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Decoding chikungunya virus
non-structural protein 3
Interacting partners in THP-1
derived infected macrophages
through proteomic profiling

Priyanshu Srivastava’, Nimisha Mishra’,
Sakshi Chaudhary and Sujatha Sunil*

Vector-Borne Disease Group, International Centre for Genetic Engineering and Biotechnology
(ICGEB), New Delhi, India

Introduction: Chikungunya virus (CHIKV), an alphavirus transmitted by
mosquitoes, has instigated several epidemics in recent years, sparking intensive
efforts to understand its biology. Despite progress, the understanding of CHIKV's
molecular interactions with host cell constituents, especially in susceptible cells
such as macrophages remains limited.

Methods: We used a mass spectrometry platform to characterize the interactions
between CHIKV-nsP3, a viral nonstructural protein, and proteins in human THP-1
macrophage cells.

Results and Discussion: Our findings revealed 196 high-confidence interactions
primarily involving nsP3. Further, the sub-cellular localization, and pathways
these interacting proteins might be involved in were deduced using
computational methods. The interacting partners were further incorporated
into a comprehensive host-virus interaction network derived from extensive
literature on alphavirus-host interactions. Collectively, this study offers the first
interaction map between CHIKV nsP3 protein and THP-1 cells, illuminating new
probable roles of host cell proteins in CHIKV's replication cycle.
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1 Introduction

Chikungunya disease (CHIKD) is an arthropod borne viral disease known to cause
epidemics of fever associated with arthralgia. The causal agent, chikungunya virus
(CHIKYV) is an alphavirus, belonging to the family Togaviridae and contains a positive
sense single stranded RNA genome consisting of two open reading frames flanked by
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untranslated regions (3'UTR& 5'UTR). The two open reading
frames encode three structural (capsid, envelope E1 and E2) and
four non-structural proteins (nsP1, nsP2, nsP3 and nsP4).
Structural proteins are mainly involved in the formation of viral
particles while non-structural proteins play an important role in
viral genome replication by the formation of replication complex.
Biochemical functions of nsPs are described: nsP1 shows methyl
and guanyl transferase activity, nsP2 protein exhibits helicase and
protease functions, nsP4 is known as RNA-dependent RNA
polymerase while nsP3 protein has diverse biochemical functions
and plays an essential role in viral RNA replication (1-3).

The CHIKV-nsP3 protein comprises of three domains:
macrodomain, AUD domain, and hypervariable domain. The
macrodomain is located at the N-terminal region of the protein,
exhibits ADP ribosyl hydrolase activity and is crucial for the initiation
of the virus replication. The alphavirus unique domain (AUD) lies
adjacent to the macrodomain and is involved in viral assembly. The
hypervariable region is present at the C-terminal region of the protein
and plays an important role in determining the pathogenesis of the
virus through interacting with host specific factors (4-7).

Different cell types are targeted by CHIKV throughout the
course of infection, such as fibroblast, endothelial and epithelial
cells, monocytes, and macrophages. Monocytes and macrophages
play a major role during the pathogenesis of CHIKV and are
amongst the crucial targets of CHIKV infection. The
macrophages get activated upon infection, which leads to the
production of a high amount of proinflammatory cytokines such
as IL-1B IL-6, and IFN-1 expression. Simultaneously, these cells are
recruited at the infection site to promote the inflammatory process.
Several molecular alterations such as changes in global transcript
level, protein expression level, and post-translational modification
occur in the host during the virus infection (8, 9).

Proteomics along with bioinformatics analysis has advanced in
recent times to provide important insights into cellular pathways
and their signaling mechanisms. We conducted the present study to
identify those host cellular factors present in infected human
macrophages that interact with CHIKV nsP3. We performed co-
immunoprecipitation of CHIKV infected THP-1 derived
macrophages with recombinant nsP3 antibody followed by mass
spectrometry (MS). We obtained the host partners of THP-1
derived macrophages that are interacting with CHIKV-nsP3 and
subjected them to several bioinformatics analyses such as pathway
analysis, sub-cellular localization analysis, protein-protein
interaction networks, to understand the role of these molecules in
CHIKY replication. Our study has thrown light on possible roles of
those interacting partners of nsP3 that are present in the immune
cells such as macrophages during CHIKV infection.

2 Materials and methods
2.1 Generation of plasmid constructs
To express CHIKV-nsP3 protein, nsP3 gene was amplified from

CHIKV RNA using the primers (Forward: 5'-GTAATGGGATG
TGCACCGTCGTACCGG-3’), (Reverse: 5'-TTACTCGTC
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GTCCGTGTCTG-3') and cloned it in pET 28a vector with N-
terminal His-tag for protein expression and purification in
Escherichia coli (E.coli) codon plus cells. To confirm the positive
constructs, RT PCR was done with total RNA using gene-specific
primers with the Prime Script One-Step RT PCR kit
(Takara, Japan).

2.2 Cell lines and viruses

THP-1, a human acute monocytic leukemia cell line obtained
from ATCC (TIB-202), were cultured in Roswell Park Memorial
Institute (RPMI) medium (Cat no: AL011S, HiMedia, India)
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/
streptomycin and 1% L-glutamine at 37°C with 5% CO,. The
THP1 monocytes were further activated with phorbol 12-
myristate 13-acetate (PMA) at a working concentration of 20
ng/ml in RPMI media. Post 48 hours of treatment with PMA, the
adherent THP1 derived macrophages were washed with RPMI
complete media and further used for experiments. The Vero cell
line (ATCC-CCL-81) was maintained in Dulbecco’s Modified
Eagle Media (DMEM) (Cat no: AL007A, HiMedia, India)
supplemented with 10% FBS, penicillin/streptomycin at 37°C
and 5% CO,. The CHIKV was isolated and purified from
patient sera collected during an outbreak and propagated in
both C6/36 and Vero cell lines (Accession no. JF950631.1) (10).

2.3 Virus infection

THP-1 cells were grown in 6-well plates in RPMI medium. Cells
were infected with CHIKV strain (at a multiplicity of infection
(MoI) 1. The virus was diluted in sera and antibiotic-free RPMI
medium, and cells were incubated at 37°C. After 2hpi, cells were
washed with phosphate-buffered saline (PBS) and grown in
complete RPMI media. The cells and media were collected at
different time points, and cell pellets were washed once with PBS
and resuspended in RIPA lysis buffer for western blot.

2.4 Protein purification and
antibody generation

CHIKV nsP3 protein was synthesized and purified based on
methods outlined in previous publications (11, 12). Full length
CHIKV-nsP3 gene was amplified from CHIKV-RNA and cloned in
pet28a vector with N -terminal His tag for expression and
purification in BL21 E. coli cells. Clones were transformed into E.
coli BL21 (DE3 strain). CHIKV-nsP3 expressing E. coli cells were
grown at 37°C and induced with 1 mM IPTG. Following cell lysis,
the lysates were processed through Ni-NTA affinity column
chromatography. CHIKV-nsP3 protein was eluted using elution
tris buffer with 5% glycerol and varying concentrations of
imidazole. Elutions were dialyzed against tris buffer and 5%
glycerol and purified by Ion exchange chromatography where the
bound protein was washed with Buffer A (10 mM NaCl, 25 mM Tris
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and 3 mM B-mercaptoethanol) followed by elution in Buffer B (1 M
NaCl, 25 mM Tris and 3 mM B-mercaptoethanol). Eluted fractions
containing purified CHIKV-nsP3 was collected and concentration
was measured by Bradford protein assay (Bio-Rad, USA) using BSA
as standard. The purified nsP3 protein was confirmed via Western
blot and prepped for different experiments. In-house polyclonal
antibody generation was done using lab rabbits. Briefly, an emulsion
of purified CHIKV-nsP3 protein (100pg per rabbit) and Freund’s
complete adjuvant was prepared and injected into rabbits. Booster
doses were prepared by mixing the CHIKV-nsP3 protein with
Freund’s incomplete adjuvant and were administered at regular
intervals. Post each booster Bleeds were systematically collected
from the rabbits and centrifuged to isolate the sera. Sera containing
anti-CHIKV nsP3Ab was further purified by protein-A and
protein-G beads. Specifically, we pooled the rabbit sera (2, 3 and
4) and subjected to our Protein A and G beads. The volume-based
approach was used to ensure complete capture of all IgG antibodies.
After incubation, antibodies were washed with wash buffer and were
further eluted from the column using 0.1M glycine (pH 2.0) and
neutralized in phosphate buffer. The purified anti nsP3 polyclonal
antibody was further used for our in vitro study. Cross reactivity
and Efficacy of purified antibody was checked by Western blot assay
as well as IFA assay. The raised antibody was checked against the
purified CHIKV-nsP3 protein as well as against a cell lysate to
confirm antibody reactivity and specificity. Time kinetic study also
confirmed the sensitivity of the purified antibody. Further before
carrying out ColIP experiment, we optimized the specificity of the
antibody in infected lysate and used IgG agarose bead as a negative
control to filter the binding of non-specific proteins both in
uninfected and infected samples. CoIP experiments were
performed using purified antibody. The animals used in the study
were approved by the institutional animal ethics committee
(ICGEB/IAEC/02042019/VBD-4).

2.5 Co-immunoprecipitation of THP-1
lysate with purified nsP3

To understand the interacting host partners of CHIKV nsP3, we
performed CO-IP of infected THP-1 lysate with purified CHIKV-nsp3
antibody (generated in-house) using Pierce co-immunoprecipitation
kit (Thermo Scientific, USA) as per the manufacturer’s instructions.
Briefly, 100 pl Protein A beads were incubated with CHIKV-nsP3
specific antibody overnight at 4°C. Post washing, antibody labeled
beads were further incubated with infected THP-1 lysate (1mg of total
protein concentration) overnight at 4°C. Further, beads were washed
with IP wash buffer followed by three sets of elution using elution
buffer. These Co-IP elutes were analyzed using mass spectrometry.

2.6 Sample preparation for
mass spectrometry

Co-IP elutes were processed with in-solution trypsin digestion.

Firstly, Co-IP elutes were adjusted with 50 mM ammonium
bicarbonate buffer pH 8.0. Further, it was reduced with 10mM
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Dithiothreitol (DTT) for an hour at Room Temperature and
alkylated with 40mM iodoacetamide (IAA) for an hour. Protein
elutes were incubated in a water bath at 37°C for 16 hours for
digestion using trypsin-Gold (Promega) at 1:50 proportion. The
trypsin digestion reaction was stopped using formic acid (0.1%).
The digested peptides were concentrated in speed-vac and analyzed
by LC-MS/MS.

2.7 Mass spectrometry

LC-MS/MS analysis was performed Orbitrap Velos Pro MS
coupled to Easy n-LC 1000 (Thermo Fisher Scientific). Tryptic
digested peptide mixtures were first loaded onto a reverse-phase C-
18 pre-column (Acclaim PepMap, 75 um x 2 cm, 3um, 100A°,
Thermo Fisher Scientific) and then separated using an analytical
column (Acclaim PepMap, 50um x 15 cm, 2um, 100A°) using a
gradient of 5% solvent B (0.1% formic acid in 95/5 acetonitrile/
water) to 35% solvent B in 35 min. The eluted peptides were injected
into the mass spectrometer and MSI data were acquired using a
mass range from 350-2000 Da in Full scan mode at 60000
resolution. The top 15 precursors were allowed to fragment using
CID (collision-induced dissociation) in the ion trap with a collision
energy of 35. The raw data were analyzed using Proteome
Discoverer 1.4 with the SEQUEST algorithm against Uniprot
database. The identification of peptides was validated using
Percolator at 5% FDR.

2.8 Western blot

Protein sample concentration was determined by BCA reagent
and plotted against bovine serum albumin (BSA) standards of
known concentrations. An equal amount of protein samples was
loaded in 10% SDS-PAGE gels and run at 100V till the dye front
reached the other end. Proteins were then transferred onto the
nitrocellulose membrane. The membrane was then blocked with
PBS (pH 7.4) + 5% BSA for lhr at RT. The membrane was then
incubated with primary antibodies (1:2,000 dilution) in PBS+2.5%
BSA overnight at 4°C. The membrane was then washed with PBS+
1% Tween-20 for 10 minutes and repeated thrice. It was then
incubated with anti-mouse HRP secondary antibodies (1:5,000
dilution) in PBST+2.5% BSA for 1hr at RT. The membrane was
then washed with PBS+ 0.1% Tween-20 for 10 min repeated thrice
and visualized in Chemidoc MP (Bio-Rad).

2.9 Confocal imaging

The protocol of confocal imaging in THP-1-derived
macrophage cells was previously published (9). Briefly, cells were
seeded on glass coverslips in 12-well plates with 20ng/ml PMA
concentration for its activation. Post activation, fixing was done
with 4% paraformaldehyde in PBS for 30min and further
permeabilized in 100% chilled methanol at 4°C for 1lhr. After
washing with PBS, cells were incubated with 1%BSA and 0.3%
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Triton X-100 in PBS, Blocking was done for 45min using blocking
buffer, followed by overnight incubation of CHIKV nsP3 primary
antibody (in house generated, 1:100 dilution) in blocking buffer.
Post-washing, Alexa Fluor 594 conjugated secondary antibodies
(Invitrogen) were added for 1hr. Then the coverslips were washed
three times with PBS and stained with DAPI (Invitrogen). Images of
the sample were taken using a Nikon confocal microscope.

2.10 Bioinformatics analyses

The schematic workflow of bioinformatics analysis of MS data is
shown in Supplementary Figure 2A. Proteins/peptides satisfying high
FDR confidence were taken forth to statistical analysis in XLSTAT.
Common proteins between CHIKV uninfected and infected libraries
were excluded and unique proteins with high FDR were further
accessed for functional annotation and subcellular localization.

2.11 Subcellular localization and
functional annotation

Subcellular localization of the unique host proteins of nsP3-IP
was identified using the web tool DeepLoc-1.0 (13) (http://
www.cbs.dtu.dk/services/DeepLoc/) and extracting the
information from the Human Protein Atlas database (https://
www.proteinatlas.org) (14, 15). DeepLoc-1.0 was trained on
experimentally verified Uniprot proteins and used Neural
Network methods to predict the subcellular localization of the
proteins. The proteins were classified into their respective
pathways using different pathway analysis servers i.e., ShinyGO
(http://bioinformatics.sdstate.edu/go/), KOBAS 3.0 (http://
kobas.cbi.pku.edu.cn/), FLAME (16) and Metascape tool (https://
metascape.org/gp/index.html). The multiple gene sets testing and p-
value adjustment were done using the Benjamini-Hochberg test.
Significant pathways were selected with corrected p-values< 0.05.

2.12 Protein interaction network

The STRING database was used to fetch the host virus protein—
protein interaction (PPI) network (https://string-db.org) (17). The
196 significant human protein along with nsP3 viral protein from the
pull down study were further taken for this analysis. According to
their organellar localization, the proteins in the network were
grouped. Cytoscape 3.0 was used to visualize the network (https://
cytoscape.org) (18).

3 Results

3.1 Expression profiling of CHIKV-nsP3
protein in CHIKV infected THP-1
derived macrophages

First, we profiled the expression of CHIKV-nsP3 protein in
infected macrophages over a period of 48 hours to understand the
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expression of viral protein in relation to viral replication. We infected
the THP1- derived macrophages with CHIKV (Mol 1) and observed
the infection over time duration of 48 hours post infection. We
observed 65-70% of cells to be infected at 24hpi that increased over
the infection time points. For the purpose of detecting CHIKV-nsP3 in
the infected cells, we purified CHIKV-nsP3 using previously published
protocol (Ramesh et al.) (12), and raised antibodies in rabbit. The
antibodies were further validated for their specificity both using
recombinant CHIKV-nsP3 protein and cell lysate in uninfected and
infected conditions (Figure 1A). When CHIKV-nsP3 expression was
profiled in THP-1 derived macrophages during different time points,
we observed that nsP3 protein expression began to increase from 12hpi
and peaked at 24hpi, after which there was a significant reduction of
CHIKV-nsP3 post 36hpi (Figure 1B). The increased expression of
CHIKV-nsP3 at 24hpi was further validated using confocal imaging
(Figure 1C). Based on the above observation of nsP3 protein expression
at 24hpi in THP-1 derived macrophages, we performed a Co-IP study
followed by mass spectrometry at this time point.

3.2 ldentification of CHIKV-nsP3
interacting host factors and their
subcellular localization

To identify the interacting partners of CHIKV-nsP3, we performed
co-immunoprecipitation of THP-1 infected lysate with CHIKV-nsP3
antibody. IgG antibody was used as a negative control to filter the
binding of non-specific proteins both in uninfected and infected
samples. The analysis revealed a total of 562 proteins to be present
in the infected triplicate samples, while 692 proteins were found in
uninfected triplicate samples, as shown in Figures 2A, B and
Supplementary Table 1. Analysis of these proteins further revealed a
total 366 host proteins to be common between the uninfected and
infected samples. Further filtration of the proteins on the basis of high
FDR and minimum peptide number two yielded a total of 196 proteins
that were unique in CHIKV-nsP3 CO-IP samples (Figure 2B).

The sub-cellular localization of the 196 interacting proteins was
ascertained using the DeepLocl.0 tool (http://www.cbs.dtu.dk/
services/DeepLoc/) (19) and the Human Protein Atlas Database
(Supplementary Table 2). Based on localization, these proteins were
broadly classified into the cytoplasm, nucleus, endo membranal
system, and extracellular matrix or secretory. It was observed that
96 (49%) resided in the cytoplasm while 48 proteins (24.4%) were
localized in the nucleus. Further, 58 proteins (30%) were found to
reside in the endo membranal system (Figure 3) (15). A total of 8
proteins were secreted and resided in the extracellular matrix. Some
of the proteins were found to present in multiple cellular locations.
For instance, ENSG00000033867 (SLC4A7) was present in plasma
membrane, cytosol and focal adhesion sites. ENSG00000064763
(FAR2) was present in Golgi apparatus and nucleoli. Likewise,
ENSG00000067066 (SP100) and ENSG00000068366 (ACSL4) were
present in nuclear bodies, nucleoplasm, Golgi apparatus, and
mitochondria respectively (Supplementary Table 2). It was
interesting to note that in our confocal analysis, the majority of
CHIKYV nsP3 was uniformly localized in the cytoplasm while, some
small clusters were found to be localized near the plasma membrane.
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FIGURE 1

Antibody characterization and Protein expression profiling of CHIKV-nsP3 in CHIKV (MOI1) infected THP-1 derived macrophages. (A) Anti nsP3
antibody validation in recombinant protein, infected lysate and 24 hour post infection (24hpi) of the ColP lysate using western blotting. (B) Inverted
image for expression level of protein CHIKV-nsP3 in CHIKV infected human macrophages at different time points i.e., Ohpi, 12hpi, 24hpi, 36hpi and
48hpi using western blot. Actin was used as housekeeping control. Full western blot image is available as Supplementary Figure 6. (C) THP-1 derived
macrophages were infected with CHIKV at Mol 1. Post 24hpi, cells were stained with DAPI (blue), and anti-CHIKV-nsP3 (red) and subjected to

confocal imaging. Quantifications are measured in at least 6 different images per sample using NIS image processing software. All images are from
live cells. Scale bar 20 um

3.3 Functional annotation and pathway corrected P-value< 0.05. Metabolic pathways were the most significant
ana [ysis of the interacti ng partners pathways with a maximum number of proteins involved in the process
followed by pathways of neurodegeneration. A total of six pathways
were involved in metabolic processes which included the TCA cycle,
glycolysis/gluconeogenesis, oxidative phosphorylation, ribosome,
pyruvate metabolism, and cellular senescence while five pathways

The CHIKV-nsP3 interacting proteins were further classified into
different pathways using FLAME and ShinyGO servers. A total of 88
pathways (Supplementary Table 3) were found significant based on
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FIGURE 2

Identification of CHIKV-nsP3 interacting host factors. (A) The workflow of bioinformatics analysis of MS data. (B) Three-layer Venn diagrams are
representing common and unique identified proteins across the uninfected and CHIKV infected cells in triplicate datasets. C1, C2, and C3 are the
uninfected triplicate samples and H1, H2 and H3 are CHIKV infected triplicate samples. The overlapping regions correspond to the number of
proteins present at more than one time. 692 protein were common across all the uninfected samples while 562 were common in infected samples.
Proteins for which peaks were present at least in duplicates were taken for downstream analysis. 326 proteins were cumulatively unique to

uninfected samples and 196 to infected samples.

Pathway analysis
(p-value<=0.05)

\

Protein-Protein
interaction

sP3 Pulldown

were involved in the cell signaling process which includes cGMP-PKG
signaling pathway, calcium signaling, glucagon signaling pathway and
mRNA surveillance pathway (Figure 4A). An additional enrichment
analysis was also performed using metascape software to get specific
protein-wise functional involvement in biological process (Figure 4C,
Supplementary Table 4). The analysis revealed that viral infection
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pathways, endosomal pathways, diabetic cardiomyopathy, systemic
lupus erythematosus, cellular respiration were the most significant
pathways at single protein analysis level. Top 20 pathways is shown
in Figure 4C.

Protein set enrichment analysis of 196 interacting proteins
revealed that the majority of proteins were involved in metabolic
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FIGURE 3

The schematic representation of the sub-cellular localization of interacting host proteins with CHIKV-nsP3 using DeeplLoc 1.0 tool and Human

Protein Atlas Database.

processes and cellular organization. Functional attributes of these
proteins further showed that they were involved in binding activities
like protein binding, DNA binding, chromatin binding, and ion
binding activity while some have enzymatic activity such as
hydrolase and transferase (Figure 4B). The analysis further revealed
that SLC25A5, ATP2A2, TPMI1, NCLN, SURF4, PAM16, COA3,
DSTN, NETH, and TLN1 proteins were involved in neurofilament
bundle assembly, intermediate filament organization, mitochondrial
organization and organelle organization. Human leukocyte antigen
(HLA) protein family members were majorly participating in positive
regulation of T cell-mediated cytotoxicity, protection from natural
killer cell-mediated cytotoxicity, antigen processing, and presentation
of endogenous peptide antigen via MHC class I and Ib via ER
pathway. APCS and DNAJAI proteins formed separate clusters for
protein binding process. HPX, CTSS, C3, FN1, MMP14, SLC18A3,
and PYCR1 were found to regulate the L-proline biosynthetic
process, organonitrogen compound biosynthetic process, and
organonitrogen compound metabolic process.

3.4 Protein-protein interaction network
associated with viral protein nsp3

All 196 proteins were assessed by PPI of which 110 proteins
were identified in the resulting network. The disconnected nodes
have been omitted from the analysis. The analysis revealed several
clusters connecting into nsp3 by nine proteins namely fibronectin-1
(FN1), H3 Clustered Histone 13 (H3C13), Poly(A) Binding Protein
Cytoplasmic 1 (PABPC1), Poly(A) Binding Protein Cytoplasmic 4
(PABPC4), and Dna] Heat Shock Protein Family (Hsp40) Member
Al (DNAJAL), large ribosomal subunit protein 24 (RPL24),
Ribosomal Protein L6 (RPL6), and OCIA domain-containing
protein 1(OCIADI1) were then mapped into the PPI network
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using literature evidence from STRING database. Earlier studies
on nsP3 interaction unveiled that G3BP interacting with CHIKV
nsP3 protein and play a crucial role in regulating viral replication as
well as cellular stress (20, 21) and was one of the most well studied
interacting partner of alphavirus nsP3. However, in the present
interaction study, we could not identify both G3BP1 and G3BP2 in
the list of proteins derived from the MS analysis probably due to the
choice of cells that were taken in the study. Nevertheless, when we
created the PPI with all the interacting partners using the current
data, we observed that six of the interacting partners mentioned
above also directly interacted with G3BP1 and G3BP2 (Figure 5).
Essentially, these six proteins formed the primary interactors with
several of the other proteins interacting with these proteins along
with CHIKV nsP3 and formed clusters based on their functions
(Figure 5). The biggest cluster proteins (far left of the network) were
primarily those that interacted with FN1 and PABPCI proteins
containing alpha-actin family which plays crucial role in cell
division, migration, junction formation, chromatin remodeling,
transcriptional regulation, vesicle trafficking, and cell shape
regulation, human leukocyte antigen family that help at different
sites with beta-2-microglobulin, an alpha-beta T-cell receptor, and
inhibitory molecules, Pyrroline-5-carboxylate reductase which
catalyzes the NADPH specific reduction of pyrroline-5-
carboxylate to generate proline, and deformed epidermal
autoregulatory factor that is essential for early embryonic and
neuronal development etc. The middle cluster of Figure 5 was
found to comprise L ribosomal proteins which plays vital role in cell
proliferation regulation and in some instances as inducers of cell
death. Protein phosphatase play key roles in setting the levels of
tyrosine, serine and threonine phosphorylation in cells, thus
participating in the regulation of many physiological processes,
including cell growth, tissue differentiation and inter-cellular
communication, solute carrier family transport a wide array of
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Pathways enrichment analysis of interacting host proteins with CHIKV-nsP3. (A) Dot plot representation of the top 20 significant pathways from the
enrichment analysis. (B) The interactive network chart explains the biological processes of interacting partners with CHIKV-nsP3. Red edges show
the biological processes while green edges show proteins related to these processes. (C) Enrichment analysis performed using metascape software.

Bar graph is depicting top 20 pathways derived from the current study.

molecules, including sugars, amino acids, vitamins, nucleotides,
metals, inorganic ions, organic anions, oligopeptides, and drugs,
Prohibitin 2 protein that regulates various biological processes,
including cell cycle, proliferation, apoptosis, transcription, signal
transduction, and mitochondrial ridge morphogenesis, Cytochrome
Cl plays a role in the electron transfer during oxidative
phosphorylation, ADP ribosylation factor 3 controls invasion
modality and metastasis by regulating N-cadherin levels,
Resistance to inhibitors of cholinesterase-8A which is critical for
growth factor receptor-induced actin cytoskeletal reorganization.
This cluster is predominantly carrying interacting partners of
PABPCI1, PABPC4, and DNAJAL. The right cluster comprised of
proteins of histone cluster family which are basic nuclear proteins,
responsible for the nucleosome structure of the chromosomal fiber,
Damage-specific DNA binding protein acts as a sensor of damage to
maintain the balance between genome integrity and cell cycle
progression, and Mini chromosome Maintenance Complex
Component 7, a DNA helicase essential for genomic DNA
replication were found to be interacting majorly with H3F3A
and H3F3B.

4 Discussion

Macrophages are susceptible to getting infected with CHIKV
and hold a critical function in the progression of infection owing to
their role in the host’s defense against the virus. Depending upon
the stimulatory environment, M1/M2 dichotomy produces the two
activated states of macrophages exhibiting unique phenotypic and
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functional characteristics (22). Pro inflammatory conditions drive
THP1 derived macrophages towards M1 phenotype while anti-
inflammatory cytokine presence leads to the differentiation of cell
population towards M2 phenotype. M1 macrophages are stimulated
by TNFo, IFNY, and LPS during pathogenesis and secrete cytokines
such as TNFa, IL-6, inducible nitric oxide synthase (iNOS) and
chemokines. The alternatively activated M2 macrophages is
stimulated by IL-4 and produces anti-inflammatory factor such as
IL-10, TGEP, VEGF with the ultimate aim in wound repairing (23)
and is also known to be involved in the pathogenesis of
osteoarthritis. Identifying host proteins such as alpha defensin 1
to be interacting with CHIKV nsP3 in the present study throw light
to the possible role of these molecules in promoting polarizing the
macrophages by activating NF-xB pathway and thus attenuates
chronic arthritis symptoms caused during CHIKV infection (24).
Similarly, we identified another protein, namely, Prohibitin, that is
known to act as a crucial regulator in the functional plasticity of
macrophages to be an interacting partner with the viral protein (25).
Our study can be described as the first to identify interacting
partners in macrophages with CHIKV-nsP3 during CHIKV
infection. Previous studies have reported interactions with model
cell lines such as Vero, HEK, and BHK-1, and provide an overall
interaction pattern and do not highlight specific cell type
interactions (5, 26).

Recent studies on the global transcriptome analysis of
macrophages infected with CHIKV have highlighted the
perturbance of immune signaling and metabolic pathways upon
CHIKYV infection. The study reported that CHIKV induced major
alterations in the transcriptome of infected macrophages at 24hpi
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with a robust production of chemokines and cytokines. This
possibly is a strategy employed by the virus towards its survival
by using host metabolism and defense mechanism (9); a feature
corroborated in the current study with respect to host-viral protein.
Cell membranes are critical for all positive sense stranded RNA
virus and exploitation of the membrane for the initial interaction of
the virus with the host cell serves as a foremost tactic for
establishing infection. Studies on DENV virus report a significant
alteration in the lipid metabolism within host cells to promote viral
replication (27, 28). In the present study we identified Fatty acyl-
CoA as an interacting partner, known to regulate assembly of
replication complex. A previous study on CHIKV reported that
expression of fatty acid synthase (FASN) and stearoyl-CoA
desaturase (SCD1) are required for optimal CHIKV genome
replication (29). FASN also plays a pivotal role for various RNA
viruses and its enzymatic activity regulates crucial metabolic
processes including Respiratory Syncytial Virus (30), hepatitis C
virus (HCV) and dengue virus (DENV) (31, 32). However, in the
current study we couldn’t observe the two lipogenic enzymes as
nsP3 interacting partners in THP1 derived macrophages. In our
study, cGMP-PKG signaling pathways were found to be modulated
which directly regulate the NF Kappa beta pathway, facilitating the
activation of innate immune responses (33). Surfeit 4, another
interacting partner, is a well-known protein in HCV infection. It
has been observed to interact with NS4B and plays a pivotal role in
the regulation of HCV replication through the formation of DM
vesicles (34). Exploring its mechanism in relation to CHIKV
infection needs further investigation in this direction.
Sub-cellular localization of the nsP3 interacting proteins
unveiled that the majority of cellular proteins interact with
CHIKV-nsP3 in the cytoplasm and our study is also consistent
with these reports (12, 20, 26, 35). One of the main reasons for a
large number of interacting host proteins with nsP3 is the presence
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of the hypervariable domain which is intrinsically disordered and
binds to several crucial members of the cellular proteins such as the
SH3 domain, G3BP and its homolog Rin in mosquitoes, NAP1
family. These three groups of proteins are essential in viral
replication (26). G3BP proteins interact with specific repeating
amino acid sequences present in the disordered region of the C
terminal hypervariable domain. Knockout of G3BP results in the
abolishment of CHIKV replication. The HVD domain also plays a
major role in virus adaptability to replication in different hosts such
as mosquitoes and vertebrates (6). In our study, we couldn’t observe
any interaction between G3BP and CHIKV nsP3 protein. This lack
of interaction could be due to low expression of G3BP proteins in
THP1-derived macrophages. Notably, THP1-derived macrophages
showed permissiveness to CHIKV infection, while earlier reports
suggested that the G3BP1 protein is predominantly found in non-
permissive macrophages (36, 37). Further in-depth studies are
needed to shed more light on these observations. CHIKV requires
macrophage as an obligate host for its replication. Interacting
partner H™ ATPase is important for the maintenance of
endosomal and lysosomal activity that the virus requires to
establish a successful replication in the macrophage (38). Other
interacting partners such as the PABPs have previously been
reported to be essential in viral replication. It is known that
viruses are dependent on host cellular systems using PABPs to
aid replication and protein synthesis. Even without specific nuclear
signals, PABPs can shuttle between the nucleus and cytosol. Viruses
can regulate the host translation initiation process by cleaving
PABPs or relocating them into the nucleus. Also, they can
interfere with stress granules containing PABPs (39). Previous
reports demonstrated that CHIKV interacts with HSP70 for its
entry into the mosquito cell (40) and HSP40 is a crucial partner of
HSP70. Hence, we hypothesize that CHIKV nsP3 may interact with
both PABPs and HSP40, potentially impacting the viral replication.
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Our PPI landscape revealed certain proteins that indirectly
interact with CHIKV-nsP3. Earlier studies on rotavirus
demonstrated the interaction of viral nsP3 with viral mRNAs,
elF4G, and a cellular protein called RoXaN. These interactions
help in suppressing the host translation machinery by displacing the
cytoplasmic poly(A) binding protein (PABP-C1) (41). Similarly, in
coronavirus, viral nsP3 dislodged PABP-C4 from the translation
system by interacting with several cellular factors such as eIF4G and
RoXaN (42). Altogether, understanding the protein-protein
interactions network in CHIKV infections has provided insights
into the functional role of the interacting partners, and future
investigations are required to decipher the mechanisms used by
the virus to infect and evade the macrophage immune system.

5 Limitations

While this study provides valuable insights into the molecular
interactions between CHIKV and host cells, several limitations
should be acknowledged. First, the high-confidence interactions
identified between CHIKV-nsP3 and human proteins require
further validation to confirm their biological significance. Also,
we acknowledge that the use of mitogen-induced THP-1 derived
macrophages may not be the ideal alternative to hPBMC-derived
macrophages as there is very less secretion of IL-6, 8 and 10 during
inflammatory condition. Furthermore, the identified host pathways
involved in CHIKYV replication are based on proteomics data, which
may not capture post-translational modifications or dynamic
changes in protein-protein interactions that could be crucial for
understanding the host-virus interplay.

6 Conclusion

This study demonstrates the power of proteomic techniques in
elucidating the intricate relationship between chikungunya virus
(CHIKV) and host cells, particularly human THP-1 cells. The
proteomic profile of CHIKV-infected THP-1 cells was analyzed
using LC-MS-based mass spectrometry, revealing the involvement
of the CHIKV-nsP3 protein in various host pathways and its
interaction with macrophage lysates. Critical cellular pathways
implicated in viral replication were identified, including metabolic
pathway, cGMP-PKG signaling pathway, calcium signaling, and
mRNA surveillance pathway. Notably, host cell metabolism and
particularly the TCA cycle were found to be pivotal for virus
replication. In addition, the cGMP-PKG signaling pathway
modulates the innate immune response, while calcium, an
intracellular messenger, is implicated in multiple stages of viral
infection. Further investigation confirmed the localization of the
nsP3 protein in the cytoplasm and its interaction with host cell
proteins, including PABPs and HSP40, disrupting cellular processes
and potentially affecting viral replication. While CHIKV was found
to modulate the RNAi pathway through its nsP3 and nsP2 proteins,
no direct interactions between the nsP3 protein and core RNAi
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proteins were found in human macrophages. Overall, this study
provides valuable insights into the molecular interactions between
CHIKV and its host cells, opening new avenues for targeted
antiviral strategies.
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