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32  Abstract

33

34 Trehalose is a non-reducing disaccharide that is the major sugar found in insect
35 hemolymph fluid. Trehalose provides energy, and promotes growth,
36 metamorphosis, stress recovery, chitin synthess, and insect flight. Trehalase is the
37 only enzymeresponsblefor the hydrolyss of trehalose, which makesit an attractive
38 molecular target. Here we show that Aedes aegypti (Aag2) cells express trehalase
39 and that they can grow on trehalose-containing cell culture media. Trehalase
40 activity was confirmed by treating Aag2 cells with trehalase inhibitors, which
41 inhibited conversion of trehalose to glucose and reduced cell proliferation. Cell
42 entry of a fluorescent trehalose probe was dependent on trehalose concentration,
43  suggesting that trehalose moves across the cell membrane via passive transport.
44  Culturing Aag2 cells with trehalose-containing cell culture media led to significant
45  changes in gene expression, intracellular lipids, and dengue virus replication and
46  specific infectivity, and increased their susceptibility to trehalase inhibitors. These
47  data describe an in vitro model that can be used to rapidly screen novel trehalase
48 inhibitors and probes and underscores the importance of trehalose metabolism in
49  Ae. aegypti physiology and transmission of a mosquito-bor nevirus.
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55  Introduction

56 Aedes aegypti is the primary vector of several important global human pathogens
57  including dengue virus (DENV), Zika virus (ZIKV), and chikungunya virus (CHIKV).
58  There are no targeted antivirals for these viruses and the currently licensed DENV
59  vaccine is restricted to a subset of the human population due to the potential of eliciting
60 antibody-dependent enhancement (ADE) in those who have not previously been infected
61 (1-6). Further, resistance to pesticides including carbamates, organochlorines,
62  organophosphates, and pyrethroids has been detected in the Americas, Africa, and Asia.
63  New strategies to control disease vectors are desperately needed (7-13).

64

65 Trehalose is a non-reducing disaccharide and is the most prevalent sugar found in
66 insect hemolymph fluid. Trehalose provides energy but also promotes growth,
67  metamorphosis, stress recovery, chitin synthesis, and insect flight (14-28). Previous
68  research has shown that trehalose is synthesized in the insect fat body from glucose 6-
69  phosphate and UDP-glucose by the conserved enzymes trehalose 6-phosphate synthase
70  (TPS) and trehalose 6-phosphate phosphatase (TPP) (16, 22, 29, 30). The hydrolysis of
71  trehalose is under the enzymatic control of trehalase, which catalyzes the conversion of
72 trehalose into two glucose molecules (22, 30). There are two forms of insect trehalase.
73 Trehalase 1 (Tre-1) is soluble and has been purified from hemolymph, midgut goblet
74 cells, and eggs. Trehalase 2 (Tre-2) is a membrane bound form and has been identified in
75  flight muscle, follicle cells, ovary cells, spermatophore, midgut, and brain tissue (22).
76  Although it is known that the facilitated trehalose transporter (TRET1) transfers newly

77  synthesized trehalose from the fat body across the cellular membrane and into the
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78  hemolymph, it is unclear if trehalose transporters exist in peripheral tissues and import
79  this sugar (22).

80

81 Trehalose is not synthesized by human cells, but it is present in varying quantities
82 in certain foods such as mushrooms, yeast, honey, beans, seaweeds, and shellfish, and
83  synthesized by certain bacterial species that comprise the microbiome (31). Humans
84  express a membrane-bound trehalase enzyme in the small intestine’s brush border cells,
85  which catalyzes dietary trehalose to glucose (31). Mammalian cells do not normally
86 engage with high concentrations of trehalose, and previous research indicates that
87  treatment of mammalian cells with trehalose induces autophagy through an MTOR-
88 independent mechanism. This has been associated with both neuroprotective and antiviral
89  activities (32-39).

90

91 Our previous research revealed that treatment of Ae. aegypti with the trehalase
92 inhibitor validamycin A (ValA) promoted hypoglycemia and trehalose accumulation, and
93  corresponded with delayed larval and pupal development, ultimately preventing flight in
94  adult mosquitoes (23). Unfortunately, a novel trehalose analogue called 5-ThioTre was
95 unable to recapitulate the activity of ValA (23). We sought to develop an in vitro model
96 that would facilitate screening of novel trehalose analogues and to determine the impact
97  of trehalose metabolism on a mosquito-borne virus. Here, we show that the Ae. aegypti
98 cell line (Aag2) expresses a secreted trehalase isoform, and that this enzyme facilitates
99  growth when cell culture media glucose is exchanged for trehalose. Specifically, the

100 trehalase inhibitor validamycin A (ValA) and novel trehalase inhibitors prevented
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101  conversion of cell culture media trehalose to glucose, and treatment with ValA
102  significantly reduced cell proliferation. Cell entry of a fluorescent trehalose probe was
103  dependent on trehalose concentration, suggesting that trehalose moves across the cell
104  membrane via passive transport. Importantly, RNA-Seq analysis of Aag2 cells grown in
105 trehalose-containing cell culture media revealed significant changes in gene expression in
106  multiple cellular pathways, including those involved in integral/intrinsic membrane
107  components. Trehalose also increased the concentration of intracellular lipids and viral
108 RNA (VRNA), shedding of infectious virus, and the specific infectivity of DENV virions,
109  while increasing the susceptibility of Aag2 cells and DENV to trehalase inhibitors. This
110  manuscript describes the use of an in vitro model that can be used to interrogate trehalose
111  metabolism in insect cells and reveals how trehalose modulates mosquito cell biology and
112 virus infection.

113

114  Methods

115

116  Cells and reagents. The Ae. aegypti cell line, Aag2 (ATCC, VA), was used for in vitro
117  studies. Aag2 cells were maintained at 28 °C with 5% CO2 in complete cell culture
118  media containing DMEM no glucose media supplemented with 4,500 mg/L glucose, 10%
119  heat-inactivated fetal bovine serum (FBS) (Gemini, CA), 1% penicillin-streptomycin
120  (Thermo Fisher Scientific, MA) and 1% tryptose phosphate broth (Sigma-Aldrich, MO).
121  Aag2 cells were also grown using the above cell culture media with equimolar
122 concentrations of trehalose (2,250 mg/L) (Sigma-Aldrich, MO) instead of glucose. It is

123  important to note that the trehalose-containing cell culture media retained low
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124 concentrations of glucose from FBS and tryptose phosphate broth. The glucose
125  concentration in our trehalose-containing cell culture media was approximately 125 mg/L
126  but rapidly increased in glucose concentration after inoculation onto Aag2 cells. The
127  virus strain used was dengue virus type 2 New Guinea C (DENV2 NGC). DENV?2 stocks
128 were made by infecting Aag2 cells at a MOI of 1.0 and cell-free virus stocks were
129  harvested 8 days post-infection (dpi) and stored at =80 °C until use.

130

131 Trehalose analogues. Validamycin A (ValA) (Cayman Chemical, MI) was the only
132 commercially available trehalase inhibitor available at the time of this study. The
133  synthesis of trehalose analogues was carried out using a chemoenzymatic method as
134  previously reported for 5-ThioTre (40) and 6-TreNH; (41). The water solubility of 5-
135 ThioTre and 6-TreNH, is predicted to be very close to trehalose and stocks were
136  generated in water at 100 mM.

137

138  Synthesis of fluorescent trehalose derivative NBD-Trehalose. To a 25 mL round
139  bottom flask flushed under argon was added anhydrous N,N-dimethylformamide (10
140 mL), 6-TreNH; (10.9 mg, 0.032 mmol), 4-chloro-7-nitrobenzo-2-oxa-1,3-diazole (7.6
141  mg, 0.038 mmol), and N,N-diisopropylethylamine (8 pL, 0.043 mmol). After stirring at
142  room temperature under argon overnight, thin-layer chromatography indicated that the
143  reaction was complete. The crude product was concentrated by rotary evaporation and
144  purified by reverse phase chromatography on a Biotage Isolera One automated flash
145  chromatography system (10 g C18 column; 0% CH3CN in H,O - 80% CH3CN in H,0)

146  to give NBD-Trehalose (12.9 mg, 80%) as an orange solid. ‘H NMR (500 MHz, D;0): §
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147 8.38(d, J=9.0 Hz, 1 H), 6.38 (d, J=9.0 Hz, 1 H), 5.18 (d, J= 4.0 Hz, 1 H), 5.06 (d, J =
148 3.5 Hz, 1 H), 4.11-4.07 (m, 1 H), 3.94 (bs, 1 H), 3.87-3.76 (m, 5 H), 3.71 (dd, J = 5.5,
149  12.0 Hz, 1 H), 3.67 (dd, J = 4.0, 10.0 Hz, 1 H), 3.47 (t, J = 10.0 Hz, 1 H), 3.46 (dd, J =
150 3.5, 10.0 Hz, 1 H), 3.38 (t, J = 10.0 Hz, 1 H). ©*C NMR (125.7 MHz, D,O): & 146.46,
151 144.32, 143.82, 120.62, 138.70, 100.64, 93.47, 93.33, 72.58, 72.51, 71.17, 71.34, 70.93,
152 70.89, 70.51, 69.61, 60.49, 48.59. HRMS (ESI-TOF) m/z: [M + Na]* Calcd for
153  CisH24N4O13Na 527.1238; Found 527.1249. Stocks of NBD-Trehalose were generated in
154  dimethylsulfoxide (DMSO) at 100 mM.

155

156 Ceéll proliferation and glucose assays. Cell proliferation assays were performed by
157  seeding 100 Aag2 cells into a 96 well plate in triplicate. The total number of viable cells
158  per well were quantified using trypan blue exclusion each day starting on day 0 and
159 ending on day 7. This assay was repeated using cells that were fed either glucose or
160 trehalose-containing cell culture media in the presence or absence of 1 mM validamycin
161 A (ValA). A Glucose Colorimetric Assay Kit (Cayman Chemical, MI) was used to assay
162  glucose concentration in Aag2 cell-free supernatant from cells grown in either glucose or
163 trehalose-containing cell culture media each day starting on day 0 and ending on day 3.
164  Glucose concentration was also assayed in Aag2 cell-free supernatant from cells grown in
165 trehalose-containing cell culture media and in the presence of increasing concentrations
166  of ValA, and trehalose analogues 5-ThioTre and 6-TreNH2, which are described above.
167  Glucose concentration was also assayed in Aag2 cell-free supernatant from cells that
168  were infected with 1 MOI DENV?2 every other day starting 1-day post-infection (dpi) and

169  ending 7 dpi.
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170

171 NBD-Tre probe assays. Aag2 cells were grown to confluence in trehalose-containing
172 cell culture media using the Nunc Lab-Tek Chamber Slide System (Thermo Fisher
173  Scientific, MA). Cell culture media was removed and replaced with cell culture media
174 spiked with 0.1 mM NBD-Tre probe with and without 1 mM ValA. Negative controls
175  included wells treated with equimolar concentrations of the DMSO vehicle control.
176  Treated cells were incubated for 4 hours, cell culture media was then removed, and cells
177  were stained with the nuclear stain Hoescht (Thermo Fisher Scientific, MA). Cells were
178  imaged immediately using a Leica DM5000 B, Leica DFC550 digital camera, and Leica
179  CTR5000 control unit. Mean fluorescence intensity (MFI) per cell was quantified using
180  ImageJ and included 10 separate images per condition and the average MFI of 5 cells per
181 image. This experiment was repeated by treating Aag2 cells with 0.1 mM NBD-Tre
182  probe in the presence of increasing concentrations of glucose or trehalose and on
183  uninfected and DENV2-infected cells.

184

185 Nile Red assay. Aag2 cells were grown to confluence in either glucose or trehalose-
186  containing cell culture media using the Nunc Lab-Tek Chamber Slide System. A 30 mM
187  Nile Red (Cayman Chemical, MI) stock in DMSO was diluted 1:3000 in either glucose or
188 trehalose-containing cell culture medium and incubated for 30 minutes at room
189  temperature. Cells were fixed and counterstained with the nuclear stain Hoescht. Cells
190  were imaged immediately using a Leica DM5000 B, Leica DFC550 digital camera, and

191 Leica CTR5000 control unit. Corrected total cell fluorescence (CTCF) was quantified
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192  using integrated density, area, and mean background fluorescence data obtained from 3
193  separate images per condition and 20 cells per image.

194

195 RNA-Seq. RNA Sequencing (RNASeq) was conducted using a service offered by
196  Novogene, USA (California UC Davis) on Aag2 cells that were either maintained in
197  glucose or trehalose-containing cell culture media in triplicate. RNA was extracted using
198 the Qiagen RNeasy Plus RNA Extraction kit with gDNA eliminator columns. RNA
199 integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100
200  system (Agilent Technologies, CA, USA). Total RNA was used as input material for the
201  RNA sample preparations. Briefly, mMRNA was purified from total RNA using poly-T
202  oligo-attached magnetic beads. Fragmentation was carried out using divalent cations
203  under elevated temperature in First Strand Synthesis Reaction Buffer(5X). First strand
204  cDNA was synthesized using random hexamer primer and M-MuLV Reverse
205  Transcriptase(RNase H-). Second strand cDNA synthesis was subsequently performed
206  using DNA Polymerase | and RNase H. Remaining overhangs were converted into blunt
207 ends via exonuclease/polymerase activities. After adenylation of 3’ ends of DNA
208  fragments, Adaptor with hairpin loop structure were ligated to prepare for hybridization.
209  In order to select cDNA fragments of preferentially 370~420 bp in length, the library
210  fragments were purified with AMPure XP system (Beckman Coulter, Beverly, USA).
211  Then PCR was performed with Phusion High-Fidelity DNA polymerase, Universal PCR
212  primers and Index (X) Primer. At last, PCR products were purified (AMPure XP system)
213  and library quality was assessed on the Agilent Bioanalyzer 2100 system. The clustering

214  of the index-coded samples was performed on a cBot Cluster Generation System using
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215 TruSeq PE Cluster Kit v3-cBot-HS (lllumia) according to the manufacturer’s
216  instructions. After cluster generation, the library preparations were sequenced on an
217  Illumina Novaseq platform and 150 bp paired-end reads were generated. Raw data (raw
218 reads) of fastq format were firstly processed through in-house perl scripts. In this step,
219 clean data (clean reads) were obtained by removing reads containing adapter, reads
220  containing ploy-N and low-quality reads from raw data. At the same time, Q20, Q30 and
221  GC content the clean data were calculated. All the downstream analyses were based on
222  the clean data with high quality. Reference genome and gene model annotation files were
223  downloaded from genome website directly. Index of the reference genome was built
224 using Hisat2 v2.0.5 and paired-end clean reads were aligned to the reference genome
225  using Hisat2 v2.0.5. We selected Hisat2 as the mapping tool for that Hisat2 can generate
226  a database of splice junctions based on the gene model annotation file and thus a better
227  mapping result than other non-splice mapping tools. featureCounts v1.5.0-p3 was used to
228  count the reads numbers mapped to each gene. FPKM of each gene was calculated based
229  on the length of the gene and reads count mapped to this gene. FPKM, expected number
230 of Fragments Per Kilobase of transcript sequence per Millions base pairs sequenced,
231  considers the effect of sequencing depth and gene length for the reads count at the same
232  time, and is currently the most commonly used method for estimating gene expression
233  levels. Differential expression analysis of the two conditions/groups was performed using
234  the DESeq2 R package (1.20.0). DESeq2 provide statistical routines for determining
235 differential expression in digital gene expression data using a model based on the
236  negative binomial distribution. The resulting P-values were adjusted using the Benjamini

237  and Hochberg’s approach for controlling the false discovery rate. Genes with an adjusted

10


https://doi.org/10.1101/2024.12.03.626538
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.03.626538; this version posted December 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

238  P-value < =0.05 found by DESeq2 were assigned as differentially expressed. Functional
239  annotations of differentially expressed genes were performed using the g:Cost Functional
240  Profiling tool at g:Profiler and NCBI’s DAVID Functional Annotation Bioinformatics
241  tool. FASTQ files for each sample are available in the NCBI SRA database (BioProject
242  ID: PRINA936836 and PRINA882813).

243

244  Focus-forming unit assays. Aag2 cells were seeded into 96 well plates and grown to
245 ~70% confluence in glucose-containing cell culture media. Wells were then inoculated
246  with 20 focus-forming units (FFUs) of DENV2 in either glucose or trehalose-containing
247  cell culture media for 1 hour at 27°C. Unbound virus was removed and fresh glucose-
248  containing cell culture media was added. At 3 dpi, confluent Aag2 monolayers were fixed
249 in 4% paraformaldehyde in phosphate buffered saline (PBS) for 10 minutes, cell
250 membranes were permeabilized with 0.1% Triton X-100, and DENV2 antigen was
251  stained with 1:200 anti-DENV2 envelope antibody (3H5-1, EMD Millipore) in PBS with
252 1% bovine serum albumin (BSA). The total number of DENV-positive foci were
253  revealed using a 1:200 horseradish peroxidase-conjugated secondary antibody in PBS
254 plus 1% BSA, and an AEC Peroxidase Substrate kit (Vector Laboratories). This
255  experiment was repeated using cells that were maintained in either glucose or trehalose-
256  containing cell culture media throughout the experiment, and digital images were
257  collected to quantify the total focus-forming units/well and total number of DENV2-
258  positive cells/well. FFU assays were also performed using cell free supernatants isolated
259  from DENV2-infected Aag2 cells that were maintained in either glucose or trehalose-

260  containing cell culture media, examining cell free supernatants at 0, 1, and 3 dpi. Cell

11
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261  free supernatants were stored at -80°C until use and then used to inoculate subconfluent
262  Aag2 cell monolayers that were maintained in glucose-containing cell culture media.
263 FFU assays were also used to quantify the impact of ValA treatment on DENV?2
264  infection. For this experiment, Aag2 cells were inoculated with 40 FFU/well DENV2 and
265  co-treated with 0, 0.1, 0.2, and 0.5 mg/mL ValA. Digital images were captured using the
266  Evos XL Core Imaging System.

267

268 RT-gPCR-based infectivity assays.

269  Aag2 cells were seeded into 96 well plates and grown to ~70% confluence in either
270  glucose or trehalose-containing cell culture media. Cells were then mock infected or
271  inoculated with 1 x 10° genomic equivalents of DENV?2 in either glucose or trehalose-
272  containing cell culture media in triplicate. For the attachment assay, incubation of
273  DENV?2 with cells took place at 4°C for 1 hr. and then unbound virus was removed, cells
274 were washed with PBS, and total RNA was extracted and quantified by RT-gPCR.
275 DENV2 viral RNA (VRNA) was normalized by total nanograms of cellular RNA. For the
276  cell entry and replication assay, incubation of DENV2 with cells took place at 25°C for 1
277  hr. and then unbound virus was removed and replaced with either glucose or trehalose-
278  containing cell culture media. Total RNA was extracted 3 dpi, quantified by RT-qPCR,
279 and normalized using total nanograms of cellular RNA. DENV2 stocks were also
280  generated using Aag2 cells maintained in either glucose or trehalose-containing cell
281  culture media, frozen at -80°C, and then RNA was extracted and quantified using RT-
282  PCR. FFUs were also measured in these samples, which allowed for determination of

283  the specific infectivity of virions produced from glucose and trehalose-fed cells. Specific

12
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284  infectivity was represented as FFU/VRNA. Amplification of the viral target was
285  performed using a singleplex format in 48-well plates (Illumina) with a total reaction
286  volume of 10 ul. Reverse transcription and quantitative PCR were performed in the same
287  closed tube with 50 ng of total RNA per reaction using the Quantitect RT-gPCR Kit
288  (Qiagen). All primers were used at final concentrations of 4 uM. For amplification of
289 DENV2 vVRNA (nt 87-207), Forward: 5' CAG ATC TCT GAT GAA TAA CCA ACG 3
290 and Reverse: 5' CAT TCC AAG TGA GAA TCT CTT TGT CA 3' DENV2-specific
291  primers were used. The DENV2-specific probe, 5’°/56-FAM/CTG CCG ATC/ZEN/TTG
292 CAC ATT ACC ACC GC/3IABkFQ/3', was used for added specificity. All RT-gPCR
293  reactions were performed using an Eco Illumina and each time point was measured in
294  triplicate. Cycling conditions were 50 °C for 30 min (reverse transcription) and 95 °C for
295 15 min, followed by 45 cycles of 94 °C for 15 s, 55 °C for 30 s and 72 °C for 30 s.
296  Relative quantities of target cDNA were determined using the Pfaffl method. Student's t
297  tests were performed between groups to determine statistical significance.

298

299  Results

300 Aag2 celsexpressa secreted trehalase enzyme that can convert trehalose to glucose.
301 RNA-Seq datasets that characterize gene expression of Aag2 cells reveal high
302  expression of trehalose-6-phosphate synthase (TPS) and trehalase (TREH) homologues
303  (42). Expression of a trehalose 6-phosphate phosphatase (TPP) homologue is low but not
304  absent (Figure 1A). The amino acid sequence of TREH was analyzed using SignalP 6.0
305 and indicated a signal peptide cleavage site between amino acid positions 30 and 31

306  (probability 0.97812) (Figure 1B). PSORT Wolf analysis of the TREH amino acid

13
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307  sequence predicted that it is located in the endoplasmic reticulum, extracellular space,
308  peroxisome, and plasma. Together, these data indicated that Aag2 TREH is a secreted
309  form of the enzyme and exists in the extracellular environment.

310

311 Most cell culture media used to support insect cell growth contains glucose. We
312  reasoned that if Aag2 expressed TREH, and if this enzyme was secreted, it would convert
313 trehalose to glucose and similarly support cell growth. Aag2 cells were grown in both
314  glucose and trehalose-containing cell culture media and passaged at least two times
315  Dbefore experiments. Aag2 cells proliferated equally in glucose and trehalose-containing
316 cell culture media (Figure 2A-B). Importantly, over a 3-day time course Aag2
317 metabolized glucose when maintained on glucose-containing cell culture media, and
318  generated glucose when maintained on trehalose-containing cell culture media (Figure
319 2C-D).

320

321 In vitro trehalase inhibitor assays show reduction in cell proliferation and reveal
322  differencesin inhibitor efficacy.

323 Previous in vivo research showed that treatment with trehalase inhibitor ValA at
324 0.2, 0.4, and 1.0 mM led to dose-dependent changes in Ae. aegypti development (23).
325  Cell proliferation assays were performed to determine if trehalase inhibitors interfered
326  with Aag2 cell metabolism when maintained in trehalose-containing cell culture media.
327  There was no reduction in cell proliferation when Aag2 cells maintained in glucose-
328  containing cell culture media were treated with 1 mM ValA (Figure 2E). However, when

329  Aag2 cells maintained in trehalose-containing cell culture media were treated with 1 mM
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330 ValA, a significant reduction in cell proliferation was evident 3 days post-treatment,
331  which persisted throughout the time course (Figure 2E). To directly test the impact of
332 trehalose analogues on trehalase activity, a dose-dependence assay was performed that
333 quantified conversion of trehalose to glucose. ValA maintained ~75% activity as a
334  trehalase inhibitor at the lowest concentration tested (i.e., 0.008 mM) (Figure 2F).
335  Although 5-ThioTre and 6-TreNH, maintained ~75% activity at the highest concentration
336  tested (i.e., 1.0 mM), they had no activity at the two lowest concentrations (Figure 2F).
337

338 RNA-Seq analysis identifies differentially expressed genes involved in trehalose
339  metabolism and innate immunity.

340 Previous research confirmed that key enzymes involved in trehalose metabolism
341  are expressed in Aag2 cells (42). This was somewhat unexpected given that Aag2 cells
342  do not derive from fat body tissue. Very little is known about the response of non-fat
343  body cells and tissues to trehalose. RNA-Seq was performed to characterize the
344  differentially expressed genes in Aag2 cells maintained in glucose and trehalose-
345  containing cell culture media.

346

347 Significant differences in gene expression were observed. There were 157
348  upregulated and 118 downregulated genes in Aag2 cells that were maintained in
349 trehalose-containing cell culture media (Figure 3A). Although TREH expression did not
350 change in the RNA-Seq dataset (Supplementary Table 1) or in a follow-up RT-qPCR
351 validation study (Figure 3B), trehalose transporter 1 Tretl (AAEL026825) was

352  upregulated 2.7-fold in the presence of trehalose (Supplementary Table 2). Functional
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353 annotations of differentially expressed genes also showed significant changes in genes
354  involved in composition of the cell membrane, lipid biosynthesis, sugar conjugation,
355  extracellular matrix, calcium signaling, signal transduction, and mitochondrial function
356  Figure 3C-D). Significant changes in the expression of some innate immunity genes were
357  also noted (Table 1).

358

359 Passve uptake of afluorescently labeled trehalose probe.

360 Considering that Aag2 cells increase expression of Tretl in response to trehalose
361  while poorly expressing TPP, it is reasonable to expect that these cells can acquire
362 trehalose from the extracellular environment (Supplementary Tables 1-2). To enable
363  testing of whether Aag2 cells can accumulate extracellular trehalose, we synthesized a
364  novel fluorescent trehalose derivative, NBD-Tre, which consists of trehalose conjugated
365 to a fluorescent 2-(7-nitro-2,1,3-benzoxadiazol-4-yl) group (Figure 4A). Aag2 cells that
366  were maintained in trehalose-containing cell culture media were treated with 1.0 mM
367 NBD-Tre probe or a vehicle control for 4 hours, excess probe was removed, cells were
368  washed in cell culture media, and then digital images were taken using a fluorescent
369  microscope. 1.0 mM ValA was used to determine if trehalase inhibition would prevent
370  probe degradation and improve cell labeling. Quantifying the mean fluorescent
371 intensity/cell showed a statistically significant increase in signal when cells were treated
372  with the NBD-Tre probe compared to DMSO vehicle control. The addition of trehalase
373 inhibitor ValA did not influence cell labeling (Figure 4B) suggesting that trehalase does
374  not degrade the fluorescent molecule.

375
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376 To test if trehalose entered into Aag2 cells using a passive/facilitated process, 0.1
377 mM NBD-Tre probe was suspended in cell culture media with a range of glucose and
378  trehalose concentrations: 0.0, 0.1, 1.0, 10.0, and 25.0 mM. A lower concentration of
379  NBD-Tre probe was used in this experiment because the labeling efficiency of 0.1 mM
380 NBD-Tre in sugar-free cell culture media was equivalent to 1.0 mM NBD-Tre in high
381  glucose or trehalose cell culture media. The mean fluorescent intensity per cell decreased
382  ~10-20% at the highest two concentrations of glucose (Figures 4C,E). In contrast, the
383  mean fluorescent intensity per cell increased at the lowest concentration of trehalose and
384  decreased 40-75% at the three highest concentrations of trehalose (Figures 4D,F). These
385  results support that the trehalose probe entered Aag?2 cells through a process of facilitated
386  diffusion, which is consistent with the function of known trehalose transporters such as
387  Tretl (43).

388

389 Maintaining Aag2 cellsin trehalose-containing cell culture media increases DENV2
390 shedding and specific infectivity.

391 Maintaining Aag2 cells in trehalose-containing cell culture media led to
392  significant changes in gene expression, and trehalose used a facilitated/passive process to
393 accumulate inside of these cells. Transcriptomic changes, which include differential gene
394  expression of key innate immunity genes (Table 1), might influence virus infection.
395  Similarly, an influx of trehalose into intracellular compartments may influence different
396  aspects of the virus life cycle. Dengue virus type 2 (DENV2) was used as a model vector-
397  Dborne disease to test the hypothesis that trehalose can modify virus infection in insect

398 cells.
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399

400 Aag? cells maintained in glucose-containing cell culture media were inoculated
401  with 20 focus-forming units (FFUs) of DENV2 and the infection was allowed to spread
402  throughout the monolayer for 5 days. Cells were also mock-infected as a negative
403  control. Infected and mock infected cells were then treated with either no glucose cell
404  culture media as a vehicle control or with 1 mM NBD-Tre probe for 4 hours. Aag2 cells
405  were then fixed and stained using an anti-DENV2 3H5.1 Mab and counterstained with
406  Hoescht. Immunofluorescence microscopy revealed diffuse cytoplasmic localization of
407  the NBD-Tre probe and discrete localization of DENV2 envelope (E) protein outside of
408  the nucleus (Figure 5). There was no clear co-localization between these molecules.

409

410 Although the immunofluorescence analysis did not reveal evidence of specific co-
411  localization between trehalose and DENV2 E, the diffuse localization of trehalose Aag2
412  may provide opportunities for interaction with other DENV2 proteins or to influence
413  virus replication. We tested this hypothesis using Aag2 cells maintained in glucose-
414  containing cell culture media, which were inoculated with 20 focus-forming units (FFUs)
415 of DENV2 in either glucose or trehalose-containing cell culture media for 1 hour.
416  Unbound virus and cell culture media was removed and replaced with glucose-containing
417  cell culture media. Three days later cell monolayers were fixed and stained with anti-
418 DENV2 MAD and the total number of FFUs per well were quantified. Pre-treatment with
419  either glucose or trehalose-containing cell culture media had no impact on DENV2
420  infection (Figure 6A). In contrast, when the same experiment was performed using Aag?2

421  cells that were maintained in either glucose or trehalose-containing cell culture media for
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422  the duration of the focus forming unit assay, there was a 2-fold increase in FFUs per well
423 in the trehalose-maintained cells (Figures 6B,D). The total number of DENV2 positive
424 cells were quantified in each well, which also revealed a 2-fold increase in the trehalose-
425  maintained cells (Figures 6C,D).

426

427 To determine the stage of the virus life cycle that was affected by trehalose, an
428  attachment assay was performed using Aag2 cells that were maintained in either glucose
429  or trehalose-containing cell culture media. Cells were inoculated with 20 FFUs DENV?2
430 in glucose-containing cell culture media at 4 °C for 1 hour, unbound virus was removed,
431  cells were washed with cell culture media, and total RNA was extracted from cell
432  monolayers. RT-gPCR analysis showed no difference in the attachment of DENV2 to
433  Aag?2 cells maintained in either glucose or trehalose-containing cell culture media (Figure
434  6E). A cell entry assay was then performed, which allowed DENV?2 to attach and enter
435 Aag2 cells at 37 °C for 4 hours. RT-gPCR analysis showed a statistically significant
436  increase in cell entry of DENV?2 inside of Aag2 cells that were maintained in trehalose-
437  containing cell culture media (Figure 6F). Supernatants were then collected from
438 DENV2-infected Aag2 cells that were maintained in either glucose or trehalose-
439  containing cell culture media and stored as viral stocks. Viral stocks were tested to
440  determine the total FFUs/well in a 5 pL inoculum onto Aag2 cells that were maintained
441 in glucose-containing cell culture media. Consistent with previous experiments,
442  significantly more DENV2 was shed from Aag?2 cells that were maintained in trehalose-
443  containing cell culture media by day 3 post-infection (dpi) (Figure 6G). To test the

444 quality of virions produced by Aag2 cells maintained in either glucose or trehalose-
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445  containing cell culture media, virus stocks were prepared from each condition at 5 dpi,
446  and then FFU and RT-qPCR assays were performed. The total FFUs per mL were
447  normalized by VRNA (FFU/VRNA) to determine specific infectivity of virus stocks. The
448  specific infectivity of DENV2 produced from Aag2 cells maintained in trehalose-
449  containing cell culture media was 2-fold greater (Figure 6H).

450

451  Trehalose promotes accumulation of intracellular lipids.

452 Previous research suggests that trehalose induces autophagy in mammalian cells,
453  although autophagy’s role in virus infection is varied (32-36, 39, 44). The consensus is
454  that DENV benefits from autophagy in mammalian cells by enhancing cell survival and
455  promoting virus maturation (45-49). The role of autophagy in arbovirus infection in
456  insect cells is less clear, and conventional autophagy inducers and inhibitors may respond
457  differently in insect cells (44, 50). Trehalose can also be converted to glucose and used as
458  a substrate for lipogenesis (42).

459

460 RNA-Seq analysis revealed significant changes in gene expression related to
461 integral/intrinsic membrane components, and the main function of autophagy is to
462  accumulate and utilize lipids to enhance cell survival. We used Nile Red staining to
463  determine if trehalose modified the lipid environment of Aag2 cells. We identified a
464  slight, yet significant increase in intracellular lipid accumulation in Aag2 cells that were
465  maintained in trehalose-containing cell culture media (Figure 7A-B).

466

467 DENV2 infection does not impact trehalose metabolism.
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468 Previous research has shown that DENV manipulates the metabolism of its host
469  cell to promote replication. Different parameters of trehalose metabolism were tested
470  during DENV?2 infection to determine if this pathway is manipulated in Aag2 cells. Aag2
471  cells maintained in trehalose-containing cell culture media were either mock infected or
472  infected with DENV2 and conversion of trehalose to glucose was assessed on 1, 3, 5, and
473 7 dpi. DENV2 infection did not influence trehalase activity (Figure 8A). The impact of
474  DENV?2 infection on trehalose uptake was also tested by infecting Aag2 cells that were
475  maintained in glucose-containing cell culture media with 0, 1, 10, 100, and 500 FFUs and
476  then labeling cells with 0.1 mM NBD-Tre 3 dpi. There was no difference in mean
477  fluorescence intensity per cell, therefore DENV?2 infection did not influence trehalose
478  uptake (Figure 8B).

479

480 Trehalase inhibition reduces cell viability and DENV infection in trehalose-
481  dependent Aag2 cells.

482 We previously showed that trehalase inhibition reduced cell proliferation when
483  cells were maintained in trehalose-containing cell culture media (Figure 2E). We
484  hypothesized that this activity would reduce DENV productivity. As expected, ValA
485  treatment did not reduce cell viability or DENV productivity in Aag2 cells that were
486  maintained in glucose-containing cell culture media, and surprisingly increased DENV
487  productivity by 50% (Figure 9A-C). In contrast, ValA treatment significantly reduced
488  cell viability and DENV productivity in Aag2 cells that were maintained in trehalose-
489  containing cell culture media (Figure 9D-F). It is important to note that a FFU assay was

490 not performed directly on Aag2 cells that were maintained on trehalose-containing cell
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491  culture media because the addition of ValA prevents establishment of a monolayer,
492  which is required for the assay. Instead, cell-free supernatants were harvested from ValA-
493  treated cells and used for downstream FFU assays performed on Aag2 cells that were
494  maintained on glucose-containing cell culture media.

495

496  Discussion

497 Control of Aedes spp. disease vectors is an important area of ongoing research due
498  to concerns regarding vaccine limitations, pesticide resistance, and increased geographic
499  spread (6). Trehalase inhibitors have been previously characterized as a novel class of
500 putative insecticides, potentially effective for controlling Aedes spp. disease vectors due
501 to the vital importance of trehalose as a blood sugar during mosquito development (14,
502 15,17, 18, 20, 24, 25, 30, 40). Our previous research has revealed that the commercially
503 available trehalase inhibitor ValA negatively impacts mosquito development in vivo
504  when applied directly to the larval environment by showing dose-dependent activity
505 delaying egg hatch, pupation, eclosure, and flight of adult Ae. Aegypti mosquitoes (23).
506

507 Here, we describe the use of an in vitro model to screen for trehalase inhibitors in
508  Ae. aegypti and determine the impact of trehalose metabolism on a mosquito-borne virus.
509 ValA and novel trehalase inhibitors (5-ThioTre, 6-TreNH,) prevented conversion of cell
510 culture media trehalose to glucose. ValA had the strongest activity, which significantly
511  reduced cell proliferation. Differences in the activity of trehalose analogues seen in vitro

512 and in vivo suggest that there are opportunities to optimize trehalase inhibitors for target

22


https://doi.org/10.1101/2024.12.03.626538
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.03.626538; this version posted December 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

513  species (23). Our in vitro assay is a platform that could be used for high throughput
514  studies to develop targeted trehalose analogues.

515

516 RNA-Seq analysis showed that Tretl expression was induced in cells that were
517  maintained in trehalose-containing cell culture media. The Aag2 cell line was originally
518  generated from whole homogenized embryos. Cells within the culture exhibit differing
519  morphologies, and it has been suggested that the varying morphologies of mosquito cells
520 in culture may be indicative of the presence of a diversity of embryonic and differentiated
521  cell types (51). Aag2 cells were not derived from fat body cells or tissue, which is where
522  Tretl is concentrated in vivo (43). The role of Tretl in peripheral cells and tissues is
523  unknown. Considering that the machinery for trehalose synthesis was lacking in Aag2
524  cells, we hypothesized that these cells may use Tretl for trehalose uptake rather than
525  excretion. Previous research has shown that Tretl is a facilitated/passive transporter (43).
526  We confirmed that Aag2 cells could accumulate a novel fluorescent trehalose probe,
527 NBD-Tre, and that uptake was prevented if unlabeled trehalose was present. This
528  supports facilitated/passive uptake of trehalose in Aag2 cells.

529

530 Entry of trehalose into Aag2 cells may have led to differential gene expression as
531 noted in the RNA-Seq dataset, although the presence of trehalose also induced expression
532 of integrin proteins, which mediate signaling from the cell surface. Significant
533  differences in gene expression were present in genes involved in composition of the cell
534  membrane, lipid biosynthesis, sugar conjugation, extracellular matrix, calcium signaling,

535  signal transduction, and mitochondrial function. These global changes in gene expression
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536  may explain why the physiological role of trehalose extends beyond a simple source of
537  fuel. Trehalase inhibition can impact a wide array of physiological functions in insects
538 including chitin synthesis, stress protection, larval and pupal development (14, 17-20, 24-
539 26, 28).

540

541 Considering that trehalose enters Aag2 cells and leads to significant changes in
542  gene expression, we hypothesized that the environment of a trehalose-fed insect cell was
543  different enough to influence virus infection. This was supported by previous data
544 suggesting that trehalose can induce autophagy and that DENV2 benefits from autophagy
545 by prolonging cell survival and enhancing virus maturation (45-49). We found that Aag2
546  cells that were maintained in trehalose-containing cell culture media promoted DENV?2
547  cell entry, which led to a higher number of infected cells, and increased virus shedding.
548 In mammalian cells, trehalose is an inducer of autophagy and can block autophagic flux
549  from autophagosomes to autolysosomes (39). DENV2 also induces the autophagy
550 pathway, and infection is reduced when autophagy is inhibited (45-49). It is possible that
551 trehalose increases DENV2 infection in Aag2 cells by promoting autophagy and
552  enhancing virus cell entry through modification of cell membranes. Previous research
553  suggests that the relationship between autophagy and DENV infection in Aag2 cells is
554  complicated and that conventional autophagy inhibitors may not work as expected in
555  these cells (44). Instead, we used Nile Red staining as a proxy to quantify changes to the
556 intracellular lipid environment. Nile Red staining revealed an increase in intracellular

557  lipids in Aag2 cells maintained on trehalose-containing cell culture media. It is important
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558  to note that trehalose is the main blood sugar in insects, and it may not have the same
559 influence on autophagy as seen in mammalian cells.

560

561 Trehalose can also be converted to glucose, which is a substrate for lipogenesis. It
562 is possible that trehalose stimulates lipogenesis and the production of triglycerides and
563  associated fatty acids that promote virus replication and synthesis of more infectious viral
564  particles. RNA-Seq analysis showed that trehalose-fed cells had a 55% downregulation of
565  phosphoenolpyruvate carboxykinase (i.e., AAEL000006) and a 20% upregulation of fatty
566  acid synthase (i.e., AAEL001194) (Supplementary Table 1). Further, one of the most
567  upregulated genes (714%) was elongation of very long chain fatty acids protein 4
568 (AAEL004947). Together, these changes in gene expression may have been responsible
569 for the increase in intracellular lipids and perhaps the increase in virus replication and
570  shedding.

571

572 The specific infectivity of DENV2 also increased when virus stocks were
573  produced from Aag2 cells that were maintained in trehalose-containing cell culture
574  media. The mechanism of action that led to increased specific infectivity is unknown,
575  although trehalose is widely known for its ability to prevent heat and cold shock and it is
576 used as a cryoprotectant (52-58). Trehalose may provide some membrane or protein
577  stabilizing activity that either allows virus production and shedding to occur more
578  efficiently or it simply allows more virus to survive a freeze-thaw event. Autophagy has
579 also been linked to DENV maturation, which suggests that trehalose may facilitate

580 production of more mature virions (49). It is important to note that the trehalose
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581  concentration used in our cell culture media is 20-50-fold less than what is typically used
582  for cryoprotection (52-54, 59-61).

583

584 Trehalase inhibition interferes with multiple physiological pathways in insects,
585 and we found that ValA reduced cell proliferation in Aag2 cells that were maintained in
586 trehalose-containing cell culture media. It was reasonable to hypothesize that trehalase
587 inhibition would also reduce DENV productivity. We showed that 1.0 mM ValA causes a
588  90% reduction in cell viability 5 days post-treatment in Aag2 cells that were maintained
589 in trehalose-containing cell culture media. The reduction in cell viability correlated with
590 an approximately 75% decrease in DENV VRNA shedding. In vivo studies show deficits
591 in Ae. aegypti egg hatch rate, larval development, pupation, and eclosure (23).
592  Considering that vertical transmission is less important for the maintenance and
593 transmission of DENV in a natural environment, trehalase inhihibition in larval habitats
594  would likely not impact DENV in a meaningful way. It is unclear how trehalase
595 inhibition impacts adult Ae. aegypti at this time, although these data suggest that targeting
596  adults could simultaneously reduce mosquito and virus fitness.

597

598 This manuscript describes an in vitro model that can be used to rapidly screen
599 novel trehalase inhibitors and probes and underscores the importance of trehalose
600 metabolism in Ae. aegypti physiology and the transmission of a mosquito-borne virus.
601 These data facilitate the future development of targeted trehalase analogues that will
602  reduce populations of disease vectors and related viruses with minimal off-target effects.

603
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609 Figurelegends

610

611 Figure 1. Trehalose metabolism genes expressed in Aag2 cells. (A) Trehalose pathway
612 showing Ae. aegypti enzymes involved in synthesis: TPS; AAEL006446 and TPP;
613 AAELO010684 and catabolism: TREH; AAEL009658. (B) SignalP 6.0 prediction of a
614  signal peptide in TREH; AAEL009658.

615

616 Figure 2. Trehalose supports the growth of Aag2 cells. (A) Representative image of
617  Aag2 cells at 20X magnification maintained in either glucose (GLU) or trehalose (TRE)-
618  containing cell culture media. (B) Cell proliferation assay of Aag2 cells maintained in
619 either glucose (circles) or trehalose (squares)-containing cell culture media was
620 performed for 7 days (D0-D7). (C) Glucose assay of Aag2 cell supernatant at days 0, 1, 2,
621 and 3 post-feeding (D0-D3) with glucose-containing cell culture media. (D) Glucose
622  assay of Aag?2 cell supernatant at days 0, 1, 2, and 3 (D0-D3) post-feeding with trehalose-
623  containing cell culture media. (E) Cell proliferation assay of Aag2 cells grown in either
624  glucose-containing cell culture media with (square) or without (circle) 1.0 mM ValA or
625 trehalose-containing cell culture media with (upside down triangle) or without (triangle)

626 1.0 mM ValA. (F) Glucose assay of Aag2 cell supernatants from cells maintained in
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627  trehalose-containing cell culture media and treated with 0.008-1 mM ValA, 5-ThioTre,
628 and 6-TreNH2. Assays were performed in triplicate. Unpaired Student’s t tests were
629  performed between groups to assess statistical significance. Standard deviations are
630  shown.

631

632 Figure 3. RNA-Seq analysis and differentially expressed genes. (A) Volcano plot of
633  upregulated (157) and downregulated (118) differentially expressed genes present in
634  Aag2 cells that were maintained in trehalose-containing cell culture media. (B) RT-qPCR
635 analysis of TREH expression in Aag2 cells that were maintained in either glucose (G) or
636  trehalose (T)-containing cell culture media on 0-3 dpt (D0-D3). (C) Functional annotation
637  categories present in upregulated genes. (D) Functional annotation categories in
638  downregulated genes.

639

640 Figure4. NBD-Tre probe uptake in Aag2 cells. (A) Chemical structure of fluorescently
641 labeled trehalose probe NBD-Tre. (B) Aag2 cells were treated with either vehicle control
642 (DMSO), 1.0 MM NBD-Tre probe, or with 1.0 mM NBD-Tre probe and 1.0 mM ValA in
643  glucose free cell culture media for 4 hours and then mean fluorescence intensity/cell was
644  determined. (C-D) Aag?2 cells were treated with 1.0 mM NBD-Tre probe in the presence
645 of (C)0, 0.1, 1, 10, and 25 mM glucose and (D) 0, 0.1, 1, 10, and 25 mM trehalose for 4
646  hours and then mean fluorescence intensity/cell was determined. (E-F) Representative
647  images of Aag2 cells that were treated with 1.0 mM NBD-Tre probe in the presence of
648 (E) 0, 0.1, 1, 10, and 25 mM glucose and (F) 0, 0.1, 1, 10, and 25 mM trehalose with a

649  Hoescht nuclear counterstain. Assays were performed in triplicate. Unpaired Student’s t

28


https://doi.org/10.1101/2024.12.03.626538
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.03.626538; this version posted December 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

650 tests were performed between groups to assess statistical significance. Standard
651  deviations are shown.

652

653 Figure 5. Co-localization of NBD-Tre and DENV2 in Aag2 cells. Aag2 cells were
654  uninfected (Mock) or infected with DENV2 for 5 days and then treated with no glucose
655  cell culture media alone (Vehicle) or 1 mM NBD-Tre probe for 4 hours. Aag2 cells were
656  then fixed and stained with anti-DENV2 Mab and digital images were obtained at 20X
657  magnification. Hoescht nuclear stain was added to each condition.

658

659 Figure6. Trehalose promotes DENV2 cell entry and virus shedding. Aag2 cells were
660 Mock infected or infected with DENV in either glucose (GLU) or trehalose (TRE)-
661 containing cell culture media. (A) Trehalose-containing cell culture media was only
662  present during inoculation and was then exchanged for glucose-containing cell culture
663 media and focus-forming units were quantified 3 dpi. (B) Trehalose-containing cell
664  culture media was present during inoculation and for the three days prior to a focus-
665 forming unit assay. (C) The total number of DENV2 positive cells per well were
666 quantified from (B). (D) Representative images from (B) showing distinct foci are shown.
667 (E) An attachment assay was performed by incubating DENV2 with Aag2 cells at 4°C
668  for 1 hour. Unbound virus was removed, cells were washed with PBS, and total RNA was
669 extracted and quantified by RT-gPCR. DENV?2 viral RNA (VRNA) was normalized by
670 total nanograms of cellular RNA (F) A cell entry/replication assay was performed by
671 incubating DENV2 with Aag2 cells at 25°C for 1 hour. Unbound virus was removed and

672  replaced with either glucose or trehalose-containing cell culture media. Total RNA was
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673  extracted 3 dpi, quantified by RT-gPCR, an DENV2 vRNA was normalized using total
674  nanograms of cellular RNA. (G) A virus shedding assay was performed by collecting cell
675  free supernatants at 0, 1, and 3 dpi from Aag?2 cells that were inoculated with DENV?2 in
676 either glucose or trehalose-containing cell culture media. Cell free supernatants were used
677  to inoculate monolayers of Aag2 cells grown in glucose-containing cell culture media and
678 focus forming unit assays were used to quantify the infectious units present in each
679 sample. (H) DENV2 stocks were generated from Aag2 cells that were grown in either
680 glucose or trehalose-containing cell culture media. Focus forming unit assays were
681  performed to quantify the infectivity of each stock. Total RNA was also extracted from
682  virus stocks and DENV2 vRNA was quantified using RT-qPCR. Specific infectivity was
683  derived by normalizing the total number of focus forming units in a sample by its VRNA
684  content (i.e., FFU/VRNA). Assays were performed in triplicate. Unpaired Student’s t tests
685  were performed between groups to assess statistical significance. Standard deviations are
686  shown.

687

688 Figure 7. Trehalose promotes intracellular lipid accumulation in Aag2 cells. (A)
689 Intracellular lipids were labeled in Aag2 cells maintained in either glucose (GLU) or
690 trehalose (TRE) cell culture media using either vehicle control (DMSO) or Nile Red.
691  Cells were fixed and digital images were obtained at 20X magnification. Hoescht nuclear
692  stain was added to each condition. (B) The corrected total cell fluorescence (CTCF) was
693  quantified using the integrated density of 60 individual cells per condition. Assays were
694  performed in triplicate. Unpaired Student’s t tests were performed between groups to

695  assess statistical significance. Standard deviations are shown.
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696

697 Figure 8. DENV2 infection does not influence trehalase activity or trehalose uptake.
698 (A) A glucose assay was performed on cell-free supernatants taken from Aag2 cells
699  maintained in trehalose-containing cell culture media that were either uninfected (Mock)
700 or infected with DENV2 for 1, 3, 5, and 7 dpi. (B) A trehalose probe uptake assay was
701  performed on Aag2 cells that were either uninfected (Mock) or infected with 1, 10, 100,
702  and 500 FFUs of DENV2 5 dpi. 1.0 mM NBD-Tre probe was added to cells in glucose
703  free cell culture media for 4 hours. Unbound probe was removed, and then digital images
704  were obtained at 20X magnification. Mean fluorescence intensity was determined for 50
705 individual cells per condition. Assays were performed in triplicate. Unpaired Student’s t
706  tests were performed between groups to assess statistical significance. Standard
707  deviations are shown.

708

709  Figure9. Validamycin A reduces cell viability and DENV2 productivity when Aag2
710 cells are maintained in trehalose-containing cell culture media. (A) Subconfluent
711  Aag2 cells maintained in glucose-containing cell culture media were treated with 0, 0.2,
712 0.4, and 1.0 mM ValA for 5 days and then trypan blue exclusion assays were performed
713  to quantify percent cell viability. (B) Subconfluent Aag2 cells maintained in glucose-
714 containing cell culture media were inoculated with 20 FFUs of DENV for 1 hour,
715  followed by treatment with 0, 0.2, 0.4, and 1.0 mM ValA for 5 days. VRNA was extracted
716  from equivalent volumes of cell free supernatants and quantified by RT-qPCR. (C)
717  Subconfluent Aag2 cells maintained in glucose-containing cell culture media were

718  inoculated with 20 FFUs of DENV for 1 hour, followed by treatment with 0, 0.2, 0.4, and
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719 1.0 mM ValA for 3 days. FFU assays were performed to quantify the total FFUs present
720  in each well. (D) Subconfluent Aag2 cells maintained in trehalose-containing cell culture
721  media were treated with 0, 0.2, 0.4, and 1.0 mM ValA for 5 days and then trypan blue
722  exclusion assays were performed to quantify percent cell viability. (E) Subconfluent
723  Aag2 cells maintained in trehalose-containing cell culture media were inoculated with 20
724  FFUs of DENV for 1 hour, followed by treatment with 0, 0.2, 0.4, and 1.0 mM ValA for
725 5 days. VRNA was extracted from equivalent volumes of cell free supernatants and
726  quantified by RT-gPCR. (F) Subconfluent Aag2 cells maintained in trehalose-containing
727  cell culture media were inoculated with 20 FFUs of DENV for 1 hour, followed by
728  treatment with 0, 0.2, 0.4, and 1.0 mM ValA for 3 days. Cell free supernatants were
729  harvested and used for a downstream FFU assay performed on Aag2 cells maintained on
730  glucose-containing cell culture media, which quantified the total FFUs present in each
731  well. Assays were performed in triplicate. Unpaired Student’s t tests were performed
732  between groups to assess statistical significance. Standard deviations are shown.

733

734  Supplementary Table 1. Complete readcount and FPKM list of all genesin GLU vs
735 TRE Aag2cdlls.

736

737  Supplementary Table 2. Complete readcount and FPKM list of upregulated genesin
738 GLUVSTRE Aag2cdlls.

739

740  Supplementary Table 3. Complete readcount and FPKM list of all downregulated in

741 GLUVSTRE Aag2cdlls.
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