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SARS-CoV-2 variants Alpha,
Beta, Delta and Omicron show
a slower host cell interferon
response compared to an early
pandemic variant
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and Pamela Osterlund*

*Expert Microbiology Unit, Department of Health Security, Finnish Institute for Health and Welfare,
Helsinki, Finland, 2Infection and Immunity, Institute of Biomedicine, University of Turku,
Turku, Finland

Since the start of the pandemic at the end of 2019, arising mutations in SARS-
CoV-2 have improved its transmission and ability to circumvent the immunity
induced by vaccination and previous COVID-19 infection. Studies on the
effects of SARS-CoV-2 genomic mutations on replication and innate
immunity will give us valuable insight into the evolution of the virus which
can aid in further development of vaccines and new treatment modalities. Here
we systematically analyzed the kinetics of virus replication, innate immune
activation, and host cell antiviral response patterns in Alpha, Beta, Delta, Kappa,
Omicron and two early pandemic SARS-CoV-2 variant-infected human lung
epithelial Calu-3 cells. We observed overall comparable replication patterns for
these variants with modest variations. Particularly, the sublineages of Omicron
BA.1, BA.2 and a recombinant sublineage, XJ, all showed attenuated replication
in Calu-3 cells compared to Alpha and Delta. Furthermore, there was relatively
weak activation of primary innate immune signaling pathways, however, all
variants produced enough interferons to induce the activation of STAT2 and
production of interferon stimulated genes (ISGs). While interferon mRNA
expression and STAT2 activation correlated with cellular viral RNA levels, ISG
production did not. Although clear cut effects of specific SARS-CoV-2 genomic
mutations could not be concluded, the variants of concern, including Omicron,
showed a lower replication efficiency and a slower interferon response
compared to an early pandemic variant in the study.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) is the causative agent of COVID-19 of which there has been
over 570 million cases and 6.4 million deaths as of August 2022
(1). During these past two years, the virus has evolved into
hundreds of variants which have affected the outcome of the
pandemic. In Spring 2020, a D614G mutation in spike (S) protein
and a concurrent P232L mutation in the RNA-dependent RNA
polymerase (RdRp) made the virus more infectious and
transmissible and variants with these mutations overran the
original Wuhan SARS-CoV-2 strain (2-5). Mutations continued
to accumulate and by the end of 2020, the variants of concern
(VOCs), Alpha and Beta, had emerged and started to spread
throughout the world (6). The Alpha variant became the globally
dominant virus in May 2021 until it was substituted by the Delta
variant in the end of summer 2021 (7). Thereafter, at the end of
2021 a genetically new variant, Omicron, swept across the world at
an unprecedented speed (8). As herd immunity to SARS-CoV-2
induced by vaccination and infection rises, we have to be on alert
for virus evolution. To further understand how the virus
mutations contribute to pathogenicity or transmissibility of the
variants, we need to study their ability to replicate and induce host
cell responses in human cells.

SARS-CoV-2 belongs to the Sarbecovirus sub-genus of
Betacoronaviruses and it has a large, single-stranded, positive-
sense genome with approximately 30 000 bases (9). Starting
from the 5’ end, two thirds of the genome comprise the open
reading frames ORFla and ORF1b, which are translated into
polyproteins that are post-translationally cleaved into 16 non-
structural proteins (NSPs). These form the viral replication and
transcription complex (RTC) that drives viral genomic and sub-
genomic RNA (gRNA, sgRNA) replication (10). The viral
structural (spike (S), envelope (E), membrane (M),
nucleocapsid (N) proteins) and accessory proteins (11) reside
in the 3’ end of the genome. The SARS-CoV-2 entry into the host
cells is initiated by the attachment of the S protein receptor-
binding domain (RBD) to the angiotensin-converting enzyme 2
(ACE2) receptor (12). Fusion of the viral and host membranes
occurs via cleavage of the S protein multi-basic cleavage site
(MBCS) at the boundary of its two domains, SI and S2, by furin
which is followed by further priming at a S2’ site by a
transmembrane serine protease 2 (TMPRSS2) (13-15). Entry
of SARS-CoV-2 may also occur via the endosomal entry route
where cleavage of S by Cathepsin L facilitates fusion of viral and
endosomal membranes (16, 17). The genomic RNA is released
into the host cell, the RTC is formed and the virus creates a
replication organelle where gRNA and sgRNA replication occurs
(18). SgRNAs are translated by host cell ribosomes to synthesize
the structural and accessory proteins (10), the new viral
membrane is formed, genomic RNA is packaged with N
protein and new virions are assembled (19, 20).
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Airway epithelial cells function as the first defense
mechanisms against respiratory pathogens as they form a
complex protective environment that includes physical
barriers, mucociliary clearance and production of surfactants
which bind pathogen-associated molecular patterns (PAMPs)
(21). Lung epithelial cells also express several pattern recognition
receptors (PRRs) on the outer membrane, endosomes and in the
cytoplasm, which activate innate immune responses that limit
infection and enhance clearance of the pathogen. SARS-CoV-2
RNA replication products have been shown to be recognized
mainly via the cytoplasmic sensors MDA5 and RIG-I, while of
the Toll-like receptors (TLRs), only TLR2 on the outer cell
membrane has been clearly shown to be involved in SARS-CoV-
2 mediated immune signaling (22). SARS-CoV-2 infection
activates the signaling cascades that induce the expression of
type I and III interferons (IFNs) and further the IFN signaling
pathway (22, 23). Several coronavirus proteins antagonize the
signaling events inhibiting the activation of the immune
response (23).

Comparative analyses how different SARS-CoV-2 variants
replicate and activate innate immunity are lacking. Thorne et al.
have compared innate immune activation of Alpha and wild
type variants (24) and immune activation of early pandemic
variants have been studied (25, 26). Here we analysed the ability
of six genetically different pre-Omicron SARS-CoV-2 isolates to
replicate and induce innate antiviral immunity in a human lung
epithelial cell model system. Our study included two early
pandemic variants (Fin3 and Fin22), the VOCs Alpha
(Fin34-01), Beta (Fin32-B) and Delta (Fin37-8) as well as a
Kappa (Fin40-x) variant. Furthermore, the replication
characteristics and host cell interferon induction of three
Omicron sublineages (Fin55-BA.1, Fin58-BA.2 and
recombinant Fin60-X]J) were compared to Alpha and Delta.
We showed that the replication profiles of the pre-Omicron
variants in the human lung epithelial cell line, Calu-3, follow a
similar trend, with only modest differences. However, the
replication of all Omicron sublineages was attenuated,
especially that of BA.2. We detected low levels of primary
innate immune signaling but sufficient interferon induction
for a robust activation of the JAK-STAT pathway. Interferon
mRNA expression correlated with the intracellular levels of
viral RNAs, but all the variants induced similar production
levels of ISGs. Interferon and cytokine production was induced
at a slow pace in all but one early variant (Fin22), which
interferon response peaked 24 h earlier. These results suggest
that the effects of the SARS-CoV-2 mutations are very complex
as various mutational profiles resulted in similar replication and
host cell activation patterns. However, looking at the overall
picture from early pandemic SARS-CoV-2 variants and VOCs
to Omicron, the shift to lower replication efficiency and slower
interferon induction suggests that accumulated mutations likely
contribute to viral adaptation.
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Materials and methods
Cell culture

VeroE6-TMPRSS2-H10 cell line (27) and a human airway
epithelial cell line, Calu-3 (ATCC, HTB-55) were maintained in
Eagle’s minimum essential medium (E-MEM) supplemented
with 0.6 pg/mL penicillin, 60 pg/mL streptomycin, 2 mM L-
glutamine, 20 mM HEPES. The cell growth medium contained
10% and 15% fetal bovine serum (FCS, Sigma Aldrich) for
VeroE6-TMPRSS2-H10 and Calu-3, respectively. Cells were
incubated at 37°C in 5% CO..

Generation of virus stocks

SARS-CoV-2 variants used in the present study include Fin3
(B.1.1.29, hCoV-19/Finland/FIN-3/2020, EPI_ISL_2365908,
ON531991), Fin22 (B.1.258, hCoV-19/Finland/THL-
202039825/2020, EPI_ISL_3471857, ON532015), Fin32-B
(B.1.351, Beta variant, hCoV-19/Finland/THL-202101018/
2021, EPI_ISL_3471851, ON532063), Fin34-o. (B.1.1.7, Alpha
variant, hCoV-19/Finland/THL-202102301/2021,
EPI_ISL_2590786, ON532062), Fin37-8 (B.1.617.2, Delta
variant, hCoV-19/Finland/THL-202117309/2021,
EPI_ISL_2557176, ON532078), Fin40-x (B.1.617.1, Kappa
variant, hCoV-19/Finland/THL-202109869/2021,
EPI_ISL_2506747, ON532082), Fin55-BA.1 (Omicron
sublineage BA.1, hCoV-19/Finland/THL-202126660/2021,
EPI_ISL_8768822, ON532087), Fin58-BA.2 (Omicron
sublineage BA.2, hCoV-19/Finland/THL-202203911/2022,
EPI_ISL_9695067, ON532088), Fin60-XJ (Omicron sublineage
XJ, hCoV-19/Finland/THL-202205928/2022,
EPI_ISL_10148532, ON532089). The viruses were isolated
from COVID-19 patient nasopharyngeal swab samples and the
sequences had been confirmed to be the above SARS-CoV-2
variants by next generation sequencing. Virus isolation was
carried out in VeroE6-TMPRSS2-H10 cells followed by a
second passage in a fresh culture of the same cells to generate
virus stocks. Virus stocks were collected two to five days after
seeding the second passage. Fin58-BA.2 and Fin60-X]J required a
third passage in VeroE6-TMPRSS2 cells for sufficient replication
to generate usable viral stocks. Virus titers (TCIDso/mL) were
obtained by endpoint dilution in VeroE6-TMPRSS2-H10 cells
and they were as follows: Fin3 (1x10%), Fin22 (1x107), Fin32-B
(1x10%), Fin34-o. (1x10”), Fin37-8 (1x107), Fin40-x (1x10%),
Fin55-BA.1 (1x107), Fin58-BA.2 (1x107) and Fin60-XJ (1x107).
All virus stocks were also whole genome sequenced. All work
with infectious SARS-CoV-2 virus was carried out in the
biosafety level 3 facility at the Finnish Institute for Health and
Welfare, Finland.
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Infectivity assay

A total of 1 x 10° Calu-3 cells were cultured in 12-well plates
and after three days confluent cells were infected with SARS-CoV-2
variants. Briefly, viruses were added to the cells at MOI 1 based on
the titers determined by the endpoint dilution assay. The dilution
of the stock viruses for the infection were done in E-MEM media
supplemented as above but without FCS. Cells were incubated with
the inoculum viruses for 1h at 37°C in 5% CO, after which the
medium containing virus was removed, the cells were washed once
with PBS and supplemented with E-MEM containing 2% FCS. The
1h sample of the supernatant, cellular RNA and cell lysate for
protein analysis were collected at this point. Cells were then placed
in the incubator at 37°C in 5% CO, and subsequent samples were
collected at 6, 24, 48 and 72 hours post-infection (p.i.).

Endpoint dilution assay

VeroE6-TMPRSS2-H10 cells were seeded into 96-well plates
24 hours prior to infection. Serial dilutions of the stock viruses or
the supernatants collected from the infectivity assay at different
time points were made and eight replicate wells were inoculated
with each sample dilution. Cytopathic effect (CPE) was observed
at three or six days p.i. to determine whether a well was positive or
negative for viral growth and the virus titers represented as
TCIDso/mL were calculated using the Spearman-Kérber method.

Sendai infection of Calu-3

Sendai virus (SV) (strain Cantell) was propagated in 11-day-
old embryonated chicken eggs at 36°C for 3 days and stock virus
titer was determined as infectious units/ml in human primary
dendritic cells (DCs), and it was 1x10° pfu/ml. A total of 1 x 10°
Calu-3 cells were infected with SV at MOI of 5 based on the titers
determined in DCs. Calu-3 cells were collected at 8 h p.i.
for immunoblotting.

Isolation of RNA and RT-qPCR

Total cellular RNA and cell culture supernatant viral RNA
(VRNA) were isolated using the RNeasy mini kit (Qiagen). For
cellular RNA, DNase digestion (RNase-free DNase kit, Qiagen)
was included, and the total RNA concentration was measured
using Nanodrop.

A total of 500 ng of total cellular RNA or 5 pl of cell culture
supernatant isolated VRNA was reverse transcribed (RT) to
cDNA. The RT-PCR reaction mix contained 1x RT buffer
(Applied Biosystems), 5.5 mM MgCl (Applied Biosystems), 2
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mM of ANTP (0.5 mM each) (Applied Biosystems), 2.5 UM
random hexamers (Invitrogen), 1 U/ul RNAse inhibitor
(Applied Biosystems) and 1.25 U/ul RT enzyme (Thermo
Fisher Scientific). A standard cDNA synthesis program was
used for the reaction.

To determine relative cellular VRNA expression and mRNA
expression levels of target genes, gPCR on ¢DNA was carried out
using TagMan Gene Expression Master Mix (Applied Biosystems)
with primer and probe mixes for SARS-CoV-2 E gene (28), IFN-ail
(Hs00256882_s1), TFN-B1 (Hs01077958_s1), IFN-Al (Hs00601677_gl),
IFN-A2 (Hs00820125_gl), CXCL10 (Hs00171042_m1), CCL5
(Hs00174575_m1), IL-6 (Hs00174131_ml), TL-8 (Hs00174097 ml),
TNF-o. (Hs00174128_m1) and TGE-B (Hs99999918_m1) (all from
Applied Biosystems). Target mRNA expression levels were normalized
against human 18S (Ribosomal RNA Control Reagents VIC™ Probe,
Applied Biosystems) and the 2-AACt method was used to calculate
mRNA expression levels as a relative increase in mRNA compared to the
uninfected mock samples.

For the quantification of SARS-CoV-2 vVRNA in cell culture
supernatant samples, 5 ul of cDNA was amplified with PCR using
the TagMan Gene Expression Master Mix (Applied Biosystems)
and the above SARS-CoV-2 E gene primer and probe mix. To
quantify viral RNA, the assay included a standard curve of known
concentrations (10" - 10”) of hCoV-Fin-E-pEBB-HA-N plasmid.
The plasmid contains a GeneArt (Thermo Fisher Scientific)
synthesized SARS-CoV-2 E gene, based on the hCoV-19/
Finland/1/2020 sequence (GenBank MT020781), cloned into
pEBB-N-HA mammalian expression vector. The Ct-value of the
sample was compared to the ct-value of the known concentrations
of the standard curve and the absolute quantity of SARS-CoV-2 in
the PCR mix was extrapolated. From this the VRNA quantity in
the initial sample was calculated.

Antibodies

In-house produced polyclonal antibodies were used for
immunoblotting and they included rabbit antibodies against
SARS-CoV N (cross-reactive against SARS-CoV-2 N) and
SARS-CoV-2 S1 proteins (25), MxA protein (29) and IRF3
protein (30). Antibodies from Cell Signaling Technology
included Phospho-IRF3 (Ser396) (4D4G) Rabbit mAb (P-
IRF3; 4947), p38 MAPK Antibody (9212), Phospho-p38
MAPK (Thr180/Tyr182) Antibody (P-p38; 9211), IkB-o
(44D4), Stat2 (D9J7L) Rabbit mAb (72604), Phospho-Stat2
(Tyr690) (D3P2P) Rabbit mAb (88410) and Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; 2118). IFITM3 antibody
was from Abgent (#AP1153a). The secondary antibody used was
Horseradish peroxidase (HRP)-conjugated goat anti-rabbit
antibody (Dako).

Frontiers in Immunology

10.3389/fimmu.2022.1016108

Immunoblotting

Cells were lysed in Passive Lysis Buffer (Promega)
supplemented with 1 mM Na3;VO,. Total protein
concentrations were determined using the Bio-Rad protein
assay. SDS-PAGE was used to separate equal amounts of
protein (10 pg -20 ug) which was followed by transfer of the
proteins onto Hybond-P polyvinylidene difluoride (PVDF)
membranes (Amersham Biosciences). For in-house antibodies,
membranes were blocked for 30 min at room temperature (RT)
in blocking buffer (5% fat-free milk in PBS with 0.05% Tween-
20). Primary and secondary antibodies were diluted in blocking
buffer and membranes were incubated for 1h at RT. All washes
were carried out for 3 x 10 min in PBS with 0.05% Tween-20. For
commercial antibodies blocking and staining were performed
according to manufacturer’s instructions. Protein bands were
visualised using Pierce'" ECL Western Blotting Substrate
(Thermo Fisher) and BIOMAX XAR films (CareStream).
Quantification of immunoblots was carried out using Image]J
software (31).

Sequencing

Sequencing was carried out with Illumina Novaseq 6000
and the data was collated using the HAVoC pipeline (32). The
pangolin tool (33) was used to assign the SARS-CoV-2
lineages. Sequence alignments were done with Clustal
Omega (34) and sequence analyses were done with BioEdit
7.0.5.3 (35).

Phylogenetic analysis

For phylogenetic analysis, reference sequences for the
variants in this study were obtained from GISAID (https://
www.gisaid.org). The reference sequences and sequences of
variants in this study were aligned using Clustal Omega (36).
A phylogenetic tree was constructed using Molecular
Evolutionary Genetics Analysis software (MEGA (37), Version
10.0.5). The best fit model was first determined and the
phylogenetic tree was constructed using the Maximum
Likelihood method and Tamura-Nei model (38).

Statistics
GraphPad Prism 9.0 (GraphPad Software, San Diego, CA,

USA.) was used for statistical analyses. One-way ANOVA with
Tukey’s multiple comparisons test was used.
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Results

Description of the mutations in pre-
Omicron SARS-CoV-2 variants used in
this study

All the SARS-CoV-2 variants in this study were isolated
from patient samples. The original sample and the virus stocks
were whole genome sequenced to confirm the identity of the
variants and compare the mutations to the original Wuhan
SARS-CoV-2 reference genome (Figure 1). Fin3 (Pangolin
lineage B.1.1.29) is an early pandemic variant from March
2020 with only five mutations. The P323L and D614G
mutations in Nspl2 (RdRp) and S protein, respectively, are
present in the other variants as well. In addition to these, the
Fin3 N protein contains R203K and G204R mutations, which are
also seen in Alpha variants such as in Fin34-o. Fin22 (B.1.258) is
from November 2020 and has accumulated a total of 12
mutations. Fin22 is the only variant in this study that does not
harbor mutations in the N protein gene. Fin34-o. (B.1.1.7) and
Fin32-B (B.1.351) were the first VOCs and these viruses were
isolated from patient samples collected in January 2021. Fin32-f
has 23 mutations while Fin34-o. contains a total of 25 mutations.
Both have nine amino acid substitutions in the S protein. In the
RBD, both Fin32-f and Fin34-o. contain the N501Y mutation,
while Fin32-f has an additional E484K mutation. Fin34-o
harbors a P681H mutation in the MBCS. In the N protein,
there is a T205] mutation in Fin32-f at a similar position to the
R203K-G204R seen in Fin3 and Fin34-o. The N protein of
Fin34-o. also contains two additional mutations, D3L and S235F.

T265A

P323L

10.3389/fimmu.2022.1016108

Fin37-8 (B.1.617.2) and Fin40-k (B.1.617.1) were isolated from
patient samples collected in May 2021 and March 2021,
respectively. Although the two strains are genetically close to
each other, Fin40-« has only 21 mutations, while Fin37-§ has 30.
Both viruses contain eight mutations in the S protein of which
some are the same. Both variants contain a L452R mutation in
the RBD and a P681R mutation in the MBCS. There is also a
R682W mutation in Fin40-x, which can occur following viral
passage in Vero-E6 cells. In the N protein, the first mutation in
Fin37-8 is G215C and both Fin37-8 and Fin40-x variants
contain R203M and D377Y substitutions. Phylogenetic
analysis showed Fin22 to cluster near the original Wuhan
sequence, while Fin3 clustered nearer the Alpha variant
(Supplementary Figure 1). The VOCs clustered with their
reference counterparts as expected.

SARS-CoV-2 variants show different
replication profiles in human lung
epithelial Calu-3 cells

Calu-3 cells were infected with different variants at MOI 1
and cellular vRNA levels were determined by RT-qPCR for up to
72 hours (Figure 2). Overall, Fin3 and Fin34-o. replication
patterns were similar as cellular VRNA levels increased with a
slow kinetics and maximal vRNA levels were reached within 48 h
p.i. Fin22, Fin32-B and Fin37-8, showed faster replication
kinetics and submaximal/maximal vVRNA levels were seen
already at 24 h p.i., after which Fin32-f and Fin37-§
replication reached a plateau while Fin22 cellular vRNA levels
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FIGURE 1

Mutations in the six pre-Omicron SARS-CoV-2 variants used to infect Calu-3 cells. The mutations are mapped against the hCoV-19/Wuhan/
WIV04/2019 reference genome (EPI_ISL_402124). In green are the non-structural proteins located in Orflab and in blue are the structural
proteins S, E, M, N, and accessory proteins. Receptor-binding domain (RBD, S protein amino acid residues 437-507, orange), multi-basic
cleavage site (MBCS, S protein amino acid residues 681-685, (P-R-R-A-R), dark blue) are also marked
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decreased. Fin40-x replication was consistently an order of a
magnitude lower compared to the other variants.

Viral RNA copies in the cell culture supernatant were also
quantified (Figure 2). Cell culture supernatant VRNA patterns
generally followed those of cellular VRNA levels. Importantly, the
supernatant VRNA quantities were almost identical at 1h indicating
roughly equal amounts of input stock viruses. For Fin34-c, the
mean of three independent experiments was slightly higher than for
the rest of the variants, nevertheless, the difference was not
statistically significant when analyzed with the one-way ANOVA
with Tukey’s multiple comparisons test, which confirmed the input
virus amounts were correctly normalized.

The endpoint dilution assay was done in VeroE6-TMPRSS2-
H10 cells to assess the amount of infectious virus produced from
Calu-3 cells at different time points after infection (Figure 2).
The patterns of infectious virus release mainly correlated with
the cellular and supernatant VRNA levels, and they were
relatively similar in all variants. Although Fin34-o infected
cells measured lower levels of cellular and supernatant VRNA
at 24 h p.i, the viral titers were comparable to those of Fin22,
Fin32-B and Fin37-8. Mirroring the vRNA levels, the infectivity
of Fin40-x remained at a lower level.

An additional observation was made while carrying out
endpoint dilution assays. CPE was easily identified at three
days post infection for all variants except Fin37-§, which
consistently replicated with a slower kinetics in VeroE6-
TMPRSS2-H10 cells. Fin37-8 required a longer incubation (six
days) for reliable determination of its infectivity titer. The
amount of CPE of the other variants did not significantly
change after three days of incubation. Due to this the TCIDs/
mL results for the infection assay supernatant samples were read
at six days p.i. for all variants.

Western blot analyses (Figure 2) showed S and N protein
expression in all variants apart from Fin40-x, which agrees with
the lower virus amounts in cells infected with this variant. The
relatively slower replication kinetic of Fin3 and Fin34-o. variants
was also seen at protein level as lower expression of S and N
proteins was detected at 24 h p.i. Likewise, Fin22, Fin32-f3 and
Fin37-0 viral protein expression was clearly visible already at 24 h
p.i although quantification of the S protein immunoblot showed a
lower level of Fin37-8 S protein at this time point (Figure 2).
Interestingly, S protein cleavage was very efficient for both Fin34-
o and Fin37-8 compared to the other variants (Figure 2).

SARS-CoV-2 variants elicit a low level of
IRF3, p38 and NF-xB pathway activation
but induce strong STATZ2 activation

Activation of various innate immune signaling pathways was
assessed by immunoblotting. A very low level of IRF3
phosphorylation was elicited by Fin22 and Fin32-f at 48 h p.i.
and by Fin34-o and Fin37-0 at 48 and 72 h p.i. (Figure 3A).
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Phosphorylated IRF3 was hardly detectable in Fin3 infected cells,
while no p-IRF3 was seen in Fin40-x infected cells. The
phosphorylation of p38 was also weak and mainly seen at 48 h
p-i. in cells infected by the VOCs Fin34-0., Fin32-f and Fin37-8
(Figure 3B). A decrease in the level of NF-«B inhibitor IxB-o
was observed in Fin34-a, Fin32-f, Fin37-9d infected cells at 48 h
p.i. and in the Fin40-k infection already at 24 h p.i. A decrease in
IxB-o. was also seen in cells infected with Fin3 and Fin22 at 72 h
p.i. (Figure 3B). Overall, these results show relatively weak
activation of signaling pathways involved in interferon and
cytokine gene expression.

On the other hand, a robust activation of the interferon
stimulated STAT2 pathway was seen (Figure 3B). High levels of
p-STAT?2 were observed in Fin22, Fin32-, Fin37-8 infected cells
at 24 h p.i. after which the levels decreased. Cells infected with
Fin3 and Fin34-o. showed a slower phosphorylation kinetics
with a peak in p-STAT2 level at 48 h p.i. Only weak STAT2
activation was detected for Fin40-x. The phosphorylation of
STAT2 seemed to occur simultaneously with virus replication
(Figure 2) as the highest p-STAT2 levels were seen when the
cellular VRNA levels reached high levels.

The expression of interferons and
cytokine genes correlates with peak
cellular viral RNA levels

The expression of interferon and cytokine genes was
assessed at mRNA expression level with RT-qPCR. IFN-B1,
IFN-A1, IFN-A2 and CXCL10 mRNA expression was detected
(Figure 4A; Supplementary Figure 2 and Supplementary
Table 1), while no increased expression of IFN-o, TNF-a, IL-
6, IL-8, TFG-B and CCL5 mRNAs was observed (data
not shown).

The expression levels of IFN-f31, IEN-A1, IEN-A2 and CXCL10
mRNAs were dependent on cellular vRNA levels although some
differences in the cytokine mRNA expression patterns were seen in
cells infected by different variants (Figure 4A). In Fin22 infected
cells, IFN and CXCL10 mRNA expression levels peaked with
cellular vRNA levels at 24 h p.. In contrast, in Fin3, Fin34-o,
Fin32-B and Fin37-8 infected cells IFN and CXCL10 mRNA levels
did not peak until 48 h p.i. when cellular vRNA levels had reached
a plateau. A weaker and slower IFN and CXCL10 mRNA
expression pattern was seen in Fin40-x infected cells, which was
consistent with the lower viral replication levels.

The variation in viral replication levels at 24 h p.i. was not
significant (Figure 4B), however, the level of IFN-1 expression
was significantly higher in cells infected with Fin22 compared to
the other variants. IFN-A1 mRNA levels were also significantly
higher for Fin22 infected cells compared to those of Fin3, Fin34-
o, Fin32-B and Fin40-x infected cells. Although IFN-A2 and
CXCL10 mRNA expression patterns were similar, the differences
were not statistically significant.
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FIGURE 3

Activation of signaling molecules involved in the induction of interferon, cytokine and ISG gene expression. Total cellular protein samples were
collected at various time points following infection of Calu-3 cells with different SARS-CoV-2 variants at a MOI of 1 TCIDsg/cell. Representative
immunoblots out of 3 repeated experiments are shown. (A) Immunoblots were probed with antibodies against phosphorylated interferon
regulatory transcription factor 3 (p-IRF3) and total IRF3. Cellular protein samples collected at 8 h after Sendai virus infection in Calu-3 cells was
used as a positive control (+). GAPDH was used as a loading control for p-IRF3. The immunoblot was carried out twice. (B) Immunoblots stained
with antibodies against phosphorylated p38 (p-p38) and p38 (carried out once), nuclear factor of kappa light polypeptide gene enhancer in B-
cells inhibitor alpha (IxB-0) and phosphorylated signal transducer (carried out twice) and activator of transcription 2 (p-STAT2) and STAT2
(carried out twice). p-STAT2 levels were quantified by ImageJ and the fold over mock values are seen below the p-STAT2 immunoblot. GAPDH
was used as a loading control.

Induction of ISGs by SARS-CoV-2 IFITM3 and MxA proteins during SARS-CoV-2 infection in
infection is sensitive to IFNs Calu-3 cells was analyzed by immunoblotting. All variants
stimulated almost similar amounts of IFITM3 and MxA

Secreted type I and type III IFNs induce the expression of production in infected Calu-3 cells (Figure 5). A weak increase
ISGs such as IFITM3 and MxA proteins that mediate the in ISGs was seen already at 24 h p.i. but the highest levels were
antiviral actions against multiple viruses. The expression of observed at 48 and 72 h p.i. ISG expression levels were relatively
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FIGURE 4

Interferon and CXCL10 mRNA expression levels in Calu-3 cells infected with SARS-CoV-2 variants. Cells were infected with each variant at a
MOI of 1 TCIDsp/cell and total cellular RNA samples were collected at different time points during infection. (A) The kinetics of vVRNA and host
cell IFN-B1, IFN-A1, IFN-A2 and CXCL10 mRNA expression profiles were determined by RT-qPCR. Relative cytokine mRNA expression profiles in
different SARS-CoV-2 variant infected cells are shown on the left Y axes and the VRNA expression levels on the right Y axes. The means of three
independent experiments are shown. (B) Comparative analysis of relative cellular vRNA and IFN-B1, IFN-A1, IFN-A2 and CXCL10 mRNA
expression at 24 h p.i. The results are the mean values + SEM of three independent experiments. One-way ANOVA with Tukey's multiple
comparisons test was used for the statistics. P < 0.05 (*), P < 0.01 (**), not significant (ns).

similar regardless of the levels of cellular vRNAs, different
kinetics and strength in the activation of cellular signaling
pathways and interferon mRNA expression levels. In Fin40-k
infected cells almost similar amounts of IFITM3 and MxA
protein expression was seen compared to the other variant
infected cells even though the replication, interferon mRNA
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expression and STAT2 phosphorylation by Fin40-x occurred at
a lower level. On the other hand, Fin22, Fin32-B and Fin37-§,
which induced high levels of p-STAT?2 activation, did not induce
much higher levels of ISGs than Fin40-x. Thus, the induction of
IFITM3 and MXxA is highly sensitive to even small amounts of
IFNs produced.
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FIGURE 5

Kinetics of expression of antiviral ISGs in Calu-3 cells infected with different SARS-CoV-2 variants. Six different virus variants were used at MOl of
1 TCIDsgp/cell to infect Calu-3 cells and during the 3-day infection cellular protein samples were collected. Representative immunoblots were
probed with antibodies against interferon induced transmembrane protein 3 (IFITM3) (carried out once) and human Myxovirus resistance protein

A (MxA) (carried out twice). GAPDH was used as a loading control.

Omicron sublineage BA.2 does not
replicate as well as BA.1 or the
recombinant sublineage XJ in
Calu-3 cells

Replication and interferon induction of three Omicron
sublineages Fin55-BA.1, Fin58-BA.2 and recombinant Fin60-
XJ was also studied. Fin55-BA.1 was isolated from a patient
sample collected in December 2021 and whole genome
sequencing confirmed all 62 defining mutations of the BA.1
sublineage (Figure 6). Fin58-BA.2 and Fin60-X] patient samples
were from January 2022. Fin58-BA.2 contained the 62 defining
mutations in addition to a H78Y mutation in ORF3a, which has
been seen in some BA.2 sublineages (39). Fin58-BA.2 also
contained the R682W mutation in the S protein. Fin60-XJ is a
recombinant sublineage in which the 5’ end is from BA.1 and a
cut off between nucleotides 13,296 and 15,240 in Nspl0 and
Nsp12, respectively, switches the genome to BA.2 (40). Fin60-X]J
did not have the R682W mutation seen in Fin58-BA.2. All the
three Omicron sublineages harbored the P681H mutation in the
S protein MBCS and the R203K/G204R mutations in N protein,
which are seen in the Alpha variant as well. A phylogenetic
analysis showed that Fin55-BA.1 and Fin58-BA.2 clustered with
their reference counterparts and Fin60-X]J clustered between
these two (Supplementary Figure 1).

Calu-3 cells were infected with Fin55-BA.1, Fin58-BA.2,
Fin60-XJ, Fin34-0 and Fin37-8 at a MOI of 1 and replication
was observed for 72 hours. The intracellular vVRNA levels of the
Omicron sublineages, as determined by RT-qPCR, were lower
than those for the Alpha and Delta variants (Figure 7A). Fin55-
BA.1, Fin58-BA.2 and Fin60-X] replication was similar up to 24
h p.i. after which Fin58-BA.2 reached a plateau. Interestingly, the
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recombinant variant Fin60-XJ had a replication profile more like
Fin55-BA.1 as it replicated better than Fin58-BA.2 at later time
points. The VRNA copies/ml in the cell culture supernatant
(Figure 7B), however, were lower only for Fin58-BA.2.
Consistent with this, an end point dilution assay carried out in
VeroE6-TMPRSS2-H10 cells showed that Fin58-BA.2 also
produced less infectious virus (Figure 7C).

S and N protein expression, as determined by
immunoblotting, correlated with replication levels as less
protein was detected with the Omicron sublineages
(Figure 7D). Quantification of the S protein immunoblots
(Figure 7D) showed that as with Fin34-o and Fin37-9, efficient
cleavage of Fin55-BA.1 and Fin60-XJ S protein was observed
especially at 72 h p.i. S protein levels of Fin58-BA.2 were too low
to detect the cleavage state.

Omicron sublineages show a similar slow
interferon induction type as other VOCs

The mRNA expression levels of interferons and CXCL10 were
determined with RT-qPCR. In concordance with lower vVRNA
expression, the mRNA expression levels of [FN-B1, IFN-A1, IFN-
A2 and CXCL10 were lower for cells infected with Fin58-BA.2
than cells infected with Fin55-BA.1, Fin60-X], Fin34-o. and Fin37-
O (Figure 8A; Supplementary Figure 3 and Supplementary
Table 2). The greatest difference in interferon expression levels
was observed at 24 h p.i,, as IFN-1, IFN-A1, IFN-A2 and CXCL10
mRNA expression levels were significantly lower in cells infected
with Omicron subvariants and Fin34-o. compared to Fin37-3
infected cells (Figure 8B). However, cellular vVRNA levels were also
significantly lower for these variants compared to Fin37-9.
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Structural and accessory proteins

Mutations in three Omicron sublineages, Fin55-BA.1, Fin58-BA.2 and recombinant Fin60-XJ. The hCoV-19/Wuhan/WIV04/2019 reference
genome (EPI_ISL_402124) was used to map the mutations. In black are unique mutations and in red are mutations that are found in all the
above Omicron sublineages. Mutations in the orange box are found in the RBD. Fin60-XJ is a recombinant of BA.1 and BA.2 with a cut off
between nucleotides 13 296 (green) in Nsp10 and 15 240 (blue) in Nsp12. Receptor-binding domain (RBD, S protein amino acid residues 437-
507, orange), multi-basic cleavage site (MBCS, S protein amino acid residues 681-685, (P-R-R-A-R), dark blue).

Discussion

The aim of this study was to compare SARS-CoV-2 variants
isolated from different epidemic peaks of the pandemic, to see
whether there are differences in the replication and innate
immune responses in genetically distinct SARS-CoV-2 viruses
and whether we could relate the potential differences to some
specific mutations in the genome. SARS-CoV-2 has been
reported to mutate at a rate of 4 x 10™ - 2 x 10 mutations
per nucleotide per year (41). The majority of these mutations are
neutral or even deleterious, nonetheless, some mutations do
arise that increase viral fitness and immune evasion (42).
Genotype to phenotype studies of viruses may provide us
understanding of which changes in the genome are important
for viral transmissibility and virulence. SARS-CoV-2 offers a
unique opportunity to study this, since already 10 million SARS-
CoV-2 genome sequences have been uploaded to the Global
Initiative on Sharing All Influenza Data (GISAID) website (43)
as of spring 2022.

Here we compared the ability of nine genetically different
SARS-CoV-2 variants to replicate and induce innate immunity
in a human lung epithelial cell model. Overall, the pre-Omicron
variants replicated in a comparable fashion, however, Fin34-o.
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replication took place at somewhat slower kinetics than Fin32-f3
and Fin37-9, and the Kappa variant, Fin40-x, replicated at ten-
fold lower levels compared to the other variants. A slower
replication pattern of the Alpha variant compared to Delta in
Calu-3 cells was also shown by Mlcochova and co-workers (44).
Elsewhere, the replication of Alpha, Beta and early pandemic
variants in Calu-3 have shown almost identical growth
characteristics (24, 45, 46). The Omicron BA.1 variant has
been shown to replicate less efficiently in lower respiratory
tract cells, including Calu-3 (46-49). We also observed that
replication levels of BA.1 and a recombinant variant XJ in Calu-3
were an order of magnitude lower compared to Alpha and Delta,
while replication of a BA.2 variant was two log lower at later time
points. Hence, we can conclude that compared to Omicron, the
earlier VOCs show only some minor variation in their
replication kinetics in Calu-3 cells.

Studies on the effects of single mutations on viral replication
have often been conducted computationally or with recombinant
proteins, pseudoviruses and WT viruses with genetically
engineered mutations. At the start of the pandemic,
epidemiologic observations, studies on pseudoviruses and
genetically engineered SARS-CoV-2 mutants with single
mutations showed that the S protein D614G and RdRp P323L
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FIGURE 7

Replication of Omicron sublineages BA.1, BA.2 and XJ compared to Alpha and Delta. Calu-3 cells were challenged with three Omicron
sublineages and Alpha and Delta variants at multiplicity of 1 for three days and different samples were collected for analysis of the viral
molecules. (A) Relative cellular vRNA expression levels determined by RT-qPCR of Fin55-BA.1, Fin58-BA.2 and Fin60-XJ compared to Alpha
(Fin34-o) and Delta (Fin37-3). (B) Cell culture supernatant vRNA copies/ml were quantified by RT-gqPCR. (C) An end point dilution assay was
carried out to determine the production of infectious virions. Results shown as log TCIDso/ml. (D) Immunoblot analysis of SARS-CoV-2 S
protein expression by anti-SARS-CoV-2 S1 fragment antibody (S1) and N protein expression using a cross-reactive anti-SARS-CoV-N protein
antibody (N) were carried out once. Full length S protein (S) and the cleaved S1 fragment (S1) are marked with arrows. S protein amounts
quantified using Imaged are shown in graphs below the immunoblots. GAPDH was used as a loading control. The gPCR and end point dilution
assay results are the mean values + SEM of three independent experiments.

mutations rendered the original Wuhan SARS-CoV-2 variant
more transmissible (2-5). These results are clearer as the genetic
background did not yet contain various other mutations. As the
virus evolved, subsequent mutations have been studied in the
same way. For example, in the S protein the N501Y mutation in
Alpha and Beta variants and E484K in Beta were shown
computationally to increase the affinity of the RBD to ACE2
(50-52). Viral transmission and replication was shown to be
enhanced in a genetically engineered N501Y mutant with a WT
SARS-CoV-2 background (53). In our study with authentic
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viruses, however, we did not observe a great difference in
replication of Fin34-o. and Fin32-B, which contain these RBD
mutations, compared to Fin3, Fin22 and Fin37-8, which lack
them. In the MBCS, the P681R mutation in Delta and Kappa and
the P681H mutation in the Alpha variant have been shown to
increase S protein cleavage (54-56) and cell entry compared to
the WT virus (44). These studies were done using fluorogenic
peptides (54, 56), pseudoviruses (44, 54, 56), and recombinantly
generated mutant viruses (55). However, the enhanced cleavage
of Alpha, Delta and Kappa S protein did not lead to increased
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FIGURE 8

Interferon and CXCL10 mRNA expression levels in Calu-3 cells with Omicron infection. The Omicron sublineages BA.1, BA.2 and recombinant
XJ as well as the Alpha and Delta variants were used for infecting Calu-3 cells at a MOI of 1 TCIDsg/cell, and total RNA samples were collected
at different time points for RT-gqPCR analysis. (A) IFN-B1, IFN-A1, IFN-A2 and CXCL10 mRNA expression profiles determined by RT-gPCR (left Y
axis) compared to the relative cellular vVRNA expression profile (right Y axis) for cells infected with three Omicron variants (Fin55-BA.1, Fin58-
BA.2 and Fin60-XJ), and with Alpha (Fin34-a) and Delta (Fin37-38). The means of three independent experiments are shown. (B) Comparison of
relative cellular vRNA and IFN-B1, IFN-A1, IFN-A2 and CXCL10 mRNA expression at 24 h p.i. The results are the mean values + SEM of three
independent experiments. One-way ANOVA with Tukey’'s multiple comparisons test was used for the statistics. P < 0.05 (*), P < 0.01 (**).

replication of natural viral isolates in Calu-3 cells (55, 56). In
concordance with this, we observed similar levels of cleaved S
protein in Fin34-o and Fin37-8 which were higher than that seen
for Fin32-f and the early pandemic variants, but this did not
affect the replication of the viruses in Calu-3 cells. Omicron also
has the P681H mutation, and we could clearly see the cleavage of
BA.1 and XJ sublineage S proteins in our study. Some studies
have shown reduced cleavage of BA.1 S protein, thus
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hypothesizing that the Omicron S protein is less efficiently
cleaved, which could cause the potential shift in the cell entry
mechanism (46, 48, 57). However, the reduced cleavage was
shown with S protein from pseudovirus (PV) studies (57) and live
virus infection of VeroE6-TMPRSS?2 cells (46, 48) but not with S
protein from live virus infection of Calu-3 cells (47). The effects of
the ever-increasing number of S protein mutations are complex
and studies to pinpoint roles of certain mutations is challenging
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as is evident, for example, with the Delta and Kappa variants.
Both have many of the same beneficial mutations but the reason
for the weaker replication of Fin40-k or the decreased fitness of
the Kappa variant epidemiologically is unclear as studies on the
role of different mutations have remained elusive (7, 58, 59).
Likewise, while the effects of S protein mutations in Omicron
BA.1 and BA.2 on evasion of adaptive immunity are clear (60,
61), their role in the changed replication efficiency in the lower
respiratory tract cells is still uncertain. Research on the BA.1
variant have suggested that the poorer replication could be due to
the mutations resulting in less efficient use of TMPRSS2 (47, 48,
57). Whether this causes a shift in Omicron to use the endocytic
pathway of entry (46, 48, 49, 57), or the S protein MBCS is merely
cleaved by a serine protease other than TMPRSS2 and still uses
the cell membrane fusion pathway (47) is still to be confirmed.
Here we showed that especially the replication of the BA.2
sublineage was hampered compared to BA.1 and the
recombinant XJ. The S protein of XJ is the same as in BA.2,
hence mutations in BA.2 S protein might not be the cause of the
lower replication efficiency of the sublineage.

The significance of mutations outside the S protein are also
being increasingly studied. The N protein is an abundant
structural protein (62) that has a crucial role in
ribonucleocapsid formation and attachment to the viral
membrane (20) and it is critical for VRNA replication and
transcription (63, 64). The N protein also undergoes liquid-
liquid phase separation (LLPS), which facilitates the
compartmentalization of viral protein-protein or vRNA-
protein interactions (65). Regulation of these functions is via
phosphorylation of a serine and arginine rich (SR) motif (aa 175-
206) in the central intrinsically disordered region (IDR) of the N
protein (aa 175-246) (65-69). Within the SR motif is a R185-
G204 site that has been shown to mutate more frequently than
expected (11). The Delta and Kappa variants harbor a R203M
mutation at this site, which was shown to increase virus
replication in lung cells (70). In addition, the Alpha variant
double mutation R203K/G204R, has been shown to enhance the
replication and infectivity of SARS-CoV-2 in vitro and in vivo
(71, 72). Increased phosphorylation of N protein in Alpha
(R203K/G204R), Kappa (R203M) and Beta (contains a T205I
mutation) variants was suggested to contribute to the replication
efficiency of these variants in LLPS compartments (65, 72). The
R203K/G204R mutant N protein also showed increased binding
to VRNA, and there was differential expression of immune
related genes in cells expressing the mutant N protein (73).
These studies, however, have again been carried out using
genetically modified WT SARS-CoV-2 viruses, pseudoviruses
and recombinant proteins. In our study with natural viruses, the
effects of the N protein mutations on replication were not clear
as the variants' replication patterns did not seem to correlate
with the presence of mutations in the protein. The Omicron
sublineages, for example, also contain the R203K/G204R
mutation and their replication is not enhanced.
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In our cell model we observed a weak activation of IRF3, p38
and NF-kB by the pre-Omicron variants. This activation was,
however, sufficient to induce interferon gene expression, JAK/
STAT activation, and the production of ISGs. The levels of type I
and type III interferons and phosphorylation of STAT2 correlated
well with cellular vRNA levels but all the variants produced similar
levels of ISGs, even the Fin40-x variant, which showed a weaker
ability to replicate compared to other variants. Previously we
shown that Fin-25 (D614G/P323L variant) induced better
interferon gene expression and MxA protein expression levels
compared to a WT Fin-1 variant (25). However, Fin-1 replicated
very poorly in Calu-3 cells, so there could be a minimum
threshold required for the activation of ISG production. At
RNA level, the Alpha variant has been shown to induce lower
levels of ISG mRNA expression compared to WT SARS-CoV-2
(24). In a luciferase reporter assay, the N protein was shown to
decrease Sendai virus-induced phosphorylation and nuclear
translocation of STAT1/STAT2 dimers and thus inhibit the
expression of ISGs (74). We, however, did not see an inhibition
of STAT2 phosphorylation by any of the studied variants and
IFN-induced MxA protein expression was also clearly detectable.
This does not formally rule out that N or some other SARS-CoV-2
protein could at least to some extent inhibit the nuclear
translocation of STAT1/STAT2 complexes downregulating ISG
mRNA expression. This possibility has to be further considered
and analyzed by using expression constructs for individual viral
genes. Initial analyses have revealed that certain NSPs and
accessory proteins may interfere with IFN signaling (75).

There have been reports of delayed immune activation in
SARS-CoV-2 infected cells whereby the interferon and cytokine
response seems to peak after the most productive replication
stage of the virus (24, 76, 77). In our study we observed a similar
type of pattern for cells infected with all the variants, including
the Omicrons. The only exception was Fin22, in which cellular
VRNA and interferon mRNA levels peaked earlier at 24h p.i.
Among other SARS-CoV-2 proteins, the N protein has been
shown to inhibit interferon gene expression (78), potentially by
interacting with RIG-I (79). Mutations in the SARS-CoV-2
genome may have an effect on innate immune responses. For
example, the expression of Orf9b, an alternate reading frame
nested in the N protein gene sequence, was increased in the
Alpha variant-infected cells possibly due to a D3L mutation and
may be involved in delaying IFN gene expression by inhibiting
TOMMY70 interaction with MAVS (24). In accordance with
these observations, we also observed weak activation of IRF3
phosphorylation in the pre-Omicron variant-infected cells. Also,
a R203K/G204R mutation of SARS-CoV-2 N protein leads to
expression of sgRNA N* in Alpha variant-infected cells but the
role of N* in virus replication and regulating immune responses
is yet to be elucidated (24, 80). It was of interest that Fin22,
which lacks the R203K/G204R mutations in N protein, showed a
faster kinetics of IFN gene expression compared to the other
variants, especially Fin34-o. and Omicrons which all harbor the
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R203K/G204R mutation. However, regardless of the ability of
the Fin22 variant to induce IFN gene expression faster and more
efficiently, STAT2 phosphorylation and ISG expression occurred
equally well in Fin22, Fin32-f and Fin37-§ virus-infected cells.
Thus, the significance of potential variation in different variant-
induced interferon response is presently unclear.

In conclusion, this comparative study showed that, in
human lung epithelial Calu-3 cells, replication of the pre-
Omicron VOCs and two early pandemic SARS-CoV-2 variants
was similar while that of Kappa and three different Omicron
sublineages was less efficient. Several studies analyzing the effects
of the SARS-CoV-2 mutations have been done with
pseudoviruses and artificial mutants created in a WT SARS-
CoV-2 background. While these studies may provide interesting
insights on the role of individual mutations, they do not provide
a whole picture of the pathogenic characteristics of different
variants. Thus, systematic analyses of virus-host cell interactions
of different variant-infected cells are well justified. Our results
with nine natural virus variants show that the mutations in
SARS-CoV-2 variants have complex effects in combination.
Highly beneficial mutations likely compensate for unfavorable
ones and further research is required to decipher their roles. We
also revealed that the activation of innate antiviral immunity
occurs relatively late in the infection by all variants except Fin22,
which was able to induce the interferon response faster. Fin22 is
a variant without mutations in the N protein, which has many
roles in replication and host immune responses, thus it could be
an interesting research avenue to follow.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below:

https://www.ncbi.nlm.nih.gov/genbank/, ON531991

https://www.ncbi.nlm.nih.gov/genbank/, ON532015
https://www.ncbi.nlm.nih.gov/genbank/, ON532063
https://www.ncbi.nlm.nih.gov/genbank/, ON532062
https://www.ncbi.nlm.nih.gov/genbank/, ON532078
https://www.ncbi.nlm.nih.gov/genbank/, ON532082
https://www.ncbi.nlm.nih.gov/genbank/, ON532087
https://www.ncbi.nlm.nih.gov/genbank/, ON532088
https://www.ncbi.nlm.nih.gov/genbank/, ON532089

Author contributions

LL contributed to the methodology, analysis, investigation,
data curation, visualization, writing — original draft, writing -
review & editing. MS contributed to the methodology,
investigation, writing - review & editing. EV contributed to

Frontiers in Immunology

15

10.3389/fimmu.2022.1016108

the methodology. IJ contributed to the conceptualization,
investigation, resources, funding acquisition, writing - review
& editing. PO contributed to the conceptualization,
methodology, investigation, resources, supervision, funding
acquisition, writing - original draft, writing - review &
editing. All authors contributed to the article and approved
the submitted version.

Funding

This research was funded by Academy of Finland, grant
number 339511 CrossBar project (PO) and the Jane and Aatos
Erkko Foundation (IJ). This study was supported by THL
coordinated funding for Covid-19 research included in the
Finnish Government’s supplementary budget. The funders had
no role in the conceptualization, investigation and analysis of the
study or decision to publish the work.

Acknowledgments

We thank Tiina Sihvonen, Johanna Rintamiki, Hanna
Valtonen, Miao Jiang, Soile Blomqvist, Erika Lindh, Kirsi
Liitsola, Katri Keino, Mikko Maiittd, Irmeli Iranto and Emilia
Salejarvi. We gratefully acknowledge the authors and their
respective laboratories, who analyzed and submitted the
sequences to GISAID’s EpiCoV and GenBank Database.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.1016108/full#supplementary-material

frontiersin.org


https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1016108/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1016108/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.1016108
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Laine et al.

References

1. World Health Organization. WHO coronavirus (COVID-19) dashboard.
Available at: https://covid19.who.int (Accessed August 8, 2022).

2. Ilmjirv S, Abdul F, Acosta-Gutiérrez S, Estarellas C, Galdadas I, Casimir M,
et al. Concurrent mutations in RNA-dependent RNA polymerase and spike protein
emerged as the epidemiologically most successful SARS-CoV-2 variant. Sci Rep
(2021) 11:13705. doi: 10.1038/s41598-021-91662-w

3. Korber B, Fischer WM, Gnanakaran S, Yoon H, Theiler J, Abfalterer W, et al.
Tracking changes in SARS-CoV-2 spike: Evidence that D614G increases infectivity
of the COVID-19 virus. Cell (2020) 182:812-827.e19. doi: 10.1016/
j.cell.2020.06.043

4. Yurkovetskiy L, Wang X, Pascal KE, Tomkins-Tinch C, Nyalile TP, Wang Y,
et al. Structural and functional analysis of the D614G SARS-CoV-2 spike protein
variant. Cell (2020) 183:739-751.e8. doi: 10.1016/j.cell.2020.09.032

5. Zhou B, Thao TTN, Hoffmann D, Taddeo A, Ebert N, Labroussaa F, et al.
SARS-CoV-2 spike D614G change enhances replication and transmission. Nature
(2021) 592:122-7. doi: 10.1038/s41586-021-03361-1

6. Thakur V, Bhola S, Thakur P, Patel SKS, Kulshrestha S, Ratho RK, et al.
Waves and variants of SARS-CoV-2: Understanding the causes and effect of the
COVID-19 catastrophe. Infection (2022) 50(2):309-25. doi: 10.1007/s15010-021-
01734-2

7. Saville JW, Mannar D, Zhu X, Srivastava SS, Berezuk AM, Demers J-P, et al.
Structural and biochemical rationale for enhanced spike protein fitness in delta and
kappa SARS-CoV-2 variants. Nat Commun (2022) 13:742. doi: 10.1038/s41467-
022-28324-6

8. WHO. Statement on omicron sublineage BA.2 (2022). Available at: https://
www.who.int/news/item/22-02-2022-statement-on-omicron-sublineage-ba.2
(Accessed February 28, 2022).

9. LuR, Zhao X, LiJ, Niu P, Yang B, Wu H, et al. Genomic characterisation and
epidemiology of 2019 novel coronavirus: Implications for virus origins and
receptor binding. Lancet (2020) 395:565-74. doi: 10.1016/S0140-6736(20)30251-8

10. Malone B, Urakova N, Snijder EJ, Campbell EA. Structures and functions of
coronavirus replication—transcription complexes and their relevance for SARS-
CoV-2 drug design. Nat Rev Mol Cell Biol (2022) 23:21-39. doi: 10.1038/s41580-
021-00432-z

11. Jungreis I, Sealfon R, Kellis M. SARS-CoV-2 gene content and COVID-19
mutation impact by comparing 44 sarbecovirus genomes. Nat Commun (2021)
12:2642. doi: 10.1038/s41467-021-22905-7

12. Hartenian E, Nandakumar D, Lari A, Ly M, Tucker JM, Glaunsinger BA.
The molecular virology of coronaviruses. J Biol Chem (2020) 295:12910-34.
doi: 10.1074/jbc. REV120.013930

13. Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler T, Erichsen
S, et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by
a clinically proven protease inhibitor. Cell (2020) 181:271-280.e8. doi: 10.1016/
j.cell.2020.02.052

14. Hoffmann M, Kleine-Weber H, Péhlmann S. A multibasic cleavage site in
the spike protein of SARS-CoV-2 is essential for infection of human lung cells. Mol
Cell (2020) 78:779-784.e5. doi: 10.1016/j.molcel.2020.04.022

15. Bestle D, Heindl MR, Limburg H, Van TVL, Pilgram O, Moulton H, et al.
TMPRSS2 and furin are both essential for proteolytic activation of SARS-CoV-2 in
human airway cells. Life Sci Alliance (2020) 3:€202000786. doi: 10.26508/
152.202000786

16. Zhao M-M, Yang W-L, Yang F-Y, Zhang L, Huang W-J, Hou W, et al.
Cathepsin 1 plays a key role in SARS-CoV-2 infection in humans and humanized
mice and is a promising target for new drug development. Signal Transduct Target
Ther (2021) 6:1-12. doi: 10.1038/541392-021-00558-8

17. Rahbar Saadat Y, Hosseiniyan Khatibi SM, Zununi Vahed S, Ardalan M.
Host serine proteases: A potential targeted therapy for COVID-19 and influenza
(2021) (Accessed August 29, 2022).

18. Cortese M, Lee J-Y, Cerikan B, Neufeldt CJ, Oorschot VM]J, Kéhrer S, et al.
Integrative imaging reveals SARS-CoV-2-Induced reshaping of subcellular
morphologies. Cell Host Microbe (2020) 28:853-866.e5. doi: 10.1016/
j.chom.2020.11.003

19. V’kovski P, Kratzel A, Steiner S, Stalder H, Thiel V. Coronavirus biology and
replication: implications for SARS-CoV-2. Nat Rev Microbiol (2021) 19:155-70.
doi: 10.1038/s41579-020-00468-6

20. Dinesh DC, Chalupska D, Silhan J, Koutna E, Nencka R, Veverka V, et al.
Structural basis of RNA recognition by the SARS-CoV-2 nucleocapsid
phosphoprotein. PloS Pathog (2020) 16:¢1009100. doi: 10.1371/journal.ppat.1009100

21. Whitsett JA, Alenghat T. Respiratory epithelial cells orchestrate pulmonary
innate immunity. Nat Immunol (2015) 16:27-35. doi: 10.1038/ni.3045

Frontiers in Immunology

16

10.3389/fimmu.2022.1016108

22. Diamond MS, Kanneganti T-D. Innate immunity: The first line of defense
against SARS-CoV-2. Nat Immunol (2022) 23:165-76. doi: 10.1038/s41590-021-
01091-0

23. Park A, Iwasaki A. Type I and type III interferons - induction, signaling,
evasion, and application to combat COVID-19. Cell Host Microbe (2020) 27:870-8.
doi: 10.1016/j.chom.2020.05.008

24. Thorne LG, Bouhaddou M, Reuschl A-K, Zuliani-Alvarez L, Polacco B,
Pelin A, et al. Evolution of enhanced innate immune evasion by SARS-CoV-2.
Nature (2022) 602:487-95. doi: 10.1038/s41586-021-04352-y

25. Jiang M, Kolehmainen P, Kakkola L, Maljanen S, Melén K, Smura T, et al.
SARS-CoV-2 isolates show impaired replication in human immune cells but
differential ability to replicate and induce innate immunity in lung epithelial
cells. Microbiol Spectr (2021) 9:¢00774-21. doi: 10.1128/Spectrum.00774-21

26. Schroeder S, Pott F, Niemeyer D, Veith T, Richter A, Muth D, et al.
Interferon antagonism by SARS-CoV-2: A functional study using reverse genetics.
Lancet Microbe (2021) 2:210-8. doi: 10.1016/S2666-5247(21)00027-6

27. Rusanen J, Kareinen L, Szirovicza L, Ugurlu H, Levanov L, Ja4skeldinen A,
etal. A generic, scalable, and rapid time-resolved forster resonance energy transfer-
based assay for antigen detection-SARS-CoV-2 as a proof of concept. mBio (2021)
12:€00902-21. doi: 10.1128/mBi0.00902-21

28. Corman VM, Landt O, Kaiser M, Molenkamp R, Meijer A, Chu DK, et al.
Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR.
Eurosurveillance (2020) 25:2000045. doi: 10.2807/1560-7917.ES.2020.25.3.2000045

29. Ronni T, Melén K, Malygin A, Julkunen I. Control of IFN-inducible MxA
gene expression in human cells. J Immunol (1993) 150:1715-26.

30. Osterlund P, Veckman V, Sirén J, Klucher KM, Hiscott ], Matikainen S, et al.
Gene expression and antiviral activity of Alpha/Beta interferons and interleukin-29
in virus-infected human myeloid dendritic cells. J Virol (2005) 79:9608-17.
doi: 10.1128/JV1.79.15.9608-9617.2005

31. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to Image]: 25 years of
image analysis. Nat Methods (2012) 9:671-5. doi: 10.1038/nmeth.2089

32. Truong Nguyen PT, Plyusnin I, Sironen T, Vapalahti O, Kant R, Smura T.
HAVoC, a bioinformatic pipeline for reference-based consensus assembly and
lineage assignment for SARS-CoV-2 sequences. BMC Bioinf (2021) 22:373.
doi: 10.1186/512859-021-04294-2

33. O’Toole A, Scher E, Underwood A, Jackson B, Hill V, McCrone JT, et al.
Assignment of epidemiological lineages in an emerging pandemic using the
pangolin tool. Virus Evol (2021) 7:veab064. doi: 10.1093/ve/veab064

34. Madeira F, Park YM, Lee J, Buso N, Gur T, Madhusoodanan N, et al. The
EMBL-EBI search and sequence analysis tools APIs in 2019. Nucleic Acids Res
(2019) 47:W636-41. doi: 10.1093/nar/gkz268

35. Hall TA. BioEdit: A user-friendly biological sequence alignment Editor and
analysis program for windows 95/98/NT. Nucleic Acids Symp Ser (1999), 41:95-8.

36. Madeira F, Pearce M, Tivey ARN, Basutkar P, Lee J, Edbali O, et al. Search
and sequence analysis tools services from EMBL-EBI in 2022. Nucleic Acids Res
(2022) 47:gkac240. doi: 10.1093/nar/gkac240

37. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular
evolutionary genetics analysis across computing platforms. Mol Biol Evol (2018)
35:1547-9. doi: 10.1093/molbev/msy096

38. Tamura K, Nei M. Estimation of the number of nucleotide substitutions in
the control region of mitochondrial DNA in humans and chimpanzees. Mol Biol
Evol (1993) 10:512-26. doi: 10.1093/oxfordjournals.molbev.a040023

39. Desingu PA, Nagarajan K. Omicron BA.2 lineage spreads in clusters and is
concentrated in Denmark. J Med Virol (2022) 94(6):2360-4. doi: 10.1002/jmv.27659

40. Lindh E, Smura T, Blomqyvist S, Liitsola K, Vauhkonen H, Savolainen L,
et al. Genomic and epidemiological report of the recombinant XJ lineage SARS-
CoV-2 variant, detected in northern Finland, January 2022. Eurosurveillance
(2022) 27:2200257. doi: 10.2807/1560-7917.ES.2022.27.16.2200257

41. Tao K, Tzou PL, Nouhin J, Gupta RK, de Oliveira T, Kosakovsky Pond SL,
et al. The biological and clinical significance of emerging SARS-CoV-2 variants.
Nat Rev Genet (2021) 22:757-73. doi: 10.1038/s41576-021-00408-x

42. Harvey WT, Carabelli AM, Jackson B, Gupta RK, Thomson EC, Harrison
EM, et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat Rev
Microbiol (2021) 19:409-24. doi: 10.1038/s41579-021-00573-0

43. GISAID. GISAID - initiative (2022). Available at: https://www.gisaid.org/
(Accessed May 18, 2022).

44. Mlcochova P, Kemp SA, Dhar MS, Papa G, Meng B, Ferreira IATM, et al.
SARS-CoV-2 B.1.617.2 delta variant replication and immune evasion. Nature
(2021) 599:114-9. doi: 10.1038/s41586-021-03944-y

frontiersin.org


https://covid19.who.int
https://doi.org/10.1038/s41598-021-91662-w
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1016/j.cell.2020.09.032
https://doi.org/10.1038/s41586-021-03361-1
https://doi.org/10.1007/s15010-021-01734-2
https://doi.org/10.1007/s15010-021-01734-2
https://doi.org/10.1038/s41467-022-28324-6
https://doi.org/10.1038/s41467-022-28324-6
https://www.who.int/news/item/22-02-2022-statement-on-omicron-sublineage-ba.2
https://www.who.int/news/item/22-02-2022-statement-on-omicron-sublineage-ba.2
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1038/s41580-021-00432-z
https://doi.org/10.1038/s41580-021-00432-z
https://doi.org/10.1038/s41467-021-22905-7
https://doi.org/10.1074/jbc.REV120.013930
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.molcel.2020.04.022
https://doi.org/10.26508/lsa.202000786
https://doi.org/10.26508/lsa.202000786
https://doi.org/10.1038/s41392-021-00558-8
https://doi.org/10.1016/j.chom.2020.11.003
https://doi.org/10.1016/j.chom.2020.11.003
https://doi.org/10.1038/s41579-020-00468-6
https://doi.org/10.1371/journal.ppat.1009100
https://doi.org/10.1038/ni.3045
https://doi.org/10.1038/s41590-021-01091-0
https://doi.org/10.1038/s41590-021-01091-0
https://doi.org/10.1016/j.chom.2020.05.008
https://doi.org/10.1038/s41586-021-04352-y
https://doi.org/10.1128/Spectrum.00774-21
https://doi.org/10.1016/S2666-5247(21)00027-6
https://doi.org/10.1128/mBio.00902-21
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://doi.org/10.1128/JVI.79.15.9608-9617.2005
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1186/s12859-021-04294-2
https://doi.org/10.1093/ve/veab064
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1093/nar/gkac240
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/oxfordjournals.molbev.a040023
https://doi.org/10.1002/jmv.27659
https://doi.org/10.2807/1560-7917.ES.2022.27.16.2200257
https://doi.org/10.1038/s41576-021-00408-x
https://doi.org/10.1038/s41579-021-00573-0
https://www.gisaid.org/
https://doi.org/10.1038/s41586-021-03944-y
https://doi.org/10.3389/fimmu.2022.1016108
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Laine et al.

45. Rajah MM, Hubert M, Bishop E, Saunders N, Robinot R, Grzelak L, et al.
SARS-CoV-2 alpha, beta, and delta variants display enhanced spike-mediated
syncytia formation. EMBO ] (2021) 40:2108944. doi: 10.15252/embj.2021108944

46. Shuai H, Chan JF-W, Hu B, Chai Y, Yuen TT-T, Yin F, et al. Attenuated
replication and pathogenicity of SARS-CoV-2 B.1.1.529 omicron. Nature (2022)
603:693-9. doi: 10.1038/s41586-022-04442-5

47. Lamers MM, Mykytyn AZ, Breugem TI, Groen N, Knoops K, Schipper D,
et al. SARS-CoV-2 omicron efficiently infects human airway, but not alveolar
epithelium. bioRxiv (2022). doi: 10.1101/2022.01.19.476898

48. Meng B, Abdullahi A, Ferreira IATM, Goonawardane N, Saito A, Kimura I,
et al. Altered TMPRSS2 usage by SARS-CoV-2 omicron impacts tropism and
fusogenicity. Nature (2022) 603:706-4. doi: 10.1038/s41586-022-04474-x

49. Willett BJ, Grove J, MacLean OA, Wilkie C, De Lorenzo G, Furnon W, et al.
SARS-CoV-2 Omicron is an immune escape variant with an altered cell entry
pathway. Nat Microbiol (2022) 7:1161-1179. doi: 10.1038/s41564-022-01143-7

50. Luan B, Wang H, Huynh T. Enhanced binding of the N501Y-mutated
SARS-CoV-2 spike protein to the human ACE2 receptor: Insights from molecular
dynamics simulations. FEBS Lett (2021) 595:1454-61. doi: 10.1002/1873-
3468.14076

51. HanY, Wang Z, Wei Z, Schapiro I, Li J. Binding affinity and mechanisms of
SARS-CoV-2 variants. Comput Struct Biotechnol J (2021) 19:4184-91. doi: 10.1016/
j.csbj.2021.07.026

52. Wang WB, Liang Y, Jin YQ, Zhang J, Su JG, Li QM. E484K mutation in
SARS-CoV-2 RBD enhances binding affinity with hACE2 but reduces interactions
with neutralizing antibodies and nanobodies: Binding free energy calculation
studies. ] Mol Graph Model (2021) 109:108035. doi: 10.1016/j.jmgm.2021.108035

53. Liu Y, Liu J, Plante KS, Plante JA, Xie X, Zhang X, et al. The N501Y spike
substitution enhances SARS-CoV-2 infection and transmission. Nature (2022)
602:294-9. doi: 10.1038/s41586-021-04245-0

54. Peacock TP, Sheppard CM, Brown JC, Goonawardane N, Zhou J, Whiteley M,
et al. The SARS-CoV-2 variants associated with infections in India, B.1.617, show
enhanced spike cleavage by furin. bioRxiv (2021). doi: 10.1101/2021.05.28.446163

55. Saito A, Irie T, Suzuki R, Maemura T, Nasser H, Uriu K, et al. Enhanced
fusogenicity and pathogenicity of SARS-CoV-2 delta P681R mutation. Nature
(2022) 602:300-6. doi: 10.1038/s41586-021-04266-9

56. Lubinski B, Fernandes MHYV, Frazier L, Tang T, Daniel S, Diel DG, et al.
Functional evaluation of the P681H mutation on the proteolytic activation of the
SARS-CoV-2 variant B.1.1.7 (Alpha) spike. iScience (2022) 25:103589. doi: 10.1016/
j.isci.2021.103589

57. Du X, Tang H, Gao L, Wu Z, Meng F, Yan R, et al. Omicron adopts a
different strategy from delta and other variants to adapt to host. Signal Transduct
Target Ther (2022) 7:1-3. doi: 10.1038/s41392-022-00903-5

58. McCallum M, Walls AC, Sprouse KR, Bowen JE, Rosen LE, Dang HV, et al.
Molecular basis of immune evasion by the delta and kappa SARS-CoV-2 variants.
Science (2021) 374:1621-6. doi: 10.1126/science.abl8506

59. Motozono C, Toyoda M, Zahradnik J, Saito A, Nasser H, Tan TS, et al. SARS-
CoV-2 spike L452R variant evades cellular immunity and increases infectivity. Cell
Host Microbe (2021) 29:1124-1136.e11. doi: 10.1016/j.chom.2021.06.006

60. Cao Y, WangJ, Jian F, Xiao T, Song W, Yisimayi A, et al. Omicron escapes
the majority of existing SARS-CoV-2 neutralizing antibodies. Nature (2022)
602:657-63. doi: 10.1038/s41586-021-04385-3

61. Liu L, Iketani S, Guo Y, Chan JE-W, Wang M, Liu L, et al. Striking antibody
evasion manifested by the omicron variant of SARS-CoV-2. Nature (2022)
602:676-81. doi: 10.1038/s41586-021-04388-0

62. Kim D, Lee J-Y, Yang J-S, Kim JW, Kim VN, Chang H. The architecture of
SARS-CoV-2 transcriptome. Cell (2020) 181:914-921.¢10. doi: 10.1016/j.cell.2020.04.011

63. Cong Y, Ulasli M, Schepers H, Mauthe M, V’kovski P, Kriegenburg F, et al.
Nucleocapsid protein recruitment to replication-transcription complexes plays a
crucial role in coronaviral life cycle. J Virol (2020) 94:¢01925-19. doi: 10.1128/
JVI.01925-19

Frontiers in Immunology

17

10.3389/fimmu.2022.1016108

64. Verheije MH, Hagemeijer MC, Ulasli M, Reggiori F, Rottier PJM, Masters
PS, et al. The coronavirus nucleocapsid protein is dynamically associated with the
replication-transcription complexes. J Virol (2010) 84:11575-9. doi: 10.1128/
JVI.00569-10

65. Carlson CR, Asfaha JB, Ghent CM, Howard CJ, Hartooni N, Safari M, et al.
Phosphoregulation of phase separation by the SARS-CoV-2 n protein suggests a
biophysical basis for its dual functions. Mol Cell (2020) 80:1092-1103.e4.
doi: 10.1016/j.molcel.2020.11.025

66. Bouhaddou M, Memon D, Meyer B, White KM, Rezelj VV, Correa Marrero
M, et al. The global phosphorylation landscape of SARS-CoV-2 infection. Cell
(2020) 182:685-712.e19. doi: 10.1016/j.cell.2020.06.034

67. Lu S, Ye Q, Singh D, Cao Y, Diedrich JK, Yates JR, et al. The SARS-CoV-2
nucleocapsid phosphoprotein forms mutually exclusive condensates with RNA and
the membrane-associated m protein. Nat Commun (2021) 12:502. doi: 10.1038/
541467-020-20768-y

68. Peng Y, DuN, Lei Y, Dorje S, Qi ], Luo T, et al. Structures of the SARS-CoV-
2 nucleocapsid and their perspectives for drug design. EMBO J (2020) 39:e105938.
doi: 10.15252/embj.2020105938

69. Surjit M, Kumar R, Mishra RN, Reddy MK, Chow VTK, Lal SK. The severe
acute respiratory syndrome coronavirus nucleocapsid protein is phosphorylated
and localizes in the cytoplasm by 14-3-3-Mediated translocation. J Virol (2005)
79:11476-86. doi: 10.1128/JV1.79.17.11476-11486.2005

70. Syed AM, Taha TY, Tabata T, Chen IP, Ciling A, Khalid MM, et al. Rapid
assessment of SARS-CoV-2-evolved variants using virus-like particles. Science
(2021) 374:1626-32. doi: 10.1126/science.abl6184

71. Wu H, Xing N, Meng K, Fu B, Xue W, Dong P, et al. Nucleocapsid
mutations R203K/G204R increase the infectivity, fitness, and virulence of SARS-
CoV-2. Cell Host Microbe (2021) 29:1788-1801.e6. doi: 10.1016/
j.chom.2021.11.005

72. Johnson BA, Zhou Y, Lokugamage KG, Vu MN, Bopp N, Crocquet-Valdes
PA, et al. Nucleocapsid mutations in SARS-CoV-2 augment replication and
pathogenesis. PloS Pathog (2022) 18:e1010627. doi: 10.1371/journal.ppat.1010627

73. Mourier T, Shuaib M, Hala S, Mfarrej S, Alofi F, Naeem R, et al. SARS-CoV-
2 genomes from Saudi Arabia implicate nucleocapsid mutations in host response
and increased viral load. Nat Commun (2022) 13:601. doi: 10.1038/s41467-022-
28287-8

74. Mu J, Fang Y, Yang Q, Shu T, Wang A, Huang M, et al. SARS-CoV-2 n
protein antagonizes type I interferon signaling by suppressing phosphorylation and
nuclear translocation of STAT1 and STAT2. Cell Discovery (2020) 6:1-4.
doi: 10.1038/s41421-020-00208-3

75. Lin ], Tang C, Wei H, Du B, Chen C, Wang M, et al. Genomic monitoring of
SARS-CoV-2 uncovers an Nspl deletion variant that modulates type I interferon
response. Cell Host Microbe (2021) 29:489-502.e8. doi: 10.1016/j.chom.2021.01.015

76. Hatton CF, Botting RA, Duenas ME, Haq IJ, Verdon B, Thompson BJ, et al.
Delayed induction of type I and III interferons mediates nasal epithelial cell
permissiveness to SARS-CoV-2. Nat Commun (2021) 12:7092. doi: 10.1038/
541467-021-27318-0

77. Thorne LG, Reuschl A-K, Zuliani-Alvarez L, Whelan MVX, Turner J,
Noursadeghi M, et al. SARS-CoV-2 sensing by RIG-I and MDAS5 links epithelial
infection to macrophage inflammation. EMBO ] (2021) 40:¢107826. doi: 10.15252/
embj.2021107826

78. LiJ-Y, Liao C-H, Wang Q, Tan Y-J, Luo R, Qiu Y, et al. The ORF6, ORF8
and nucleocapsid proteins of SARS-CoV-2 inhibit type I interferon signaling
pathway. Virus Res (2020) 286:198074. doi: 10.1016/j.virusres.2020.198074

79. Chen K, Xiao F, Hu D, Ge W, Tian M, Wang W, et al. SARS-CoV-2
nucleocapsid protein interacts with RIG-I and represses RIG-mediated IFN-
production. Viruses (2021) 13:47. doi: 10.3390/v13010047

80. Parker MD, Stewart H, Shehata OM, Lindsey BB, Shah DR, Hsu §, et al.
Altered subgenomic RNA abundance provides unique insight into SARS-CoV-2
B.1.1.7/Alpha variant infections. Commun Biol (2022) 5:1-10. doi: 10.1038/s42003-
022-03565-9

frontiersin.org


https://doi.org/10.15252/embj.2021108944
https://doi.org/10.1038/s41586-022-04442-5
https://doi.org/10.1101/2022.01.19.476898
https://doi.org/10.1038/s41586-022-04474-x
https://doi.org/10.1038/s41564-022-01143-7
https://doi.org/10.1002/1873-3468.14076
https://doi.org/10.1002/1873-3468.14076
https://doi.org/10.1016/j.csbj.2021.07.026
https://doi.org/10.1016/j.csbj.2021.07.026
https://doi.org/10.1016/j.jmgm.2021.108035
https://doi.org/10.1038/s41586-021-04245-0
https://doi.org/10.1101/2021.05.28.446163
https://doi.org/10.1038/s41586-021-04266-9
https://doi.org/10.1016/j.isci.2021.103589
https://doi.org/10.1016/j.isci.2021.103589
https://doi.org/10.1038/s41392-022-00903-5
https://doi.org/10.1126/science.abl8506
https://doi.org/10.1016/j.chom.2021.06.006
https://doi.org/10.1038/s41586-021-04385-3
https://doi.org/10.1038/s41586-021-04388-0
https://doi.org/10.1016/j.cell.2020.04.011
https://doi.org/10.1128/JVI.01925-19
https://doi.org/10.1128/JVI.01925-19
https://doi.org/10.1128/JVI.00569-10
https://doi.org/10.1128/JVI.00569-10
https://doi.org/10.1016/j.molcel.2020.11.025
https://doi.org/10.1016/j.cell.2020.06.034
https://doi.org/10.1038/s41467-020-20768-y
https://doi.org/10.1038/s41467-020-20768-y
https://doi.org/10.15252/embj.2020105938
https://doi.org/10.1128/JVI.79.17.11476-11486.2005
https://doi.org/10.1126/science.abl6184
https://doi.org/10.1016/j.chom.2021.11.005
https://doi.org/10.1016/j.chom.2021.11.005
https://doi.org/10.1371/journal.ppat.1010627
https://doi.org/10.1038/s41467-022-28287-8
https://doi.org/10.1038/s41467-022-28287-8
https://doi.org/10.1038/s41421-020-00208-3
https://doi.org/10.1016/j.chom.2021.01.015
https://doi.org/10.1038/s41467-021-27318-0
https://doi.org/10.1038/s41467-021-27318-0
https://doi.org/10.15252/embj.2021107826
https://doi.org/10.15252/embj.2021107826
https://doi.org/10.1016/j.virusres.2020.198074
https://doi.org/10.3390/v13010047
https://doi.org/10.1038/s42003-022-03565-9
https://doi.org/10.1038/s42003-022-03565-9
https://doi.org/10.3389/fimmu.2022.1016108
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	SARS-CoV-2 variants Alpha, Beta, Delta and Omicron show a slower host cell interferon response compared to an early pandemic variant
	Introduction
	Materials and methods
	Cell culture
	Generation of virus stocks
	Infectivity assay
	Endpoint dilution assay
	Sendai infection of Calu-3
	Isolation of RNA and RT-qPCR
	Antibodies
	Immunoblotting
	Sequencing
	Phylogenetic analysis
	Statistics

	Results
	Description of the mutations in pre-Omicron SARS-CoV-2 variants used in this study
	SARS-CoV-2 variants show different replication profiles in human lung epithelial Calu-3 cells
	SARS-CoV-2 variants elicit a low level of IRF3, p38 and NF-κB pathway activation but induce strong STAT2 activation
	The expression of interferons and cytokine genes correlates with peak cellular viral RNA levels
	Induction of ISGs by SARS-CoV-2 infection is sensitive to IFNs
	Omicron sublineage BA.2 does not replicate as well as BA.1 or the recombinant sublineage XJ in Calu-3 cells
	Omicron sublineages show a similar slow interferon induction type as other VOCs

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


