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32 Abstract

33 Viruses utilize a plethora of strategies to manipulate the host pathways and hijack its
34  machineries for efficient replication. Several DNA as well as handful of RNA viruses are
35 reported to interact with proteins involved in DNA damage responses (DDR). As the DDR
36  pathways have never been explored in Alphaviruses, this investigation intended to determine
37  the importance of the DDR pathways in CHIKV infection through in vitro, in vivo and ex
38  vivo models. The study reveals that CHIKV infection activates the Chk2 and Chkl proteins
39  associated with DDR signaling pathways and increases DNA damage by 95%. Inhibition of
40  both ATM-ATR kinases by ATM/ATR kinase inhibitor (AAKi) shows drastic reduction in
41  viral particle formation in vitro. Next, the treatment of mice with this drug has been shown to
42  reduce the disease score substantially in CHIKV-infected C57BL/6 mice with 71%
43  decrement in the viral copy and the same has been established in hPBMC-derived monocyte-
44  macrophage populations. Additionally, gene silencing of Chk2 and Chkl reduces viral
45  progeny formation around 73.7% and 78% respectively. Moreover, it has been demonstrated
46  that CHIKV-nsP2 interacts with Chk2 and Chkl during CHIKV infection and docking
47  analysis depicts the specific amino acids responsible for these interactions. Further, the data
48  suggests that CHIKV infection induces cell cycle arrest in G1 and G2 phases.

49 In conclusion, this work demonstrated for the first time the mechanistic insight of the
50 induction of DDR pathways by CHIKV that might contribute to the designing of effective
51 therapeutics for the control of this virus infection in future.

52 IMPORTANCE

53  Viruses being intra-cellular parasite, need several host cell machineries so as to achieve
54  effective replication of their own genome, along with virus-encoded enzymes. One of the
55  strategies is to hijack the DDR pathways. Several DNA as well as handful of RNA viruses
56 interact with the cellular proteins involved in DDR pathways, however, reports with respect
57  to the association of Chk2 and Chk1 in alphavirus infection are scanty. Hence, this study is
58 amongst the first to report that modulation of DDR pathways is crucial for effective CHIKV
59 infection. This work also shows that there is interaction of CHIKV-nsP2 with two crucial
60  host factors, Chk2 and Chkl for efficient viral infection. Interestingly, CHIKV infection was
61 found to cause DNA damage and arrest cell cycle in G1 and G2 phases to facilitate viral
62 infection. This information might facilitate to develop effective therapeutics for the control of
63  the CHIKYV infection in future.
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65
66 Introduction

67  Chikungunya virus (CHIKYV) infection is now considered as one of the important public
68  health threat due to the unavailability of vaccines or antiviral treatments. In 1952 CHIKV was
69  discovered in Tanzania, Africa and after that CHIKV endemic have been recorded in several
70  countries of central Africa and southern Asia (1). The recurrence and extravagant spreading
71 of CHIKYV in Asia, Europe, and the Americas has considerably escalated research on CHIKV
72 (2-4). The symptoms are mainly high fever, nausea, back pain, rashes over the skin, myalgia,
73 and polyarthralgia. However, it can have a serious imprint on the well being of the affected
74  person for weeks, months, or even years. It belongs to the Alphavirus genus of Togaviridae
75  family and grouped as Old World alphaviruses. The mode of transmission is by mosquito
76  vectors namely Aedes agypti and Aedes albopictus (5).

77 It is a single stranded RNA virus with positive polarity and the genome is 11.8 kb long. The
78 genome is divided into two open reading frames. The 5’ end comprises of all the non-
79  structural proteins (nsPs), while the 3’ end codes for all the structural proteins. The genome is
80 similar to messenger RNA and consists of cap and poly A tail. nsP1 is involved in the
81  formation of viral cap, whereas nsP2 is a crucial protein as it is multifunctional and is an
82  integral component of viral replication complex. On the other hand, nsP3 is the least explored
83  non-structural protein, while nsP4 carries the RNA dependent RNA polymerase activity. In
84  addition to that, there are structural proteins, capsid, 6k and envelope glycoproteins that help
85  in virus particle formation (6).

86  All the viruses utilize a plethora of strategies to manipulate the host pathways to benefit their
87  own survival and effective replication. One of the strategies is to activate the DDR pathways
88  to utilize the DNA repair proteins. However, the underlying mechanism for the induction of
89 the DNA damage signaling is not completely elucidated till date. It has been reported that
90 several DNA as well as handful of RNA viruses interacts with the cellular proteins involved
91 in DDR which can further lead to up regulation or inhibition of these proteins to facilitate
92  infection (7,8). The DDR pathways consist of a much-orchestrated array of proteins. At the
93  core of the DDR pathways are the members of the phosphoinositide 3 (PI-3) kinase families
94  mainly ataxia-telangiectasia mutated kinase (ATM) which gets activated upon double strand
95  DNA breaks and ATM-Rad3 related kinase (ATR) which is quickly activated in presence of
96 single strand DNA breaks leading to phosphorylation of several downstream protein targets
97  (9).

98  DNA viruses, such as Papillomaviruses, appeared to activate ATM in differentiating cells and

99 this activation is vital for the formation of virus replication foci (10). Viral DNA replication
100 of Human cytomegalovirus stimulates the ATM pathway and it hampers DNA damage
101  responses by altering the localization of checkpoint proteins to cytoplasm from nucleus (11).
102  Previous investigations have revealed that Herpes simplex virus infection triggers a cellular
103  DNA damage response leading to the activation of ATM and abrogation of ATR signaling
104  pathway that are crucial for viral replication (12,13). In corneal epithelium, Check point
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105  kinase-2 (Chk2) plays an important role in HSV-1 replication (14). Whereas, viral interferon
106  regulatory factor 1 interacts with ATM kinase and inhibits the ATM kinase activity in
107  Kaposi's sarcoma-associated herpesvirus (15). RNA viruses, such as Hepatitis C virus has
108  been found to cause G2/M phase cell cycle arrest (16). Moreover, it is demonstrated that the
109 ATM and Chk2 proteins play pivotal role in RNA replication of this virus. It is also found
110 that HCV-NSS5B interacts with both ATM and CHK?2, while HCV-NS3-NS4A interacts with
111 ATM (17). Japanese encephalitis virus reduces the proliferation of neural progenitor cells and
112 modulates the cell cycle (18).

113 As the DDR pathways have never been explored in Alphaviruses, an attempt was made to
114  determine the importance of the DDR pathways in CHIKYV infection and to uncover the
115  mechanisms by which CHIKV modulates this. In the current study, it was found that CHIKV
116  infection triggers the activation of ATM/Chk2 and ATR/Chkl pathways which leads to
117  increased DNA damage and efficient CHIKYV infection.

118
119  Materials and Methods:
120  Cells and Virus

121 Vero and Human Embryonic Kidney 293T (HEK293T) cells were obtained from NCCS,
122 India. They were cultured in Dulbecco’s modified Eagle’s medium, (DMEM, PAN Biotech,
123 Germany) supplemented with 10% FBS (DMEM, PAN Biotech, Germany), Gentamycin and
124 Penicillin-streptomycin (Sigma, USA). Both the cells were kept at 37 °C and 5% CO2. The
125  Indian CHIKYV strain (accession no. EF210157.2), was gifted by Dr. M.M Parida (DRDE,
126  Gwalior).

127  Antibodies and inhibitors

128  The CHIKV-nsP2 antibody, used in this study was developed by our group (19). Chk2,
129  pChk2, Chkl, pChkl and yYH2A.X (Ser-135) antibodies were procured from Cell Signaling
130  Technologies (Cell Signaling Inc, USA). E2 antibody was gifted by Dr. M.M. Parida (DRDE,
131 Gwalior). GAPDH was purchased from abgenex, India. ATM/ATR Kinase Inhibitor (AAKi)
132 was acquired from Sigma Aldrich, USA.

133 Alkaline Comet assay

134  Mock and CHIKYV infected cells were harvested at 15hour post infection (hpi), mixed with
135 low melting agar and spread onto microscopic slides precoated with normal agarose.
136  Electrophoresis was performed at 25 volts for 20 min with the agarose gel electrophoresis
137  system (Bio-Rad) and processed for Alkaline Comet assay as previously described (20). The
138  degree of DNA damage was quantified by investigation of randomly selected images in each
139  set (the uninfected and infected groups) with the Casplab software.

140  Cytotoxicity Assay
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141 The cytotoxicity of AAKi in Vero cells was determined using EZcount™ MTT cell assay kit
142  (Himedia, India) as per the manufacturer’s protocol. Approximately 20000 number of cells
143 were plated in 96 well plate one day prior to the experiment. The cells with 80% confluency,
144  were treated with different concentrations of inhibitor for 15 hr while DMSO used as a
145  reagent control. The metabolically active cell percentage was compared with the control cells
146  and cellular cytotoxicity was determined as described before (21).

147  Viral infection:

148  Vero cells were infected by CHIKV with different multiplicity of infection (MOIs) as per the
149  protocol described before (21). The cytopathic effect (CPE) was seen under microscope (20
150 X magnification) and the cells as well as supernatants were harvested for various downstream
151  processing.

152  Plaque Assay:

153  To calculate viral titre, plaque assay was performed with the mock, infected, and infected
154  with drug treated cell supernatants. For this, after infection cells were overlaid with DMEM
155  containing methylcellulose (Sigma, USA) for 4 days followed by fixed with 8%
156  formaldehyde and stained with crystal violet as described earlier (22).

157  Confocal Microscopy:

158  Immunofluorescence analyses were performed as described earlier (23). Briefly, Vero cells
159  were grown in the coverslips, were infected with CHIKV. At 15 hpi cells were fixed with 4%
160  paraformaldehyde and were incubated with primary antibodies of viral proteins nsP2
161 (1:1000) and host p-Chk2 (1:750) for 1 hr followed by 1X PBS wash. After primary
162  antibodies, incubation was carried out with Alexa Fluor 488 anti- mouse and Alexa Flour 594
163  anti- rabbit respectively for 45 mins. Then, antifade reagent (Invitrogen) was used to mount
164  coverslips to reduce photobleaching. The Leica TCS SP5 confocal microscope (Leica
165  Microsystems, Germany) was used for acquiring images.

166  Animal Studies:

167  Animal experiments were executed in strict compliance with the Committee for the Purpose
168  of Control and Supervision of Experiments on Animals (CPCSEA) of India. All procedures
169 and tests were reviewed and permitted by the Institutional Animal Ethics Committee
170  (ILS/TAEC-246-AH/SEPT-21). 10-12 days old mice were infected subcutaneously with 107
171 PFU of CHIKYV at the flank region of the hind limb and mock mice with serum free media as
172 previously described (23). AAKi (2mg/kg) was administered orally to the treated group of
173 mice (n=3) at every 24 hours interval up to 4 days post infection (dpi). Solvent was given to
174  mock and Infection-control group (n=3) of mice. Disease symptoms were observed daily. At
175 5 dpi, mice were sacrificed. From the blood, serum was isolated to assess viral load. Tissues
176 were collected for Western blot and immunohistochemistry analyses.

177 qRT-PCR:
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178  Cells were harvested and RNA extraction was performed using TRIzol (Invitrogen, US). An
179  equal volume of RNA was used for the cDNA synthesis by using the First Strand cDNA
180  synthesis kit (Invitrogen, US) and CHIKV specific primers for the E1 gene was used for
181  gRT-PCR. Same amount of supernatants or serum samples was used for viral RNA extraction
182  using the QIAamp viral RNA minikit (Qiagen, Germany) as per the manufacturer’s
183  instructions. The RNA copy number was obtained with the Ct values plotted against the
184  standard curve (23).

185 siRNA transfection

186  Gene silencing of Chk2 and Chkl was performed by using siRNA as previously described
187  (22). In brief, monolayers of HEK293T cells with 70% confluency were seeded in 6 well
188  plate and was transfected with Lipofectamine 2000 (Thermo Fisher Scientific, USA) using
189  various concentrations of siRNA (30, 60 and 90 pm) corresponding to Chk2 mRNA sequence
190  (sense strand GAAGAGGACUGUCUUAUAAJATAT,
191 CUCAGGAACUCUAUUCUAUdTIT, GAUCUUCUGUCUGAGGAAAJdTAT) and Chkl
192 mRNA sequence (sense stand GAACCAGUUGAUGUUUGGU dTdT,
193 CUCACAGGGAUAUUAAACC dTdT, UGUGUGGUACUUUACCAUA dTdT) or with
194  siRNA negative control. Twenty- four hr after transfection, they were infected with CHIKV
195  with MOI 0.1. The supernatants were collected after 15 hpi and subjected to Plaque assay
196  while cells were harvested for total RNA isolation and Western blot analysis.

197 Coimmunoprecipitation

198  Mock and CHIKYV infected Vero cells were harvested at 6hpi followed by lysis with RIPA
199  buffer and subjected to coimmunoprecipitation by Dynabeads® Protein A
200  Immunoprecipitation Kit (Thermo Fisher Scientific, USA) as described earlier (24).

201  Protein-protein interaction

202  The ClusPro2.0 webserver (25) was used to study the protein-protein interaction following
203  reported methods (24). Briefly, the structures of CHIKV nsP2 (PDB ID: 3TRK), Chkl (PDB
204 ID: 4FSN) and Chk2 (PDB ID: 316U) were extracted from the protein data bank (PDB)
205 database. The structures were processed and energy minimised using the Discovery Studio
206  program. The structures of CHIKV nsP2 was used as ligand for the protein-protein
207  interaction study in the ClusPro2.0 webserver. From the four different outputs, the
208  “balanced” outputs were used for further analysis (24). The first docking solution clusters
209  usually have the largest members. Thus, this was taken for further visualization in the PyMol
210  software. The most stable complex was further evaluated using the HyPPI (ProteinPlus) web
211 server (26). Based on the energy (hydrophobic effect) emerging due to binding of protein
212 subunits and the quotient of interface area ratios this server classifies protein-protein complex
213 as permanent, transient and crystal artefact (26,27). The interaction complex was subjected to
214  this analysis to understand the probable nature of the interaction.

215  Western blot
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216  Western blot analysis was executed as earlier described (23). In brief, mock, virus infected
217  and drug treated cells were harvested at different hpi according to the experiments and lysed
218  subsequently with equal volume of RIPA buffer. Snap frozen mock, infected and infected-
219  drug treated mice tissues were homogenised by hand homogeniser and lysed in RIPA buffer
220  using the syringe lysis method. Proteins were separated into a 10% SDS-polyacrylamide gel
221  and was transferred onto PVDF membrane. Membrane was probed with antibodies as
222 recommended by the manufacturer. Blots were developed by Immobilon Western
223 Chemiluminescent HRP substrate (Millipore, US). The Image J software was used for
224  quantification of protein bands from three independent experiments.

225 Immunohistochemistry

226  For Immunohistochemistry studies, formalin-fixed tissue samples were dehydrated and
227  embedded in paraffin wax, and serial paraffin sections of 5 mM were obtained as described
228  previously (23). Briefly, tissue sections were incubated with primary E2 antibody followed
229 by secondary Alexa Fluor 594 antibody (anti-mouse; Invitrogen, US). The slides were
230  mounted with DAPI (Invitrogen, US), and coverslips were applied to the slides.

231 Cell cycle analysis

232 Mock and infected cells were washed, harvested and resuspended in chilled 70% ethanol for
233 fixation. Further it was stained with propidium iodide staining solution containing RNaseA
234 and cell cycle analysis was performed using LSR Fortessa as previously described (28).

235 Isolation and CHIKYV infection in human peripheral blood mononuclear cells
236  (hPBMCs) and flow cytometric staining

237 Human PBMCs were isolated from the blood samples of three healthy donors as previously
238  described (23). All the adherent cells were detached after 5 days. MTT assay was performed
239  with various concentrations of AAKi for the adherent hPBMCs. After 1 d, adherent cells
240  were pretreated with AAKi at 25 pM for 2 h and subjected to CHIKV infection at a MOI of 5
241 for 2 h. Infected cells were harvested at 12 hpi followed by fixation with 4%
242 paraformaldehyde (PFA). Next, the cells were subjected to intracellular staining to detect
243  viral protein E2 and surface staining for immunophenotyping of adherent population using
244  flow cytometry. For immunophenotyping, fluorochrome conjugated anti-human CD3,
245 CDl11b, CD14, and CDI19 antibodies (Abgenex, India) were used as previously described
246 (23).

247  Statistical analysis

248  Data are shown as SEM for three independent experiments. The GraphPad Prism version
249  8.0.1 software was used for statistical analyses. For two group’s comparison, unpaired two-
250 tailed Student’s t- test was performed. For three or more groups, the one-way or two -way
251  ANOVA with Bonferroni post-test was used. P values are specified at each figure or at their
252 respective legend, and figure symbols represent *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
253 0.0001.


https://doi.org/10.1101/2022.04.12.488112
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.12.488112; this version posted April 13, 2022. 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-ND 4.0 International license.

254  Results
255  Induction of DNA damage signalling pathways following CHIKY infection.

256  Chk2 and Chkl1 are protein kinases, which are downstream mediator proteins of ATM and
257  ATR arm of DDR pathways (9). To investigate whether DNA damage response pathway is
258  activated during CHIKYV infection, the phosphorylation status of Chk2 and Chkl in CHIKV
259 infected cells were examined. First, Vero cells were infected with CHIKV with MOI 2 and
260  harvested at different time points and protein levels were evaluated by Western blot. It was
261  found that Chk2 and Chk1 proteins were phosphorylated in CHIKYV infected cells (Figure 1A
262 and B). Interestingly, the levels of phosphorylation of both Chk2 and Chkl protein
263  expression were enhanced gradually with increasing time points in CHIKYV infected cells as
264  compared to the corresponding mock cells. The total Chk2 and Chkl protein levels remain
265  unaltered in every time point as shown in Figure 1A and B. To further validate that a DNA
266  damage response was induced by CHIKYV, phosphorylation of the YH2A.X was examined.
267  Vero cells were infected with CHIKV and processed for Western blot analysis. It was found
268  that YH2A.X was phosphorylated following CHIKV infection as compared to mock cells
269  (Figure 1C). To further confirm phosphorylation of p-Chk2 following CHIKYV infection,
270  Immunofluorescence analyses was performed and p-Chk2 was found to be colocalizing with
271 nsP2 protein of CHIKV with a Pearson's Coefficient: r = 0.691 as shown in figure 1D.
272 Together, these findings indicate that DNA damage signaling pathways are activated
273 following CHIKYV infection.

274  DNA Damage is enhanced in CHIKY infected cells.

275 To examine whether DNA damage was induced during CHIKV infection, alkaline comet
276  assay was performed. It was found that, no DNA migration occur among most of the control
277  cells while increase in the length of DNA migration was observed in CHIKV infected cells
278  (Figure 2A and B). The extent of DNA damage in CHIKV infected cells was assessed by the
279  tail moment using the Casplab software. CHIKV infection enhanced the degree of DNA
280 damage by 95% compared to that in mock cells, indicating good amount of DNA damage
281  (Figure 2A and B). Taken together, the findings demonstrate that DNA damage is induced
282  upon CHIKYV infection.

283  Both ATM-ATR pathways facilitate efficient CHIKYV infection

284  In order to understand the importance of DDR pathways on CHIKV infection, AAKi was
285 used. To determine the cytotoxicity of the inhibitor in Vero cells, the MTT assay was
286  performed. It was observed that 98% cells were viable at all the concentrations of the drug
287  (Figure 3A). After CHIKYV infection and drug treatment (10, 20 and 30uM) cytopathic effect
288  was observed under microscope. Clear reduction in cytopathic effect (CPE) was found as
289  compared to the DMSO control (Figure 3B). This result was further confirmed by Western
290  Dblot analysis where 2, 8.5 and 150 -fold reduction was noted in nsP2 level, in presence of 10,
291 20 and 30uM concentrations of the drug respectively (Figure 3 C and D). Similarly, it was
292  observed that there was 50-fold reduction in the level of E1 gene by RT-PCR as shown in
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293  figure 3E. Next, plaque assay was performed from the cell culture supernatants and
294  interestingly, it was observed that the viral titers were also reduced by 3, 15.8 and 475-fold in
295 presence of 10, 20 and 30puM concentrations of the drug respectively (Figure 3F).
296  Collectively, these results indicate that both ATM as well as ATR pathways are critical for
297  efficient CHIKYV infection.

298  Efficient inhibition of CHIKY infection by AAKi in mice

299  To measure the antiviral effect of AAKi invivo, 10-12 days old C57/BL6 mice were infected
300 with CHIKV and treated with 2mg/kg AAKi at every 24 hours interval up to 5 dpi. The
301 infected mice showed loss of body weight, paralysis in limbs and weakened mobility,
302  whereas, AAKi -treated mice showed no such anomalies (Figure 4A and B). Viral RNA was
303 isolated from the pooled serum samples (from respective group) and RT-PCR was carried out
304  to estimate the CHIKV copy number and it was found that the viral load was reduced to 71 %
305 in AAKIi -treated mice in comparison to control (Figure 4C). Moreover, Western blot analysis
306 was also executed to determine the viral protein level in infected and treated group of mice
307  tissues. 95% and 58 % reduction of nsP2 protein level in muscle and brain was observed in
308 the treated mice (Figure 4D and E). Further, immunohistochemistry analysis revealed the
309 decrease of E2 level in CHIKV infected muscle upon AAKi treatment (Figure 4F) These
310 results indicate that AAKi can protect mice against CHIKV infection.

311  Chk2 is crucial for CHIKY replication

312 To investigate the importance of Chk2 protein for CHIKV infection, 30 and 60 pm
313  concentrations of siRNA was used to silence the expression of Chk2 gene in HEK293T cells.
314  Cells were harvested at 24 hpt and processed for Western blot to measure Chk?2 level. It was
315  observed that Chk2 protein level was reduced by 62.5% in 60 pm concentration of siRNA as
316  compared to control (Figure5SA and B). Thus, 60 pm concentration of Chk2 siRNA was
317  selected for further experiments. Next, the siRNA transfected cells were infected with
318 CHIKV and supernatants and the cell lysates were collected atlShpi were processed for
319  plaque assay and Western blot respectively. Interestingly, it was found that there was 73.7%
320 reduction in the viral progeny formation in comparison to the control (Figure 5C). Similarly,
321  there was 50% reduction in the level of E1 gene by RT-PCR as shown in figure SD. While, in
322  Western blot analysis, it was observed that the nsP2 protein level was reduced by 88.3% after
323  siRNA transfection (Figure SE and F). Chk2 level was also less as expected (Figure SE and
324 Q) and together the results suggest that Chk2 is a crucial host factor for CHIKYV infection.

325  Chkl is essential for CHIKYV replication

326  In order to study the role of Chkl in CHIKV infection, 30 pm concentration of siRNA was
327 used to silence the expression of Chkl gene in HEK293T cells. After 24 hpt. Cells were
328  harvested at 24 hpt and processed for Western blot. It was observed that Chk1 protein level
329  was reduced by 59.3% using 30 pm concentration of siRNA as compared to control (Figure
330 6A and B). Next, the siRNA transfected cells were infected with CHIKV and supernatants
331 and the cell lysates collected at 15hpi were processed for plaque assay and Western blot.
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332 Interestingly, it was found that there was 78.8% reduction in the viral progeny (Figure 6C).
333 While more than 50% reduction was observed in the level of E1 gene by RT-PCR as shown
334  in figure 6D. Moreover, in Western blot analysis, it was observed that the nsP2 level was
335 reduced by 79% after siRNA transfection (Figure 6E and F). Chkl1 level was also reduced as
336 expected (Figure 6E and G) and the results suggest that Chk1 protein is essential for CHIKV
337 infection.

338  CHIKV-nsP2 interacts with both Chk1 and Chk2 during CHIKY infection.

339 CHIKYV infection altered the phosphorylation of host Chk2 and Chk1 proteins, hence their
340  association with the nsP2 protein was investigated. CHIKYV infected cells were harvested at 6
341  hpi and processed for co-immunoprecipitation followed by Western blot analysis. It was
342  found that the CHIKV-nsP2 protein was pulled by both the Chk2 and Chk1 proteins (Figure
343 7A and B). This result suggests that CHIKV-nsP2 interacts with Chk2 and Chkl during
344  CHIKYV infection.

345  Identification of the crucial amino acids responsible for the nsP2- Chk2 and nsP2- Chkl
346  interactions.

347  In order to unravel the amino acid residues responsible for the interaction of nsP2-Chk2 and
348  Chkl, protein-protein docking was carried out as mentioned above. As the balanced outputs
349  of the protein-protein docking studies takes into account all possible modes of interaction, the
350 most stable conformation of these outputs was analysed using the PyMol software. Close
351 interaction was predicted between Chkl (PDB ID: 4FSN) and nsP2 (PDB ID: 3TRK) as
352 shown in Figure 8A and B. Arg, 1105, Leull03, Arg 1278, Arg 1284, Arg 1308 and
353  Asnl317 of the nsP2 was involved in multiple polar interactions with Glu7, AspS8, Glul34,
354  Asp94, Glyl8 and GInl3 of the Chkl respectively (Table S1). Further evaluation of the
355 interaction complex by the ProteinPlus web server revealed that the complex is not a mere
356  artifact and has relatively higher score (65%) as a permanent complex than a transient
357 complex (24%). Relatively, less number of interactions were predicted for interaction
358  between nsP2 (PDB ID: 3TRK) and Chk2 (PDB ID: 316U) (Table S2). Nonetheless, strong
359  polar interactions (H bond length<2A) were observed between Asn-1082, Thr-1200, Arg-
360 1195, Asp-1198, Pro-1182 of nsP2 and Lys-241, Arg-240, Ser-210, Lys-224, Asn-186 of
361  Chk2 respectively (Figure 8C and D). It showed higher score (85%) as a transient complex
362 than a permanent complex (13%). Thus, the protein-protein docking analysis identifies the
363  crucial amino acids responsible for the interaction between CHIKV-nsP2 and Chk1 as well as
364 Chk2.

365 CHIKY infection leads to both G1 and G2 arrest.

366  Viruses are known to cause cell cycle turmoil (28). Here, it was found that both the Chk2
367 and Chkl proteins were modulated upon CHIKYV infection, hence it was interesting to
368 investigate the cell cycle arrest. This was analysed by measuring DNA content with PI
369  staining for mock- and CHIKV-infected cells at 18hpi. It was observed that CHIKV infection
370 augmented the percentage of cells in the G1 phase from 58.46% to 74.87% whereas, in the
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371 2 phase it was increased from 5% to 18% in Vero cells (Figure 9), indicating that CHIKV
372  infection induces cell cycle arrest in both the G1 as well as G2 phases.

373
374
375 AAKi abrogates CHIKY infection in hPBMC.

376  Immunological characterization of hPBMC derived adherent population was carried out using
377 antibodies against specific markers of B cell (CD19), T cell (CD3), monocyte-macrophage
378 cells (CD11b and CD14) and analyzed by flow cytometry (Figure 10A). It was found that the
379  adherent population is highly enriched with CD14+CD11b+ monocyte-macrophage cells.
380  Then adherent populations were scraped out and plated in 96 well plates at a confluency of
381 5000 cells per well for MTT assay. Various concentrations of AAKi (1, 2.5, 5, 7.5, 10, 25 and
382 50 uM) were added after 24 h of seeding and cells were incubated for 24 h at 37° C in dark.
383 25 uM AAK:i concentration was found to show cell viability of more than 95% (Figure 10B),
384 hence all the experiments were further performed at 25 uM concentration of AAKI.
385  Surprisingly, it was found that there was 97% reduction in the viral progeny formation in
386  comparison to the control as shown in figure 10C. Next, the effect of AAKi in hPBMC
387  derived adherent populations of 3 healthy donors were investigated upon CHIKYV infection ex
388  vivo. CHIKYV infected populations showed 27.93 £ 0.9 % E2 positive cells, whereas pre-
389 incubation with 25 uM of AAKi for 3h lead to a decrease in E2 positive cells upto 0.86+ 0.4
390 % (Figure 10D and E). Taken together, the data suggest that AAKi can abrogate CHIKV
391 infection significantly in human PBMC derived monocyte-macrophage populations X vivo.

392  Discussion

393 Viruses being intra-cellular parasite, need several host cell machineries so as to
394  achieve effective replication of their own genome, along with virus-encoded enzymes. One
395  of the strategies is to hijack the DDR pathways. Several DNA as well as handful of RNA
396  viruses interact with the cellular proteins involved in DDR pathways, however, reports with
397 respect to the association of Chk2 and Chkl in alphavirus infection are scanty. Hence, this
398  study is amongst the first to report that modulation of DDR pathways is crucial for effective
399 CHIKV infection. This work showed for the first time the mechanistic insight of the
400 induction of DDR pathways by CHIKV and interaction of CHIKV-nsP2 with two crucial host
401  factors, Chk2 and Chkl for efficient viral infection. This information might contribute to the
402  development of effective therapeutics for the control of the CHIKV infection in future.

403 The study reveals that CHIKV infection activates the Chk2 and Chkl proteins
404  associated with DDR signaling pathways, as well as increases DNA damage by 95%.
405  Inhibition of both ATM-ATR kinases by AAKi showed that the viral particle formation was
406  reduced by 15.8-fold in presence of 20 uM concentration of the molecule as compared to the
407  control. Additionally, the treatment of mice with this drug has reduced the disease score
408  substantially in CHIKV-infected C57BL/6 mice with 71% decrement in the viral copy


https://doi.org/10.1101/2022.04.12.488112
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.12.488112; this version posted April 13, 2022. 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-ND 4.0 International license.

409 number and diminished viral protein level. Gene silencing of Chk2 and Chkl reduced viral
410 progeny formation around 73.7% and 78% respectively, validating that both Chk2 and Chkl
411  are crucial host factors for CHIKV infection. Moreover, it was demonstrated that CHIKV-
412 nsP2 interacts with Chk2 and Chkl during CHIKV infection and protein-protein docking
413  analysis depicted the specific amino acids responsible for these interactions. Further, the data
414  indicated that CHIKYV infection induces cell cycle arrest in both G1 as well as G2 phases.
415  Besides, the abrogation of CHIKYV infection was also established ex vivo in hPBMC-derived
416  monocyte-macrophage populations by AAKi, confirming the importance of DDR pathway
417  for CHIKYV life cycle.

418 In this study, CHIKV has been found to activate the proteins associated with DDR
419  pathways and similar observations have been noted in few other viruses like Bocavirus,
420 Human Parvovirus and BK Polyomavirus (29-32). Here it was also observed that CHIKV
421  phosphorylates YH2A.X which is a hallmark of the DDR induction and that was also reported
422  previously in case of Rift Valley Fever virus (33) . The studies have also enlightened about
423  the damage of DNA along with the induction of DDR in few cases like ZIKV infection and
424 MDYV infection (20,34) and surprisingly CHIKV also belong to the same category showing
425 DNA damage after viral infection. However, several (RVFV and BK Polyomavirus ) viral
426  infection (33,35) do not lead to DNA damage. The actual mechanistic details to understand
427  the role of these host factors for virus infection is not very clear and that requires further
428  investigation.

429 The findings suggest that the components of DDR pathways are recruited to the
430 nucleus, while CHIKV replication takes place in the cytoplasm only. This raised a question
431  about the modulation of the DDR pathways by the virus to facilitate its replication.
432 Interestingly, the current study exhibited that CHIKV-nsP2 colocalizes with pChk2 in the
433  nucleus and the interaction between Chkl, Chk2 and nsP2 was confirmed by
434  coimmunoprecipitation also. It was also found that HCV encoded NS5B interacts with both
435 ATM and CHK2, while HCV NS3-NS4A interacts with ATM (17). Kaposi's sarcoma-
436  associated herpesvirus encoded vIRF1 interacts with endogenous ATM (15). ATR and pChk1
437  were observed to colocalize with LT nuclear foci in Merkel cell polyomavirus (36) indicating
438  that there are viral proteins which can localize in the nucleus to hijack the host machineries
439  for their benefit. The nsP2, Chk2 and Chkl interactions were further supported by the
440  protein-protein docking analysis that showed involvement of residues in the polar interaction
441  at the protein surface. The complex formed between Chkl (PDB ID: 4FSN) and nsP2 (PDB
442  ID: 3TRK) showed strong polar interaction (<37 H bonds) between several residues of
443  CHIKV nsP2 and Chkl. Although strong polar interactions were observed in the CHIKV
444  nsP2-Chk2 complex, the number of polar interactions (=16 H bonds) were relatively less. On
445  account of higher degree of interaction at the surface, the Protein Plus server classifies the
446  CHIKV nsP2 and Chkl interaction as permanent complex suggesting higher lifetime of this
447  interaction. In contrast, the interaction complex of CHIKV nsP2-Chk2 is classified as
448  relatively transient that indicates the reversible nature of the interaction (37,38).
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449 The in vitro results showed that AAKi treatment drastically reduced CHIKV infection
450  which was further corroborated in the C57BL/6 mice model. While infected mice displayed
451  moderate disease with progressive weight loss, lethargy, hunched posture, ruffled fur arthritis
452  and immobility, AAKi (2 mg/kg) mitigated these ailments with a lessening in the viral RNA
453  copy number and proteins. The decrease in disease symptoms, nsP2 protein levels and viral
454  RNA copy number, were well supported by the clinical score. Additionally, AAKi was
455  examined against CHIKV infection ex vivo in hPBMC-derived monocyte-macrophages.
456  Although CHIKYV infection enhanced viral load and E2 positive cells, treatment with AAKi
457  diminished these effects, indicating the importance of these pathways in CHIKV life cycle.

458 CHIKYV infection is capable of controlling cell-cycle arrest in both the G1 and G2
459  phases, possibly due to Chk1 and Chk2 activation. A number of DNA and RNA viruses also
460 have reported to arrest cell cycle so that they can create a favourable milieu for viral
461  replication. Cell cycle arrest in G1 phase is reported earlier for JEV, Influenza A virus,
462  Severe acute respiratory Syndrome Coronavirus (SARS-CoV), Kaposi’s Sarcoma-Associated
463  Herpesvirus and the murine coronavirus mouse hepatitis virus (MHV), while G2 phase arrest
464  is known for Bocavirus, Epstein-Barr virus and HIV (8,28,39). Nevertheless, there are several
465 unresolved questions in reference to the precise consequences of viral induced cell cycle
466  arrest which needs to be explored further.

467 As per the findings, it can be summarized that CHIKV infection leads to extensive
468 DNA damage and stimulates both the ATM/Chk2 and ATR/Chk1 signaling pathways. It also
469  appears that both Chk2 and Chkl play crucial function in CHIKV life cycle. Following
470  CHIKYV infection, Chk2 and Chkl were phosphorylated, which causes cell cycle arrest in
471 both G1 and G2 phases, apoptosis (40) and senescence (41) that further foster efficient viral
472 production (Figure 11).

473 In future, additional investigations are required to decipher the role of amino acids
474  involved in Chk2-nsP2 and Chk1-nsP2 interactions. Creating mutations in these amino acids
475  might help to deepen our understanding about the importance of these interactions in CHIKV
476  infection. The AAKi molecule has shown to be a potential inhibitor of CHIKYV infection in
477  mice, however the effect can also be improved further by increasing the dose of the inhibitor
478  to Smg/kg body weight and or reducing the duration of the drug administration.

479 In conclusion, this work demonstrated for the first time the mechanistic insight of the
480  induction of DDR pathways by CHIKV and interaction of CHIKV-nsP2 with two crucial host
481  factors, Chk2 and Chkl1 for efficient viral infection and this information might contribute to
482  the development of effective therapeutics for the control of the CHIKV infection in future.
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671  Figure 1 CHIKY infection induces DDR pathways. Vero cells were mock or infected with
672  CHIKYV and harvested at various time points. (A) Western blot was performed using nsP2, p-
673  Chk.2 (Thr-68), total Chk2, p-Chk1(Ser354), total Chkl, and GAPDH antibodies. (B) Bar
674  diagram showing relative band intensities of p-Chk2 and p-Chkl at different time post
675 infection. Data of three independent experiments are shown as mean + SEM. (C) Western blot
676  depicting the level of p-H2A.X (Ser-139) in mock and infected samples. (D) Mock or
677 infected Vero cells were stained with nsP2 and p-Chk2 antibodies. Nuclei were
678  counterstained with DAPIL.
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680  Figure 2. DNA damage is induced by CHIKY infection. Mock and CHIKYV infected Vero
681  cells were harvested at 18 hpi. Alkaline Comet assays were performed. (A) Image depicting
682  the DNA damage in CHIKYV infected and mock cells (B) The cluster plot analysis portraying
683  tail moment in mock and CHIKYV infected samples. Data of three independent experiments
684  are shown as mean + SEM.
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686  Figure 3. AAKi inhibits CHIKYV infection. (A) Vero cells were treated with different
687  concentrations (10, 20, and 30uM) of AAKIi for 15 h and the cytotoxicity of the cells were
688  estimated by MTT assay. (A) Bar diagram showing the viability of cells. (B) image depicting
689  the CPE of cells which was observed under microscope (Magnification -10X) for cytotoxicity


https://doi.org/10.1101/2022.04.12.488112
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.12.488112; this version posted April 13, 2022. 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-ND 4.0 International license.

690  with different concentration (10, 20, and 30uM) of the drug. (C) Western blot image of mock,
691 infected and infected plus treated cells. GAPDH served as the loading control. (D) The
692  relative band intensity of nsP2 is shown as bar diagram. (E) Whole RNA was isolated from
693  the mock, CHIKV-infected and drug-treated cells, and the CHIKV E1 gene was amplified by
694 qRT-PCR. Bar diagram displaying the fold change of viral RNA. (F) Bar diagram
695  representing the viral titer in the cell supernatant. Data of three independent experiments are
696  shown as mean = SEM.
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698  Figure 4. Efficient inhibition of CHIKYV infection by AAKi in mice. C57BL/6 mice were
699  infected subcutaneously with 10’ PFU of CHIKV and treated with 2 mg/kg of AAKi at 24 h
700 intervals up to 4 dpi. Mice were sacrificed at 5 dpi, and serum and different tissues were
701  collected for experiments. An equal volume of sera was taken to isolate viral RNA. cDNA
702  was synthesized, and the E1 gene was amplified by qRT-PCR to determine the viral RNA
703  copy number. (A) Image of CHIKV-infected and drug-treated mice. (B) Graph showing
704  clinical score of the disease symptoms during CHIKV infection which were monitored from
705 1 dpi to 5dpi. (C) Bar diagram showing CHIKV RNA copy number/ml in virus-infected and
706  drug-treated mice serum. (D) Western blot showing the viral nsP2 protein in muscle and brain
707  tissue samples. GAPDH was used as a loading control. (E) Bar diagram showing the relative
708  band intensities of nsP2 in muscle and brain tissue samples from infected or drug-treated
709 animals. (F) Confocal microscopic image panels showing the CHIKV E2-stained muscles
710 from infected or drug-treated mice. Data of three independent experiments are shown as
711  mean = SEM.
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712 ¢

713 Figure 5. Chk2 is essential for CHIKYV infection. HEK293T cells were mock transfected or
714  transfected with 30, 60 and 90 pm of Chk2 siRNA. (A) Chk2 level was estimated in Western
715  blot and GAPDH was used as loading control. (B) Bar diagram showing relative band
716  intensity of Chk2 protein. After 24 hpt (60 pm), cells were super infected with CHIKV (MOI
717  of 0.1) and harvested at 15 hpi for further downstream experiments. (C) Bar diagram
718  representing the viral titer in the cell supernatant of control+CHIKV and Chk2
719  siRNA+CHIKV samples. (D) Bar diagram showing the fold change of EIl gene of
720  control+CHIKYV and Chk2 siRNA+CHIKYV samples. (E) Western blot showing the nsP2 and
721 Chk2 protein levels after transfection and super infection with CHIKV. (F) and (G) Bar
722 diagrams depicting relative band intensities of the nsP2 and Chk2 proteins. Data of three
723  independent experiments are shown as mean = SEM.
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724

725  Figure 6. Chkl is crucial for CHIKYV infection. HEK293T cells were mock transfected or
726  transfected with 30 pm of Chkl siRNA. (A) Chkl level was estimated in Western blot and
727  GAPDH was used as loading control. (B) Bar diagram showing relative band intensity of
728  Chkl protein. After 24 hpt (30 pm), cells were super infected with CHIKV (MOI of 0.1) and
729  harvested at 15 hpi for further downstream experiments. (C) Bar diagram representing the
730  viral titer in the cell supernatant of control+CHIKYV and Chkl1 siRNA+CHIKYV samples. (D)
731  Bar diagram showing the fold change of El1 gene of control+CHIKV and Chkl
732 siRNA+CHIKYV samples. (E) Western blot showing the nsP2 and Chkl protein levels after
733 transfection and super infection with CHIKV. (F) and (G) Bar diagrams depicting relative
734  band intensities of the nsP2 and Chkl proteins. Data of three independent experiments are
735  shown as mean + SEM.
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736

737  Figure7. CHIKV-nsP2 interacts with the host Chk2 and Chkl1 proteins. Vero cells were
738  infected with CHIKYV for 6 hpi. The cell lysates were co-immunoprecipitated with the Chk2
739  and Chkl antibodies respectively. (A) Western blot analysis depicting the expressions of nsP2
740 and Chk2 in the whole cell lysate (left), co-immunoprecipitation analysis showing the
741  interaction of the CHIKV nsP2 and Chk2 protein (right). (B) Western blot analysis depicting
742 the expressions of nsP2 and Chkl in the whole cell lysate (left), co-immunoprecipitation
743 analysis showing the interaction of the CHIKV nsP2 and Chklprotein (right).

744

745  Figure 8. Protein-protein docking analysis shows the probable interaction of CHIKV-
746 nsP2 with host Chkl and Chk2. The protein-protein docking was performed using the
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747  ClusPro 2.0 web server. (A) Model showing the probable interaction of nsP2 (red surface)
748  with host Chkl (green ribbon). (B) Figure highlights polar interactions (yellow bridge)
749  between residues of nsP2 (red) and host Chkl (green). (C) Model showing probable
750 interaction of nsP2 (red surface) with host Chk2 (green ribbon). (D) Figure depicts polar
751  interactions (yellow bridge) between residues of nsP2 (red) and Chk2 (green).
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753  Figure 9. Cells are arrested in G1 and G2 phases following CHIKYV infection. Vero cells
754  were mock infected and infected with CHIKV and cells were collected at 15 hpi. Cell cycle
755  analysis was performed with PI staining. Bar diagram showing quantitation of the data. Data
756  of three independent experiments are shown as mean + SEM.
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758  Figure 10. AAKi reduces CHIKYV infection in hPBMC-derived monocyte-macrophage
759  populations ex vivo. Human PBMCs were isolated from the blood samples of three healthy
760  donors and infected with CHIKV. (A) Dot plot showing the percentages of B cells (CD19), T
761  cells (CD3), and CD141CD11bl monocyte-macrophage cells from adherent hPBMCs by
762  flow cytometry. (B) Bar diagram representing the cytotoxicity of AAKi in hPBMC-derived
763 adherent cell populations by MTT assay. (C) Bar diagram depicting percentage of the viral
764  particle formation obtained by plaque assay. (D) Dot plot showing the percentage of viral E2-
765  positive hPBMC-derived monocyte-macrophage population in mock, CHIKV-infected, and
766  AAKi treated CHIKYV infection from three healthy donors’ hPBMCs obtained using flow
767  cytometry. (E) Bar diagram showing the percentage of positive cells for CHIKV E2 protein,
768 as derived by flow cytometry assay.

769

770  Figure 11. Model portraying modulation of DDR pathways by the CHIKYV infection. In
771 the current investigation, it was found that CHIKV infection leads to extensive DNA damage
772  and stimulates both of the ATM/Chk2 and ATR/Chk1 signaling pathways. Inhibition of the
773 crucial host factors linked with DDR pathways causes drastic reduction in the CHIKV
774  infection. Additionally, it also causes cell cycle arrest in both G1 and G2 phases, apoptosis
775  and senescence that further facilitates viral production.

776


https://doi.org/10.1101/2022.04.12.488112
http://creativecommons.org/licenses/by-nd/4.0/

