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18 Abstract

19

20 Herpes simplex virus (HSV) is widespread globally, with both HSV-1 and HSV-2 responsible for 

21 genital herpes. During sexual transmission, HSV targets epithelial cells, sensory peripheral pain 

22 neurons secreting the mucosal neuropeptide calcitonin gene-related peptide (CGRP), and mucosal 

23 immune cells including Langerhans cells (LCs). We previously described a neuro-immune crosstalk, 

24 whereby CGRP inhibits LCs-mediated human immunodeficiency virus type 1 (HIV-1) transmission. 

25 Herein, to further explore CGRP-mediated anti-viral function, we investigated whether CGRP affects 

26 LCs infection with HSV. 

27 We found that both HSV-1 and HSV-2 primary isolates productively infect monocyte-derived LCs 

28 (MDLCs) and inner foreskin LCs. Moreover, CGRP significantly inhibits infection with both HSV 

29 subtypes of MDLCs and langerinhigh, but not langerinlow, inner foreskin LCs. For HSV-1, infection is 

30 mediated via the HSV-1-specific entry receptor 3-O sulfated heparan sulfate (3-OS HS) in a pH-

31 depended manner, and CGRP down-regulates 3-OS HS surface expression, as well as abrogates pH 

32 dependency. For HSV-2, infection involves langerin-mediated endocytosis in a pH-independent 

33 manner, and CGRP up-regulates surface expression of atypical langerin double-trimer oligomers. 

34 Our results show that CGRP inhibits mucosal HSV infection by differentially modulating subtype-

35 specific entry receptors and mechanisms in human LCs. CGRP could turn out useful for prevention of 

36 LCs-mediated HSV infection and HSV/HIV-1 co-infection.
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38 Introduction

39

40 According to the World Health Organization, in 2016 around 3.7 and 0.5 billion people under the age 

41 of 50 (i.e. 67% and 13% of the world’s population) were infected with herpes simplex virus (HSV)-1 

42 and HSV-2, respectively, making HSV a highly prevalent sexually transmitted infection (STI) 1. 

43 HSV-1 induces painful orofacial herpes, as well as life threatening meningitis, keratitis, encephalitis 

44 and neonatal infection 2. Both HSV-2 and HSV-1 induce genital ulcers 3, 4, and HSV-2 is the largest 

45 STI contributor and risk factor for increased HIV-1 acquisition during co-infection 5.

46 HSV sexual transmission occurs once the virus invades the protective mucosal barriers of genital 

47 epithelia and targets epithelial cells (i.e. epitheliotropic) in a lytic cycle 6. Subsequently, HSV enters 

48 the nerve endings of sensory peripheral neurons (i.e. neurotropic), in which it establishes life-long 

49 latency. Episodes of recurrence occur when latent HSV is reactivated and transported back by 

50 anterograde axonal transport close to the initial site of infection 6. HSV-1 establishes latency in a 

51 subset of sensory peripheral pain neurons termed nociceptors that secret the mucosal vasodilator 

52 neuropeptide calcitonin gene-related peptide (CGRP) 7. Such latency is established both in human 8 

53 and murine 9 CGRP+ nociceptors, in which latent HSV-1 decreases CGRP secretion 10. In contrast, 

54 HSV-2 establishes latency in a different population of CGRPlow murine nociceptors 11. 

55 Different types of resident immune cells within genital epithelia are also HSV and HIV-1 cellular 

56 targets, including antigen-presenting Langerhans cells (LCs). Indeed, LCs can be productively 

57 infected with HSV, leading to their apoptosis and transfer of HSV antigens to dermal dendritic cells 

58 (DCs), facilitating viral relay (reviewed in 12). Previous studies (included our own) also demonstrated 

59 infection of LCs with HIV-1, e.g. at high HIV-1 doses or following cell activation 13-18, followed by 

60 transfer of intact infectious HIV-1 virions from LCs to CD4+ T-cells in a temporal manner 19, 20. 

61 During co-infection, HSV-2 competes with HIV-1 for binding to the LC-specific C-type lectin 

62 langerin, thereby decreasing langerin availability and langerin-mediated HIV-1 degradation 21. HSV-
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63 2 also increases expression of the HIV-1 receptor CD4 and co-receptor CCR5 in LCs, thereby 

64 enhancing their susceptibility to HIV-1 infection 22, 23. 

65 Recent studies provide evidence for the complexity of the LC network within the epithelial 

66 compartment, by describing several cell subsets that can be distinguished by their expression levels of 

67 CD1a and langerin. These studies identified CD1ahighlangerinhigh LCs, termed LC1 by one study, in 

68 the epidermis of the inner foreskin and skin 24, 25. Additional CD1alowlangerinneg/low cells were also 

69 identified, and combined with differential expression of CD11c or CD1c, were termed epidermal 

70 dendritic cells (Epi-cDC2s) 24 or LC2 25, respectively. As a proportion of Epi-cDC2s expresses 

71 langerin in the inner foreskin (but only a very low proportion expresses langerin in skin), coinciding 

72 with the high frequency of the LC2 subset in inner foreskin, it remains to be determined whether 

73 langerin-expressing Epi-cDC2s and LC2 represent the same or distinct LC subsets. 

74 Sensing of and protecting from invading pathogens is orchestrated by a local mucosal neuro-immune 

75 crosstalk between immune cells and nociceptors, mediated via direct contacts and nociceptor-secreted 

76 neuropeptides, including CGRP 26. This 37 amino acid neuropeptide is a potent vasodilator that plays 

77 important physiological and pathophysiological roles 7, and can directly modulate immune function in 

78 a vasodilator-independent manner. For instance, nociceptors associate with LCs and CGRP shifts 

79 LCs-mediated antigen presentation and cytokine secretion from Th1 to Th2/Th17 27. We previously 

80 discovered that CGRP also exerts anti-viral activity, as it strongly inhibits LCs-mediated HIV-1 

81 transfer to CD4+ T-cells via a multitude of co-operative mechanisms 19, 28, 29. Accordingly, CGRP 

82 increases langerin surface expression and facilitates efficient viral degradation, by diverting HIV-1 

83 from endo-lysosomes towards faster viral proteasomal degradation. CGRP also decreases LCs 

84 expression of adhesion molecules, leading to reduced formation of conjugates with CD4+ T-cells, to 

85 limit viral transfer. 

86 Herein, to further explore the extent of CGRP-mediated anti-viral function, we investigated whether 

87 CGRP could affect infection of LCs with HSV. Our results show that CGRP significantly inhibits 
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88 human LCs infection with both HSV-1 and HSV-2, via distinct effects that are related to modification 

89 of subtype-specific HSV entry receptors and mechanisms. 
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91 Results

92

93 Human LCs express HSV-1 and HSV-2 entry receptors

94 HSV uses several cell surface receptors to mediate its cellular entry (reviewed in 30). Some of these 

95 receptors are subtype-specific, namely paired-immunoglobulin-like receptor alpha (PILR-α) is 

96 specific to HSV-1, while nectin-2 is specific to HSV-2. In contrast, nectin-1 and herpes-virus entry 

97 mediator (HVEM) are not subtype-specific and can be used by both HSV-1 and HSV-2. In addition, 

98 heparan sulfate (HS) proteoglycans are attachment receptors for both HSV-1 and HSV-2, yet the 3-O 

99 sulfated form of HS (3-OS HS) serves as an HSV-1-specific fusion receptor. 

100 To test for expression of HSV receptors, human monocytes (i.e. LC precursors under inflammatory 

101 conditions) and monocyte-derived LCs (MDLCs) were surface labeled using specific antibodies 

102 (Abs) directed against the abovementioned HSV entry receptors and langerin, and analyzed by flow 

103 cytometry. As shown in Figure 1, monocytes expressed negligible levels of nectin-1, nectin-2 and 3-

104 OS HS, while approximately 15% expressed HVEM and 45% expressed PILR- (Figure 1A). 

105 Differentiation of monocytes into MDLCs resulted, as expected, in high CD1a and loss of CD14 

106 expression in >95% of MDLCs, as well as expression of langerin in approximately 30% of MDLCs 

107 (Supplementary Figure 1A). Monocytes-to-MDLCs differentiation also reduced PILR-, but 

108 increased HVEM and induced nectin-1, nectin-2 and 3-OS HS expression on ≥90% MDLCs (Figure 

109 1B and Supplementary Figure 2). 

110 We next confirmed the presence of CD1ahighlangerinhigh and CD1alowlangerinlow LC subsets within 

111 langerin+ inner foreskin epidermal cells, we termed herein langerinhigh or langerinlow cells 

112 (Supplementary Figure 1B). Of note, based on their expression of high and uniform CD1a levels, 

113 MDLCs cannot be separated into similar subsets and were therefore gated, below and in ensuing 

114 experiments, on all langerin+ MDLCs (Supplementary Figure 1A). Compared to MDLCs, inner 

115 foreskin langerin+ cells (i.e. including langerinhigh and langerinlow cells together) expressed all HSV 
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116 entry receptors tested, but at lower levels (Figure 1C). While langerinhigh and langerinlow cells 

117 expressed similar levels of HVEM, PILR- and 3-OS HS, langerinhigh cells expressed higher nectin-1 

118 and lower nectin-2 (Supplementary Figure 2).  

119 These results indicate that human LCs might be permissive to infection with both HSV-1 and HSV-2.  

120

121 Human LCs are productively infected with both HSV-1 and HSV-2 

122 To evaluate HSV infection of human LCs, we pulsed MDLCs for 2hr with primary isolates of either 

123 HSV-1 or HSV-2. The cells were next washed with low pH buffer in order to remove surface-bound 

124 virions, stained for surface langerin and intracellular HSV-1/2-gD (i.e. an HSV-1/2 envelope 

125 glycoprotein that is a late gene product, whose expression is indicative of productive infection), and 

126 examined by flow cytometry. 

127 These experiments showed that while MDLCs were not infected immediately following the 2hr viral 

128 pulse period (Figure 2A), a double langerin+HSV-1/2-gD+ population could be observed 24hr post-

129 infection (pi) with both HSV subtypes (Figure 2B). As expected, using primary isolates of HSV, 

130 infection was isolate-dependent, i.e. different primary isolates used at either low or high multiplicities 

131 of infection (MOIs) induced varying degrees of infection (Figure 2C), calculated as the percentage of 

132 langerin+HSV-1/2-gD+ cells out of total langerin+ MDLCs (broken line frames in Figure 2B). In 

133 addition, both HSV-1 and HSV-2 infection of MDLCs was time-dependent (Figure 2D). 

134 To demonstrate that MDLCs infection was productive, we collected their culture supernatants and 

135 measured the amounts of secreted infectious virus by standard plaque assay using HSV-permissive 

136 Vero cells. These experiments showed that MDLCs released infectious HSV-1 and HSV-2 at 24hr pi, 

137 at levels that correlated with that measured by HSV-1/2-gD intracellular staining (Figure 2E). 

138 Finally, we evaluated HSV-induced apoptosis of human LCs by flow cytometry. These experiments 

139 showed that the proportion of apoptotic MDLCs (i.e. defined as langerin+ Annexin+ Propidium Iodide 

140 (PI)- cells) increased over time following HSV infection, and was significantly higher for both HSV 
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141 subtypes only at 72hr pi, compared to non-infected MDLCs (Figure 2F). At these different time 

142 points, cell viability of both non-infected and HSV-infected langerin+ MDLCs was of approximately 

143 90% (Supplementary Figure 3). Therefore, in subsequent experiments using MDLCs, HSV infection 

144 was measured at 24-48hr pi to ensure the absence of notable apoptosis. 

145 To further extend the findings obtained with MDLCs, we pulsed inner foreskin epidermal cell 

146 suspensions for 24hr with primary isolates of either HSV-1 or HSV-2, and evaluated infection at 48hr 

147 pi by flow cytometry as above. These experiments showed that langerinhigh and langerinlow cells (see 

148 the gating strategy in Supplementary Figure 1B) could be infected with both HSV-1 and HSV-2 

149 (Figure 3A). We next calculated infection separately for langerinhigh and langerinlow cells, as the 

150 percentages of langerinhighHSV-1/2-gD+ out of total langerinhigh (broken line frames in Figure 3A) or 

151 langerinlowHSV-1/2-gD+ out of total langerinlow cells (solid line frames in Figure 3A). This analysis 

152 showed that HSV-1 infection of langerinhigh cells did not significantly differ from that of langerinlow 

153 cells (Figure 3B), with mean±SEM (derived from n=6 independent experiments using different inner 

154 foreskin tissues) infection percentages of 9.9±3.4 vs. 10.4±2.2. In contrast, HSV-2 infection of 

155 langerinhigh cells was significantly higher than that of langerinlow cells (6.3±1.4 vs. 4.5±1.2, p=0.0023, 

156 paired Student’s t-test), suggestive of langerin usage by HSV-2.

157 These results demonstrate that human LCs are productively infected with both HSV-1 and HSV-2. 

158

159 CGRP inhibits human LCs infection with both HSV-1 and HSV-2

160 To investigate the potential impact of CGRP on HSV infection, MDLCs were left untreated or pre-

161 treated for 24hr with different molar concentration of CGRP, within its effective concentration range 

162 that significantly inhibits MDLCs-mediated HIV-1 transfer to CD4+ T-cells, as we previously showed 

163 29. MDLCs were also pre-treated with SAX, a metabolically stable analogue of CGRP, which also 

164 inhibits MDLCs-mediated HIV-1 transfer, as we recently reported 31. The cells were then pulsed with 

165 primary isolates of HSV-1 or HSV-2 for 2hr and infection was examined 24-48hr pi by flow 
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166 cytometry as above. To account for variations related to the use of MDLCs from different donors that 

167 were infected with different HSV-1/2 primary isolates at different MOIs (as shown in Figure 1C), 

168 infection was normalized to that of untreated cells serving as the 100% set point and averaged.

169 These experiments showed that CGRP and SAX dose-dependently inhibited MDLCs infection at 

170 24hr pi, with both HSV-1 and HSV-2 (Figure 4A, B; see Supplementary Figure 4 for the separate 

171 non-normalized dose-responses curves). For both HSV subtypes, SAX-mediated inhibition was more 

172 potent than that of CGRP, with respective pIC50 potencies [95% confidence intervals] values of 9.5 

173 [10.5-8.8] vs. 7.5 [9.2-5.1] for HSV-1, and 7.1 [8.7-5.4] vs. 5.8 [7.2-2.3] for HSV-2. In addition, 

174 CGRP-mediated inhibition was time-dependent, reaching 70-75% inhibition at 48hr pi for both HSV-

175 1 and HSV-2 (Figure 4C). Importantly, CGRP also significantly inhibited the release of infectious 

176 HSV-1 and HSV-2 at 24hr pi (Figure 4D). Of note, as only a proportion of MDLCs expresses 

177 langerin (Supplementary Figure 1) that is increased following CGRP pre-treatment (as we previously 

178 reported 29 and confirmed below), the inhibitory effect of CGRP on HSV-1 and HSV-2 infection of 

179 MDLCs might be attributed to increased percentages of langerin+ MDLCs. Yet, CGRP pre-treatment 

180 resulted in decreased percentages of langerin+HSV-1/2-gD+ double positive cells (data not shown), 

181 indicating actual inhibition of MDLCs infection. 

182 We next used inner foreskin epidermal cell suspensions, which were left untreated or pre-treated for 

183 24hr with CGRP. The cells were then pulsed with primary isolates of HSV-1 or HSV-2 for 24hr, and 

184 infection was examined 48h pi by flow cytometry. As for MDLCs, infection was normalized to that 

185 of untreated cells, in order to account for variations related to the use of tissues from different donors 

186 (as shown in Figure 3B). These experiments showed that following CGRP pre-treatment, infection 

187 was significantly decreased for both HSV subtypes in langerinhigh cells (Figure 4E). In contrast, 

188 CGRP had no effect on infection of langerinlow cells with either HSV-1 or HSV-2 (Figure 4F).
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189 These results demonstrate that CGRP exerts anti-viral activities during human LCs infection with 

190 both HSV-1 and HSV-2, and inhibits infection of MDLCs and langerinhigh, but not langerinlow, inner 

191 foreskin LCs. 

192

193 CGRP inhibits 3-OS HS-dependent and pH-dependent HSV-1 infection of human LCs 

194 We next used MDLCs in order to characterize HSV-1 receptor usage, entry mechanism and CGRP-

195 mediated inhibition. To determine which receptors mediate HSV-1 infection, we first pre-incubated 

196 HSV-permissive Vero cells for 1hr at 37°C with neutralizing Abs (nAbs) to HSV-1 entry receptors 

197 (i.e. nectin-1, HVEM and PILR-) and confirmed by plaque assay their capacity to inhibit infection 

198 with HSV-1 primary isolates (Supplementary Figure 5). We then pre-incubated untreated and CGRP-

199 treated MDLCs with the HSV-1 entry receptor nAbs, as well as with a langerin nAb (i.e. as one 

200 recent study reported langerin usage by HSV-1 in abdominal skin LCs 32). MDLCs were also pre-

201 incubated with heparinase, which cleaves HS / 3-OS HS 33, as we confirmed herein (Supplementary 

202 Figure 6). The cells were next pulsed for 2hr with HSV-1 primary isolates and infection was 

203 measured 24hr pi by flow cytometry. These experiments showed that none of the nAbs could 

204 significantly block HSV-1 infection of untreated MDLCs (Figure 5A). In contrast, pre-treatment with 

205 heparinase strongly inhibited HSV-1 infection (Figure 5A). Importantly, heparinase decreased by 

206 almost 80% not only the set-up infection of untreated cells, but also the reduced infection of CGRP-

207 treated cells (Figure 5B). We next tested the effect of CGRP on 3-OS HS expression and found that 

208 CGRP significantly decreased the mean fluorescent intensity (MFI) of 3-OS HS surface expression in 

209 MDLCs (Figure 5C). In contrast, CGRP treatment had no effect on expression of other HSV-1/2 

210 entry receptors (Supplementary Figure 7). 

211 To further extend these observations, we pre-incubated untreated and CGRP-treated inner foreskin 

212 epidermal cell suspensions with heparinase or the langerin nAb, followed by 24h pulse with primary 

213 isolates of HSV-1 and evaluation of infection at 48h pi by flow cytometry. Focusing on langerinhigh 
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214 cells, in which CGRP inhibits HSV-1 infection (see Figure 4E), these experiments showed that 

215 heparinase significantly decreased HSV-1 infection in both untreated and CGRP-treated langerinhigh 

216 cells (Figure 5D). In contrast to MDLCs, the langerin nAb could inhibit HSV-1 infection in 

217 langerinhigh cells (Figure 5D). CGRP also decreased 3-OS HS surface expression in langerinhigh cells, 

218 with mean±SEM percentages of 3-OS HS-positive cells of 10.2±1.5 vs. 6.2±0.8 (as evaluated in 

219 epidermal suspensions of two individuals). 

220 These results show that HSV-1 uses 3-OS HS to enter untreated and CGRP-treated MDLCs, and both 

221 3-OS HS and langerin in inner foreskin langerinhigh LCs.

222 Following receptor binding, HSV-1/2 entry is mediated by pH-independent fusion with the plasma 

223 membrane, and/or endocytic fusion that can be pH-independent or low pH-dependent 34. We therefore 

224 pulsed untreated and CGRP-treated MDLCs with HSV-1 primary isolates, in the absence or presence 

225 of inhibitors of endolysosomal acidification, namely the lysosomotropic agent NH4Cl and the 

226 inhibitor of ATPase H+ pumps bafilomycin A1, and evaluated infection 24hr pi by flow cytometry. 

227 These experiments showed that in untreated MDLCs, the inhibitors had no effect on HSV-1 infection 

228 when included only during the 2hr viral pulse period (Figure 5E), but significantly inhibited HSV-1 

229 infection when included during the 24hr CGRP treatment period (Figure 5F). In contrast, the 

230 inhibitors had no effect in CGRP-treated MDLCs, when added either during the pulse or CGRP 

231 treatment periods (Figure 5E, F).

232 Together, these results show that HSV-1 enters human LCs in 3-OS-dependent and pH-dependent 

233 manners. GCRP inhibits HSV-1 infection in LCs by potentially decreasing 3-OS HS surface 

234 expression and by abrogating the pH dependency required for infection.  

235

236 CGRP inhibits langerin-dependent and pH-independent HSV-2 infection of human LCs 

237 In addition to nectin-1, nectin-2 and HVEM that mediate HSV-2 entry, HSV-2 also binds and uses 

238 langerin as an entry receptor in LCs 21. We therefore performed additional receptor blocking 
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239 experiments as above, using nAbs to HSV-2 entry receptors and langerin. These experiments showed 

240 that pre-incubation with both nectin-1 and langerin nAbs significantly inhibited by approximately 

241 15% and 50%, respectively, HSV-2 infection of untreated MDLCs, while the other nAbs had no 

242 significant effect (Figure 6A). Of note, heparinase pre-treatment inhibited HSV-2 infection of 

243 untreated MDLCs by approximately 20% (Figure 6A), which could be expected as HSV-2 uses HS, 

244 but not 3-OS HS, as an early attachment receptor 35. Importantly, in CGRP-treated MDLCs, pre-

245 incubation with the langerin nAb also reduced HSV-2 infection by approximately 50% (Figure 6B). 

246 Similarly, pre-incubation with the langerin nAb significantly inhibited HSV-2 infection of both 

247 untreated and CGRP-treated inner foreskin langerinhigh LCs (Figure 6C). These results show that 

248 HSV-2 uses langerin to enter untreated and CGRP-treated MDLCs and inner foreskin langerinhigh 

249 LCs. 

250 We next investigated whether CGRP affects clathrin/caveolin-mediated endocytosis that is involved 

251 in langerin internalization and recycling following ligand binding 36, 37, and determined the pH-

252 dependency of HSV-2 entry. Accordingly, untreated and CGRP-treated MDLCs were pulsed with 

253 HSV-2 primary isolates for 2hr, in the absence or presence of dynasore (a dynamin inhibitor that 

254 blocks clathrin-mediated endocytosis), methyl beta cyclodextrin (MCD, a cholesterol depleting 

255 agent that blocks caveolin-mediated endocytosis) or NH4Cl and bafilomycin A1 as above. These 

256 experiments showed that dynasore or MCD reduced HSV-2 infection, in both untreated and CGRP-

257 treated MDLCs (Figure 6D and Supplementary Figure 8). In contrast, NH4Cl and bafilomycin A1 had 

258 no effect on HSV-2 infection in either untreated or CGRP-treated MDLCs (Figure 6E, F). These 

259 results indicate that HSV-2 enters MDLCs via langerin-dependent pH-independent endocytosis.

260 As we previously reported, CGRP increases langerin expression in MDLCs 29. To confirm these 

261 observations and understand why langerin up-regulation appears to decrease rather than increase 

262 HSV-2 entry in LCs, we investigated whether CGRP affects langerin trimeric structure 38. Hence, we 

263 cross-linked surface langerin in MDLCs using non-saturating concentration of a chemical cross-
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264 linker, and evaluated langerin oligomeric status by Western blot. These experiments showed that 

265 langerin was dissociated into its monomeric form in untreated MDLCs in the absence of cross-linking 

266 (Figure 6G, lane 1). As expected, following cross-linking, langerin was present both as monomers 

267 and trimers, i.e. a band of approximately 120kDa that equals three langerin monomers (Figure 6G, 

268 lane 2). In line with our previous findings, CGRP significantly increased langerin expression in 

269 MDLCs (Figure 6G, lane 3). Surprisingly, in addition to langerin monomers and trimers, a langerin 

270 higher molecular weight band corresponding to double trimers of approximately 240kDa was 

271 detected in CGRP-treated and cross-linked MDLCs (Figure 6G, lane 4). These double trimers were 

272 significantly increased, while monomers were decreased and trimers remained unchanged, when 

273 comparing CGRP-treated to untreated MDLCs following cross-linking (Figure 6G, pie plots), 

274 suggesting de-novo formation of double trimers from monomers. Like CGRP, its metabolically stable 

275 analogue SAX also increased the expression of langerin double trimers in MDLCs (Supplementary 

276 Figure 9).

277 Together, these results show that HSV-2 enters MDLCs via langerin-mediated endocytosis and pH-

278 independent mechanisms. CGRP might inhibit HSV-2 infection in MDLCs by inducing formation of 

279 atypical langerin trimers, which could prevent HSV-2 binding and subsequent entry. 
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281 Discussion

282

283 In the present study, we identified a novel mechanism limiting mucosal HSV infection, involving 

284 neuroimmune interactions between CGRP and human LCs, as schematically summarized in Figure 7. 

285 To the best of our knowledge, this is the first report of a protective anti-viral role of CGRP during 

286 human HSV infection. 

287 We show that human MDLCs are HSV-1/2-permissive and that CGRP significantly inhibits their 

288 productive infection with both HSV-1 and HSV-2. Such inhibition is of approximately 50% at 24hr 

289 pi, and reaches around 70-75% at 48hr pi for both viruses, indicating that the effect of CGRP is long 

290 lasting. Similarly, inhibition of MDLCs-mediated HSV-1 and HSV-2 infection at 24hr pi by SAX, a 

291 metabolically stable peptide analogue of CGRP that has a longer half-life 39, 40, is more potent 

292 compared to CGRP. Hence, while SAX has lower potency than CGRP in inducing beneficial 

293 cardiovascular effects 40, 41, and inhibiting LCs-mediated HIV-1 transfer to CD4+ T-cells as we 

294 recently reported 31, SAX might be preferable for potential clinical applications in the context of 

295 mucosal HSV infection. 

296 In our experiments with human inner foreskin mucosal tissues, we could confirm the presence of two 

297 recently described LC subsets 24, 25, namely CD1ahighlangerinhigh and CD1alowlangerinlow LCs. In 

298 comparison, all MDLCs are CD1ahigh and a proportion of MDLCs expresses varying levels of 

299 langerin. Yet, langerin expression in MDLCs is a dynamic continuum that can be further increased 

300 depending on the in-vitro culture conditions, for instance in the absence of serum or short exposure to 

301 certain cytokines 42, 43. We therefore speculate that MDLCs might be more representative of 

302 CD1ahighlangerinhigh tissue LCs, which also corresponds with our findings that CGRP inhibits 

303 infection of inner foreskin langerinhigh cells with HSV-1 and HSV-2. 

304 Inner foreskin langerinlow LCs might represent the proportion of Epi-cDC2s that expresses langerin 

305 and/or the LC2 subset, which are readily found in inner foreskin but at very low frequency in skin 24, 
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306 25. Our langerin-based gating strategy might explain why we observed similar HSV-1 infection 

307 degrees of langerinhigh and langerinlow LCs in the inner foreskin, compared to the enhanced HSV-1 

308 infection of langerin-negative Epi-cDC2s vs. langerinhigh LCs recently reported in skin 32. 

309 Interestingly, we found that CGRP has no effect on HSV-1 and HSV-2 infection of inner foreskin 

310 langerinlow cells. As Epi-cDC2s transcriptionally resemble DCs and not LCs 24, 32, the lack of 

311 inhibitory effect of CGRP on langerinlow cells might correlate with our observations, showing that 

312 CGRP has no effect on monocyte-derived DCs (MDDCs)-mediated HIV-1 trans-infection 29 and 

313 HSV-1/2 infection (data not shown). Further studies are now required in order to determine HSV-2 

314 permissiveness of skin LCs vs. Epi-cDC2s, and investigate whether langerinlow vs. langerinneg Epi-

315 cDC2s in the inner foreskin represent distinct cell populations.  

316 We further show that HSV-1 and HSV-2 rely on the usage of different entry receptors in MDLCs, 

317 namely the HSV-1-specific entry receptor 3-OS HS mediates HSV-1 infection, while langerin is the 

318 primary receptor mediating HSV-2 infection, highlighting its crucial role in conferring HSV-2 

319 permissiveness of MDLCs. As we could not obtain complete blocking of HSV-1/2 infection in 

320 MDLCs when combining several nAbs simultaneously (data not shown), other surface receptors 

321 could mediate viral entry in MDLCs (e.g. the C-type lectin DC-SIGN 44, expressed by MDLCs but 

322 not tissue LCs, and potentially others that remain to be identified). 

323 Although the yield of inner foreskin LCs is insufficient for full receptor neutralization experiments, 

324 we found higher HSV-2 infection and confirmed langerin usage by HSV-2 in langerinhigh inner 

325 foreskin LCs. We could also show usage by HSV-1 in langerinhigh inner foreskin LCs of both 3-OS 

326 HS and langerin, the latter recently described for skin LCs 32. As langerin does not seem to contribute 

327 to HSV-1 infection in MDLCs, we speculate that such discrepancies could be explained in part by the 

328 fact that MDLCs are >95% positive for 3-OS HS and only partially express langerin, while tissue LCs 

329 are 100% positive for langerin and only partially express 3-OS HS (e.g. 25% of inner foreskin 
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330 langerinhigh cells as we show herein). Such different receptors abundance might affect langerin vs. 3-

331 OS HS usage for HSV-1 entry. 

332 Our results further indicate that the inhibitory effects of CGRP in MDLCs are exerted by distinct 

333 mechanisms, related to the specific HSV-1 and HSV-2 entry receptors we identified. 

334 For HSV-1, we found that the virus uses 3-OS HS to enter MDLC, and in a pH-dependent manner 

335 alike described for skin LCs 32. We hence speculate that HSV-1 entry takes place via binding to 3-OS 

336 HS at the plasma membrane, leading to 3-OS HS clustering within lipid rafts and its internalization 45, 

337 followed by low pH endocytic escape of HSV-1 into the cytosol. In turn, CGRP pre-treatment inhibits 

338 HSV-1 infection of MDLCs by potentially affecting two different steps in this entry process, namely 

339 CGRP significantly decreases 3-OS HS expression and also abrogates pH dependency. Although the 

340 exact mechanism through which CGRP down-regulates 3-OS HS remains to be elucidated, it is 

341 possible that CGRP acts by interfering with the generation of 3-OS HS. For instance, HS is 

342 transformed by 3-O sulfotransferase (3-OST) to yield 3-OS HS 46, and CGRP could modulate 3-OST 

343 activity or its substrates. Other studies should also determine how CGRP interferes with the 

344 endolysosomal machinery and abrogates the need for low pH during HSV-1 infection, which might 

345 also be related to our previous results showing that CGRP diverts HIV-1 degradation away from 

346 endolysosomes 19. 

347 For HSV-2, we found that infection of MDLCs occurs via langerin-mediated endocytosis in a pH-

348 independent manner. HSV-2 is therefore probably internalized following its binding to langerin, and 

349 could be delivered to endocytic compartments and/or Birbeck granules, i.e. langerin-formed 

350 intracellular structures that are unique to LCs and are part of the endosomal recycling machinery 36. 

351 As our previous studies showed that CGRP has no effect on langerin internalization 19, CGRP-

352 mediated inhibition of HSV-2 infection probably occurs in a pre-entry step. Indeed, compared with 

353 langerin homo-trimers that are essential for efficient ligand binding 20 (e.g. including large pathogens 

354 such as HSV), we speculate that CGRP-induced atypical langerin double trimers might be less 

Page 18 of 49

Nature Publishing Group

Mucosal Immunology



For Peer Review

17

355 efficient, and even defective, in ligand binding. Structural studies could reveal whether isolated 

356 langerin double trimers have steric interference for HSV-2 binding, leading to decreased HSV-2 

357 internalization and infection. 

358 Based on our results, we propose an original preventive neuro-immune approach, namely using 

359 CGRP-based formulations for inhibition of HSV-1/2 infection. As epidemiological and molecular 

360 studies indicate a synergistic relationship between HSV-2 and HIV-1 during co-infection 47, future 

361 CGRP-based formulations might represent an interesting alternative, i.e. by inhibiting LCs-mediated 

362 infection with both HSV and HIV-1 simultaneously. Collectively, our previous studies and the results 

363 reported herein reinforce the role and potential utility of CGRP, in the neuro-immune control of 

364 mucosal viral infections. 
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366 Methods

367

368 Ethical statement

369 The study was performed under local ethical approval (Comités de Protection des Personnes CPP 

370 Paris-IdF XI, N.11016) and all patients signed informed consents. 

371

372 Viruses 

373 HSV-1 and HSV-2 primary isolates were derived from genital lesions of HSV+ patients and were 

374 obtained from the Virology Service at the Cochin Hospital, Paris, France. All primary isolates were 

375 amplified once in Vero cells, titrated via standard plaque assay, aliquoted and stored at -80°C. 

376

377 MDLCs and inner foreskin LCs 

378 Peripheral blood mononuclear cells (PBMCs) from healthy HIV-1 seronegative individuals, CD14+ 

379 monocytes and MDLCs were separated as we previously described 29. 

380 Normal foreskin tissues were derived from healthy adults undergoing circumcision and were obtained 

381 from the Urology Service at the Cochin Hospital, Paris, France. Inner foreskin epidermal cell 

382 suspensions were prepared using enzymatic digestion with dispase / trypsin, as we described 15, 18. For 

383 receptor blocking experiments, suspensions were enriched for immune cells using Ficoll gradient.

384

385 Flow cytometry

386 To characterize their phenotype or expression of HSV entry receptors, MDLCs or inner foreskin 

387 epidermal cells (0.5-1x105 / well, in duplicates in round bottom 96-wells plate) were stained for 

388 20min on ice in a final volume of 50µl phosphate-buffered saline (PBS) with the Abs indicated in 

389 Supplementary Table 1. Matched isotype control Abs were included for HSV entry receptors 
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390 experiments and fluorescent profiles were acquired using a Guava easyCite and analyzed with the 

391 InCyte software (Merck-Millipore).

392

393 HSV infection and apoptosis/viability 

394 MDLCs or inner foreskin epidermal cell suspensions (0.5x105 MDLCs and 2x105 epidermal cells / 

395 200µl / well, in duplicates in round bottom 96-wells plates) were re-suspended in complete RPMI 

396 medium. Cells were either left untreated or pre-treated for 24hr at 37°C with the indicated molar 

397 concentrations of CGRP (AnaSpec), or the metabolically stable CGRP analogue SAX we described 

398 and prepared 39, 40. The cells were then re-suspended in RPMI medium without serum and pulsed for 

399 2hr (MDLCs) or 24hr (inner foreskin epidermal cells) at 37°C with primary isolates of either HSV-1 

400 or HSV-2 at the indicated MOIs. In some experiments with MDLCs, the following inhibitors (Sigma) 

401 were included: NH4Cl (10mM), bafilomycin A1 (10nM), dynasore (100µM), methyl beta 

402 cyclodextrin (10mM). Of note, at the concentrations / time point tested, none of the agonists and 

403 inhibitors affected MDLCs viability, as evaluated below. The medium-containing virus was then 

404 removed, the cells were washed and further incubated at 37°C in complete RPMI medium. At 24 and 

405 48hr pi, cells were washed with 0.1M glycine buffer pH=2.0 for 2min at room temperature in order to 

406 detach non-internalized HSV virions. Cells were then surface-stained for langerin expression as 

407 above, fixed with PBS / 4% paraformaldehyde (PFA, Electron Microscopy Sciences), washed, 

408 permeabilized with PBS / 0.1% saponin, and intracellularly stained for 20min at room temperature for 

409 HSV-1/2-gD expression (see Supplementary Table 1). Cells were then analyzed by flow cytometry as 

410 above. Apoptosis and viability of non-infected and HSV-infected MDLCs were evaluated by Annexin 

411 / PI staining using an Annexin V-FITC kit or Viobility Fixable Dye staining (Miltenyi Biotec), 

412 according to the manufacturer’s instructions. 

413

414
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415 HSV receptors blocking assay

416 MDLCs or inner foreskin epidermal cell suspensions that were enriched for immune cells (0.5x105 

417 cells / well, in duplicates in round bottom 96-wells plate) were pre-incubated for 1hr at 37°C in a final 

418 volume of 25µl PBS with the nAbs indicated in Supplementary table 1. Of note, we verified that the 

419 langerin nAb does not interfere with langerin detection using the DCGM4 clone (data not shown). 

420 Cells were also incubated with 10U/ml of heparinase II and/or II (from Flavobacterium heparinum; 

421 Sigma). Next, cells were then washed and infected with HSV-1 or HSV-2, as above. 

422

423 Cross-linking and Western blot

424 MDLCs (2.5x106 cells / 5ml / T25 flasks) were either left untreated or treated for 24hr at 37°C with 

425 1µM CGRP or SAX. Cells were then cross-linked as previously described 20, using the chemical 

426 cross linker disuccinimidyl glutamarate (DSG, ChemCruz) that was dissolved in Dimethyl sulfoxide 

427 (DMSO) and added to the suspensions at 1mM for 30min at room temperature. Samples (25µg 

428 protein / sample) were run over a 10% SDS-PAGE, transferred onto nitrocellulose membranes at 4°C, 

429 and membranes were blocked with blocking buffer (TBS / 0.5% Tween 20 / 0.5% dry milk) for 1hr at 

430 room temperature with constant agitation. Membranes were next incubated overnight at 4°C with 

431 0.1µg/ml goat polyclonal anti-human langerin IgG Ab (R&D Systems), followed by 0.5µg/ml horse-

432 radish-peroxidase-conjugated donkey anti-goat polyclonal Ab (Promega), diluted in blocking buffer. 

433 Revelation was performed with ECL-Prime chemiluminescence detection kit (Amersham). Images 

434 were acquired with the Fusion FX camera platform (Vilber Lournmat) and expression quantified with 

435 the ImageJ software. 

436

437 Statistical analysis

438 Statistical significance was analyzed by two-tailed Student’s t-test or ANOVA. The relationships 

439 between HSV infection and replication were analyzed with Pearson correlations.
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646 Figure legends

647

648 Figure 1. Human LCs express HSV-1 and HSV-2 entry receptors. Monocytes (A), MDLCs (B), 

649 or inner foreskin epidermal cell suspensions (C), were labeled for cell-surface expression of HSV-1/2 

650 entry receptors and langerin. Matched isotype control Abs (broken lines) served as negative controls, 

651 and cells were examined by flow cytometry. Shown are representative flow cytometry overlays, with 

652 numbers representing mean±SEM (n=4-9, see Supplementary Figure 2) percentages of positive cells 

653 out of total cells (A) or gated on langerin+ cells (B, C). 

654

655 Figure 2. Human MDLCs are productively infected with HSV-1 and HSV-2. (A-D) MDLCs were 

656 pulsed for 2hr with different primary isolates of HSV-1 or HSV-2, and infection was examined 24-

657 48hr pi by flow cytometry. In (A, B), shown are representative flow cytometry dot-plots of MDLCs 

658 infected with HSV-1 or HSV-2 vs. no HSV control, and examined immediately following the 2hr 

659 viral pulse (A) or 24hr pi (B). Numbers represent percentages of langerin+HSV-1/2-gD- (upper left 

660 regions) and langerin+HSV-1/2-gD+ (upper right regions) cells. In (C, D), shown are mean±SEM 

661 percentages of infection, calculated as ([langerin+HSV-1/2-gD+ MDLCs] / [total langerin+ MDLCs] x 

662 100), for each isolate tested at the indicated MOIs and examined at 24hr pi (C), and for MDLCs 

663 pulsed with HSV-1 (isolate 3 at MOI=1.0) or HSV-2 (isolates 6/7 at MOI=0.5) and examined 24-48hr 

664 pi (D). Dots (for HSV-1) or triangles (for HSV-2) represent independent experiments, using MDLCs 

665 from different individuals. (E) MDLCs were pulsed for 2hr with HSV-1 (isolate 2 at MOI=0.2 and 

666 isolate 3 at MOI=1.0) or HSV-2 (isolates 6/7 at MOI=0.5). At 24hr pi, infection was examined by 

667 flow cytometry and replication was determined by plaque assay of the culture supernatants. Lines 

668 denote linear correlations between HSV-1/2 infection percentages and plaque forming units (pfu) / ml 

669 released into the culture supernatants, with r and p values derived from Pearson correlations. (F) 

670 MDLCs were pulsed for 2hr with HSV-1 (isolate 3 at MOI=1.0) or HSV-2 (isolates 6/7 at MOI=0.5) 
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671 and apoptosis was examined 24-72hr pi by flow cytometry. Shown are mean±SEM (derived from n=7 

672 independent experiments using MDLCs from different donors) percentages of apoptosis, calculated 

673 as ([langerin+Annexin+PI- MDLCs] / [total langerin+ MDLCs] x 100). In all graphs, **p<0.0050; two-

674 tailed Student’s t-test.

675

676 Figure 3. Human inner foreskin langerin-expressing cells are productively infected with HSV-1 

677 and HSV-2. Inner foreskin epidermal cell suspensions were pulsed for 24hr with primary isolates of 

678 HSV-1 (isolate 3) or HSV-2 (isolate 8) at MOI=10.0, stained at 48hr pi for surface langerin and 

679 intracellular HSV-1/2-gD, and examined by flow cytometry. (A) Representative flow cytometry dot-

680 plots of suspensions infected with HSV-1 or HSV-2 vs. no HSV control, with numbers representing 

681 percentages of langerinhighHSV-1/2- (upper left regions), langerinhighHSV-1/2+ (upper right regions), 

682 langerinlowHSV-1/2- (middle left regions) and langerinlowHSV-1/2+ (middle right regions) cells. (B) 

683 Matched infection percentages of inner foreskin langerinhigh (dark grey) vs. langerinlow (light grey) 

684 cells, infected with either HSV-1 (dots) or HSV-2 (triangles). For HSV-2, **p=0.0023; paired two-

685 tailed Student’s t-test.

686

687 Figure 4. CGRP inhibits human LCs infection with HSV-1 and HSV-2. (A-D) MDLCs were left 

688 untreated or pre-treated for 24hr with CGRP and SAX at the indicated molar concentrations (A, B), 

689 or with 100nM CGRP (C, D). Cells were then pulsed for 2hr with primary isolates of HSV-1 (isolate 

690 2 at MOI=0.2 and isolate 3 at MOI=1.0) or HSV-2 (isolates 6/7 at MOI=0.5), and further incubated 

691 for 24hr (A, B) or 24-48hr (C, D). HSV-1/2 infection was examined by flow cytometry and 

692 replication was determined by plaque assay of the culture supernatants. Results represent mean±SEM 

693 (n=3-4) percentages of infection (A-C) or replication (D), normalized against untreated cells serving 

694 as the 100% set point. (E, F) Inner foreskin epidermal cell suspensions were left untreated or pre-

695 treated for 24hr with 1M CGRP, pulsed for 24hr with HSV-1 (isolate 3) or HSV-2 (isolate 8) at 
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696 MOI=10.0, and infection was examined 48h pi by flow cytometry. Results represent mean±SEM 

697 (derived from n=6 independent experiments using tissues from different donors) normalized 

698 percentages of infection of langerinhigh (E) and langerinlow (F) cells. In all graphs, *p<0.0500, 

699 **p<0.0050 and ***p<0.0005 vs. untreated; two-tailed Student’s t-test.

700

701 Figure 5. CGRP decreases 3-OS HS expression and abrogates pH dependency during HSV-1 

702 infection of human LCs. (A, B) Untreated or CGRP-treated MDLCs were pre-incubated for 1hr at 

703 37°C with nAbs to nectin-1, HVEM, PILR- or langerin vs. matched isotype non-neutralizing control 

704 Abs, or pre-incubated with heparinase II/III vs. medium. Cells were then pulsed for 2hr with HSV-1 

705 (isolate 3 at MOI=1.0) and infection was examined 24hr pi by flow cytometry. Results represent 

706 mean±SEM percentages of HSV-1 infection inhibition (A, n=7) or normalized (B, n=5). (C) 

707 Representative flow cytometry overlay, showing surface expression of 3-OS HS in untreated (empty 

708 histogram) and CGRP-treated (filled grey histogram) MDLCs vs. isotype control (broken line). 

709 Numbers represent mean±SEM (n=3) MFIs of 3-OS HS expression, gated on langerin+ MDLCs. (D) 

710 Untreated or CGRP-treated inner foreskin epidermal cell suspensions were pre-incubated for 1hr at 

711 37°C with heparinase II+III or langerin nAb. Cells were then pulsed for 24hr with HSV-1 (isolate 3 at 

712 MOI=10.0), and infection was examined 48h pi by flow cytometry. Results represent mean±SEM 

713 (using n=3 tissues from different individuals) normalized percentages of HSV-1 infection. (E, F) 

714 Untreated or CGRP-treated MDLCs were pulsed with HSV-1 (isolates 1 at MOI=0.1 and isolate 2 at 

715 MOI=0.2), alone or in the presence of NH4Cl or bafilomycin A1 during the 2hr pulse period (E) or 

716 24hr CGRP treatment period (F), and infection was measured 24hr pi by flow cytometry. Results 

717 represent mean±SEM (n=3-5) normalized percentages of HSV-1 infection. In all graphs, *p<0.0500, 

718 **p<0.0050 and ***p<0.0005; two-tailed Student’s t-test.

719
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720 Figure 6. CGRP inhibits langerin-mediated HSV-2 infection of human LCs and induces 

721 atypical langerin double trimers. (A, B) Untreated or CGRP-treated MDLCs were pre-incubated 

722 for 1hr at 37°C with nAbs to nectin-1, nectin-2, HVEM or langerin vs. matched isotype non-

723 neutralizing control Abs, or pre-incubated with heparinase II/III vs. medium. Cells were then pulsed 

724 for 2hr with HSV-2 (isolates 6 at MOI=0.5 and isolate 8 at MOI=2.5) and infection was examined 

725 24hr pi by flow cytometry. Results represent mean±SEM percentages of HSV-2 infection inhibition 

726 (A, n=8) or normalized (B, n=6). (C) Untreated or CGRP-treated inner foreskin epidermal cell 

727 suspensions were pre-incubated for 1hr at 37°C with langerin nAb, pulsed for 24hr with HSV-2 

728 (isolate 7 at MOI=10.0), and infection was examined 48h pi by flow cytometry. Results represent 

729 mean±SEM (using n=3 tissues from different individuals) normalized percentages of HSV-2 

730 infection. (D-F) Untreated or CGRP-treated MDLCs were pulsed with HSV-2 (isolate 4 at MOI=0.1 

731 and isolate 7 at MOI=0.5), alone or in the presence of dynasore, NH4Cl or bafilomycin A1 as 

732 indicated, and infection was measured 24hr pi by flow cytometry. Results represent mean±SEM 

733 (n=5) normalized percentages of HSV-2 infection. In all graphs, *p<0.0500, **p<0.0050 and 

734 ***p<0.0005; two-tailed Student’s t-test. (G) Representative Western blot showing langerin 

735 expression in untreated (lane 1), untreated / DSG cross-linked (lane 2), CGRP-treated (lane 3), and 

736 CGRP-treated / DSG cross-linked (lane 4) MDLCs. Langerin appears as 47kDa monomers, 

737 120kDa trimers and 240 double trimers. Pie charts (representative of n=4 experiments) show 

738 quantitative analysis of the proportions of each langerin form (p=0.0038, ANOVA, untreated vs. 

739 CGRP-treated). 

740

741 Figure 7. Summary of HSV-1 and HSV-2 infection mechanisms in human LCs, and their 

742 inhibition by CGRP. (1) Human inner foreskin LCs and MDLCs express HSV-1/2 entry receptors 

743 and langerin; (2) HSV-1 uses 3-OS HS to enter MDLCs via a pH-dependent endocytic mechanism, as 

744 well as langerin in inner foreskin langerinhigh LCs (broken line); (3) CGRP might inhibit HSV-1 
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745 infection by down-regulating 3-OS HS surface expression and abrogating pH dependency; (4) HSV-2 

746 uses langerin to enter LCs, leading to clathrin/caveolin-mediated internalization and fusion in a pH-

747 independent manner; (5) CGRP might inhibit HSV-2 infection by inducing formation of atypical high 

748 molecular weigh langerin double trimers.
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Supplementary Figure 1. Gating strategy and phenotypic characterization of MDLCs 
and inner foreskin LCs. (A) MDLCs were labeled with Viobility Fixable Dye (VFD),  
stained for surface expression of CD45, HLA-DR, CD1a, langerin and CD14, and 
examined by flow cytometry. Shown are representative dot plots, with numbers 
representing mean±SEM (derived from n=6-10 experiments, using MDLCs prepared from 
different donors) percentages of double-positive cells, gated on VFD-CD45+HLADR+ cells. 
(B) Inner foreskin epidermal cell suspensions were prepared using dispase, followed by 
trypsin or collagenase enzymatic digestion. The cells were next stained and examined by 
flow cytometry as above. LCs were separated into CD1ahighLangerinhigh and 
CD1alowLangerinLow subsets. Shown are representative dot plots, with numbers 
representing mean±SEM (derived from n=6 tissues, prepared with trypsin or collagenase 
(n=3 for each)) MFIs, gated on VFD-CD45+HLADR+ cells. 
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Supplementary Figure 2. Variability of HSV-1 and HSV-2 entry receptors expression. 
Monocytes (A), MDLCs (B) or inner foreskin epidermal cell suspensions (C, D), were 
labeled for cell-surface expression of HSV entry receptors and langerin, and examined by 
flow cytometry. Shown are mean±SEM (bars) percentages of positive cells, out of total 
cells (A), gated on langerin+ cells (B) or langerinhigh (C) / langerinlow (D) cells. Each symbol 
represents a distinct experiment using cells prepared from a different donor. *p=0.0341 for 
nectin-1 and *p=0.0181 for nectin-2, Langerinlow vs. langerinhigh, paired Student’s t-test. 
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Supplementary Figure 3. Cell viability of MDLCs. MDLCs were left untreated or pulsed 
for 2hr with HSV-1 (primary isolate 3, MOI=1.0) or HSV-2 (primary isolates 6/7, MOI=0.5). 
Cells were labeled at the indicated time points with Viobility Fixable Dye (VFD, A) or 
Propidium Iodide (PI, B and C), followed by langerin surface staining, and evaluated by 
flow cytometry. Shown are mean±SEM (derived from n=3 (A) and n=7 (B, C) independent 
experiments using MDLCs from different donors) percentages of viable MDLCs, calculated 
as ([langerin+VFD- MDLCs] / [total langerin+ MDLCs] x 100) or ([langerin+PI- MDLCs] / [total 
langerin+ MDLCs] x 100).  
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Supplementary Figure 4. CGRP and SAX inhibit human MDLCs infection with HSV-1 
and HSV-2. MDLCs were left untreated or pre-treated for 24hr with CGRP or SAX at the 
indicated molar concentrations. Cells were then pulsed for 2hr with HSV-1 (A, B; primary 
isolate 2 at MOI=0.2 and primary isolate 3 at MOIs=1.0) or HSV-2 (C, D; primary isolates 6 
and 7 at MOI=0.5), and infection was examined 24hr pi by flow cytometry. Dots (for HSV-1) 
or triangles (for HSV-2) represent mean percentages of infection (of duplicates), calculated 
as ([langerin+HSV-1/2-gD+ MDLCs] / [total langerin+ MDLCs] x 100). Each line denotes a 
different dose response curve obtained using MDLCs from a different individual.  
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Supplementary Figure 5. Neutralization of HSV-1/2 entry receptors in Vero cells. 
Confluent monolayers of Vero cells were pre-incubated for 1hr at 37°C with 50µg/mL of 
nAbs to nectin-1, nectin-2, HVEM and PILR-α vs. non-neutralizing control Abs. The cells 
were then pulsed with 100pfu of HSV-1 or HSV-2 primary isolates for 2hr and overlaid with 
immobilization medium. After 3 days, cells were fixed, stained and plaques were counted. 
Graphs show mean±SEM percentages of inhibition of HSV-1 (A) and HSV-2 (B) infection, 
with p-values calculated against control Abs using two-tailed Student’s t-test. As expected, 
nAbs to PILR-α and nectin-2 were subtype specific, while that to nectin-1 and HVEM 
inhibited infection with both HSV subtypes. 
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Supplementary Figure 6. Heparinase treatment of MDLCs cleaves surface 3-OS HS. 
MDLCs were left untreated or pre-incubated for 1hr at 37°C with heparinase II (left panel) 
or heparinase III (right panel). The cells were next labeled for cell-surface expression of 3-
OS HS and langerin and examined by flow cytometry. Representative flow cytometry 
overlays show 3-OS HS expression in untreated (empty histograms) and heparinase-
treated (filled grey histograms) MDLCs vs. isotype controls (broken lines). Numbers 
represent mean±SEM (of total n=4 donors tested) percentages of positive cells gated on 
langerin+ cells.  
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Supplementary Figure 7. CGRP does not affect surface expression of several 
HSV-1/2 entry receptors. MDLCs were left untreated or pre-treated for 24hr with 100nM 
CGRP. The cells were next labeled for cell-surface expression of HSV-1/2 entry receptors 
and langerin. Representative flow cytometry overlays show expression of nectin-1, 
nectin-2, HVEM and PILR-α in untreated (empty histograms) and CGRP-treated (filled 
grey histograms) MDLCs vs. isotype controls (broken lines). Numbers (black for untreated, 
grey for CGRP-treated) represent mean±SEM (n=3) MFIs of each receptor expression, 
gated on langerin+ MDLCs.  
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Supplementary Figure 8. HSV-2 infection of MDLCs is cholesterol-dependent. 
Untreated or CGRP-treated MDLCs were pulsed with HSV-2 (isolate 7 at MOI=0.5), alone 
or in the presence of methyl beta cyclodextrin (MβCD) as indicated, and infection was 
measured 24hr pi by flow cytometry. Results represent mean±SEM (n=3) normalized 
percentages of HSV-2 infection. *p<0.0500, **p<0.0050; two-tailed Student’s t-test.  
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Supplementary Figure 9. SAX induces atypical langerin double trimers. MDLCs, 
prepared from two additional donors, were left untreated or pre-treated for 24hr with 1µM 
SAX. Shown is a representative Western blot of langerin expression in untreated (lane 1), 
SAX-treated (lane 2), untreated / DSG cross-linked (lane 3) and SAX-treated / DSG cross-
linked (lane 4) MDLCs. Langerin appears as ∼47kDa monomers, ∼120kDa trimers and 
∼240 double trimers.  
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Supplementary Table 1: List of Abs used in the current study 
 

Antibody Clone Dilution 
/ Conc.  

Source 

Abs for phenotypic analysis of MDLCs and inner foreskin epidermal cells 
PO-conjugated mouse-anti-human CD45 HI30 1:100 Invitrogen 
APC-H7-conjugated mouse-anti-human HLD-DR G46-6 1:100 BD Pharmingen 
APC or PE-conjugated recombinant human-anti-human langerin REA770  1:100 Miltenyi Biotec 
APC or PE-conjugated mouse-anti-human CD1a HI149 1:10 BD Pharmingen 
FITC-conjugated mouse-anti-human CD14 RMO52 1:10 Beckman Coulter 
Abs for expression of HSV-1/2 entry receptors  
APC-conjugated, mouse-anti-human nectin-2 R2.477 1µg/ml Thermo Fischer 
APC-conjugated mouse-anti-human HVEM 9G11 1µg/ml R&D Systems 
Non-conjugated mouse-anti-human nectin-1 R1.302 1µg/ml Novus 
Non-conjugated rabbit-anti-human PILR-α 2175B 1µg/ml R&D Systems 
VSV-tagged scFv against human 3-O HS HS4C3 1:10 1 
Mouse anti-VSV tag P5D4 1:1500 Sigma 
Cy5-conjugated goat anti-mouse IgG1  1:200 Southern Biotech 
Cy5-conjugated donkey anti-rabbit IgG  1:200 Jackson 
PE-conjugated mouse-anti-human langerin DCGM4 1:10 Beckman Coulter 
Neutralizing Abs 
Mouse-anti-human nectin-1 R1.302 50µg/ml 2 Novus 
Mouse-anti-human nectin-2 R2.525 50µg/ml 3 Biorad 
Rabbit-anti-human PILR-α 2175B 50µg/ml R&D Systems 
Rabbit-anti-human HVEM a  50µg/ml  
Mouse-anti-human langerin 817G7 50µg/ml Dendritics 
Abs for HSV-1/2 infection    
PE-conjugated mouse-anti-human langerin DCGM4 1:10 Beckman Coulter 
APC or PE-conjugated recombinant human-anti-human langerin REA770  1:100 Miltenyi Biotec 
FITC-conjugated mouse-anti-HSV-1/2-gD M86670F 5µg/ml Fitzgerald 

 
Abbreviations: APC, Allophycocyanin; Cy5, Cyanin-5; FITC, Fluorescein isothiocyanate; PO, Pacific orange; 
PE, Phycoerythrin. 
a Kind gift from Dr. Gary H. Cohen, University of Pennsylvania, USA 4. 
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