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A B S T R A C T

Infection with pathogenic viruses is often sensed by innate receptors such as Toll-Like Receptors (TLRs) which stimulate type I and III interferons (IFNs) responses, to
generate an antiviral state within many cell types. To counteract these antiviral systems, many viruses, including severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), encode non-structural proteins (NSPs) that mediate immune evasion. Using an overexpression system in A549 cells, we demonstrated a significant
increase (p � 0.0001) in Vesicular Stomatitis Virus (VSV)-EGFP reporter virus replication in cell lines overexpressing either the SARS-CoV-2 NSP1 or NSP15 when
compared to control A549 cells. The increase in VSV-EGFP virus output was associated with a decrease in TLR2, TLR4 and TLR9 protein expression and a lack of
antiviral protein production. Truncation of both NSP1 and NSP15 led to an increase in cellular TLR2, TLR4 and TLR9 as well as a decrease in TLR2 expression
respectively. This observation can be attributed to the presence of a functional domain in NSP1 and NSP15 between amino acid (aa) 120–180 and aa 230–346,
respectively. Both TLR3 and TLR9 ligands but not TLR2 ligand were highly effective at overcoming NSP1 and NSP15 functional interference based on significant
decrease (p � 0.0001) in VSV-EGFP virus replication. NSP1 or NSP15 intracellular interactions are likely low affinity interactions that can be easily disrupted by
stimulating cells with specific TLR3 and TLR9 ligands. This report provides insights into the role of SARS-CoV-2 NSP1 and NSP15 in limiting specific TLR pathway
activation, as an evasive mechanism against host innate responses.
1. Introduction

The 2019 severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), a beta-coronavirus, is at the center of the unprecedented Covid-
19 global health pandemic (Arunachalam et al., 2020; Jiang et al., 2020).
This virus is thought to have originated from wildlife, hence is regarded
as a zoonotic pathogen (World Health Organization: www.who.int/csr/s
ars/country/en/country2003_08_15.pdf). Primary infection with
SARS-CoV-2 occurs in human bronchial epithelial cells, pneumocytes and
upper respiratory tract cells. Interaction between the viral glycoprotein,
Spike (S), and host angiotensin converting enzyme 2 (ACE2) receptor
facilitates viral entry and subsequent genome replication.

The genome of SARS-CoV-2 comprises 14 open reading frames
(ORFs), two-thirds of which encode 16 non-structural proteins
(NSP1–16) that not only make up the replication complex upon entry into
a cell (Blanco-Melo et al., 2020; Chu et al., 2020; Setaro and Gaglia,
2021). These NSPs serve a variety of roles in virus replication, assembly,
and evasion of host anti-viral sensors (Blanco-Melo et al., 2020; Setaro
and Gaglia, 2021). Understanding innate immune evasion mechanisms
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by a virus is essential to gain an understanding of its pathogenesis (Jiang
et al., 2020). Improper or delayed innate responses have been strongly
associated with failure to control primary SARS-CoV-2 infection and
progression to fatal Covid-19 disease (Blanco-Melo et al., 2020; Iwasaki
and Yang, 2020). Type I interferon (IFN) evasion mechanisms is one of
the strategies utilized by the SARS-CoV-2 virus (Chu et al., 2020). Type I
and type III IFNs constitute the first lines of host defense against viral
infections (Müller et al., 1994; Sadler and Williams, 2008). Following
infection, pathogen-associated molecular patterns (PAMPs) of viruses are
recognized by various host pattern recognition receptors (PRRs), such as
Toll-like receptors (TLRs), retinoic acid-inducible gene I (RIG-I)-like re-
ceptors (RLRs), and nucleotide binding and oligomerization domain
(NOD)-like receptors (NLRs) (Meylan et al., 2006). PRRs recognition of
their cognate ligand subsequently triggers adaptor proteins such as
TIR-domain-containing adapter-inducing interferon-β (TRIF), Tumor
necrosis factor (TNF) receptor associated factor (TRAF) 6 and myeloid
differentiation primary response 88 (MyD88), and subsequent phos-
phorylation of transcription factors, interferon regulatory factor (IRF)1,
IRF3 and IRF7 (Sadler andWilliams, 2008). IRFs mediate transcription of
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type I (IFN-α and IFN-β) and type III IFN (IFN-λ) genes which in turn
induce interferon stimulated genes (ISG) that have antiviral activity,
promoting viral clearance by interfering with replication, packing, exit
and spread (Der et al., 1998; Sadler and Williams, 2008). Melanoma
differentiation-associated protein 5 (MDA-5), an intracellular PRR, can
effectively sense the SARS-CoV-2 virus dsRNA upon infection which
leads to IFN expression (Hoagland et al., 2021; Sampaio et al., 2021).
However, SARS-CoV-2 infected cells lack the ability to mount an effective
MDA-5 mediated antiviral response but are highly responsive to exoge-
nous IFNs (Deng and Baker, 2018; Lokugamage et al., 2020). In contrast,
sensing of viral dsRNA by TLR3 and its subsequent signalling via MyD88
is associated with greater resistance to SARS-CoV infection in mice
(Sheahan et al., 2008; Totura and Baric, 2012).

Most viruses have developed mechanisms that suppress IFN expres-
sion or signaling (Hadjadj et al., 2020; Hengel et al., 2005). For instance,
both the SARS-CoV and Middle East respiratory syndrome virus (MERS)
possess early expressing genes, such as NSP1, NSP3, NSP8 and NSP15,
which delay type I or type III IFN production or function (Chen et al.,
2011; Huang et al., 2011; Kamitani et al., 2006; Kumar et al., 2007;
Menachery et al., 2017). Given the pivotal role of IFN signalling in
coronavirus infection, there is a need to better understand how
SARS-CoV-2 can antagonize IFNs and also to develop means to neutralize
this antagonistic activity. The present study aimed to demonstrate the
effects of TLR ligands in overcoming antagonistic functions of
SARS-CoV-2 NSP1 and NSP15. Therefore, this study investigated the
potency of the SARS-CoV-2 NSP1 and NSP15 in mediating immune
evasion of host antiviral responses.

2. Materials and methods

2.1. Plasmid and cloning

The 2019 SARS-CoV-2 NSP1 and NSP15 were human codon-
optimized using the IDT codon-optimization tool (https://www.idtdna.
com/codonopt). Start codons were added to NSP1 (accession number:
YP_009725297.1) and NSP15 (accession number: YP_009725310.1), and
a Kozak sequence was added before each start codon. A HindIII and
EcoRV restriction sites were also added before the Kozak sequence and
after the coding sequence respectively. Sequences were synthesized by
ThermoFisher Scientific gene art synthesis into a pMX plasmid with
ampicillin resistance. DH5α competent cells were transformed with the
pMT-NSP1-NSP15. Plasmids, pMT-NSP1-NSP15 and pCDNA3.1/V5–HIS-
TOPO were digested (HindIII and EcoRV restriction enzymes; New En-
gland Bioscience, ON, CA) and gel purified (Qiagen, ON, CA). NSP1and
NSP15 gene fragments were subcloned (T4 ligation; New England
Bioscience, ON, CA) into the pCDNA3.1/V5–HIS TOPO plasmid (lab
stocks). DH5α competent cells were transformed and utilized to propa-
gate the respective plasmids. All plasmids were linearized by BglII (New
England Bioscience, ON, CA) digestion for transfection.

Truncation of NSP1 and NSP15: NSP1 and NSP15 were truncated by
high fidelity PCR (GoTaq polymerase; Promega, WI, USA) using designer
Table 1
Primer sequences used for PCR.

Target Primer sequencesa Accession
No.

NSP1 1/
3

Fwd AAGCTTGCCACCATGGAGAGCCTTGTCC NC_045512.2
Rev GATATCCAAGTTGAGGCAAAACGCCT

NSP1 2/
3

Fwd AAGCTTGCCACCTGCCTCAACTTGAACAGCCC NC_045512.2
Rev GATATCCTTGCGGTAAGCCACTGGTA

NSP15
1/3

Fwd AAGCTTGCCACCATGGTTTAGAAAATGTGGCT NC_045512.2
Rev GATATCTCGTTTCAGTTGGTTTCTTGGC

NSP15
2/3

Fwd AAGCTTGCCACCTTGTGCACCACTCACTGTCT NC_045512.2
Rev GATATCCAATTTCCATTTGACTCCTGGGT

a The boldface at 5' ends represents the HindIII and EcoRV restriction se-
quences inserted for restriction cloning into the pCDNA3.1/V5–HIS-TOPO
plasmid.
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primers (Table 1) to generate NSP1-one third length (1/3), NSP1-two
third length (2/3), NSP15-1/3 and NSP15-2/3 with respective 5’-Hin-
dIII and 3’-EcoRV restriction sites. Gel purified truncated DNA fragment
were ligated into pDRIVE vectors (TA cloning; Qiagen, ON, CA) and
subcloned (HindIII and EcoRV restriction digestion) into the pCDNA3.1/
V5–HIS TOPO plasmid. DH5α competent cells were transformed and
utilized to propagate the respective plasmids. All plasmids were linear-
ized by BglII (New England Bioscience, ON, CA) digestion for
transfection.

2.2. Cell culture

(i) Cell: A549 cells were cultured and maintained (37 �C and 5% CO2)
in Dulbecco’s modified Eagle’s medium (DMEM; Corning, CA)
supplemented with 10% fetal bovine serum (FBS; Gibco, Life
Technologies, CA) and 0.1% penicillin–streptomycin (Gibco, Life
Technologies, CA).

(ii) Transfection/Stably expressing cell lines: One hundred thousand
A549 cells were plated per well in a 24 well plates (15.6 mm
wells). Overnight cells (>80% confluent) were transfected, ac-
cording to manufacturer’s recommendation, using Lipofectamine
stem reagent (Life Technologies, CA) with up to 1 μg of linearized
pCDNA3.1/V5–HIS-TOPO empty vector or recombinant express-
ing NSP1, NSP1-1/3, NSP1-2/3, NSP15, NSP15-1/3 and NSP15-2/
3. After 48 h (hrs), cells were passaged (0.5% trypsin; Life Tech-
nologies, CA) into T25 flasks and treated with 800 μg/mL G418 in
DMEM complete medium (10% FBS and 0.1% pen-
icillin–streptomycin). Medium were changed every 48 h until
proliferating island of cells were observed. After 3 weeks of anti-
biotic selection, stably expressing cell lines (A549-pCDNA3.1,
A549-NSP1, A549-NSP15, A549-NSP1-1/3, A549-NSP1-2/3,
A549-NSP15-1/3 and A549-NSP1-2/3) were confirmed by PCR
and western blot.

2.3. Anti-viral assay

To define the biological activity of NSPs, antiviral assays (AVA) are
often applied whereby vesicular stomatitis virus (VSV) is employed due
to its sensitivity to IFN where wildtype viruses cannot be utilized
(Meager, 2002). In this assay, proteins are tested for their ability to
complement the growth of a recombinant VSV-EGFP virus. As has been
demonstrated with human cell lines, VSV-EGFP can be used as an
effective reporter virus in overexpressing cell lines to study IFN induction
and signalling (Liu et al., 2017; Zheng et al., 2020).

(i) Stimulation: A549 cells and stably expressing cell lines were
seeded in 96 well plates at a rate of 6.0 � 104 cells per well (37 �C
and 5% CO2) in DMEM complete medium (100 μl). Next day, all
adherent cells lines were visualised under a light microscope to
confirm>95% cell confluency. Cells were washed with phosphate
buffered saline (PBS) buffer and pre-treated for 2 h with the
following TLR ligands: TLR2 ligand PAM3CSK4 (0.005, 0.05, 0.5
and 5 μg/mL; Invivogen, CA), TLR3 ligand Poly-
inosinic:polycytidylic acid (polyI:C) (0.005, 0.05, 0.5 and 5 μg/
mL; Invivogen, CA), TLR4 ligand lipopolysaccharides from
Escherichia coli O111:B4 (LPS) (0.01, 0.1, 1.0, 10 and 50 μg/mL;
Millipore-Sigma, CA) and TLR9 ligand CpG ODN 2007 (0.005,
0.05, 0.5, 5 and 50 μg/mL, Life Technologies, CA).

(ii) Infection and Readout: A549 cells and stably expressing cell lines
were infected (multiplicity of infection; MOI of 0.4) with the ve-
sicular stomatitis virus (VSV)-EGFP and incubated (37 �C and 5%
CO2) for 24 h. Infected well were viewed (GFP signal) using an
inverted fluorescence microscope (Leica, DMi8 S Platform) to
determine infection rate prior to readout. Cells were read using a
GloMAX-Multi microplate reader (360/40 nm excitation filter, a
460/40 nm emission filter). The mean GFP-fluorescence readout
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in uninfected cells was used as the normalization factor for VSV-
EGFP readout in infected A549 cells. Cell numbers (DAPI stain-
ing) were also used to normalize readout.
2.4. Flow cytometry

Intracellular TLR staining: Three hundred thousand A549 cells stably
expressing NSP1, NSP1-1/3, NSP1-2/3, NSP15, NSP15-1/3 and NSP15-
2/3 were stained (10 min in 1% bovine serum albumin buffer: BSA)
with 7-AAD (ThermoFisher Scientific, Ca) and subsequently fixed for 30
min using the fixation/permeabilization kit (BD bioscience, Ca). Cells
were incubated in permeabilization (perm/wash) buffer for 30 min at 4
�C, blocked (20 min at 4 �C) with 1% bovine serum albumin (BSA) fol-
lowed by incubation (20 min at 4 �C) with mouse anti-TLR2-biotin
(eBioscience, Life Technologies, Ca), rat anti-TLR3 (eBioscience, Life
Technologies, Ca), mouse anti-TLR4-biotin (eBioscience, Life Technolo-
gies, Ca) and mouse anti-TLR9-biotin (eBioscience, Life Technologies,
Ca). Cells were washed twice in staining buffer (PBS þ 1% BSA) and
again incubated with streptavidin-PE (Life Technologies, Ca) or Mouse
anti-rat-PE for 20 min at 4 �C in staining buffer. Finally, cells were
washed twice in staining buffer and acquired on a BD FACS Canto II and
the data were processed by FlowJo V10 software.
2.5. RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from A549 stably expressing cell lines using
TRIzol (ThermoFisher Scientific, CA) according to the manufacturer’s
protocol and treated with DNA-free DNase (ThermoFisher Scientific, CA).
Subsequently, 1 μg of purified RNA was reverse transcribed to cDNA
using a Superscript II first-strand synthesis kit (ThermoFisher Scientific,
CA) and oligo(dT) primers according to the manufacturer’s recom-
mended protocol. The resulting cDNA was diluted 1 : 10 in diethyl
pyrocarbonate-treated (DEPC) water. qRT-PCR using SYBR green was
performed on diluted cDNA using a LightCycler 480 II (Roche Di-
agnostics GmbH, Mannheim, GER) as according to manufacturer’s
recommendation. In brief, the quantitative qRT-PCR was performed with
the following conditions: initial denaturation was performed at 95 �C for
Table 2
Primer sequences used for Real-Time PCR.

Target Primer sequence

Pan-IFNα Fwd CACACAGGCTTCCAGGCATTC
Rev TCTTCAGCACAAAGGACTCATCT

IFN-β Fwd TGCTCTCCTGTTGTGCTTCTCCAC
Rev ATAGATGGTCAATGCGGCGTCC

IFN-λ1 Fwd CGCCTTGGAAGAGTCACTCA
Rev GAAGCCTCAGGTCCCAATTC

IRF-1 Fwd TCTTAGCATCTCGGCTGGACTTC
Rev CGATACAAAGCAGGGGAAAAGG

IRF-7 Fwd GATGTCGTCATAGAGGCT GTTG
Rev TGGTCCTGGTGAAGCTGGAA

ISG15 Fwd GAGAGGCAGCGAACTCATCT
Rev AGGGACACCTGGAATTCGTT

ISG54 Fwd ATTCTATCACCAAGCCCGTGG
Rev TGGAGTCTGGAAGCCTCATCC

ISG56 Fwd CAGCAACCATGAGTACAAAT
Rev AAGTGACATCTCAATTGCTC

OAS1 Fwd GCCCTGGGTCAGTTGACTGG
Rev TGAAGCAGGTGGAGAACTCGC

PKR Fwd ACACTCGTCTCTGAATCATC
Rev GAGACCATTCATAAGCAACG

IFIT1 Fwd GATCTCAGAGGAGCCTGGCTAA
Rev TGATCATCACCATTTGTACTCAT

IFITM3 Fwd GATGTGGATCACGGTGGAC
Rev AGATGCTCAAGGAGGAGCAC

VIPERIN Fwd GAGAGCCATTTCTTCAAGACC
Rev CTATAATCCCTACACCACCTCC

GAPDH Fwd TACTCCTTGGAGGCCATGTG
Rev CACAGTCCATGCCATCACTG

3

5 min, followed by 40 cycles of denaturation at 95 �C for 10 s (s), primer
annealing listed in Table 2 for 15s and extension at 72 �C for 20s, with
end point melt-curve analysis. The relative fold change of target genes
was calculated by 2�ΔΔCT method. The Ct value for each sample was
normalized against GAPDH housekeeping gene for respective sample.
Data represent means from 6 biological replicates, using primers outlined
in Table 1.
2.6. Western blot

Protein samples were prepared by lysing cells in RIPA lysis buffer (10
mM Tris, pH 7.5, 5 mM EDTA, 150 mMNaCl, 0.1% SDS, 1% TritonX-100,
1% sodium deoxycholate) containing protease and phosphatase in-
hibitors (Roche, Ca) and quantified by spectrophotometry. Lysates were
boiled in Laemmli’s sample loading buffer (Millipore-Sigma, ON, CA)
and loaded onto 10% SDS-PAGE precast gels (Bio-Rad, ON, CA). After
semidry transfer of SDS-PAGE onto a nitrocellulose membrane, the
membrane was blocked in 5% skim milk powder for 2 h. The membranes
were incubated on a shaker with the anti-V5 (IgG2a isotype; life Tech-
nologies, ON, CA) primary antibody for 12 h at 4 �C, washed, and
incubated on a shaker with a rabbit anti-mouse IgG2a-biotin for 12 h at 4
�C. Finally, the blots were developed with a chemiluminescence kit
(Thermo Fisher Scientific, ON, CA) and imaged using a Biorad ChemiDoc
XRS þ reader.
2.7. Confocal microscopy

A549 (NSP1 full length, NSP1-1/3, NSP1-2/3, NSP15 full length,
NSP15-1/3 and NSP15-2/3) stably expressing cell lines were prepared
for imaging. Cells were trypsinized and seeded in 24-well plates that
contained 12-mm-diameter round coverslips at a rate of one hundred
thousand cells per well. In brief, A549 stably expressing cells were fixed
with 4% paraformaldehyde for 45 min at room temperature (RT) and
washed twice with PBS. Cells were subsequently permeabilized with
0.1% Triton X-100 buffer solution (15 min at RT), blocked (1 h in 0.5%
BSA–PBS), and incubated overnight (4 �C) with an anti-V5 (mouse IgG2a;
0.5 μg/500 μl in 0.5% BSA–PBS) and anti-LAMP1 (mouse IgG1; 0.5 μg/
Accession No. Annealing temp (oC)

NC_045512.2 61
G

NM_002176.4 61

NM_172140.2 61

NM_002198.3 61

G NM_004029.4 61

NM_005101.4 60

NM_001547.5 60

NM_001548 60

NM_016816 60

NM_002759 60

NM_001548.5 60
GG

NM_021034.3 61

NM_080657 60

NM_001357943.2 61
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500 μl in 0.5% BSA–PBS). Cells were washed twice with PBS and again
incubated overnight (4 �C) with anti-IgG2a-488 nm (goat anti-mouse,
0.5 μg/500 μl in 0.5% BSA–PBS) and anti-IgG1-488 nm (goat anti-
mouse, 0.5 μg/500 μl in 0.5% BSA–PBS). The next day, nuclei were
labeled with DAPI. Coverslips were mounted in Vectashield mounting
medium for fluorescence imaging.

(i) Visualization: Cells were viewed using a Leica SP5 laser scanning
confocal microscope, and optical sections were recorded using
either 663 or 640 nM with a numerical aperture of 1.4 or 1.25,
respectively. All data were collected sequentially to minimize
cross talk between fluorescence signals. The data are presented as
maximum projections of z-stacks (20–25 sections: spacing of 0.3
mm). Maximum projections of z-stacks were analyzed with LAS
AF software for localization of the relative fluorescence intensity
across a straight line.

(ii) Manders’ colocalization coefficient: All images were processed using
Fiji – ImageJ software, and Manders’ colocalization coefficient
was calculated using the colocalization (COLOC) function for a
specified region of interest (ROI). Manders’ M1 and M2 weighted
coefficients were calculated to determine the extent of colocali-
zation between a pair of fluorescent signals and imaged in two
channels. Manders’ M1 determines the degree of channel coloc-
alization (NSP1–V5 or NSP15–V5 with LAMP1) and M2 de-
termines the reverse.
4

2.8. Protein alignment

NSP1 and NSP15 Protein sequences from SARS-CoV-2
(YP_009724392.1), SARS-CoV (NP_828854.1), MERS
(YP_009047226.1) and bat SARS-like CoV (AGZ48809.1) were aligned
and phylogenetic tree, 1000 boot strap, generated using MEGA X
(megasoftware.net).

2.9. Statistical analysis

All data are presented as means � standard deviations (SD) from at
least three independent experiments. Quantification was performed
using GraphPad Prism 7 forWindows. The differences between groups, in
each experiment, were analyzed by one-way analysis of variance
(ANOVA) followed by a Tukey multiple-comparison test or non-
parametric Wilcoxon tests (Mann-Whitney) to identify those groups
that differed if the ANOVA result was significant. Results were consid-
ered statistically significant at a P value of < 0.05 (*).

3. Results

3.1. NSP1 and NSP15 stably expressing cells lines support an increase in
RNA virus replication

The bat coronavirus and SARS-CoV, but not MERS, shared greater
Fig. 1. NSP1 and NSP15 stably expressing A549
cells lines. Phylogenetic analysis of the SARS-CoV-2
(A) NSP1 and NSP15 as performed using MEGAX
software. (B) NSP1 and NSP15, part of the ORF1a
and 1b were subcloned into a pCDNA3.1/V5–HIS-
TOPO plasmid (HindIII and EcoRV restriction sites)
and transfected into A549 cells. Expression of (C)
NSP1 and (D) NSP15 was confirmed by total RNA
extraction (polymerase chain reaction; PCR) and
total protein extraction (Western blot). (E) Repre-
sentative pictures of confocal microscopy imaging
with maximum projections of z-stacks for each
channel demonstrating the subcellular localization
of expressed NSP1 (anti-V5 antibody; 488 nm) and
NSP15 (anti-V5 antibody; 488 nm) and lysosome-
associated membrane protein 1 (LAMP-1) (red) in
stably expressing A549 cells. Maximum projections
of all combined channels (merge) were analyzed
using LAS AF software to determine the relative
fluorescence intensity (arbitrary units [A.U]) pro-
files in stably expressing cell line for anti-V5 (green)
and DAPI (blue) and LAMP-1 (red) along the white
line path (micrometers) indicated in the corre-
sponding ROIs (merge) demonstrating overlapping
signals. Validation of colocalization efficiencies by
Manders’ colocalization coefficient as analyzed
using ImageJ 72 h. Colocalizations between (F)
NSP1-anti-V5 (M1) and LAMP-1 (M2) and (G)
NSP15-anti-V5 (M1) and LAMP-1 (M2) represent
the overlap of M1 as the denominator and vice versa
(n ¼ 50). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)

http://megasoftware.net
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genome sequence similarity (>90%) in their NSP1 and NSP15 with
SARS-CoV-2 (Fig. 1A). Sequence similarity informs of a conserved 3D
structure that likely targets the ribosome at the translation initiation step
(Kim et al., 2020; Schubert et al., 2020). Coding sequences of either NSP1
or NSP15 of SARS-CoV-2 were subcloned into two different
pCDNA3.1/V5–HIS-TOPO plasmid (Fig. 1B) which were transfected into
A549 cells, an adenocarcinomic human alveolar basal epithelial cells.
Modified A549 cell lines, through antibiotic selection (G418), were
confirmed to express either NSP1 (Fig. 1C) or NSP15 (Fig. 1D), at RNA
and protein levels. Cells were tested, on a bi-weekly basis by PCR to
confirm retention and sustained overexpression of NSP1 or NSP15. Using
a light microscope or by FACS, no cytotoxic effects were observed in
A549 cells as a result of overexpression of either NSP1 or NSP15. Both
NSP1 and NSP15 overexpressing A549 cell lines were subsequently
probed by confocal microscopy and the result demonstrate that both
NSP1 (V5-488 nm) and NSP15 (V5-488 nm) localised mainly within the
cytoplasm forming focal punctate as demonstrated by the relative fluo-
rescence intensity based on the specific region of interest (ROI) identified
(Fig. 1E). NSP15 more so than NSP1 was found in the nucleus (DAPI),
while NSP1 showed perinuclear localization. The NSP1 and NSP15
punctate colocalized to a high degree with lysosomal vesicle as defined
by lysosomal-associated membrane protein 1 (LAMP1). Manders’ coef-
ficient for LAMP-1 and NSP15 (Fig. 1F) or NSP1 (Fig. 1G) confirms these
observations suggesting the involvement of lysosomal vesicles in its
subcellular trafficking.

To understand the importance of either NSP1 or NSP15 over-
expression for subcellular signalling or responses, a VSV-EGFP-based
reporter assay was utilized to characterise differences between these
cell lines (Fig. 2). All experiments were performed with a minimum of six
replicates and repeated three times. Data were normalized to uninfected
cells and analyzed by non-parametric Wilcoxon tests (Mann-Whitney).
Both NSP1 and NSP15 overexpressing cell lines can effectively support
higher VSV-EGFP virus replication as confirmed by GFP readout. The
results demonstrated a significant (p� 0.001) increase in VSV-EGFP virus
output by 67.24% and 102.26% in NSP1 (Fig. 2A) and NSP15 (Fig. 2B),
respectively. No effects on VSV-EGFP readouts were observed in empty
vector control when compared to unmodified A549 cells.
5

3.2. Differential expression of innate sensors in both NSP1 and NSP15
stably expressing cells

Innate sensing by TLRs and subsequent downstream signalling is
essential for the host cell to mount an effective anti-viral immune
response. To demonstrate how either NSP1 or NSP15 overexpression can
sustain higher VSV-EGFP replication, cell lines were probed by flow
cytometry for expression of TLR2, TLR3, TLR4 and TLR9 protein. Rep-
resentatives of FACS histogram plots are shown demonstrating detection
of TLR2 (Fig. 3A), TLR3 (Fig. 3B), TLR4 (Fig. 3C) and TLR9 (Fig. 3D) in
A549 cells. The total number of cells expressing TLR2, TLR3, TLR4 and
TLR9 protein were analyzed. The results demonstrates that NSP1 over-
expressing cells had altered expression levels of TLR2, TLR4 and TLR9,
whereas NSP15 overexpressing cells had altered TLR2 expression based
on relative cell number and fluorescence intensity (Fig. 3). Specifically,
there was a significant decrease in the total number of NSP1 over-
expressing A549 cells ability to express TLR2 (p � 0.005) (Fig. 3E), TLR4
(p � 0.05) (Fig. 3E) and TLR9 (p � 0.005) (Fig. 3E) when compared to
unmodified A549 cells or NSP15 overexpressing cells. There was no
difference in the total number of cells expressing TLR2, TLR3, TLR4 and
TLR9 protein when comparing unmodified A549 to NSP15 over-
expressing cells. In contrast, there was significantly higher (p � 0.005)
number of TLR2 expressing cells in NSP15 overexpressing cells when
compared to unmodified A549 cells or NSP1 overexpressing cells
(Fig. 3E). However, there was no difference in TLR3 expression level
(Fig. 3E) in all cell lines. Crosslinking of TLRs eventually leads to
downstream phosphorylation of IRF and their respective nuclear trans-
location. At the mRNA level, NSP1 overexpressing cells had significantly
(p � 0.005) higher transcript levels of IRF1 and IRF7 when compared to
A549 and NSP15 overexpressing cells (Fig. 3F). Similar transcript levels
of IRF1 and IRF7 were observed between A549 and NSP15 over-
expressing cells (Fig. 3F).
3.3. Stimulation of TLR3 and TLR9 is effective at overcoming NSP1 and
NSP15 pro-viral effects

To explore whether either NSP1 or NSP15 overexpressing cells sup-
ported higher VSV-EGFP viral replication is linked to either limiting TLR
Fig. 2. Replication of VSV-EGFP in NSP1 and
NSP15 stably expressing A549 cells lines. Replica-
tion efficiency of the interferon sensitive VSV-EGFP
virus in A549 cells. Analysis of VSV-EGFP (moi ¼
0.4) virus replication in (A) NSP1 and (B) NSP15
stably expressing A549 cells lines compared to
control transfected (pCDNA3.1/V5–HIS-TOPO) or
negative (A549 cells) based on fluorescence (EGFP;
excitation 490 nm). The mean fluorescence unit in
uninfected cells was used as the normalization fac-
tor for VSV-EGFP readout in infected A549 cells.
Non-parametric Wilcoxon tests (Mann-Whitney) was
used to assess normal distribution and test signifi-
cance with the results shown as mean � SD. **** (p
� 0.001) indicates a statistically significant differ-
ence. All viral infection experiments were per-
formed in 10 technical replicates, and the data are
representative of results from 3 independent
experiments.



Fig. 3. TLR expression in NSP1 and NSP15
stably expressing A549 cells. Representative
overlapping FACS histogram demonstrating
the expression of (A) TLR2 (B) TLR3 (C)
TLR4 and (D) TLR9 gated on live (7AAD-)
cells to analyze (E) the number of live cells
expressing TLR2, TLR3, TLR4 and TLR9 in
NSP1 and NSP15 stably expressing A549
cells lines compared to negative control
(A549 cells). (F) Fold changes in gene
(Interferon regulatory factor 1; IRF1 and
IRF7) expression based on qRT-PCR in NSP1
and NSP15 stably expressing A549 cells lines
over negative control (A549 cells). Non-
parametric Wilcoxon tests (Mann-Whitney)
was used to assess normal distribution and
test significance with the results shown as
mean � SD. * (p � 0.05), and *** (p � 0.005)
indicates a statistically significant difference.
All experiments were performed in 3 tech-
nical replicates, and the data are represen-
tative of results from minimum of 3
independent experiments.
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sensing or subverting IFN expression, cell lines were pre-stimulated for 2
h with various concentration of specific TLR ligands; PAM3CSK4 (TLR2
ligand), polyI:C (TLR3 ligand), LPS (TLR4 ligand) and class B CpG ODN
2007 (TLR9 ligand). Post-stimulation, the cells were infected with a VSV-
Fig. 4. TLR ligand sensitivity of NSP1 and NSP15 stably expressing A549 cells. Replic
of VSV-EGFP (moi ¼ 0.4) virus replication in NSP1 and NSP15 stably expressing A
negative (A549 cells) based on fluorescence (EGFP; excitation 490 nm). Cell lines wer
mL), (B) TLR9 ligand CpG ODN 2007 (0.005, 0.05, 0.5 and 5 μg/mL), (C) TLR2 ligand
1.0, 10 and 50 μg/mL) prior to infection with VSV-EGFP. Fold changes in (E) IRF1 an
OAS, PKR, IFIT1 and IFITM-3 gene expression based on qRT-PCR in NSP1 and NSP15
for 2 h with 5 μg/mL CpG ODN 2007. The mean fluorescence unit in uninfected cel
cells.Non-parametric Wilcoxon tests (Mann-Whitney) and one-way ANOVA was use
mean � SD. ** (p � 0.01), *** (p � 0.005) and **** (p � 0.001) indicates a statistic
technical replicates, and the data are representative of results from 3 independent e
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EGFP (MOI ¼ 0.4) virus (Fig. 4). All experiments were performed with a
minimum of six replicates and repeated three times. Data were analyzed
by non-parametric Wilcoxon tests (Mann-Whitney). Both NSP1 and
NSP15 overexpressing cells could limit polyI:C (0.005 and 0.05 μg/ml),
ation efficiency of the interferon sensitive VSV-EGFP virus in A549 cells. Analysis
549 cells lines compared to control transfected (pCDNA3.1/V5–HIS-TOPO) or
e pre-stimulated (2 h) with (A) TLR3 ligand POLY; IC (0.005, 0.05, 0.5 and 5 μg/
PAM3CSK4 (0.005, 0.05, 0.5 and 5 μg/mL), and (D) TLR4 ligand LPS (0.01, 0.1,
d IRF7, (F) PAN-IFN-α, IFN-β and IFN-γ, and (G) ISG-15, ISG-54, ISG-56, Viperin,
stably expressing A549 cells lines over negative control (A549 cells) stimulated
ls was used as the normalization factor for VSV-EGFP readout in infected A549
d to assess normal distribution and test significance with the results shown as
ally significant difference. All viral infection experiments were performed in 10
xperiments.
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CpG ODN 2007 (0.005, 0.05 and 0.5 μg/ml) and LPS (0.01–10 μg/ml)
antiviral activity at low doses but not at the highest dose. The results
demonstrate a dose dependent response that effectively limited VSV-
EGFP virus replication more so in polyI:C, and CpG ODN 2007, to a
lesser extent in LPS (anti-viral) but not in PAM3CSK4 pre-stimulated cell
lines. The highest concentration of polyI:C (5 μg/ml; Fig. 4A) and CpG
ODN 2007 (50 μg/ml; Fig. 4B) significantly limited (p � 0.001) VSV-
EGFP virus replication, 75.2% and 64.7% decrease respectively, in
NSP1 overexpressing cells when compared to vehicle pretreated cells.
Similarly, the highest concentration of polyI:C (5 μg/ml; Fig. 4A) and
CpG ODN 2007 (50 μg/ml; Fig. 4B) significantly limited (p� 0.001) VSV-
EGFP virus replication, 69.5% and 47.7% decrease respectively, in
NSP15 overexpressing cells when compared to vehicle pretreated cells. In
contrast, pre-treatment with the highest concentration of PAM3CSK4 (5
μg/ml) lead to a significant increase (p � 0.05) in VSV-EGFP replication
(92.1% increase) when compared to vehicle treated in both unmodified
and NSP1 overexpressing cells (Fig. 4C). The combination of NSP15
overexpression and stimulation with PAM3CSK4 (5 μg/ml) had no effect
on VSV-EGFP virus replication indicating a maximum rate of replication
had been achieved (Fig. 4A).

Subcellular protein localization critically influences their respective
function, and cells control protein localization to regulate biological
processes. Retention of proteins in specific subcellular compartments
could indicate functionality and resistance to host mechanisms. To
demonstrate if these TLR ligand stimulation affected NSP1 or NSP15
subcellular localization, cells were probed for confocal microscopy. Post
stimulation with PAM3CSK4 (5 μg/ml), polyI:C (5 μg/ml), LPS (50 μg/
ml) or CpG ODN 2007 (50 μg/ml), no changes in both NSP1 and NSP15
subcellular localization could be identified, based on punctate numbers
in the cytoplasm to nucleus (Sup Fig. 1).

To demonstrate an association between TLR ligand stimulation and
VSV-EGFP viral replication, qRT-PCR was performed post stimulation
with either PAM3CSK4 (5 μg/ml) (Sup Fig. 2), LPS (50 μg/ml), polyI:C (5
μg/ml) (Sup Fig. 3) or CpG ODN 2007 (50 μg/ml) to demonstrate in-
duction of ISGs (ISG15, ISG54, ISG56, viperin, OAS, PKR, IFIT1 and
IFITM3) mRNA transcripts. An inverse relationship was observed be-
tween VSV-EGPF virus replication and detection of ISGs mRNA tran-
scripts. Differential ISGs mRNA transcripts expression profiles were
detected between NSP1 and NSP15 overexpressing cells lines in response
to TLR ligand stimulation (Fig. 4E–G). Although stimulation with
PAM3CSK4 did not affect VSV-EGFP viral replication, at the mRNA level,
the results demonstrate higher transcript levels of IRF1 and 7 (sup
Fig. 2A), IFN-α, IFN-β, IFN-λ (Sup Fig. 2B) and ISG15, ISG54, ISG56,
viperin, 20,50-oligoadenylate synthetase (OAS), protein kinase R (PKR),
Interferon Induced Protein with Tetratricopeptide Repeats 1 (IFIT1) and
Interferon Induced Transmembrane Protein 3 (IFITM3) (Sup Fig. 2C) in
NSP1 overexpressing cells. In contrast, NSP15 overexpressing cells had
significantly lower transcript levels of IRF1 and 7 (sup Fig. 2A), IFN-α,
IFN-β, IFN-λ (Sup Fig. 2B) and ISG15, ISG54, ISG56, viperin, OAS, PKR,
IFIT1 and IFITM3 (Sup Fig. 2C). In CpG ODN 2007 stimulated cells,
significantly (p � 0.0001) higher IRF-7 but not IRF-1 transcripts levels
were detected in NSP1 overexpressing cells when compared to A549 cells
or NSP15 overexpressing cells (Fig. 4E). Higher IFN-α transcript levels
were detected in NSP1 overexpressing cell in response to CpG ODN 2007
(Fig. 4F). In contrast, both IFN-α and IFN-β mRNA transcript were
significantly (p � 0.005) lower in NSP15 overexpressing cells compared
to unmodified A549 or NSP1 overexpressing cell lines (Fig. 4F). IFN-λ
transcript levels were significantly higher in both NSP1 and NSP15
overexpressing cells when compared to unmodified A549 cells (Fig. 4F).

In response to CpG ODN 2007, NSP1 overexpressing cells had
significantly higher (p � 0.0001) transcripts of ISG15, ISG54, ISG56,
viperin, OAS, PKR, IFIT1 and IFITM3 (Fig. 4G). No difference in ISG-15
and IFIT1 transcripts was detected in NSP15 overexpressing cells
(Fig. 4G). In response to CpG ODN 2007 stimulation, higher (p� 0.0001)
ISG54, ISG56, and viperin transcripts levels were detected in NSP15
overexpressing cells (Fig. 4G). However, significantly (p � 0.05) lower
7

transcripts levels of PKR and IFITM3 were detected in CpG ODN 2007
stimulated NSP15 overexpressing cells when compared to A549 cells
(Fig. 4G).

3.4. NSP1 truncation is associated with decreased VSV-EGFP replication

To define a potential functional domain, the NSP1 coding sequence
was truncated by high fidelity PCR, subcloned into a pCDNA3.1/V5–HIS-
TOPO plasmid (Fig. 5) and transfected into A549 cells. The recombinant
NSP1 2/3 length (N1–C120 aa) was generated to produce a truncation
lacking the C-terminal domain. In addition, the recombinant NSP1 1/3
length (N1–C60 aa) lacked both the C-terminal domain and linker
sequence thereby leaving only the N-terminal domain (Fig. 5A). Such
targeted domain deletion would improve the stability of the expressed
truncated protein. Stably expressing cells lines were confirmed to over-
express either NSP1 full length (NSP1-FL), NSP1 2/3 or NSP1 1/3 at both
RNA and protein levels (Fig. 5A). Confocal microscopy of stably
expressing cell lines confirmed cytoplasmic localization of NSP1-FL,
NSP1 2/3 and NSP1 1/3 with a more diffuse expression pattern
observed in NSP1 2/3 and NSP1 1/3 overexpressing cells (Fig. 5B).

NSP1-FL, NSP1 2/3 and NSP1 1/3 stably expressing cell lines were
subsequently infected with VSV-EGFP (MOI¼ 0.4). All experiments were
performed with a minimum of six replicates and repeated three times.
Data were analyzed by non-parametric Wilcoxon tests (Mann-Whitney).
The results demonstrate an association between truncation of NSP1 and
VSV-EGFP virus replication in A549 overexpressing cells lines. Trunca-
tion of NSP1 to 1/3 length resulted in a 29% decrease (p � 0.0001)
(Fig. 5C) in VSV-EGFP virus replication when compared to NSP1-FL
overexpressing cells. Truncated NSP1 1/3 expressing cells did not show
an increase in VSV-EGPF virus replication unlike what was observed in
NSP1-FL expressing cells compared to unmodified cells (Fig. 5C). Cells
expressing truncated NSP1 2/3 had a 17.64% decrease (p� 0.01) in VSV-
EGFP virus replication when compared to NSP1-FL overexpressing cells
(Fig. 5C). Cells expressing truncated NSP1-2/3 could support higher (p�
0.01) VSV-EGFP virus replication compared to unmodified A549 cells
(Fig. 5C).

To further establish a relationship between VSV-EGFP virus replica-
tion, and NSP1 expression, A549 cells were probed to define expression
of various TLRs. Representatives of FACS histogram plots are shown
demonstrating detection of TLR2 (Fig. 5D), TLR3 (Fig. 5E), TLR4
(Fig. 5F) and TLR9 (Fig. 5G) in A549 cells. Truncation of NSP1 affected
the respective TLR expression levels in the A549 stably expressing cell
lines (Fig. 5D–H). The results demonstrate, based on relative cell number
and fluorescence intensity, following truncation of NSP1 by 1/3 and 2/3
length, an increase in total number of cells expressing TLR2 (p � 0.001)
(Fig. 5H), TLR4 (p � 0.05) (Fig. 5H) and TLR9 (p � 0.001) (Fig. 5H)
protein with no differences observed when compared to unmodified
A549 cells.

To prove that truncation of NSP1 can improve responsiveness to TLR
ligand stimulation, cell lines were pre-stimulated for 2 h with various
concentration of specific TLR ligands; PAM3CSK4 (TLR2 ligand), polyI:C
(TLR3 ligand), LPS (TLR4 ligand) and class B CpG ODN 2007 (TLR9
ligand). Post-stimulation, cells were infected with a VSV-EGFP (MOI ¼
0.4) virus (Fig. 5I-L). Data were analyzed by one-way ANOVA followed
by a Tukey multiple-comparison test or Mann-Whitney test. The results
demonstrated a dose dependent response that effectively limited VSV-
EGFP virus replication more so in polyI:C, CpG ODN 2007 and LPS
(anti-viral) but not PAM3CSK4 pre-stimulated cell lines. Truncation of
NSP1 to 1/3 length had no effect on negating antiviral signaling as
mediated by TLR ligand stimulation at any of the tested concentrations
with no differences observed in all groups when compared to A549 cells
(Fig. 5I-L). The dose response curve mirrored the unmodified A549 cells.
However, the specific activity of NSP1 C-terminal domain truncated
mutant (NSP1 2/3 length) resulted in a decrease in VSV-EGFP virus
replication when compared to that of full length NSP1 in response to CpG
ODN 2007 (p � 0.0001) (Fig. 5J), LPS (p � 0.0001) (Fig. 5K) and



Fig. 5. Identification of the NSP1 protein functional
domain. Truncation of NSP1 limits VSV-EGFP virus
replication. (A) Schematic diagram depicting the
full length of NSP1 and truncated NSP1 1/3 and
NSP1 2/3 in amino acid. The SARS-CoV-2 NSP1 was
truncated by high fidelity PCR (GoTaq) and subcl-
oned into a pCDNA3.1/V5–HIS-TOPO plasmid
(HindIII and EcoRV insertion sites) which was
transfected into A549 cells to generate stably
expressing cell lines. Expression were confirmed by
total RNA extraction (polymerase chain reaction;
PCR) and total protein extraction (Western blot). (B)
Representative pictures of confocal microscopy im-
aging with maximum projections of z-stacks for each
channel demonstrating the subcellular localization
of expressed full length of NSP1, NSP1 1/3 and
NSP1 2/3 (anti-V5 antibody; 488 nm) in stably
expressing A549 cells. Analysis of VSV-EGFP (moi
¼ 0.4) virus replication in (C) NSP1, NSP1 1/3 and
NSP1 2/3 stably expressing A549 cells lines
compared to control transfected (pCDNA3.1/
V5–HIS-TOPO) or negative (A549 cells) based on
fluorescence (EGFP; excitation 490 nm). Represen-
tative overlapping FACS histogram demonstrating
the expression of (D) TLR2 (E) TLR3, (F) TLR4 and
(G) TLR9 as gated on live (7AAD-) NSP1, NSP1 1/3
and NSP1 2/3 stably expressing A549 cells to
analyze (H) the number of cells expressing TLR2,
TLR3, TLR4 and TLR9 compared to negative control
(A549 cells). Analysis of VSV-EGFP (moi ¼ 0.4)
virus replication in NSP1, NSP1 1/3 and NSP1 2/3
stably expressing A549 cells lines compared to
control transfected (pCDNA3.1/V5–HIS-TOPO) or
negative (A549 cells) based on fluorescence (EGFP;
excitation 490 nm) pre-stimulated (2 h) with (I)
TLR3 ligand POLY; IC (0.005, 0.05, 0.5 and 5 μg/
mL), (J) TLR9 ligand CpG ODN 2007 (0.005, 0.05,
0.5 and 5 μg/mL), (K) TLR4 ligand LPS (0.01, 0.1,
1.0, 10 and 50 μg/mL) and (L) TLR2 ligand
PAM3CSK4 (0.005, 0.05, 0.5 and 5 μg/mL) and
prior to infection with VSV-EGFP. The mean fluo-
rescence unit in uninfected cells was used as the
normalization factor for VSV-EGFP readout in
infected A549 cells.Non-parametric Wilcoxon tests
(Mann-Whitney) and one-way ANOVA was used to
assess normal distribution and test significance with
the results shown as mean � SD. * (p � 0.05), ** (p
� 0.01), *** (p � 0.005) and **** (p � 0.001) in-
dicates a statistically significant difference. All viral
infection experiments were performed in 10 tech-
nical replicates, and the data are representative of
results from 3 independent experiments.
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PAM3CSK4 (p � 0.0001) (Fig. 5J) stimulation at all concentrations.
Truncated NSP1-2/3 overexpressing cells had higher VSV-EGFP virus
replication compared to unmodified cells only at lower concentration of
polyI:C (0.005, 0.05 μg/ml) (Fig. 5I) and CpG ODN 2007 (0.05 μg/ml)
(Fig. 5J). In contrast, truncated NSP1 2/3 overexpressing cells had (p �
0.0001) VSV-EGFP viral replication only at the highest concentration of
PAM3CSK4 (0.5 and 5 μg/ml) when compared to unmodified or NSP1 1/
3 overexpressing cells (Fig. 5L). PAM3CSK4 treatment is more likely to
increase total virus yield than polyI:C, LPS or class B CpG ODN 2007.

3.5. NSP15 truncation is associated with decreased VSV replication

To define a potential interacting and functional domain within
NSP15, high fidelity PCR was employed to generate various truncated
oligos. The truncated NSP15 oligos were subcloned into a pCDNA3.1/
V5–HIS-TOPO plasmids (Fig. 6), transfected into A549 cells to generate
stably expressing cells lines which were confirmed to express either
8

NSP15 full length (NSP15-FL), NSP15 2/3 or NSP15 1/3 (Fig. 6A) at both
an RNA level (PCR) and protein level. Truncation of NSP15 was based on
interfering with the Nendo-U catalytic domain (C-terminal domain)
while retaining the oligomerization domain (N-terminal). Truncation of
NSP15 to 2/3 length (N1–C230 aa) resulted in the deletion of the catalytic
groove defined by His235, His250, Lys290, Thr341, Tyr343, and Ser294.
In addition, truncation of NSP15 to 1/3 length (N1–C115 aa) supported
oligomerization (N-terminal domain) of the truncated protein without a
catalytic and middle domain (Fig. 6A). Such targeted domain deletion
was used to decrease the enzymatic activity of NSP15. Confocal micro-
scopy of stably expressing cell lines demonstrated the cytoplasmic
localization of NSP15-FL, NSP15 2/3 and NSP15 1/3 whereby a more
diffuse expression pattern for the NSP15 2/3 and NSP15 1/3 was
observed (Fig. 6B).

NSP15-FL, NSP15-2/3 and NSP51-1/3 overexpressing A549 cell lines
were subsequently infected with VSV-EGFP (MOI ¼ 0.4). The results
demonstrated a clear association between truncation of NSP15 and VSV-



Fig. 6. Identification of the NSP15 protein func-
tional domain. Truncation of NSP15 limits VSV-
EGFP virus replication. (A) Schematic diagram
depicting the full length of NSP15 and truncated
NSP15 1/3 and NSP15 2/3 in amino acid. The
SARS-CoV-2 NSP15 was truncated by high fidelity
PCR (GoTaq) and subcloned into a pCDNA3.1/
V5–HIS-TOPO plasmid (HindIII and EcoRV insertion
sites) which was transfected into A549 cells to
generate stably expressing cell lines. Expression
were confirmed by total RNA extraction (polymer-
ase chain reaction; PCR) and total protein extraction
(Western blot). (B) Representative pictures of
confocal microscopy imaging with maximum pro-
jections of z-stacks for each channel demonstrating
the subcellular localization of expressed full length
of NSP15, NSP15 1/3 and NSP15 2/3 (anti-V5
antibody; 488 nm) in stably expressing A549 cells.
Analysis of VSV-EGFP (moi ¼ 0.4) virus replication
in (C) NSP15, NSP15 1/3 and NSP15 2/3 stably
expressing A549 cells lines compared to control
transfected (pCDNA3.1/V5–HIS-TOPO) or negative
(A549 cells) based on fluorescence (EGFP; excitation
490 nm). Representative overlapping FACS histo-
gram demonstrating the expression of (D) TLR2 (E)
TLR3, (F) TLR4 and (G) TLR9 as gated on live
(7AAD-) NSP15, NSP15 1/3 and NSP15 2/3 stably
expressing A549 cells lines cells to analyze (H) the
number of cells expressing TLR2, TLR3, TLR4 and
TLR9 compared to negative control (A549 cells).
Analysis of VSV-EGFP (moi ¼ 0.4) virus replication
in NSP15, NSP15 1/3 and NSP15 2/3 stably
expressing A549 cells lines compared to control
transfected (pCDNA3.1/V5–HIS-TOPO) or negative
(A549 cells) based on fluorescence (EGFP; excitation
490 nm) pre-stimulated (2 h) with (I) TLR3 ligand
polyI:C (0.005, 0.05, 0.5 and 5 μg/mL), (J) TLR9
ligand CpG ODN 2007 (0.005, 0.05, 0.5 and 5 μg/
mL), (K) TLR4 ligand LPS (0.01, 0.1, 1.0, 10 and 50
μg/mL) and (L) TLR2 ligand PAM3CSK4 (0.005,
0.05, 0.5 and 5 μg/mL) and prior to infection with
VSV-EGFP. The mean fluorescence unit in unin-
fected cells was used as the normalization factor for
VSV-EGFP readout in infected A549 cells. Non-
parametric Wilcoxon tests (Mann-Whitney) or one-
way ANOVA was used to assess normal distribu-
tion and test significance with the results shown as
mean � SD. * (p � 0.05), ** (p � 0.01), *** (p �
0.005) and **** (p � 0.001) indicates a statistically
significant difference. All viral infection experi-
ments were performed in 10 technical replicates,
and the data are representative of results from 3
independent experiments.
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EGFP virus replication. Truncated NSP15 1/3 expressing cells did not
show an increase in VSV-EGPF virus replication unlike the observation in
NSP1-FL expressing cells compared to unmodified cells (Fig. 6C). No
difference was observed in VSV-EGFP virus between NSP15-FL and
NSP15 2/3 overexpressing cells lines (Fig. 6C). Truncated NSP15-1/3
expressing cells had a 41.74% decrease (p � 0.0001) (Fig. 6C) in VSV-
EGFP virus replication when compared to NSP15-FL overexpressing
cells. Whereas truncated NSP15-2/3 expressing cells had a 9.34%
decrease (p ¼ NS) in VSV-EGFP virus replication when compared to
NSP15-FL overexpressing cells (Fig. 6C). Truncation of NSP15-FL to -2/3
length still resulted in significantly higher (p � 0.01) VSV-EGFP virus
replication compared to unmodified AS549 cells (Fig. 6C).

To further demonstrate an associative mechanism, cells were probed
to determine expression level of various TLRs. Representatives of FACS
histogram plots are shown demonstrating detection of TLR2 (Fig. 6D),
TLR3 (Fig. 6E), TLR4 (Fig. 6F) and TLR9 (Fig. 6G) in A549 cells.
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Truncation of NSP15 affected the respective TLR expression (Fig. 6D–H).
The results demonstrated, based on relative cell number and fluorescence
intensity, that truncation of NSP15-FL to 1/3 and 2/3 length resulted in a
decrease (p � 0.05) in the total number of cells expressing TLR2 protein
(Fig. 6H). No difference was observed in TLR2 expression between
NSP15-1/3 and �2/3 length and unmodified A549 cells. No changes
were observed in TLR3 (Fig. 6H), TLR4 (Fig. 6H) and TLR9 (Fig. 6H)
expression when compared to unmodified A549 cells.

To prove that truncation of NSP15 can limit VSV-EGFP viral repli-
cation and improve sensitivity to TLR ligand stimulation, cell lines were
pre-stimulated for 2 h with various concentration of specific TLR ligands;
PAM3CSK4 (TLR2 ligand), polyI:C (TLR3 ligand), LPS (TLR4 ligand) and
class B CpG ODN 2007 (TLR9 ligand). Post-stimulation, cells were
infected with a VSV-EGFP (MOI ¼ 0.4) virus (Fig. 6H–K). Data were
analyzed by one-way ANOVA followed by a Tukey multiple-comparison
test or Mann-Whitney test. The results demonstrate an association
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between length of NSP15 and a dose dependent response to TLR ligands
that effectively limited VSV-EGFP virus replication in polyI:C, CpG ODN
2007 and LPS (anti-viral) but not PAM3CSK4 pre-stimulated cell lines.
Cell overexpressing truncated NSP15-1/3 did not cause an increase in
VSV-EGFP replication as did not increase cellular resistance to TLR ligand
stimulation, except for CpG ODN 2007 (0.005 and 0.05 μg/ml) (Fig. 6J)
and PAM3CSK4 (0.5 and 5 μg/ml) (Fig. 6L), at the tested concentrations
with no differences observed in all groups when compared to A549 cells.
Cells overexpressing truncated NSP15-2/3 had higher VSV-EGFP virus
replication compared to NSP15-1/3 and unmodified cells. Specifically,
there was an improved cellular resistance to polyI:C (0.005 and 0.05 μg/
ml) (p� 0.0001) (Fig. 6I), CpG ODN 2007 (0.005, 0.05 and 0.5 μg/ml) (p
� 0.0001) (Fig. 6J) and LPS (0.01 and 0.1 μg/ml) (p � 0.0001) (Fig. 6K)
stimulation based on the increase in VSV-EGFP virus compared to NSP15-
1/3 and unmodified cells. A similar dose dependent curve in response to
polyI:C, CpG ODN 2007, and LPS stimulation of truncated NSP15-2/3 to
that of NSP15-FL overexpressing cell lines was observed compared to
NSP15-1/3 and unmodified cells. In contrast, stimulation with
PAM3CSK4 exceeding 0.005 μg/ml (0.05, 0.5 and 5 μg/ml) in NSP15 2/3
overexpressing cells could support higher (p � 0.0001) VSV-EGFP viral
replication compared to unmodified cells (Fig. 6L). No significant dif-
ference was observed in VSV-EGFP virus replication in cells over-
expressing truncated NSP1-2/3 that were treated with PAM3CSK4
(0.005 μg/ml) and vehicle control cells (Fig. 6L).

4. Discussion

RNA viruses that replicate via dsRNA intermediates can be detected
as “nonself” by host PRR. These PRR include several cytoplasmic re-
ceptors like TLRs and RIG-I. Importantly, sensors such as TLRs in the
lungs are expressed by immune system cells and airway epithelial cells,
where they mediate activation of these cells, including antigen-
presenting cells (APCs) (Iwasaki et al., 2017). Activation of TLRs
among other PRR, stimulates the production of type I IFN, which in turn
up-regulates additional dsRNA sensors thereby inducing the expression
of ISGs and a subsequent antiviral state. Many elements of the regulatory
pathways governing both the signaling pathway and IFN gene expression
are themselves regulated by IFN, providing an intricate network of
overlapping feed-forward and feedback regulatory loops. To counteract
these systems, many viruses have evolved strategies to evade sensing and
subsequent early activation of dsRNA sensors. The coronavirus poly-
cistronic genome encodes NSPs which have been reported to antagonize
IFN responses by either supressing transcription or translation but are
highly sensitive to direct treatment with recombinant IFNs indicating a
threshold mechanism to overcome SARS-CoV-2 IFN antagonistic effects.
Both NSP1 and NSP15 were chosen for their broad effects on mRNA
sensing, translocation as well as their ability to negate viral sensors or
interferon activity to boost viral replication (Deng et al., 2017; Huang
et al., 2011; Sampaio et al., 2021; Yuen et al., 2020). In addition,
SARS-CoV-2 canmodulate the host cell activity by engaging TLR4 though
its spike glycoprotein which leads to an aberrant immune response.
While SARS-CoV-2 selectively engages TLR4, its innate antagonistic ac-
tivity is broad (Zhao et al., 2021). Identifying potential mechanisms to
interfere with viral antagonistic activity and subsequently increase host
innate responses can result in enhanced immunity (Chan et al., 2020;
Hoagland et al., 2021; Sampaio et al., 2021). The work presented here
identifies that this IFN antagonising mechanism could in part be related
to NSPs modulation of TLR (TLR2, TLR3, TLR4 and TLR9) expression, the
respective cell sensitivity to TLR ligands stimulation and subsequent in-
duction of IFN and ISGs. Crosslinking TLR3, followed by TLR9 and TLR4
with their respective ligands may be potential targets to bypass the
antagonistic activity of either NSP1 or NSP15. Treatment with polyI:C
was highly effective at eliciting an antiviral response. PolyI:C and CpG
ODN, but not LPS, may disrupt the subcellular interactions of NSP1 or
NSP15, which enable an effective antiviral response. The fold increase in
IFN and ISGs transcripts in NSP1 overexpressing cells did not result in a
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decrease in VSV-EGFP virus replication. Furthermore, in NSP15 over-
expressing cells, there was a decrease in IFN and ISGs such as OAS, PKR
and IFITM-3 mRNA transcripts which resulted in an increase in
VSV-EGFP virus replication. The functional roles played by NSP1 and
NSP15 can effectively promote virus replication and interfere with IFN
protein production and their subsequent signalling.

Shutdown of host protein synthesis is a common feature of viral
infection. The first protein encoded in the SARS-CoV-2 polycistronic
ORF1a, NSP1, has been shown to directly target the human ribosome
subunit to inhibit protein synthesis (Thoms et al., 2020). NSP1 is a
virulence determinant that plays a critical role during the SARS-CoV-2
virus life cycle. Structural analysis has demonstrated that NSP1 directly
forms a complex with the ribosomal 40S and 80S subunits. This complex
obstructs mRNA entry and subsequent translation resulting in shutdown
of host messenger RNA (mRNA) translation (Thoms et al., 2020).
Consistent with this conclusion, the present study demonstrates that
NSP1 overexpressing cells had lower TLR2, TLR4 and TLR9 protein levels
when compared to control A549 and NSP15 overexpressing cells. In
addition, NSP1 can be detected intracytoplasmic and intranuclear. We
speculate that NSP1 circulates intracellularly via lysosomal vesicles
thereby linking the endoplasmic reticulum and the trans-Golgi network,
two sites important for mRNA translation and protein trafficking,
respectively. In contrast, it has been suggested that the SARS-CoV-2 NSP1
can block mRNA export function, from the nucleus to the cytoplasm, by
interfering with mRNA export adaptor complex formation (Zhang et al.,
2021). Based on confocal microscopy results showing intranuclear
presence of NSP1 punctate, even in TLR stimulated cells, it cannot be
ruled out that NSP1 actively shuttles between the nucleus and cytoplasm.
As has been suggested (Thoms et al., 2020), during this transient local-
ization, NSP1 can interact and or interfere with the host mRNA export or
translation altogether independent of the ribosomal blocking effects.
NSP1 can form a complex with viral RNA to regulate kinetic of viral
replication while limiting host specific mRNA translation, which likely
includes transcription of the innate immune system sensors (Tanaka
et al., 2012). TLRs are normally localised in the lysosomal vesicle,
LAMP-1 positive vesicles, and act as a critical primary line of sensing
against invading pathogens (Sanjuan et al., 2009). In fact, our result
demonstrates that NSP1 overexpressing cells could support higher
(67.24% increase, less than 1 log increase) virus replication indicating an
improper antiviral response. NSP1 lacks the ability to bind directly to
viral RNA (Tidu et al., 2021). Under unstimulated conditions, the dis-
rupted IRF, IFN and ISG gene-mediated antiviral pathways in NSP1
overexpressing A549 cells resulted in higher VSV-EGFP virus replication.
The increase in intracellular IRFs, IFN and ISGmRNA transcripts does not
translate into an antiviral state in A549 cells, based on the observation of
higher VSV viral replication. Rather, the increase in mRNA transcripts
may suggest intracellular accumulation due to shutoff of host translation
machinery. These observations provide an insight into the SARS-CoV-2
NSP1 distinct immunoregulatory domain that potentially interacts with
the ribosomal 40S and 80S subunits.

In the present study, NSP1 was truncated to 1/3 and 2/3 length by
PCR and overexpressed in A549 cells to demonstrate the location of its
functional domain. NSP1 truncation to 2/3 length preserved the linker
sequence to the N-terminal region while truncation to 1/3 length elim-
inated the N-terminal linker sequence. The results obtained with trun-
cated NSP1 2/3 in polyI:C and CpG ODN stimulated cells, at the lowest
concentrations, question the minimum docking required to partially
impair the ribosomal system and point to a potential function of the N-
terminal domain and linker sequence independent of other SARS-CoV-2
viral proteins. Using this approach, we predicted that the distinct mini-
mum translation inhibition domain of the SARS-CoV-2 NSP1 is likely
located between amino acid (aa) 60–120. Based on our findings and
recent structural studies this specific interaction, NSP1 C-terminal
domain and ribosome mRNA channel, is not of high affinity (Banerjee
et al., 2020). This is because, unlike SARS-CoV, the SARS-CoV-2 virus is
highly susceptible to an IFN induced antiviral state (Lokugamage et al.,
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2020). In fact, stimulation with either the TLR3 or TLR9 ligands, at the
highest concentrations, demonstrates that this translation interference
mechanism can be disrupted in a similar manner as IFN stimulated cells.
In CpG ODN 2007 and polyI:C stimulated cells, the results indicate that
NSP1 overexpressing cells had up to 10-fold higher mRNA levels
compared to control A549 cells and NSP15 overexpressing cells. TLR4
and TLR2 ligands were least effective as antiviral treatments. Truncation
of NSP1 to 1/3 length but not 2/3 length led to abrogation of an antiviral
status and a decrease in VSV-EGFP virus replication. The results pre-
sented here cannot differentiate between either ribosomal activity or
potentially the formation of a complex with viral RNA to impair TLR
sensing. Truncation of NSP1 to 2/3 length, resulted in an intermediate
inhibitory effect whereby VSV-EGFP replication was significantly higher
when compared to control cells or NSP1 1/3 overexpressing cells.
Whereas truncation to 1/3 length led to a complete loss of TLR-mediated
IFN production blocking and a decrease in VSV-EGFP production when
compared to cells expressing the full length NSP1 or 2/3 length.
Recently, several NSP1 deletion mutants have been documented (Bene-
detti et al., 2020; Islam et al., 2020). These deletions fall outside the
predicted minimum functional domain suggesting that the NSP1 aa
60–120 region contains conserved motifs required for productive func-
tional interactions and blocking translation processes. Such functional
interactions are not limited to docking on the ribosomal subunit or viral
RNA. The N-terminal domain, as per findings with NSP1 1/3, is thought
to be dispensable for this innate immune interaction but binds directly to
viral 5’-UTR region leading to an increase in viral mRNA stability and
efficiency in translation. In this study, truncation of NSP1 to 1/3 length
did not lead to an increase in VSV-EGFP replication nor affected host TLR
protein expression in A549 cells (Benedetti et al., 2020; Islam et al.,
2020). Taken together, these results suggest that wildtype NSP1 antag-
onistic activity can be overcome in cells treated with TLR3 and TLR9
ligands, and to a lesser extent, with a TLR4 ligand. Additionally, mo-
lecular insights into the NSP1-mediated translation inhibition could
prove valuable for the design and selection of potential small-molecule
inhibitors.

Aside from NSP1, most coronaviruses also encode a wide variety of
NSPs that selectively impair other aspects of innate immunity such as IFN
signalling (Deng and Baker, 2018). The SARS-CoV-2 NSP15, an ortho-
logue of a similar protein encoded by SARS-CoV, is a conserved poly(U)
specific endoribonuclease that form a hexameric structure and has been
demonstrated to be an IFN antagonist (Yuen et al., 2020). Furthermore,
NSP15 is likely a potent mediator of viral immune evasion by impairing
dsRNA sensors that facilitate IFN expression and promote cellular
apoptosis (Deng et al., 2017). While MDA5/MAVS can sense dsRNA, the
SARS-CoV-2 NSP15 likely negates signalling which impairs an effective
IFN response, as is well documented by a lack of IFN expression during
viral infection (Hoagland et al., 2021; Sampaio et al., 2021). We estab-
lished A549 cells stably expressing NSP15 to ascertain the extent of its
IFN antagonism. We found that VSV-EGFP virus replication was signifi-
cantly higher (102.26% or 2-fold increase) in NSP15 overexpressing cells
when compared to both A549 and NSP1 overexpressing cells. These cells
expressed similar levels of TLR3, TLR4 and TLR9 when compared to
control A549 cells. However, higher TLR2 protein expression was
observed in NSP15 overexpressing cells.. It is common for viruses to
subvert and redirect innate immune responses enabling viral replication,
dissemination, and shedding. This mechanism has been further explored
in human immunodeficiency virus (HIV) 1 infection whereby induction
of TLR2 and TLR4 enables a proinflammatory milieu and higher viral
replication (Hern�andez et al., 2012). Therefore, the SARS-CoV-2 NSP15
could favor a TLR2 dependent virus replication mechanism, as demon-
strated by PAM3CSK4 treatment which could increase VSV-EGFP virus
replication. Gene expression analysis in TLR stimulated NSP15 over-
expressing cells demonstrated a decrease in IFN-α and IFN-β transcript
levels when compared to control A549 cells. Furthermore, ISGs such as
OAS, PKR and IFITIM-3 were downregulated in CpG ODN 2007 stimu-
lated cells. It has been demonstrated that the mouse hepatitis virus
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(MHV) and human coronavirus (HCoV)-229E NSP15 endoribonuclease
activity is key to evade dsRNA sensing by OAS and PKR (Cao and Zhang,
2012; Kindler et al., 2017). Our results are in accordance with these re-
ports demonstrating a mechanism exploited by the virus to limit induc-
tion of ISGs. NSP15 further mediates evasion by OAS and PKR detection
in favor of proinflammatory conditions.

LAMP1 can be used to track vesicle movement and presence of NSP15
in LAMP-1 positive vesicle indicates a functional relationship between
limiting cellular stress and viral replication. In chickens, the infectious
bronchitis virus (IBV) NSP15 acts as both stress and IFN responses
antagonist, thereby efficiently evading innate anti-viral and host stress
responses (Gao et al., 2021). The SARS-CoV-2 NSP15 could well have
multiple intracellular targets (Gordon et al., 2020). Further, we demon-
strated here that the minimum NSP15 functional domain is located be-
tween aa230-346. These results are in accordance with NSP15 crystal
structural analysis demonstrating a multimeric domain, and a functional
interaction domain (Pillon et al., 2021). Overexpression of truncated
NSP15 in A549 cells supported less viral replication and restored anti-
viral based on an increased sensitivity to TLR3, TL4 and TL9 ligand
stimulation. In support of this, it was found that the infection of
NSP15-deficient coronaviruses led to the activation of the PKR and
OAS-RNase L pathways (Deng et al., 2017). It is likely that coronaviruses
are highly susceptible to PKR and OAS-RNase L activity. Taken together,
these results suggest again that multiple antiviral pathways, including
IRF-1/IRF-7, IFN, PKR, and the OAS-RNase L system which are activated
during infection with VSV-EGFP, were impaired in NSP15 overexpressing
cells.

This report describes the role of SARS-CoV-2 NSP1 or NSP15 in
limiting specific TLR pathway activation in favor of an anti-innate im-
mune response. In summary, this study provides new insights into the
role of NSP1 or NSP15 as antagonists of the host innate sensors of viruses.
While NSP1 specifically limits antiviral responses, we propose that
NSP15, by limiting IFN expression and directing host cellular responses
in a TLR2-dependent manner, can promote viral replication.
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