550 eyes with intermediate AMD and advanced AMD (blue arrows in E, I, K, M and O). 

551 Brm, Bruch’s membrane. Bars in A-H and K-P = 20 μm, bar in I, J = 50 μm. 

552 

553 Figure 3. Expression of TLR2 in the RPE of wild-type C57BL/6J and JR5558 

554 spontaneous CNV mice. (A-F) En face view of whole-mount eyecups (with the 

555 retinae removed). Staining shows robust TLR2 expression (red) on the RPE both 

556 around and at a distance from the CNV vessels (IB4, green), whereas little TLR2 

557 staining of CNV vessels (IB4, green) was detected in the JR5558 mice (A-C). In the 

558 whole-mount eyecups from wild-type C57BL/6J mice, strong TLR2 expression was 

559 detected on the RPE (D, E). (G-J) In eye sections from JR5558 mice, expression of 

560 TLR2 was detected readily on the apical side of the RPE layer, whereas the CNV 

561 vessels (outlined by white dotted oval) were largely negative for TLR2 expression 

562 (H). Panels G and H are from a region with CNV whereas I and J are from a CNV- 

563 free region, panels H and J are higher magnification images of the boxed areas in 

564 panels G and I, respectively. (K-M) Double immunostaining of eye sections from 

565 JR5558 mice revealed co-localization of ezrin (green), a marker for microvilli of RPE, 

566 and TLR2 (red) to the apical surface of the RPE layer. ONL = outer nuclear layer of 

567 the photoreceptors. Bar for A-C = 50 μm, for D-F = 20 μm, for G and I = 100 μm, for 

568 H and J = 50 μm, for K-M = 50 μm. (n) Semi-quantitative qPCR for TLR2 mRNA 

569 levels in both wild-type C57BL/6J and JR5558 mice, showing significantly higher 

570 levels of TLR2 mRNA in the RPE/choroid complex compared to the retina. Data = 

571 mean ± SEM, *P < 0.05, ***P < 0.001 by one-way ANOVA. 
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572 

573 Figure 4. Intravitreal anti-TLR2 neutralizing antibody significantly suppresses 

574 spontaneous CNV initiation and growth. (A) Representative FFA images showing the 

575 CNV lesions (hyper-fluorescent spots, asterisks) in different treatment groups. Note 

576 the substantial reduction in the number of CNV lesions in the anti-VEGFR2 and anti- 

577 TLR2 combination treatment groups. (B) Quantification of the FFA data from A, 

578 showing a significant reduction in the average number of CNV lesions per eye as 

579 well as the average CNV area per eye in the anti-VEGFR2 groups and the anti-TLR2 

580 groups, both as individual treatment and as combination treatment. IgGs = rat IgG2A 

581 at 4.8 μg and mouse IgG1 at 3.2 μg per injection. Data = mean +/- SEM, n (eye) = 12 

582 to 33. **P < 0.01, ***P < 0.001 compared to IgG control-treated group, one-way 

583 ANOVA. †P < 0.05, ††P < 0.01 comparing the different treatment groups as 

584 indicated, one-way ANOVA. 

585 

586 Figure 5. TLR2 antagonism in the eye reduces macrophage association with CNV in 

587 the JR5558 mouse. Representative images of macrophage staining using whole- 

588 mount eyecups without retinae from all treatment groups. Whereas both anti- 

589 VEGFR2 and anti-TLR2 treatments effectively suppressed growth of CNV vessels, 

590 only anti-TL2 treatment reduced the number of CNV-associated macrophages 

591 (F4/80, red) in the eye. Macrophages and their nuclei in the Vehicle group are 

592 highlighted with white arrows, whereas some of the RPE cells and their nuclei are 

593 highlighted with white triangles. IB4; vascular staining (green), bar = 200 μm. 

594 

595 Figure 6. TLR2 mediates expression of pro-inflammatory genes in primary human 

596 RPE cells. (A) Pam2CSK4, a synthetic diacylated lipoprotein and TLR2-selective 

597 ligand, induced robust expression of IL6, MCP1, CXCL-8, IL1B, and TLR2 by primary 

598 human RPE cells, an induction that was suppressed by a TLR2-specific neutralizing 

599 antibody (4 μg/ml). (B) Induction of IL1B, IL6 and TLR2 expression in human primary 
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600 RPE cells by Pam2CSK4 was not affected by neutralizing antibodies against TLR1 (4 

601 μg/ml) or TLR6 (4 μg/ml). Data = mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, 

602 one-way ANOVA. Note that at least two different donor eyes were used for primary 

603 human RPE isolation and culture for this experiment. 

604 

605 Figure 7. Carboxyethylpyrrole (CEP)-dipeptide has a significant synergistic effect 

606 with the TLR2-selective ligand Pam2CSK4 on inducing expression of pro- 

607 inflammatory genes in human primary RPE cells. (A-C, E-F) CEP alone did not 

608 induce the expression of IL6, MCP1, CXCL8, IL1B, or TLR2, whereas Pam2CSK4 

609 significantly induced expression of these genes in hfRPE. Combination treatment 

610 with CEP and Pam2SCK4 resulted in a synergistic induction of these pro- 

611 inflammatory genes, and anti-TLR2 neutralizing antibody (4 μg/ml) significantly 

612 suppressed the effects of the CEP and Pam2CSK4 combination treatment. (D) CEP, 

613 Pam2CSK4, and the combination failed to induce VEGFA expression compared to 

614 the control in hfRPE cells. A-D = 100 ng/ml (78.6 nM) of Pam2CSK4, E-F = 50 ng/ml 

615 (39.3 nM) of Pam2SCK4. CEP was used at 10 μg/ml (26.2 μM) for A-F. Data = mean 

616 ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA. 

617 

618 Figure 8. Synergistic effects of CEP-dipeptide with gamma irradiation-inactivated 

619 Chlamydia pneumoniae (Cpn) in inducing TLR2-mediated expression of pro- 

620 inflammatory genes in RPE cells. Primary hfRPE cells were treated with Cpn (100 

621 μg/ml) alone or Cpn plus CEP (26.2 μM) for either 6 hours (A, B, C, D, E) or 48 hours 

622 (F, G, H, I, J). A synergistic effect for IL6 expression was detected at the 48 hours, 

623 whereas synergistic effects for the expression of MCP1, CXCL8 and IL1B were 

624 detected at both 6 and 48 hours. The induction of expression of pro-inflammatory 

625 genes by treatment with Cpn and CEP was significantly suppressed in the presence 

626 of an anti-TLR2 neutralizing antibody (4 μg/ml) (A-D, F-I). Treatment with Cpn either 

627 alone or in combination with CEP did not induce VEGFA expression in hfRPE at 6 or 
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628 48 hours compared to control. Anti-TLR2 antibody significantly suppressed 

629 background VEGF expression in the control group at 6 hours and in the group 

630 treatment with Cpn plus CEP at 48 hours (E, J). Data = mean ± SEM, *P < 0.05, **P 

631 < 0.01, ***P < 0.001, one-way ANOVA. 
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