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21  Abstract

22 A hallmark of the dengue virus (DENV) infection is the manipulation of host cell
23 membranes, lipid trafficking and lipid droplets (LDs), all cellular functions that
24 depend on the cytoskeleton and the cytoplasmatic streaming system. We
25 previously reported the interaction between DENV NS1 protein and members of
26 the kinesin motor complex in the Aedes albopictus cell line C6/36. In this work, we
27  present evidence indicating that the protein kinesin light chain 1 (KLC1) is indeed a
28  susceptibility factor for DENV replicative cycle in mosquito cells. The interaction
29 between NS1 and KLC1 was confirmed by proximity ligation and co-
30 immunoprecipitation assays in cells harvested 24 hpi. In addition, transmission
31 immunoelectron microscopy showed KLC1 decorating the surface of vacuoles in
32 association with NS1. Increased levels of KLC1 were observed starting at 6 hpi,
33 suggesting that virus infection stimulates KLC1 synthesis. Silencing KLC1
34  expression results in a reduction in viral genome synthesis, decreased secretion of
35 NSI1, and a reduction of virus progeny by nearly 1 log. In agreement, similar
36  affectations were observed in infected cells transfected with a peptide that
37 competes and interferes with the interaction between KLC1 and its cargo
38  molecules. Of note, both silencing the expression or interfering with the function of
39 KLC1 resulted in a disorganization of LDs, which decreased in number and
40 increased in area, in mock or infected cells. These results, taken together, suggest
41  that KLC1 is a host susceptibility factor for DENV in mosquito cells, necessary for
42  the proper transport and homeostasis of LDs required for flavivirus replication.
43  However, modest colocalization was observed between NS1 and LDs, and the

44  significance of the KLC1 and NS1 interactions need to be further investigated.
45
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51 Introduction

52 The genus Orthoflavivirus represents a group of vector-borne viruses that have
53 become a continuous threat to the world’s public health, with the potential to cause
54 major outbreaks (1). Orthoflaviviruses like yellow fever virus (YFV), Japanese
55 encephalitis virus (JEV), West Nile virus (WNV) are a major public health concern
56 In their respective subtropical areas (2). In the past decade Zika virus (ZIKV) raised
57 an epidemiological alert in the Latin America and the Caribbean regions, and
58 nearly half of the earth’s population lives in dengue virus (DENV) risk areas (3).
59  The highly mutagenic genome and the capacity of their vectors to adapt and take
60 advantage of the world’'s environmental shift make Orthoflaviviruses highly

61  successful pathogens (4-6)

62 DENV is an icosahedral enveloped virus (7) with a +ssRNA genome of
63  approximately 10 Kd that encodes for a polyprotein that is processed in 3 structural
64 proteins (C, M, and E) and 7 non-structural proteins (NS1, NS2A, NS2B, NS3,
65 NS4A, NS4B, and NS5) (8). In humans, virus mosquito inoculation is presumed to
66 infect skin Langerhans dendritic cells, to then spread to lymph nodes, peripheral
67 blood and spleen, where markers for replication have been observed (9,10). In Ae.
68 aegytpi and Ae. albopictus mosquitoes, the first tissue to get infected after blood
69 feeding is the midgut; the infection then spreads to the hemocoel and, finally the

70  salivary glands(11).

71 A key feature in the Orthoflavivirus replication cycle is the manipulation of internal
72 host membranes to form the replication organelles (RO) in endoplasmic reticulum
73 (ER) derived membranes. Extensive remodeling of the ER membranes has been
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74  reported in both DENV and other closely related Orthoflaviviruses infected
75 mammalian and mosquito cells (12-16). It has been proposed that these intricate
76  structures not only serve as scaffolds, where viral replication and assembly occur,
77  but they also favor enzymatic retention, substrate accumulation, and immune
78  evasion in favor of viral replication (17-19). Therefore, several DENV proteins have
79 acquired the capacity to interact with cellular membranes (14,20); for example,
80 NS4A, which is thought to induce membrane curvature, anchoring itself in the
81  cytosolic side of the RO via its transmembrane region (21), or NS1, which have
82  been proposed to insert into the luminal side of membranes via its B-roll domain,
83 also inducing membrane curvature and serving as scaffold for the replication
84 complexes (RC). Others, like NS3, have been reported to redistribute and stimulate

85 the fatty acid synthase to viral replication complexes to aid virus replication(22).

86 In addition, lipid hijacking is a well-recognized phenomenon in DENV infected cells
87 (23,24). By altering lipid homeostasis, Orthoflaviviruses obtain the building blocks
88 necessary to establish viral RC (14) and assembly of nascent viral particles
89  (22,25). Moreover, processes like immune evasion and disease severity, which are
90 involved in lipid metabolism, are related to the targeting of this system by DENV
91 (26-28). Lipid droplets (LD) are organelles responsible for the storage and
92 transport of neutral lipids, allowing the cell to have a reservoir of energy and
93  structural building blocks for survival (29). The C protein of several
94  Orthoflaviviruses is reported to interact with the surface of LD for nucleocapsid
95 formation (30-32). Thus, targeting LD has been proposed as a potential strategy

96 for the development of Orthoflavivirus antivirals (33).
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97 The kinesin motor complex (KMC) is a system involved in the cytoplasmatic
98 streaming of cargos through the microtubules in a highly coordinated and active
99 pattern (34,35). It is composed of two heavy chains that perform the motor function
100 and two light chains that serve as an adaptor that links the heavy chains with the
101  cargo. Based on the subunits, the KMC can adopt several configurations, and this
102  depends on the cell type and the cargo to be transported. The kinesin light chain 1
103  (KLC1), one of the subunits of the KMC is composed of three domains; the N-
104 terminal domain connects with the heavy chains(36), the tetratricopeptide repeat
105 domain (TPR) is the region that interacts with cargo proteins(37), and the C-
106  terminal domain has been proposed to attach to membranes(38). Of note, the KMC
107 is a system strongly related to LD motility (34) and there is evidence suggesting
108 that KLC1 plays a significant role in the homeostasis of these organelles(39).
109  Conversely, KLC1 and other members of the KMC have been reported as targets
110 of viral effectors to favor viral replication (40-42), likely due to its ability to
111 traverse all the cell and be involved in a myriad of cell processes. Recently, KLC1
112 was identified as part of the interactome of DENV-NS1 in mosquito C6/36 cells
113 (43). Here, we present evidence indicating that KLC1 certainly interacts with NS1
114  and is a susceptibility factor for DENV in C6/36 cells, involved in the mobilization of
115 neutral lipids via LDs. The results shed light on the mosquito cell-DENV

116  interactions and identified potential new targets for antiviral strategies.

117

118
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120 Materials and Methods
121  Cell cultures and viruses

122 The C6/36 cell line (CRL-1660; ATCC) was cultured with Minimum Essential
123 Medium (MEM) (30-2003; ATCC) with 5% bovine fetal serum (FBS) and 100/ U/ml
124  penicillin-streptomycin (Gibco, 15140122) at 27°C and 5% of CO,. Confluent cell
125 monolayers, grown in 6-well plates, were infected with DENV-2, strain New
126  Guinea, at a MOI=3 in FBS free MEM, for 2 hours. Infections were allowed to
127  proceed for 24 hpi, after replenishing the monolayers with MEM supplemented with
128 FBS at 5% and antibiotics. BHK cells (BHK-21; ATCC CCL-10) were cultured in

129 MEM with 5% of FBS and 100U/ml penicillin-streptomycin at 37°C and 5% of CO,.
130  Cell viability

131 Cell viability was measured 24 h post- treatment with the MTS proliferation assay
132 (Cell Titer 96 Aqueous; Promega, G3580) in 96-well plates, following the

133  manufacture’s recommendations.
134  Gene silencing

135  Specific KLC1 siRNA duplexes were purchased from Integrated DNA Technologies
136 and were targeted against the heptad repeat encoding region of Aedes albopictus
137 KLC1 (>AALC636_019471.R27282). To carry out the silencing assays, C6/36 cell
138 monolayers at 80% confluence, were transfected with 200nM of KLC1 siRNA
139  duplex using 3 pL of lipofectamine 2000 (Invitrogen, 1168019), following the
140  manufacturer instructions, and cells were processed for analysis 24 hpt. AllStars

141 Negative Control siRNAS were used as control in the same concentration as the
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142 treatment (Qiagen,
143  SI03650318). In the case of infected cells, siRNA transfection was done 2 hours

144  post infection.
145  Plaque formation

146  For progeny virus titration, cell supernatants were serially diluted (10-fold), and
147  0.2ml of each dilution was added in triplicate, onto confluent monolayers of BHK-21
148  cells grown in 6-well plates, in SFB free MEM for 2 hours at 37°C. Then, 1 mL of
149  carboxymethyl cellulose was added and the cells were incubated for 5 days at
150  37°C and 5% CO,. Next, the carboxymethylcellulose was removed, and 500 pL of
151  Naphthol Blue Black (Sigma-Aldrich, N9002) were added for 24 hours at room
152  temperature. Finally, Naphthol Blue Black was removed, monolayers washed 3
153  times with tap water, and the plaques were counted. Results were expressed as

154 PFU/ml.
155 Indirect Immunofluorescence

156 At the appropriate times post infection, culture medium was removed, and
157  monolayers fixed with 300 yl of a 4% paraformaldehyde solution for 30 minutes at
158  4°C. Then, cells were washed with 0.2% PBS-Tween 20 and permeabilized with
159 300 pl of a 0.2% PBS-Triton X-100 solution for 10 minutes at room temperature.
160  Afterward, the glass slides were transferred to a humid chamber over a sheet of
161  Parafilm® and 50 ul of blocking solution (Glycine 25 mg/ml, 1% FBS and 1% fish
162  gelatin) were added for 2 hours at 37°C. The blocking solution was removed and

163 50 pl of the solution with primary antibodi es was added overnight at 4°C. The
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164  solution with antibodies was removed and the slides were washed 3 times for 10
165 minutes with PBS 0.2%-Tween 20, then 5 ul of a solution with secondary
166  antibodies were added for 2 hours at 37°C. Finally, the solution with secondary
167 antibodies was removed and a solution with DAPI (Sigma, D9542) 1:1000 was
168 added for 10 minutes, and the slides were washed 3 times for 10 minutes with
169 0.2% PBS-Tween 20 and once for 5 minutes with Milli-Q water. The slides were
170 mounted with 5ul of VectaShield (Vector, H-1000) and analyzed on a LSM 900
171 confocal microscope. For protein colocalization, approximately 100 cells were
172 counted and the average colocalization index (Pearson correlation coefficient,

173 PCC) was calculated with the Zeiss and Icy software.
174  Proximity ligation assays

175  Proximity ligation assays were performed with a Duolink kit (Sigma- Aldrich,
176  DUO92004) according to the manufacturer's protocol. Briefly, infected cells were
177  fixed at 24 hpi with a 4% paraformaldehyde solution for 30 minutes at 4°C. Then,
178 the slides were transferred to a humidity chamber and one drop of the blocking
179  solution was added for 1 hour at 37°C. Primary antibodies were added in a 1:100
180 dilution and incubated overnight at 4°C. Following this, primary antibodies were
181 removed, and the slides washed with reagent A 2 times for 5 minutes each,
182  followed by the addition of the minus and plus probes in a 1:5 dilution and
183 incubated for 1 hour at 37°C. After incubation, the probes solution was removed
184  and the slides were washed 2 times for 5 minutes each with reagent A; then, the
185 ligase was added in a 1:40 dilution for 30 minutes at 37°C. After this, the ligase

186  solution was removed and the slides were washed 2 times for 5 minutes each with
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187 reagent A. Afterwards, the ligase solution was removed, and the polymerase was
188  added in a 1:80 dilution for 100 minutes at 37°C. Finally, the polymerase solution
189 was removed, and the slides were washed 2 times for 10 minutes each with
190 reagent B, then one time with reagent B 0.01X for 1 minute. Negative technical
191  controls included mock cells exposed to both primary antibodies and infected cells
192  exposed only to KLC1 antibody. Cells were analyzed under a confocal microscope

193  Zeiss model LSM 900.
194  Protein modelling and structural analysis

195 The 3D structure of C6/36 KLC1 (AALC636_019471.R27282) was modeled with
196  Alpha Fold 3.0 (44). Molecular graphics and analyses were performed with UCSF
197 ChimeraX (Resource for Biocomputing, Visualization, and Informatics at the
198  University of California, San Francisco, with support from National Institutes of
199 Health R01-GM129325, and the Office of Cyber Infrastructure and Computational

200 Biology, National Institute of Allergy and Infectious Diseases(45).
200 gRT-PCR

202 Genomic DENV RNA levels were determined by gRT-PCR. Total RNA was
203  extracted from cell monolayers washed 3 times with PBS, with 500 pL of Trizol
204  reagent (Thermo Fisher, 15596018) and 100 pL of chloroform (J.T Baker, 9180-02)
205  were added for 3 minutes at room temperature. The solution was centrifuged at 12,
206 000xg for 15 minutes at 4°C. Supernatants were collected and 250 pL of
207  isopropanol were added, the solution incubated at room temperature for 10

208 minutes and centrifuged at 12,000xg for 10 minutes at 4°C. Supernatants were
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209 discarded, and the pellet was resuspended with 1 mL of ethanol 75% and
210 centrifuged at 7500xg for 5 min at 4°C. The supernatant was discarded, and the
211 pellet was resuspended with 20ul of nuclease free water and treated with DNAse

212 | (BioLabs Cat. MO303).

213 The gRT-PCRs were normalized with GAPDH mRNA, as a house keeping gene.
214  For each reaction 5 pl of gqPCR SyGreen 1-Step Go Hi-ROX (PB25.32-03,
215  PCRBIOSYSTEMS), 0.5 pl of a stock of primers and 1 pl of RNA diluted in RNAse
216 free water were added. Retro-transcription was performed at 50°C for 10 minutes,
217 followed by enzyme inactivation and DNA denaturation at 95°C for 2 minutes;
218 finally, 40 cycles of 5 seconds at 95°C and 30 seconds at 60°C were performed on
219 an Eco llumina System. The threshold was adjusted with a non-infected sample
220 and a non-template control. The results were analyzed with the EcoStudy software

221 version 5.04890.
222 Quantification of secreted NS1

223 The amount of cell-secreted NS1 was quantified using a homemade ELISA. Plates
224  (Corning, 3590) were coated with 100 pl/well of a rabbit polyclonal NS1 antibody (5
225 g final concentration) diluted in bicarbonate buffer (0.1M pH 9.6) overnight at 4°C.
226  After removing the coating solution, wells were washed 4 times with PBS 0.05%
227  Tween-20 and blocked with 200 pl of blocking solution (PBS, 1% BSA) for 1 hour at
228 room temperature. After 4 washes with PBS 0.05% Tween-20, cell supernatants
229  diluted in PBS 0.05% Tween-20, 0.1% BSA, were added and plates incubated for 2
230 h at room temperature. Wells were washed 4 times with PBS 0.05% Tween-20 and
231  incubated with 100 ul of 7E11 biotinylated NS1 antibody diluted 1:4000 in dilution

10
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232 buffer (PBS 0.05% Tween-20,0.1% BSA) for 2 hours at room temperature. The
233 wells were washed 4 times with PBS 0.05% Tween-20 and then 100 ul of
234  streptavidin-HRP 1:8000 was added for 1 hour at room temperature. Finally, the
235  wells were washed 4 times with PBS 0.05% Tween-20 and 100 ul of ABTS
236  substrate (Sigma, A-1888) with H202 0.3% were incubated for 1 hour. A
237 commercial recombinant DENV NS1 protein (R&D Systems) serially diluted was

238 used as standard to build the calibration curve.
239  Co-immunoprecipitation

240 The co-immunoprecipitation assays were performed using a commercial kit
241 (Abcam, ab206996) according to the manufacturer’s instructions. For each
242 sample, 25 pg of NS1 antibody were incubated in 500 pg of mock or infected cell
243  lysates harvested at 24 hpi. Controls include mock and DENV infected cell lysates
244  (input) and a mock infected eluted fraction (immunoprecipitate). Input and eluted
245 samples were analyzed by western blot using antibodies against NS1 (Abcam,
246 abl150111) and KLC1 (ABclonal, A5552) as primary antibodies. Results were

247  documented with a Newton Mini FX7 Edge 18.11 - SN hardware.
248  Immuno-electron microscopy

249  C6/36 cell monolayers were washed with PBS, scraped and centrifuged at 100xg
250 for 8 minutes at 4°C. The pellet was resuspended with glutaraldehyde 0.5% and
251  paraformaldehyde 4% and incubated at room temperature for 1 hour. Cells were
252 washed with PBS and dehydrated with increasing concentrations of ethanol (50,

253 70, 90 and 100%). Afterwards, cells were embedded in LR-White pure resin

11
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254 (London Resin Co) and polymerized for 48 hours at 4°C in UV light. The thin
255  sections were incubated overnight with anti-NS1 (Abcam, ab150111) and anti-
256  KLC1 (ABclonal, A5552) antibodies at 4°C. The next day, samples were washed
257  with PBS and incubated for 1 hour with goat anti-mouse (Ted Pella, Inc) and goat
258  anti-rabbit IgG (H+L) (Ted Pella, Inc) secondary antibodies coupled with 15 and 30
259 nm gold particles, respectively. Finally, samples were washed with PBS and
260 incubated with lead citrate and uranyl acetate and observed with a JEOL-LEM-011

261  transmission electron microscope.
262  Lipid droplets staining and counting

263  For quantification of LD, cells were stained with Oil Red (Matheson Coleman &
264  Bell) for 30 minutes; then, the slides were washed 3 times with PBS-Tween for 10
265 minutes each. Finally, LD were visualized using the indirect immunofluorescence
266  protocol described above. LD were counted with the Image J software(46) with the
267 Analyze particles plug -in. The threshold and detection range were set for the
268  control images; once these parameters were established, they were applied for the

269  analysis of the LD in the experimental samples.
270 Peptide assays

271 KINTAG is a peptide of 17 residues with a FITC tag coupled by an Ahx linker
272 (pepMic Co., Ltd, Jiangsu, China), that binds to the cargo region of KLC1(37). To
273  evaluate the peptide transduction effect into the cell’s viability and LD homeostasis,
274  C6/36 cell monolayers were washed once with PBS and incubated with KINTAG

275  peptide, diluted in MEM-FBS 5% to a final concentration of 0.1 pg/uL, for 24 hours

12
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276  at 27 °C in a 5% CO, atmosphere. The effect of the KINTAG on DENV infection
277  was evaluated by treating the cells at 2 hpi, and the infection allowed to proceed

278  until 24 hpi. At this time cells were harvested and processed for further analysis.

279

280  Statistical analysis

281  Results were analyzed for statistical difference using Graph Pad Prism version

282 8.0.2.

283

284 Results

285 KLCl1 interacts with NS1 in DENV infected C6/36 cells

286  Previous evidence from our group suggested interactions between KLC1 and NS1
287 in infected C6/36 cells (43). To corroborate this finding, immunofluorescence, PLA
288 and immunoprecipitation assays were carried out in DENV infected C6/36 fixed at
289 24 hpi, using mock infected cells as controls (Figure 1). Colocalization between
290 KLC1 and NS1 was observed, mainly in the cytoplasm (PCC=0.52) (Figure 1A). In
291  addition, positive signals were observed in the cytoplasm of infected cells by PLA,
292  while signal was observed in the negative controls, run in parallel, indicating
293  specific interaction between KLC1 and NS1 (Figure 1B). Finally, pull-down of NS1
294  from DENV infected cell lysates showed the presence of one KLC1 isoform in the
295 immunoprecipitated fraction, absent in mock-infected cell lysates (Figure 1C). All
296 these results taken together indicate that KLC1 and DENV NS1 interact in C6/36

297 infected cells.

13
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298 KLC1 modeling and docking assays with NS1

299  To gain insights into the KLC1 and NS1 interactions, the full KLC1 molecule was
300 modeled via AlphaFold 3.0, since only the TPR domain crystallographic structure is
301 available(37). The KLC1 model obtained showed a pTM of 0.85, indicating high
302 confidence in the predicted structure (Figure 2A). Moreover, comparison of the
303 TPR region of Homo sapiens with the predicted TPR region of C6/36 KLC1
304 showed a RMSD value of 0.53A (Figure 2B), indicating high structural
305 resemblance. Finally, docking assays between the TRP domain of KLC1 and the
306 NS1 dimer showed a possible interaction between the B-roll region of NS1 dimer
307 and the inner groove of the TPR domain with a pTM of 0.68 and an ipTM of 0.63

308 (Figure 2C).
309 KLC1 colocalizes with NS1in the surface of membrane bound organelles

310 To gain further information on the interaction between KLC1 and NS1, infected
311  cells were analyzed by immuno-electron microscopy to determine the sub-cellular
312 regions where these interactions take place. In mock cells, the mark for KLC1 was
313 observed on the surface of membrane bound organelles of different sizes (Figure
314  3). Ininfected cells, the mark for KLC1 remained on the surface of these organelles
315 but was accompanied by the mark of NS1 (Figure 3). No mark for NS1 was
316 observed in the mock infected cells. These results suggest that the interaction
317 between KLC1-NS1 occurs in the surface of membrane bound organelles, and in
318 agreement with the capacity of both KLC1 and NS1 to interact with

319 membranes(38,47,48).
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320 KLC1is over-expressed in DENV infected C6/36 cells

321 One common signature of Orthoflavivirus replication is the overexpression of host
322 susceptibility cellular proteins, which aid viral replication (43,49-52). In this sense,
323  significantly increased levels of KLC1 were observed by western blot, in infected
324 cells harvested at 24 hpi (Figure 4), when compared to mock infected cells.
325 Increments in KLC1 levels were observed starting at 6 hpi, but did not reach
326  significance until 12 hpi (data not shown). These results suggest that KLC1 is a

327 host factor required by DENV in mosquito cells.

328 KLCl1 is a susceptibility factor for DENV infection in C6/36 cells

329 To gain insight into the participation of KLC1 in the replicative cycle of DENV, the
330 expression of KLC1 was knocked down using siRNAs. A reduction of 50% in the
331  expression of KLC1, as assayed by western blot, was achieved in mock-infected
332 cells transfected with an effective siRNA-KLC1 concentration of 200 nm (Figure
333 5A); a concentration proven to be non-toxic for C6/36 cells (Supplemental Figure
334 1). The transfection of infected C6/36 cells with siRNA-KLC1 resulted in a ~50%
335 reduction in the levels of the NS1 protein, measured at 24 hpi (Figure 5B). The
336 amount of secreted, soluble NS1 was also reduced by 50% (Figure 5C), compared
337 to irrelevant siRNA transfected cells, reflecting the decrease observed in the
338 intracellular levels of NS1. These results suggested that KLC1 is necessary for
339  NS1 protein synthesis. In addition, viral genome synthesis and virus progeny were
340 also evaluated. As shown in Figure 5D and E, a significant reduction in the relative
341  expression of genomic RNA and in virus yield were observed in KLC1 silenced
342 cells, in comparison with cells transfected with the irrelevant siRNA used as
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343 control. These results suggest that KLC1 silencing affects the overall DENV

344  replication cycle.

345 Thus, confocal microscopy assays staining for NS1 and NS4A were carried out as
346 a measure of the integrity of the replication complexes, given that NS4A is an
347 integral part of these structures (21). A reduction in both NS1 and NS4A signals
348 was observed in infected cells silenced for KLC1 in comparison with non-related
349 siRNA transfected cells (Figure 6). Moreover, the colocalization between NS1 and
350 NS4A was reduced in the KLC1 silenced cells (PCC 0.40 vs 0.31), suggesting
351  affectation in the integrity of the replication complexes. These results all together

352 revealed that KLCL1 is necessary for the DENV replication cycle in mosquito cells.

353 The KINTAG peptide affects DENV replicative cycle.

354  To corroborate the results obtained in cells silenced for KLC1, infected cells were
355 transduced with KINTAG, a 17-residue peptide with high affinity to the TPR region
356  of KLC1 of mice(37) . The rationale for KINTAG use is to interfere with the ability of
357 the TPR region of KLC1 to bind cargo proteins. The peptide was used at a final
358 concentration of 0.1ug/uL, the highest non-lethal concentration denoted for C6/36
359 cells (Supplemental Figure 1). Figure 7A shows the cell internalization of KINTAG
360 evaluated at 24 h after exposure by confocal microscopy. Infected cells treated with
361  KINTAG 2 hpi, showed significantly reduced levels of NS1 protein synthesis and
362  secretion, and also significantly reduced viral genome and virus yield levels, at 24
363  hpi (Figure 7B-E). These results corroborate the results obtained using siRNAs and
364 support the notion that a functional KLC1 is a necessary factor for the DENV
365 replication cycle. Finally, docking assays indicated that, as expected, KINTAG has
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366 the potential to interact with the TPR region of C6/36 KLC1, showing that the
367 association between the peptide and the inner groove of the TPR region is similar

368 to the interaction observed with the TRP crystal 6SWU (37)(Figure 7F).

369 KLC1lisinvolved in lipid droplets homeostasis

370 The KMC is known to be involved in the trafficking and mobilization of LD,
371  organelles that are required for the DENV replication cycle(53,54). Interestingly,
372 major changes in the number or area of LD were observed in either mock or
373 infected C6/36 cells treated with siRNA-KLC1 (Figure 8A and 8B). In cells with
374  KLC1 synthesis diminished, the number of LD per cell was significantly reduced,
375 while the mean area of LD increased (Figure 8C), suggesting that either
376  coalescence of LD is taking place or proper dispersion is affected. Interestingly,
377 infected cells with altered LD patterns also presented a marked reduction in NS1
378 fluorescence signal (Figure 8B). To further evaluate a role for KLC1 in LDs
379 homeostasis, mock-infected cells were transfected with KINTAG. A significant
380 reduction in the number of LDs per cell was also observed in the treated cells
381  (Figures 8D and 8E). In agreement with the literature (39), these results indicate a
382 role for KLC1 in the homeostasis of LD, thus hinting at a mechanism for the effects
383 of KLC1 silencing or function alterations on the DENV replication cycle.
384 Interestingly, only modest colocalization between LD and NS1 (PCC = 0.34) was
385 observed, and in a pattern that indicates that only a fraction of both pools is
386 adjacent to each other (Supplemental Figure 1C). Thus, the full significance of the

387 interaction of NS1 with KLC1 needs further investigation.

388
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389 Discussion

390 The effective control of dengue will require a better understanding of the
391 interactions between the DENV and the mosquito vector. Yet, aspects like virus-cell
392 interactions or virus-host protein interactions are better understood for the
393 mammalian host than for the vector mosquito, a knowledge gap that needs to be
394 closed. An interactome generated using a proximity biotinylation system and mass
395 spectrometry revealed KLC1 as part of the interactome of NS1 in C6/36 cells
396 C(43). Interestingly, KLC1 was not detected in a previous DENV NS1 interactome
397 based on 3 different mammalian cell lines(55). These dissimilar observations
398 suggested that KLC1 may be a susceptibility factor for DENV replicative cycle in
399 mosquitoes. In this work, the interaction between DENV NS1 and KLC1 in C6/36
400 cells was demonstrated by 3 different specific assays, thus corroborating our
401  previous identification of KLC1 as part of the interactome map of NS1 in C6/36

402  cells (43).

403 A role of KLC1 in the anterograde transport of viral protein cargos has been
404  proposed in the context of several DNA virus infections (38,40,56). Immunoelectron
405 microcopy micrographs suggest that KLC1-NS1 interactions take place in the
406  cytoplasm around vacuoles-like, membrane-bound organelles. Both KLC1 and
407 NS1 have the capacity to interact with lipid membranes and induce their bending
408 (38,47,48). KLC1 is a protein proposed to interact with membrane-bound
409 organelles by its C-terminal domain and to interact with cargos through the TPR
410 domain located in the cytoplasm; meanwhile, NS1 is mainly located in the ER

411 luminal side (38,47,48). Thus, the interaction between KLC1 and NS1 reported in
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412  this study could happen through ER or other internal membranes. Alternatively,
413  NS1 can interact directly in the cytoplasm with the TPR region of KLC1, making
414 NS1 a cargo protein. This possibility is supported by the docking assays between
415 NS1 and the C6/36 KLC1 TPR region showing a possible interaction between the
416 TPR domain of KLC1 and the B-roll domain of NS1 (Fig. 2C). Of note, evidence
417  suggesting the presence of a fraction of NS1 in the cell cytoplasm is indirect but

418  has been accumulating in recent years (43,55,57).

419 Regardless of the KLC1 cargo condition of NS1, our results indicate that KLC1 is a
420  susceptibility factor for DENV in mosquito cells. RNA replication, protein synthesis,
421  NS1 secretion, and virus progeny were all processes significantly affected in
422  infected cells silenced for the expression of KLC1 or transduced with a high affinity
423  peptide for the TRP domain. In addition, the levels of KLC1 were found to
424  significantly increase at 24 hpi, in agreement with previous results obtained
425 measuring KLC1 RNA levels in DENV infected C6/36 cells (58); increased
426  expression of a cell susceptibility factors has been frequently observed in
427  Orthoflaviviruses infected cell (49-51). A plausible explanation for the overall “up-
428 river” effect observed in the absence of KCL1 is that the KMC participates in the
429  reorganization and formation of the RO in the infected cells. Indeed, in the absence
430 of KLC1, the colocalization coefficient index between NS1 and NS4A was
431  significantly reduced, suggesting a disruption of the RC. These results are in line
432  with a series of studies that address the hijacking of the cytoskeleton and the
433 cytoplasmatic streaming system by Orthoflaviviruses (59-62). Noteworthy, KLC1

434  has been studied in the context of other viral infections (42,56) and was proposed
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435 to be involved in the anterograde transport of viral cargoes, positioning it as a

436  frequent target of viral effectors.

437  The identification of the membrane-bound organelles where KLC1-NS1 interaction
438 takes place, as suggested by the immunoelectron microscopy assays, was
439  hindered by the micrograph’s resolution, but these structures resembled LD’s and
440 vesicle-like structures (63—65). LDs have been recognized as required for DENV
441  replication and proposed as antiviral targets (33). Several subunits of the KMC,
442  including KLC1, have been reported to be involved in the mobilization of LD
443  through the microtubules (34,39). In this regard, we found significant colocalization
444  between the base of the microtubules and the NS4A protein (Supplementary
445  Figure 2B), an integral component of the RCs, suggesting a connection between
446  these two structures as observed in other Orthoflaviviruses (62,66). LD’s and
447  replicative organelles alike originate from the membranes of the ER (14,67,68),
448 and have been observed to be adjacent to each other in some Orthoflaviviruses
449 infections (69,70). When silencing KLC1 or transducing KINTAG peptide, we
450  observed significant alterations in LDs homeostasis, including a drop of LD’s count
451  per cell, and the appearance of LD"s of augmented area (Figure 8), indicating that
452 in the absence of KLC1, the transit of neutral lipids was disturbed. Neutral lipids
453  are required for B-oxidation, ATP production, and membrane remodeling, which are
454  all critical processes for DENV replication cycle (28,71-73). In support, silencing
455  other members of the KMC like KIF5-B(35)causes alterations on LDs homeostasis
456  similar to the ones observed in this study. The possible interaction between NS1

457 and LDs was directly evaluated by confocal microscopy, and modest colocalization
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458 was observed, suggesting that only a fraction of NS1 pools interact with LDs
459  (Supplementary Figure 2A). These observations contrast with results reported for
460 the C protein, where the entire surface of LD’s is decorated with the viral protein as

461  part of the nucleocapsid formation processes (53).

462  In summary, this study reveals a role for KLC1 as a susceptibility factor for DENV
463  replication in mosquito cells. The participation of KLC1 as part of the KMC in the
464  lipid hijacking processes in mosquito cells by DENV, particularly in relation to LDs,
465 appears to be one of the functions that KLC1 fulfills during the replication cycle.
466  Nonetheless, other KLC1 functions were not evaluated in relation to the DENV
467  replicative cycle, and the mechanistic significance of the NS1-KLC1 interaction was
468 not fully elucidated. Despite these limitations, this work contributed to the
469 understanding of virus-cell interactions and uncovered new potential antiviral

470  targets for Orthoflaviviruses in mosquito cells.
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673

674  Figure legends

675 Figure 1. KLC1 interaction with DENV NS1 in infected C6/36 cells. A)
676  Colocalization assays of KLC1 and DENV NS1 (Pearson = 0.52). B) Proximity
677 ligation assays of KLC1 and DENV NS1. Mock infected cells treated with anti-
678 KLC1 (mock) and infected cells with primary anti-KLC1 antibody omitted (control)
679 were included as negative controls. Crop in A and B; enlargement of the cells
680 enclosed in the yellow square. C) Immunoprecipitation assays. Cell lysates were
681 immunoprecipitated with anti-NS1 antibodies bound to Sepharose beads. The
682  presence of DENV KLC1 in the immunoprecipitant was revealed by Western blot.
683 Changes in protein migration observed in the immunoprecipitate are due to elution
684  buffer composition, and were consistently observed in experimental replicas. In all
685 cases, mock and infected cells were harvested at 24 hpi. C6/36 average cell
686 diameter= 12.5 um. Bar= 5 pum. Representative images of at least 3 independent

687  experiments shown.

688  Figure 2. In silico modeling of mosquito KLC1. A) Alpha-fold 3.0 modeling of
689 the KLC1 of Aedes albopictus. TRP domain shown in blue. B) Superimposition of
690 the TPR cargo binding domain of mosquito (blue) and human (red) KLC1. C)
691  Modeled interaction of the TPR (blue) and NS1 dimers (orange). pTM: predicted
692 template modeling. ipTM: Interface predicted template modeling. RMSD: root mean

693  square deviation. Circular arrow=180° image rotation.
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694  Figure 3. Immuno-electron microscopy of C6/36 cells infected with dengue
695 virus. KLC1 was labelled with 30nm (red arrowheads), and NS1 with 15 nm (green
696 arrow heads) gold particles. i) Mock infected cells; ii) and iii) infected cells. Cells
697 were fixed at 24 hpi. KLC1 and NS1 were found to colocalized around vacuoles-

698 like structures. N= cell nuclei.

699 Figure 4. KLC1 expression levels in dengue virus infected cells. Cell lysates
700 of mock and DENV infected cells were analyzed by western blot. Relative KLC1
701  protein levels are expressed as a ratio to B-actin used as load control.

702  Representative images of 3 independent experiments are shown. * p<0.005.

703  Figure 5. Effect on dengue virus replicative cycle of silencing the expression
704  of KLC1. A) Transfection of C6/36 cells with siRNA specific for KLC1 or a non-
705 related (NR) siRNA. Cells were lysed 24 hpt and the level of protein expression
706  was analyzed by western blot. Relative KLC1 protein levels are expressed as a
707 ratio to GADPH. B) Expression levels of NS1 in dengue virus infected cells
708  silenced or not for KLC1 and lysed 24 hpi. NS1 levels are expressed as a ratio to
709 GADPH. C) Amount of secreted NS1 in cells silenced or not for the expression of
710 KLC1. Secreted NS1 was measured by an in-house ELISA, an expressed as
711  percentage of the control condition, taken as 100%. D) Virus genome levels. RNA
712 levels were determined by qRT-PCR. E) Virus yield. Virus progeny was determined
713 by plaque assay. Cells were lysed and supernantants collected at 24 hpi. *
714  p<0.005. **** p<0.001. n=3.

715  Figure 6. Effect on dengue virus replication complexes of cells silenced for
716 KLC1. A) Cells transfected with a non-related (NR) siRNA. B) Cells transfected
717  with a KLC1 specific siRNA. Cells were fixed 24 hpi. Bar= 5 um. Representative

718 images of 3 independent experiments are shown.

719 Figure 7. Effect of the KINTAG peptide in the replication of DENV. A)
720  Fluorescence intensity of NS1 in cells transfected with KINTAG peptide fixed 24hpi.
721 B) Expression levels of NS1 in DENV infected cells with KINTAG peptide 24hpi.
722 NS1 levels are expressed as a ratio to tubulin. C) Amount of secreted NS1 in cells
723 with KINTAG peptide. Secreted NS1 was measured by an in-house ELISA, an
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724  expressed as percentage of the control condition, taken as 100%. D) Virus
725 genome levels. RNA levels were determined by qRT-PCR. E) Virus yield. Virus
726  progeny was determined by plague assay. Cells were lysed and supernatants
727  collected at 24 hpi. F) Comparison between 6SWU crystal structure (purple) and
728 C6/36°s KLC1 TPR and KINTAG peptide interaction predicted by Alpha Fold (Blue),
729  KINTAG peptide is shown in green. Bar= 10um. * p<0.005. **** p<0.001. n=3.

730 Figure 8. Effect of KLC1 silencing or function disruption on lipid droplets
731  (LD) homeostasis. A) Mock infected cells silenced (siRNA) or not (NR) for KLC1
732 expression. B) DENV infected cells silenced or not for KLC1 expression. Cells
733  were fixed at 24 hpi. C) Lipid droplet count in mock and infected cells silenced or
734  not for KLC1. The graph represents the LD count and area measured in pixels of
735 130 cells for each experimental condition. D) Mock-infected cells transfected with
736 KINTAG, fixed at 24 hpt. E) Lipid droplet count in KINTAG transfected cells. Lipid
737  droplets were stained with oil red-O. Bar= 10um. Representative images of 3

738 independent experiments are shown. * p<0.005.
739

740  Supplemental figure 1. Effect of KLC1 silencing and KINTAG peptide transduction
741  on C6/36 cells viability. A) KLC1 siRNA 200nM. B) KINTAG peptide in
742 concentrations ranging from 0.12ug/ul to 1.0 pg/ul. MTS assay was performed 24

743 hpt. Results are the means of 3 independent experiments. ** p<0.01.
744

745  Supplemental figure 2. A) Colocalization between LD’s and NS1; Pearson
746  correlation coefficient=0.34 B) Colocalization between Tubulin and NS4A; Pearson
747  correlation coefficient=0.72. DENV infected C6/36 were fixed at 24hpi.
748  Colocalization areas are shown in yellow and anti-colocalization areas are shown

749  in purple. Bar=5 pm.
750

751
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