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27 Abstract

28 Background. Aedes mosquitoes are vectors of arboviral diseases of great relevance for public
29 health. The recent outbreaks of dengue, Zika, chikungunya and the rapid worldwide spreading of
30 Aedes albopictus emphasize the need for improvement of vector surveillance and control. Host
31 antibody response to mosquito salivary antigens is emerging as a relevant additional tool to directly
32 assess vector-host contact, monitor efficacy of control interventions and evaluate risk of arboviral
33 transmission.

34 Methodology/Principal Findings. Groups of four BALB/c mice were immunized by exposure to
35 bites of either Aedes albopictus or Aedes aegypti. The 34k2 salivary proteins from Ae. albopictus
36 (al34k2) and Ae. aegypti (ae34k2) were expressed in recombinant form and Ae. albopictus salivary
37 peptides were designed through B-cell epitopes prediction software. IgG responses to salivary gland
38 extracts, peptides, al34k2 and ae34k2 were measured in exposed mice. Both al34k2 and ae34k2,
39 with some individual and antigen-specific variation, elicited a clearly detectable antibody response
40 in immunized mice. Remarkably, the two orthologous proteins showed very low level of immune
41 cross-reactivity, suggesting they may eventually be developed as species-specific markers of host
42 exposure. The al34k2 immunogenicity and the limited immune cross-reactivity to ae34k2 were
43 confirmed in a single human donor hyperimmune to Ae. albopictus saliva.

44 Conclusions/Significance. Our study shows that exposure to bites of Ae. albopictus or Ae. aegypti
45 evokes in mice species-specific IgG responses to al34k2 or ae34k2, respectively. Deeper
46 understanding of duration of antibody response and validation in natural conditions of human
47 exposure to Aedes mosquitoes are certainly needed. However, our findings point to the al34k2
48 salivary protein as a promising potential candidate for the development of immunoassays to
49 evaluate human exposure to Ae. albopictus. This would be a step forward in the establishment of a
50 serological toolbox for the simultaneous assessment of human exposure to Aedes vectors and the
51 pathogens they transmit.
52

53 Author summary
54 Taking advantage of several factors, as worldwide trading, climatic changes and urbanization,

55 Aedes mosquitoes are impressively expanding their geographic distribution. A paradigm is provided

56 by the rapid global spreading of Aedes albopictus, a species that is a competent vector of several

57 arboviral diseases (e.g. dengue, Zika, chikungunya) and has been responsible of quite a few

58 outbreaks in the last decade. Historically, vector control always played a pivotal role for the

59 containment of arthropod-borne diseases, and this appears especially crucial for arboviral diseases

60 for which no effective vaccines or specific medications are available. Currently, host exposure to

61 mosquitoes is indirectly evaluated by entomological methods; however, exploitation of human

62 immune responses to mosquito salivary proteins is emerging as a relevant additional tool, with

63 important epidemiological implications for the evaluation of mosquito-borne disease risk. This

64 study provides preliminary but solid indications that the 34k2 salivary proteins from Ae. albopictus

65 and Aedes aegypti may be suitable candidates for the development of serological assays to evaluate

66 spatial and/or temporal variation of human exposure to Aedes vectors. Combined to the presently

67 available tools to assess arboviral exposure/infection, this may be of great help for the development

68 of a serological toolbox allowing for the simultaneous determination of human exposure to Aedes

69 vectors and to the pathogens they transmit.

70

71 Introduction

72 In the last decades Aedes mosquitoes have been responsible for an increased transmission

73 and severe outbreaks of arboviral diseases as dengue, chikungunya, Zika and yellow fever, creating

74 a renewed challenge for public health. Dengue viruses (DENV), with a nearly ubiquitous

75 distribution in the tropics, may be responsible for more than 100 million symptomatic infections

76 and over 20,000 deaths per year [1]. Zika virus (ZIKAV), which became widely known in 2015

77 after the epidemic emergence in Brazil, caused ~500,000 cases in 2016 and its transmission is

78 currently ongoing in at least 61 countries, mostly in the Americas but also in Western Pacific,

79 Africa and Southeast Asia [2, 3]. Chikungunya virus (CHIKV), after the major outbreak in Reunion

80 Island in 2005 [4], has caused additional epidemics in both tropical and temperate regions of the

81 world, with a very large one in 2015-2016 involving over 1 million suspected cases in the Americas

82 [5, 6]. Even the yellow fever virus (YFV), for which a safe and effective vaccine is available since

83 decades, and whose transmission has been in decline for several years, is currently endemic in 47

84 countries in Africa and Central/South America, and a modelling study estimated a disease burden of

85 at least 85,000 cases and 30,000 deaths in 2013 [7, 8]. The main vector of these arboviruses is

86 Aedes aegypti, however the tiger mosquito Aedes albopictus is gaining increasing attention due to

87 its very rapid worldwide spreading and its vector competence [9, 10]. In fact, Ae. albopictus can act

88 as epidemic driver in areas where Ae. aegypti is absent or present at low levels, as testified for

89 example by the chikungunya outbreak in Reunion Island in 2005 [4] or by the several cases of

90 autochthonous transmission of CHIKV and DENV recorded in Italy, France and Croatia from 2007

91 to 2018 [11]. Moreover, the appearance of viral mutations significantly enhancing adaptation to

92 vectors [12, 13] and the geographical spread of both these vector species due to globalization [14]

93 are raising growing concern in public health authorities. To date no specific drugs can be employed

94 to treat human cases. A dengue vaccine has recently been licensed but its use is recommended only

95 for individuals with known prior DENV infection [15], and modelling studies predict achievement

96 of cost-effectiveness only in high-transmission areas of dengue-endemic countries [16]. Therefore,

97 the main method to limit the transmission of these arboviral diseases is still to control mosquito

98 vector populations and prevent their contact with humans.

99 The evaluation of human exposure to Aedes mosquitoes, which is of great importance to

100 assess arboviral transmission risk and guide vector control strategies, is currently based on

101 entomological measures that provide estimates of immature and/or adult mosquito densities in a

102 defined area [17]. However, entomological indices yield an indirect assessment of human-vector

103 contact, are labor-intensive, costly, difficult to implement in some epidemiological settings (e.g.

104 low vector density) and can be applied at the community level only. Progress made in the last

105 fifteen years in the understanding of composition and complexity of blood feeding arthropod saliva

106 paved the way toward the development of novel complementary tools to directly evaluate human

107 exposure to disease vectors, with interesting implications for the improvement of vector control and

108 prediction of disease risk. In fact, while feeding on their hosts, blood sucking arthropods inject a

109 cocktail of salivary proteins whose main role is to allow for an efficient blood meal by inhibiting

110 host hemostatic and inflammatory responses [18]. Independently from its physiological role, saliva

111 of blood feeders also evokes in vertebrates an antibody response that can be exploited to evaluate

112 exposure to disease vectors; this concept was first proposed/shown for ticks [19] and then extended

113 to several other blood feeding arthropods including anopheline and culicine mosquitoes [20-22].

114 However, using mosquito saliva as antigen for immunoassays is largely impracticable for several

115 reasons. First, obtaining large amounts of saliva or salivary gland extracts (SGE) is laborious and

116 time-consuming. Second, reproducibility may be a problem, both because saliva composition may

117 vary according to mosquito physiological states and due to technical variations in the procedure of

118 saliva collection or SGE preparation. Finally, and most importantly, saliva is a mixture of several

119 dozen salivary proteins, some of which are widely spread among blood feeding arthropods, and this

120 may give rise to potential problems of cross-reactivity both at the genus and eventually even at

121 family level. However, the large amount of information made available by transcriptome studies on

122 salivary protein repertoires of blood feeding insects [23] highlighted the existence of several family-

123 and genus-specific salivary proteins, which may represent ideal candidates as markers of host

124 exposure to specific disease vectors.

125 Within the family Culicidae, groups of anopheline- and culicine-specific salivary proteins

126 have already been identified [24, 25] and a clear proof of concept has been provided for the gSG6

127 salivary protein from Anopheles gambiae. In fact, the gSG6 protein or the gSG6-P1 peptide have

128 been validated as markers of human exposure to malaria vectors in a large variety of

129 epidemiological settings in Africa [26-31]; in addition, evidence of their possible utility to evaluate

130 exposure to Asian [32] and Polynesian [33] malaria vectors has been more recently obtained. So far

131 an equally well established and widely validated marker is not available for Aedes mosquitoes, even

132 though very promising indications came by the exploitation of the Nterm-34kDa peptide, which is

133 designed on the culicine-specific 34k1 salivary protein from Ae. aegypti (reviewed in [34]). Studies

134 in exposed children from different villages in Benin [35] and in Côte d’Ivoire [36], as well as a

135 retrospective study on a population from Laos exposed to DENV [37], suggested that the Nterm-

136 34kDa peptide may allow to detect variation in human exposure to Ae. aegypti bites. Moreover, the

137 IgG response to the Nterm-34kDa peptide has been employed to assess vector control

138 implementation in an urban area at La Reunion Island, where individuals were exposed to Ae.

139 albopictus and not to Ae. aegypti. As a consequence, it has been proposed that the IgG antibody

140 response to the Ae. aegypti Nterm-34kDa salivary peptide may be a relevant short term indicator to

141 evaluate the efficacy of vector control interventions against Aedes mosquito species [38].

142 Previous studies indicated that human antibody responses to mosquito salivary proteins are

143 heterogeneous, with some individuals responding to one antigen but not to others and with different

144 salivary proteins eliciting IgG responses that are quantitatively and qualitatively diverse [29]. In this

145 respect, the availability of more than a single salivary antigen may be very useful, especially in

146 different epidemiological settings (e.g. high versus low mosquito density), providing a better view

147 of human exposure to Aedes vectors and disease risk, and eventually increasing the sensitivity

148 and/or specificity of the immunoassays. Moreover, although the Ae. aegypti Nterm-34kDa peptide

149 was successfully used to evaluate exposure to Ae. albopictus [38], the N-terminal region of the 34k1

150 protein is relatively divergent in these two species (12 identical residues over 19 with a 3 amino

151 acids gap), suggesting that the availability of markers based on Ae. albopictus salivary proteins may

152 provide some advantages. In the present study the suitability of novel candidate salivary markers of

153 host exposure to Aedes mosquitoes was evaluated in an experimental model where mice were

154 subjected to a controlled regimen of exposure to bites of Ae. albopictus or Ae. aegypti. In addition,

155 an hyperimmune serum from a human volunteer was used to provide some preliminary but valuable

156 indication on the antigenicity to humans of the recombinant 34k2 salivary protein from Ae.

157 albopictus.

158 

159 Methods
160 Ethical statement

161 According to D.lgs 26/2014, which has transposed in Italy the European Directive

162 2010/63/EU on the protection of animals used for scientific purposes, the animal research protocol

163 has been reviewed and approved by the Animal Welfare Body of the Istituto Superiore di Sanità

164 (Italian National Institute of Health) and authorized by the Italian Ministry of Health with

165 authorization number 150/2016-PR of 19th  February 2016. The human serum employed in this

166 study was provided from a single donor who, for his own purposes (colony maintenance) and

167 independently from this study, had regularly fed an Aedes albopictus colony. This hyperimmune

168 healthy adult donor provided written informed consent for the use of the serum to measure IgG

169 antibody levels against mosquito salivary proteins. No formal request for approval on the use of this

170 serum, which was provided by the hyperimmune donor on a pure voluntary basis, was submitted to

171 the authors’ institutional review board or equivalent committee.

172 

173 Mosquito rearing and salivary gland extracts preparation

174 Aedes albopictus (originally collected in Rome, Italy) and Ae. aegypti (originally collected

175 in Reynosa, Mexico) were reared in the insectary of Sapienza University of Rome and Istituto

176 Superiore di Sanità under standard conditions (27 ± 1°C, 70% relative humidity, 14:10 hours

177 light:dark photoperiod) and colony maintenance achieved by feeding on guinea pigs or by

178 membrane feeding using rabbit blood. Adult female mosquitoes 3-8 days post-emergence (dpe), and

179 never fed on blood before, were used for all the experiments. Mosquitoes were starved for at least

180 6-8 hours before exposure to mice. Salivary glands were dissected in Phosphate Buffered Saline

181 (PBS), transferred into a tube containing 20 µl of PBS and frozen at -80°C in batches of 20-40

182 salivary glands. Salivary gland extracts (SGE) were prepared by three cycles of freezing and

183 thawing followed by centrifugation at 16,000 x g at 4°C. Supernatants were collected and protein

184 concentration measured by the Bradford method (Bio-Rad Laboratories Inc., USA) after pooling the

185 different batches in order to generate a homogeneous SGE stock to be used for all ELISA assays.

186 Protein concentration was determined using the Take3 micro-volume plate in a BioTek microplate

187 reader (BioTek Synergy HT). SGE stocks were aliquoted and stored at -20oC until use.

188 

189 Mice immunization and sera collection

190 Female BALB/c mice, aged 6-8 weeks were obtained from Charles River Laboratories and

191 kept in the animal facility of Istituto Superiore di Sanità according to approved Institutional Animal

192 Care and Use Committee protocols. Two cohorts, composed of 4 naïve mice each, were

193 anesthetized and exposed to bites of either Ae. albopictus or Ae. aegypti. Briefly, the abdomen of

194 each mice was exposed for ~20 minutes to one of four paper cups covered with a mesh net

195 containing 33-47 adult female mosquitoes (either Ae. albopictus or Ae. aegypti ) per mice. All mice

196 were exposed on the same day every 2 weeks for 6 weeks (total 4 times), an exposure regimen

197 similar to those previously employed for immunization to anopheline mosquito saliva [39, 40]. The

198 number of mosquitoes who successfully fed on each mouse following each exposure is reported in

199 Supplemental Table S1. An additional group of mice not exposed to any mosquito was also

200 included in the experimental plan as a further control. Small blood aliquots (~50-100 µl) were

201 collected from the tail vein for serum preparation at different time points: one week before the 1st

202 exposure (B, baseline), one week after the 2nd  exposure (M, midterm), one week after the 4th/last

203 exposure (T, top) and then 1, 2 and 3 months after the end of the exposure regimen (+30, +60 and

204	+90, respectively). Finally, 5 months after the last exposure (+150) mice were sacrificed and larger

205 blood volumes (> 600 µl) collected by cardiac puncture. After blood clotting sera were separated by

206 centrifugation at 10,000 g for 15 minutes and stored at -20°C.

207 

208 Human hyperimmune serum

209 An hyperimmune serum was obtained in February 2013 from a volunteer who had been

210 regularly feeding, for his own purposes (colony maintenance) and independently from this study, an

211 Ae. albopictus colony fortnightly in the previous 4 months. Thirty-nine months later, in May 2016,

212 a second serum aliquot was obtained from the same donor who had not been feeding Ae. albopictus

213 nor other Aedes spp colonies for at least twenty-four months and had eventually only natural

214 exposure to Aedes mosquitoes. Written informed consent for participation to this study was

215 provided from the volunteer.

216 

217 Peptide design

218 Peptides were designed on Ae. albopictus salivary proteins previously identified as restricted

219 to culicine mosquitoes [25, 41, 42] and exhibiting limited amino acid identity (<50%) to Culex

220 species. Potentially immunogenic peptides were selected using four different bioinformatic tools for

221 the prediction of B-cell epitopes and immunogenic regions: BepiPred [43], ABCpred [44], Bcepred

222 [45] and Epitopia [46, 47]. Five peptides 21-23 amino acids in length were designed on three Ae.

223 albopictus salivary proteins and chemically synthesized by Biomatik Corporation (Canada):

224 alb34k1-P1 (HPLPEEATSDAAIKCTLSEED), representing the N-terminus of the 34k1 protein

225 (AAV90689); alb34k2-P2 (TVSEEDLTTIRNAIQKASRASLD) and alb34k2-P3

226 (ALKFYPKTGNKEANEADIRGRQF), designed in the N- and C-terminal regions of the 34k2

227 salivary protein (AAV90690); alb62k1-P4 (LTHIEKPIYTEEAESETSDSDE) and alb62k1-P5

228 (YGLSGMRSGGIPDNHAEWKLNA) designed in the N- and C-terminal regions of the 62k1

229 protein (AAV90683) .

230 

231 Expression and purification of the Ae. albopictus and Ae. aegypti 34k2 salivary proteins

232 The sequence encoding for the mature Ae. albopictus 34k2 protein (mRNA AY826118,

233 protein AAV90690) was obtained by cDNA synthesis followed by PCR amplification. Briefly, total

234 RNA was extracted from salivary glands of Ae. albopictus females (6 dpe) using the TRIzol reagent

10

235 (ThermoFisher Scientific) and cDNA synthetized by the iScript cDNA synthesis kit (Bio-Rad). The

236 region encoding for the mature protein was amplified using the high-fidelity Platinum Pfx DNA

237 polymerase (ThermoFisher Scientific) and the primers 5’-

238 AGTCGGATCCAACCCAACCCCAAAGTCG-3’ (forward) and 5’-

239 CGTAGCGGCCGCTATTACAATGTACCCCTTAAGCCC-3’ (reverse) carrying BamH I and Not

240 I restriction sites. The PCR product was first cloned into the PCRII TOPO TA vector

241 (ThermoFisher Scientific) and then directionally subcloned into a modified pETSUMO vector

242 (Invitrogen), which allows for the expression of recombinant proteins fused at their N-terminus to a

243 8xHis-tag and SUMO protein in order to help purification and increase solubility, respectively [48].

244 The sequence encoding the mature Ae. aegypti 34k-2 protein (mRNA AF466595, protein

245 AAL76018) was purchased from GENEWIZ UK as synthetic gene, codon-optimized for

246 Escherichia coli expression, and subcloned into the modified pETSUMO vector. Recombinant

247 proteins were expressed in the T7 SHuffle E. coli K12 strain (New England Biolabs). Pre-cultures

248 from a single colony were grown overnight at 30°C in 100 ml of LB medium supplemented with 50

249 g/ml kanamycin in a 500 ml flask. One liter of preparative scale cultures in autoinducing medium

250 ZYP5052 [49] were inoculated with 50 mL of the overnight pre-culture and grown at 30°C for 4.5

251 hours. The temperature was then set at 20°C and cultures were let grow overnight. Cells were

252 harvested at 3000 g, resuspended in buffer A (25 mM HEPES, 500 mM NaCl, pH 8.0) and lysed by

253 sonication. The cleared lysate, obtained after centrifugation at 75000 g for 45 minutes at 4°C, was

254 loaded onto a HisTrap excel column (GE Healthcare) using an Äkta system (GE Healthcare) at

255 room temperature. Protein elution was performed with buffer B (25 mM HEPES, 500 mM NaCl,

256 250 mM imidazole, pH 8.0). The eluted sample was incubated with His-tagged SUMO protease and

257 dialyzed overnight in buffer A at 4°C. After removal of His-SUMO tag and His-SUMO protease

258 through a second passage on the HisTrap column, the sample was concentrated using Vivaspin

259 Turbo 15 filters (Sartorius, MWCO 10 kDa) and loaded onto a Superdex 75 10/300 GL column

260 equilibrated in 25 mM HEPES, 100 mM NaCl, pH 8.0. Protein concentration was evaluated

11

261 determining the absorbance at 280 nm and assuming, according to the Expasy ProtParam tool [50],

262 extinction coefficients of 0.82 and 0.84 for the Ae. albopictus and the Ae. aegypti protein,

263 respectively. Purified proteins were concentrated and stored at -80 °C until usage.

264 

265 Enzyme-linked immunosorbent assays and data analysis

266 Enzyme-linked immunosorbent assays (ELISA) were essentially performed as previously described

267 for the An. gambiae gSG6 protein [51]. Briefly, coating was performed in 50µl of Coating Buffer

268 (15mM Na2CO3, 35mM NaHCO3, 3mM NaN3, pH 9.6) for 3 hours at room temperature in 96-well

269 plates (Nunc Maxisorp) using 20 µg/ml of peptides or 5µg/ml of purified recombinant proteins

270 (al34k2 and ae34k2). Salivary gland extracts (SGE) were used at a concentration of 10 SG/ml (i.e.

271 the equivalent of 10 salivary gland protein extract per ml), which corresponded to 8.6 µg/ml for Ae.

272 albopictus and 11.0 µg/ml for Ae. aegypti. Plates were: (i) blocked for 3 hours at room temperature

273 (150 µl 1% w/v skimmed dry milk in PBST); (ii) incubated overnight at 4oC with 50µl of a 1:50

274 dilution of sera; (iii) incubated for 3 hours at room temperature with 100µl of a goat anti-mouse IgG

275 horseradish peroxidase-conjugated antibody (Pierce 31430, 1:10000 dilution); (iv) incubated in the

276 dark at 25oC for 15 minutes with 100µl of o-phenylenediamine dihydrochloride (OPD, Sigma

277 P8287) for colorimetric development. Reactions were terminated by adding 25µl of 2M H2SO4.

278 Three to four washings were performed between each step. OD492  were determined using a

279 microplate reader (Biotek Synergy HT). All samples were analyzed in duplicate with the antigen

280 and once with no antigen. The no antigen well was used for background subtraction and results

281 were expressed as ΔOD values, which were calculated according to the formula ΔOD = ODX –

282 ODN, where ODX represents the mean of the duplicate with the antigen and ODN the value in the

283 well without antigen. Negative and positive controls were included to control for intra- and inter-

284 assay variation, which was always below 20%. Graph Pad Prism Software (San Diego, CA USA)

285 was used for graph preparation.

286 The tentative estimation of cross-reactivity was made taking into account ΔOD levels

287 measured in mice sera at four different time points: T (fully developed response), +30, +60 and +90

288 (possible start of declining). For each Ae. albopictus-exposed mouse and time point the ratio

289 between the IgG responses to aeSGE and alSGE was considered, and the mean values among the

290 four mice for each time point calculated. The mean value among the four time points was 0.60

291 (range 0.55-0.64). A similar calculation was made for Ae. aegypti-exposed mice considering the

292 ratio between ΔOD levels alSGE/aeSGE, which yielded a mean value among the four time points of

293 0.41 (range 0.34-0.47). Combining these results a rough provisional estimation of the level of

294 immune cross-reactivity of SGE from these two species in our experimental mice could be of

295 approximately 50%.

296 

297 Results

298 Mice immunization by exposure to Aedes albopictus and Aedes aegypti

299 To evaluate the immunogenicity of candidate peptides and recombinant proteins we first

300 immunized groups of 4 naïve BALB/c mice by exposure to bites of Ae. albopictus or Ae. aegypti.

301 Overall, blood feeding efficiency was unexpectedly higher for Ae. aegypti (80.6%) than for Ae.

302 albopictus (49.6%), with an average of 28 and 21 fed mosquitoes/mouse/exposure, respectively

303 (Table 1). Small blood aliquots (~50-100 µl) were collected at different time points as described in

304 the Method section.

305 

306 Table 1. Mean number of mosquitoes and percentage feeding

	
	mosquito n
	fed n
	fed %

	Ae. albopictus
	44 (41.5-47.0)
	21 (17.8-24.0)
	49.6 (42.6-57.8)

	Ae. aegypti
	35 (33.0-37.5)
	28 (25.5-30.3)
	80.6 (74.1-86.8)


307 Number of mosquitoes and percentages represent the mean per mouse per exposure. Ranges are in brackets.
308 

309 Mice immunization was verified measuring by ELISA the IgG responses to salivary gland

310 extracts (SGE) of the corresponding mosquito species. All mice exposed to Ae. albopictus

311 developed an antibody response to alSGE, with anti-saliva IgG levels increasing after the second

312 exposure, reaching a peak one week after the fourth/last exposure and remaining essentially

313 unchanged up to 3-5 months post-exposure (Fig 1A). A similar pattern was found in mice exposed

314 to Ae. aegypti, even though IgG levels against aeSGE appeared higher in most mice (Fig 1B).

315 Overall, independently from inter-individual and inter-species quantitative differences, these

316 observations indicate that the exposure regimen was effective both for Ae. aegypti and Ae.

317 albopictus, with all mice developing anti-SGE IgG responses.

318 The salivary proteins of Ae. albopictus and Ae. aegypti were estimated to share, on average,

319 ~70% amino acid identity [41]; therefore, we wondered if mice exposed to Ae. albopictus could

320 recognize aeSGE and vice versa. Not surprisingly, IgG raised by exposure to saliva of one species

321 could recognize SGE from the other species (Fig 1C and 1D), indicating a certain degree of cross-

322 reactivity due to the common and relatively conserved repertoire of salivary proteins [23, 41, 42].

323 

324 Fig 1 Anti-SGE IgG responses of mice exposed to bites of either Ae. albopictus or Ae. aegypti .

325 IgG responses of Ae. albopictus-exposed mice to SGE from Ae. albopictus (alSGE) and from Ae.

326 aegypti (aeSGE) are shown in panels A and C, respectively. IgG responses of Ae. aegypti-exposed

327 mice to aeSGE and alSGE are reported in panels B and D. IgG levels are expressed as OD values

328 at 492 nm. The response of the individual mice is in color as reported in the legends. Thick black

329 lines represent mean OD values, bars denote standard errors. The different time points are as

330 follows: B = baseline, one week before exposure; M = midterm, one week after the second

331 exposure; T = top, one week after the fourth and last exposure; +30/+60/+90/+150, 30/60/90/150

332 days post-exposure.

333 

334 Selection of candidate Ae. albopictus salivary proteins and peptide design

335 As a first approach toward the identification of candidate salivary antigens for the

336 development of immunoassays to evaluate host exposure to Ae. albopictus we decided to try the

337 design of peptides, which could be tested using sera from the immunized mice. Noteworthy,

338 peptides designed on mosquito salivary proteins, namely the gSG6-P1 and the Nterm-34kDa

339 peptides, have been already successfully used to assess human exposure to Anopheles [27, 52-54]

340 and Aedes vectors [35, 38], respectively. Therefore, a group of Ae. albopictus salivary proteins were

341 selected (i) on the basis of culicine-specificity, i.e. their absence in the saliva of anophelines or

342 other blood feeding arthropods [25, 41, 42], (ii) according to their limited identity (< 50%) to

343 homologs from Culex species and (iii) taking also into account previous indications of

344 immunogenicity [55]. Considering only peptides whose antigenicity was predicted by multiple tools

345 we ended up with five candidates from three different Ae. albopictus proteins: 34k1 (AAV90689)

346 and 34k2 (AAV90690), both members of the 34 kDa salivary protein family, and the

347 62k1(AAV90683) protein, belonging to the 62 kDa family. Members of both these protein families

348 are found exclusively in Aedes mosquitoes, are highly enriched or specifically found in adult female

349 salivary glands [41, 42] and, notably, were previously shown to be immunogenic to humans [55].

350 The physiological role of the 34 kDa and 62 kDa salivary proteins in blood feeding is presently

351 unknown, however the 34k1 Ae. aegypti protein was found to enhance DENV replication in human

352 keratinocytes [56] and its silencing in the mosquito by RNAi reduced DENV2 replication in the

353 salivary glands [57]. The first peptide, alb34k1-P1 (21 amino acids) is designed on the N-terminus

354 of the Ae. albopictus 34k1 protein in a position corresponding to the Nterm-34kDa salivary peptide

355 (19 amino acids) designed on the Ae. aegypti ortholog [35]. The four remaining peptides alb34k2-

356 P2, alb34k2-P3, alb62k1-P4 and alb62k1-P5 were designed in the N- and C-terminal regions of the

357 34k2 and 62k1 salivary proteins, respectively.

358 IgG responses to these peptides were analyzed by ELISA in mice immunized to Ae.

359 albopictus or Ae. aegypti saliva. However, even using low sera dilutions (1:20) and high peptide

360 concentrations (20 µg/ml), and also mixing together the five peptides, no response was observed in

361 any mice. IgG responses to the peptides were also analyzed in the same conditions using a human

362 serum from a donor hyperimmune to Ae. albopictus saliva but no IgG recognizing the peptides

363 could be revealed.

364 

365 Expression of recombinant 34k2 salivary proteins from Ae. albopictus and Ae. aegypti

366 As a second parallel approach, the expression in recombinant form of a few candidate

367 salivary proteins from Ae. albopictus, including the 62k1 and 62k2 proteins, was attempted.

368 Specifically, conditions for expression and purification of the Ae. albopictus 34k2 salivary protein,

369 for which previous indication of immunogenicity were available [55], were optimized. The 34 kDa

370 family of salivary proteins was originally identified in Ae. aegypti and found to be composed by at

371 least three members, two of which, named 34k1 (ABF18170) and 34k2 (AL76018), are abundant in

372 saliva and enriched or specifically expressed in adult female salivary glands [42]. Two family

373 members, orthologs of the Ae. aegypti 34k1 and 34k2 and with a similar expression profile, were

374 found in Ae. albopictus [41]. Among Metazoan, proteins of the 34kDa family are only found in

375 culicine mosquitoes and, due to the intron less nature of their genes, it has been suggested they may

376 have been acquired by horizontal transmission. Orthologs between the two Aedes species share 65%

377 (34k1) and 62% (34k2) amino acid identity, whereas paralogs exhibit 32-33% identity. Members of

378 the 34kDa family appear to be present also in Culex species [58, 59], however they are only

379 distantly related to the Aedes proteins (23% to 28% identity). We will refer to the Ae. albopictus

380 and Ae. aegypti 34kDa proteins as al34k1/2 and ae34k1/2, respectively. The al34k2 protein was

381 successfully expressed in E.coli and purified to homogeneity and, after some initial tests indicating

382 its immunogenicity, also the ae34k2 salivary protein from Ae. aegypti was expressed/purified in a

383 similar manner (Fig 2).

384 

385 Fig 2. Purification of the Ae. albopictus and Ae. aegypti 34k2 recombinant proteins. Size

386 exclusion chromatograms (Superdex-75 10/300 GL, GE Healthcare) showing the peaks (shaded)

387 corresponding to the pure Ae. albopictus (A) and Ae. aegypti (B) 34k2 salivary proteins. Fractions

388 corresponding to the peaks were pooled, analysed by SDS-PAGE on a Mini-Protean TGX Stain-

389 free precast gel in non-reducing conditions and stained with Coomassie Brilliant Blue R-250 (C).

390 M, Molecular Weight Marker; 1, al34k2; 2, ae34k2.

391 

392 IgG responses to the Ae. albopictus and Ae. aegypti 34k2 salivary proteins

393 IgG antibody levels against the al34k2 and ae34k2 were measured by ELISA in mice

394 exposed to bites of Ae. albopictus or Ae. aegypti, respectively. Two out of four Ae. albopictus-

395 exposed mice (M10 and M12) showed IgG responses to al34k2. In both mice the response reached

396 a peak one week after the last exposure and was stable up to 2 months after the end of the exposure

397 regimen. The response then decreased gradually in M10 and, instead, persisted or even had some

398 increase in M12. No anti-al34k2 IgG responses were detectable in the other two mice (M9 and

399 M11) at any time point (Fig 3A). As far as the Ae. aegypti-exposed mice are concerned, all mice

400 exhibited IgG responses to ae34k2, although at a different degree and with slightly different kinetics

401 (Fig 3B). The response reached a peak one week to one month after the last exposure and then

402 stayed unchanged in M5 and M8, continued to slightly increase in M7 and showed a trend to

403 decrease in M6. These results indicate that, despite some inter-individual variability, both al34k2

404 and ae34k2 are immunogenic to mice. The higher IgG levels and the responses of all Ae. aegypti-

405 exposed mice may be due to the more effective immunization to saliva achieved in these mice

406 (likely because of the higher number of bites/mouse/exposure) as also indicated by the IgG

407 responses to SGE (Fig 1). Interestingly, considering the relatively high conservation of the 34k2

408 proteins in the two Aedes species, no immune cross-reaction was observed. Indeed, IgG antibodies

409 directed against al34k2 could not recognize the Ae. aegypti protein and, conversely, anti-ae34k2

410 IgG did not recognize the Ae. albopictus protein (Fig 3, C and D). These observations suggest that

411 the 34k2 proteins from Ae. aegypti and Ae. albopictus may represent interesting species-specific

412 markers to evaluate host exposure to these two Aedes species.

413 

414 Fig 3. IgG responses to al34k2 and ae34k2 of Ae. albopictus- and Ae. aegypti-exposed mice.

415 Anti-al34k2 (A) and anti-ae34k2 (C) IgG levels in Ae. albopictus-exposed mice. IgG responses of

416 Ae. aegypti-exposed mice to ae34k2 and al34k2 are shown in (B) and (D), respectively. Time points

417 as in Figure 1.

418 

419 The availability of a single human serum hyperimmune to Ae. albopictus saliva offered the

420 opportunity to obtain some preliminary indication on the immunogenicity to humans of al34k2, and

421 eventually on the immune cross-reactivity to ae34k2. The human serum was obtained from a donor

422 at two different time points: (i) in February 2013 (T1), after feeding for a period of approximately

423 four months an Ae. albopictus colony, and (ii) in May 2016 (T2), after the volunteer had not been

424 feeding Ae. albopictus nor other Aedes spp colonies for at least two years (and had, likely, only

425 natural exposure to Aedes mosquitoes). An intense IgG response against both alSGE and aeSGE

426 was detectable at T1, confirming the hyperimmunization of the donor against Ae. albopictus saliva

427 and displaying a wide IgG cross-reactivity to SGE from Ae. aegypti. On the contrary, the IgG

428 response to al34k2 appeared considerably higher as compared to the response to ae34k2 (Fig 4). At

429 the time point T2 the IgG response to both alSGE and aeSGE persisted, even though at a slightly

430 lower level. On the contrary, the specific IgG response to al34k2 had a remarkable decrease and

431 also levels of anti-ae34k2 IgG appeared reduced. Overall, despite the obvious intrinsic limitations

432 due to the availability of a single human serum and by the hyperimmune status, these observations

433 suggest that al34k2 is immunogenic to humans and that, as observed in mice, there may be a limited

434 cross-reactivity to the two orthologous 34k2 proteins.

435 

436 Fig 4. Levels of anti-SGE and anti-34k2 IgG in a human hyperimmune serum. Levels of IgG

437 antibodies directed against alSGE, aeSGE, al34k2 and ae34k2 were determined at two different

438 time points: (i) T1 (2013), shortly after regularly feeding an Ae. albopictus colony approximately

439 every two weeks for 4 months; (ii) T2 (2016), after the donor had not been feeding Ae. albopictus

440 nor other Aedes spp colonies for at least two years.

441 

442 Discussion
443 Toward the development of immunoassays based on vector salivary proteins to assess

444 human exposure to Aedes mosquitoes, we report here the use of a murine model to test candidate

445 peptides and recombinant salivary proteins from Ae. albopictus and Ae. aegypti. The choice of an

446 experimental animal model, despite intrinsic limitations as the need for downstream validation in

447 humans, has the advantage to allow the setting of strictly controlled conditions of exposure and,

448 possibly, to provide valuable information on the kinetics of mounting/decay of the humoral

449 response and eventually on its species-specificity. The regimen of mice exposure was previously

450 successfully used for mice immunization by exposure to anopheline mosquitoes [39, 40] and the

451 candidate salivary proteins analyzed in our study were already known to be culicine-specific, absent

452 in the saliva of anopheline mosquitoes and not encoded in their genomes [24, 25]. The protocol of

453 exposure was effective for both Ae. albopictus and Ae. aegypti: in both cases all exposed mice, with

454 some individual variation, carried in their sera relatively high levels of IgG antibodies against SGE

455 from the same species. The anti-SGE IgG response could be detected in most mice already after the

456 second exposure but the peak was reached only after the fourth and last exposure. Although the

457 absence of later time points does not allow to clarify in more detail the kinetics, the mice anti-saliva

458 IgG responses were essentially stable up to 3 months later, with some apparent decline in half of the

459 immunized mice 5 months after the end of exposure (Fig 1A-B). Although several studies

460 investigated the effects of mosquito saliva on host immune cells and/or on arboviral transmission, to

461 our knowledge a detailed analysis of development and decay of mice IgG responses to Aedes saliva

462 or salivary proteins has not been previously performed. However, it is pretty well established that in

463 conditions of natural exposure the human IgG antibody response against mosquito saliva

464 progressively declines after termination or drastic reduction of the exposure, even though the

465 specific timing may depend by several factors such as age and history (intensity and persistence) of

466 exposure. As far as Aedes mosquitoes are concerned, a decreased IgG antibody response against Ae.

467 aegypti saliva was reported in French soldiers three months after their return from a travel period in
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468 tropical Africa [60], and similar results were obtained in Colombians coming back to an Ae.

469 aegypti-free area after travelling to DENV endemic areas [61]. Also, a significant reduction of IgG

470 levels against Ae. albopictus saliva was found already six weeks after the implementation of vector

471 control interventions in La Reunion Island [62]. A decrease in the response against alSGE was also

472 observed in the hyperimmune donor between time points T1 and T2, although high anti-alSGE IgG

473 levels still persisted at T2, that is three years after feeding an Ae. albopictus colony (Fig 4). This

474 very long-lived anti-saliva response observed in the donor it is possibly the result of the

475 hyperimmunization combined to the likely natural exposure to Ae. albopictus, a species widely

476 distributed in Italy, the country of residence of the donor at that times.

477 We also measured the IgG response to alSGE in Ae. aegypti-exposed mice (and vice versa),

478 as well as the response to aeSGE of the donor hyperimmune to Ae. albopictus saliva. In principle,

479 immune cross-reactivity between responses induced by salivary secretions of the two Aedes species

480 it is not surprising considering the wide overlap and degree of conservation of their salivary protein

481 repertoires [41, 42]; indeed, all mice exposed to one Aedes species also responded to SGE from the

482 other species (Fig 1C-D). The small number of experimental mice, the unexpectedly lower feeding

483 efficiency of Ae. albopictus as compared to Ae. aegypti (21 vs 28 mosquitoes/mice/exposure) and

484 the slightly higher protein content of aeSGE versus alSGE (10 SG/ml = 11.0 µg/ml vs 8.6 µg/ml,

485 respectively) preclude any reliable quantitative evaluation of immune cross-reactivity. Nevertheless,

486 a tentative provisional evaluation (see Methods) suggests a level of approximately 50% cross-

487 reactivity in our experimental mice. A high level of immune cross-reactivity was also observed in

488 the hyperimmune donor, who showed an almost identical response to SGEs from the two Aedes

489 species (Fig 4). While no previous data on mice exposed to these two mosquito species are

490 available for comparison, on the contrary, low level of immune cross-reactivity between Ae.

491 albopictus and Ae. aegypti SGEs has been previously reported in humans in conditions of natural

492 exposure. This was the case for individuals from Reunion Island, who were only exposed to Ae.

493 albopictus, as compared to individuals from Bolivia, only exposed to Ae. aegypti [63]. A likely
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494 interpretation of this apparent discrepancy is that the level of immune cross-reactivity is dependent

495 on the intensity of immunization, history of exposure and responder status. This would be in

496 agreement both with the observations of Doucoure and collaborators, who found high levels of

497 cross-reactivity among individuals with high anti-saliva IgG levels [63], and with the results

498 reported here, where both the immunized mice and the human volunteer can be considered as

499 intensely exposed and high responders. Overall, besides the already mentioned limitations (small

500 number of mice, single human serum, hyperimmunization) and the apparent discrepancies, the IgG

501 responses to SGE clearly point to the effective immunization of both mice and human donor against

502 Aedes saliva, which allowed to proceed to the main experimental aim of our study, that is testing the

503 immunogenicity of candidate peptides and recombinant proteins.

504 In general, both peptides and full length recombinant proteins are widely used in

505 immunoassays with relative advantages and disadvantages. Recombinant proteins, carrying the

506 conformational epitopes typical of the native forms, may provide higher sensitivity but, on the other

507 side, their expression/purification can be difficult, time consuming and less reproducible. Peptides,

508 instead, can be commercially obtained by chemical synthesis with very good reproducibility and are

509 easier to be used in the field. Moreover, they have been already successfully employed to assess

510 human exposure to mosquitoes, as testified by gSG6-P1 for malaria vectors [27, 52-54] and the

511 Nterm-34kDa salivary peptide for Aedes vectors [35, 38]. Guided by B-cell epitope prediction

512 software, we designed five peptides on the culicine-specific 34k1, 34k2 and 62k1 Ae. albopictus

513 salivary proteins. The peptides were designed on the N- and/or C-terminal protein regions, which

514 are more likely to be exposed on protein surfaces and therefore visible to the immune system; this

515 was certainly the case for alb34k2-P2 and alb34k2-P3, as indicated by mapping the peptides on the

516 crystal structure of the Ae. albopictus 34k2 protein (P. Gabrieli and F. Forneris, personal

517 communication). However, none of these peptides appeared immunogenic to mice, and this was

518 especially surprising for alb34k1-P1 which is the orthologue of Nterm-34kDa [35], although the

519 two peptides show a certain degree of divergency, since they share 12 over 19 amino acid residues

520 with a three amino acid insertion in the Ae. albopictus protein. We cannot provide a clear and

521 convincing explanation for this failure: perhaps the fact that we did not use for peptide design also

522 T-cell epitope prediction software as in previous selection strategies [27, 35] may have contributed,

523 or there may be some other technical reason that we could not identify despite the several efforts.

524 Nevertheless, we report here these negative results because we believe this may represent anyway a

525 useful information for others working in the field and, overall, we should point out that, although

526 these peptides appeared not antigenic to mice, no conclusions can be drawn concerning their

527 potential antigenicity to humans.

528 The main finding of our study is certainly linked to the specific IgG responses to the al34k2

529 and ae34k2 recombinant proteins observed in immunized mice and in the single human

530 hyperimmune donor. Two out of the four Ae. albopictus-immunized mice developed anti-al34k2

531 IgG antibodies: the response was evident only after the fourth/last exposure and stayed essentially

532 unchanged in both mice up to two months (+60) after the end of exposure. Afterwards, IgG levels

533 appeared to decrease in M10 and persisted at high level in M12 (Fig 3A). The other two mice (M9

534 and M11) did not show IgG responses to al34k2 at any time point. This may be due to the less

535 effective immunization of these mice, who also showed lower IgG responses to alSGE as compared

536 to M10 and M12, or perhaps to a limiting antigenicity of the al34k2 salivary protein. It may be also

537 possible that these mice presented specific IgM but no IgG. The available data do not allow to sort

538 this out, however, it should be emphasized that high individual variability, both in the quality and in

539 the intensity of the host response to mosquito salivary antigens, has been repeatedly observed in

540 many different studies, as exemplified by the IgG responses to the An. gambiae salivary proteins

541 gSG6 and cE5 measured in the same individuals highly exposed to malaria vector bites in a

542 hyperendemic area of Burkina Faso [29]. Therefore, despite the absence of IgG responses in M9

543 and M11, and also considering the small total number of mice analyzed, we believe that these

544 observations provide preliminary but promising indications on the antigenicity of al34k2. As far as

545 the Ae. aegypti-exposed mice are concerned, they all exhibited an intense IgG response to ae34k2

546 clearly pointing out its immunogenicity too. Also in this case the response appeared only after the

547 fourth/last exposure in three of the four mice (M5, M6 and M8); afterwards, it stayed essentially

548 unchanged up to 5 months later in M5 and M8, while appeared to gradually decrease in M6. In the

549 remaining mice (M7) the IgG response exhibited a somewhat different kinetic with a later

550 appearing, moderate growth up to 3 months (+90) and then a slight decrease (Fig 3B). Overall, we

551 can conclude that both al34k2 and ae34k2 were immunogenic to mice even though, considering the

552 number of mice showing detectable IgG responses and their intensities, the latter seems to evoke

553 stronger IgG antibody responses. However, it should be kept in mind that the unexpected lower

554 feeding efficiency of Ae. albopictus (21 bites/mouse/exposure) as compared to Ae. aegypti (28

555 bites/mouse/exposure), and the possible resulting less effective immunization, may also account at

556 least in part for the observed difference. Strikingly, despite the relatively high degree of identity

557 (62%) between the two orthologous proteins, we observed no immune cross-reactivity in the

558 exposed mice: no anti-ae34k2 IgG antibodies were detectable at any time point in the mice exposed

559 to Ae. albopictus, and vice versa for al34k2 and Ae. aegypti-exposed mice. This observation is

560 intriguing since it may represent the basis for the development of species-specific assays to assess

561 host exposure to Ae. albopictus or Ae. aegypti, respectively. Indeed, while in principle the

562 availability of a single marker allowing for the simultaneous evaluation of host exposure to Aedes

563 species may be desirable and practical, in same epidemiological settings species-specific assays

564 may prove very useful. For example, considering their different importance in arboviral

565 transmission, this may be the case in areas where these two species coexist or also in areas where

566 just one species is present but in sympatry with other Aedes species of low or no relevance for

567 arboviral transmission.

568 The availability of serum from a donor hyperimmune to Ae. albopictus saliva allowed to get

569 some preliminary insights into the human IgG response to al34k2. Confirming previous evidence

570 obtained by 2D-immunoblot analysis of Ae. albopictus SGE [55], al34k2 also appeared strongly

571 immunogenic to humans: an intense IgG response to al34k2 was evident at time point T1, shortly

572 after the donor had fed an Ae. albopictus colony. The same donor, at the same time point, showed

573 an IgG response of much lower intensity (~27%) to the Ae. aegypti ae34k2, suggesting limited

574 immune cross-reactivity in humans (Fig 4). Noteworthy, while the IgG responses to al34k2 showed

575 a marked decrease at time point T2, the antibody responses to SGE persisted at a much higher

576 extent. As already mentioned, previous studies in conditions of natural exposure indicated that

577 human IgG responses to Aedes saliva are short-lived [60-62]. The long persistence of the anti-saliva

578 response in the hyperimmune donor may be the results of the hyperimmunization and of the likely

579 natural exposure of the donor to bites of Ae. albopictus; moreover, the high inter-individual

580 variability of the anti-saliva response, even in condition of natural exposure, should be kept in mind

581 [60-62]. On the other side, the decay of the anti-al34k2 IgG responses is not surprising considering

582 that mosquito saliva is a complex mixture of hundred or more proteins, and that host antibody

583 response to these proteins is heterogenous, with some eliciting short-lived IgG responses and others

584 triggering longer-lasting antibody responses [29]. In this respect, it is important to clarify that a

585 critical property for a good serological marker of host exposure to vectors is the duration of the IgG

586 antibody response. An ideal marker should evoke a short-term response, allowing for the detection

587 of spatial and temporal variations in host exposure: this is the case for the An. gambiae gSG6

588 protein or the gSG6-P1 [26-33, 51, 54] and for the Ae. aegypti Nterm34kDa peptide [34-38]. In our

589 study the immunized mice showed a persistence of the IgG responses to al34k2 and ae34k2 for at

590 least three months after the end of exposure, with some trend to decrease afterwards, whereas the

591 single human serum analyzed here cannot provide any useful information about timing. Further

592 analyses in humans will be crucial to better understand the kinetics of decay of anti-al34k2 and

593 ae34k2 IgG responses in condition of natural exposure and clarify their suitability as serological

594 tools to detect seasonal variations of host exposure to Aedes mosquitoes.

595 In conclusion, we would like to point out that the Nterm34kDa peptide, the best tool

596 presently available for the serological assessment of human exposure to Aedes mosquito vectors, is

597 designed on the 34k1 salivary protein of Ae. aegypti and that 34k1 and 34k2 proteins are largely

598 divergent: they only share 32-33% amino acid identity in Ae. albopictus and Ae. aegypti,

599 respectively. This implies that the 34k2 proteins, whose expression, purification and testing are

600 reported here, represent real novel candidates. Both the mice and human samples analyzed in our

601 study provided some preliminary but certainly encouraging information on the antigenicity of the

602 al34k2 and ae34k2 proteins and on the IgG response they evoke in exposed hosts; however, it

603 should be kept in mind that this information refers to a small number of mice and a single human

604 donor in conditions of intense and repeated exposure. Measurements of the humoral response in

605 relatively large group of individuals naturally subjected to Aedes bites from locations with different

606 mosquito densities and/or from the same area in different seasons (high and low Aedes density) will

607 be essential to get a clearer idea on their suitability as reliable antigens to detect spatial and

608 temporal variations of human exposure to Ae. albopictus and/or Ae. aegypti.

609 
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