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A B S T R A C T   

Although most of the attention was focused on the characterization of changes in the Spike protein among 
variants of SARS-CoV-2 virus, mutations outside the Spike region are likely to contribute to virus pathogenesis, 
virus adaptation and escape to the immune system. Phylogenetic analysis of SARS-CoV-2 Omicron strains reveals 
that several virus sub-lineages could be distinguished, from BA.1 up to BA.5. Regarding BA.1, BA.2 and BA.5, 
several mutations concern viral proteins with antagonistic activity to the innate immune system, such as NSP1 
(S135R), which is involved in mRNAs translation, exhibiting a general shutdown in cellular protein synthesis. 
Additionally, mutations and/or deletions in the ORF6 protein (D61L) and in the nucleoprotein N (P13L, D31-33ERS, 
P151S, R203K, G204R and S413R) have been reported, although the impact of such mutations on protein function 
has not been further studied. The aim of this study was to better investigate the innate immunity modulation by 
different Omicron sub-lineages, in the attempt to identify viral proteins that may affect virus fitness and path
ogenicity. Our data demonstrated that, in agreement with a reduced Omicron replication in Calu-3 human lung 
epithelial cells compared to the Wuhan-1 strain, a lower secretion of interferon beta (IFN-β) from cells was 
observed in all sub-lineages, except for BA.2. This evidence might be correlated with the presence of a mutation 
within the ORF6 protein (D61L), which is strikingly associated to the antagonistic function of the viral protein, 
since additional mutations in viral proteins acting as interferon antagonist were not detected or did not show 
significant influence. Indeed, the recombinant mutated ORF6 protein failed to inhibit IFN-β production in vitro. 
Furthermore, we found an induction of IFN-β transcription in BA.1 infected cells, that was not correlated with the 
cytokine release at 72 h post-infection, suggesting that post-transcriptional events can be involved in controlling 
the innate immunity.   

1. Introduction 

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV- 
2) has been threatening humans since March 2019. The persistence of 
the pandemic is mostly driven by the emergence of new virus variants 
(Kockler and Gordenin, 2021). Taking advantage of the whole genome 
sequence campaigns adopted by many states, a global monitoring of 
SARS-CoV-2 distribution and evolution has been made and is still 
ongoing. Based on shared genome sequence databases, the World Health 
Organization (WHO) classified SARS-CoV-2 as variants of concern 
(VOCs), variants of interest (VOIs), and variants under monitoring 
(VUMs) (World Health Organization, 2022). Although most of the 
attention was focused on the characterization of changes in the Spike 
protein among VOCs/VOIs, mutations outside the Spike region are likely 

to contribute to virus adaptation and escape from the immune system. 
Progressive changes in VOCs transmissibility and clinical outcome have 
been shown since the Alpha (B.1.1.7) variant emerged in Great Britain in 
late 2020. Until now, several VOCs have followed one another, the most 
representative of whom were Beta (B.1.351), Gamma (P.1) and Delta 
(B.1.617.2). The Omicron variant (B.1.1.529) irrupted in the VOCs 
scenario on November 2021 (Kannan, 2021; WHO, 2021). Sequence 
analyses of the Omicron variant revealed more than 60 mutations in its 
genome (GISAID Tracking of variants, 2021). Considering that many of 
these mutations are localized in the Spike protein, which may negatively 
affect the protective efficacy of the current COVID-19 vaccines, and that 
the Omicron variant is 2.8 times more infectious than the previous Delta 
variant, huge concerns about its potential threat to public health and 
economy have been raised (Chen et al., 2022; Petersen et al., 2022; 
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Ranjan, 2022; Callaway, 2021). Surprisingly, only few Omicron infected 
patients showed pneumonia, while the majority of people reported 
symptoms related to upper respiratory tract infections (Kim et al., 2022). 
In vitro studies demonstrated that the Omicron variant replicates faster 
than the Delta variant in human primary nasal epithelial cells, and it is 
associated to an increased transmission rate in vivo (Peacock et al., 
2022). However, the Omicron replication proved to be lower in human 
alveolar cells. This could be related to reduced severe sequelae at pul
monary level (Hui et al., 2022). Moreover, the Omicron variant induces 
less inflammatory cytokines, which may contribute to the milder 
symptoms associated with COVID-19 (Du et al., 2022). Phylogenetic 
analysis of SARS-CoV-2 Omicron variant reveals that five sub-lineages 
could be distinguished: BA.1, BA.2, BA.3, BA.4 and BA.5 (Majumdar 
and Sarkar, 2021). The initial Omicron BA.1 and BA.2 variants have 
been progressively displaced by BA.5 in many countries. Compared to 
the BA.1 lineage, BA.2 further evolved by accumulating mutations, de
letions and insertion which induced a peculiar behavior in the new 
variant (Dhawan et al., 2022; Rahimi et al., 2022). Since the sequences 
of BA.2 and BA.5 are substantially different from the one of BA.1, it is 
reasonable to assume that their immune escape strategies are also 
different from that of BA.1. Host innate immune defense is orchestrated 
by the production of type I interferons (IFN-α/β) which create the first 
line defense against viral infections. Similarly to many other viruses, the 
novel coronavirus encodes several proteins able to counteract the host 
immune system, which represents the most important factor in con
trolling viral pathogenesis (Shemesh et al., 2021; Yuen et al., 2020; 
Thorne et al., 2022; Chen et al., 2021; Gori Savellini et al., 2021). 
Indeed, a weak and delayed production of INF-β has been reported in 
individuals with acute SARS-CoV-2 viral infection (Hadjadj et al., 2020; 
Blanco-Melo et al., 2020; Acharya et al., 2020). Some viral proteins 
selectively suppress the host innate antiviral functions by blocking 
critical components of the pathway, such as the Pattern Recognition 
Receptors (PRRs) or transcription factors (Interferon Regulatory Factor 
3; IRF-3), while some other proteins target the general host tran
scription/translation machinery, blocking the innate immunity as a 
collateral effect (Zheng et al., 2020; Wang et al., 2021; Xia et al., 2020; 
Finkel et al., 2021; Kumar et al., 2021). Several mutations in the genome 
of BA.1, BA.2 and BA.5 sub-lineages affect viral proteins with antago
nistic activity to the innate immune system, such as NSP1 (S135R), which 
is involved in the inhibition of ribosome recognition and translation of 
mRNAs, as previously described for SARS-CoV and MERS-CoV viruses 
(Schubert et al., 2020). Additional mutations and/or deletions in NSP5 
(P3395H), NSP6 (D3675/3677), ORF3a (T223I), ORF6 (D61L) proteins and in 
the nucleoprotein N (P13L, D31-33ERS, P151S, R203K, G204R and S413R) 
have been reported, although the impact of such mutations on protein 
function has not directly been investigated so far (Karthik et al., 2022). 
Thus, the aim of this study was to better investigate the innate immunity 
modulation by different Omicron lineages, in the attempt to identify the 
viral proteins that may affect virus fitness and pathogenicity. Most of the 
studies on interferon-antagonism of SARS-CoV-2 proteins have been 
performed on individually and ectopically expressed proteins. In the 
present study, we compared some Omicron sub-lineages with the 
Wuhan-1 strain in vitro, in order to assess whether the IFN-β expression 
could be correlated to a higher infectivity. Moreover, since mutations in 
the ORF6 protein were also described, the possible involvement of this 
protein in controlling the innate immune response to the viral infection 
was investigated in vitro by transient expression of a naturally-occurring 
deleted version of the protein lacking the D61 residue and the BA.2 
native ORF6 bearing the D61L mutation. 

2. Material and Methods 

2.1. Cells and viruses 

Human Calu-3 lung epithelial cells (ATCC HTB-55) were cultured in 
Dulbecco’s Modified Eagle’s medium (DMEM) (Lonza, Milan, Italy) 

supplemented with 100 U/mL penicillin/streptomycin (Hyclone Europe, 
Milan, Italy) and 10% heat-inactivated fetal bovine serum (FBS) (Lonza) 
at 37 ◦C. Vero E6 (ATCC CRL-1586) cells were maintained in DMEM 
supplemented with 5% FBS, while HEK-293T (Merk Life Science S.r.l., 
Milan, Italy) and A549 (ATCC CCL-185) cells were cultured in 10% FBS- 
containing DMEN. The SARS-CoV-2 lineages were isolated on Vero E6 
cells from clinical specimen (according to the principles of the Decla
ration of Helsinki, with reference to BIOBANK-MIU-2010 document 
approved by the Ethics Committee with amendment No. 1, on February 
17th, 2020. Prior to participating in this study, all subjects signed a 
written informed consent) at the Virology laboratory of ‘S. Maria alle 
Scotte’ Hospital in Siena, Italy. Virus stocks were sequenced by COV
IDSeq test following manufacturers’ recommendations (Illumina, Milan, 
Italy) (GenBank accession numbers MT531537, OM956353, ON974845, 
ON974848 and ON974846, respectively). 

2.2. Plasmids 

The reporter plasmid encoding Firefly luciferase downstream of the 
complete interferon-beta promoter (pIFN-b) was a kind gift by Prof. 
Takashi Fujita (Tokyo Metropolitan Institute of Medical Science, Tokyo, 
Japan), while the pSV40 Renilla luciferase (pRL), constitutively 
expressing the reporter gene downstream the SV40 promoter, was pur
chased from Promega (Milan, Italy). The plasmids encoding the HA- 
tagged wild-type and M58R mutant ORF6 were kindly provided by 
Prof. Garcia-Sastre (Mount Sinai School of Medicine, NY, USA; CEIRS 
program, NIAD Centers of Excellence for Influenza Research and Sur
veillance). The naturally occurring D61 deleted ORF6 (ORF6Δ61) and 
the D61L (ORF6-D61L) mutant were isolated from viral RNA, purified 
from a clinical specimen (GenBank accession numbers OP002141 and 
ON974845, respectively) and cloned in the pCAGGS plasmid, in frame 
with a C-terminal HA-tag, by standard procedures. 

2.3. Luciferase reporter assay 

Calu-3 cells were seeded in 24-well plates (2x105/well) and trans
fected with 0.5 mg of pIFN-b and 0.05 mg of Renilla reporter plasmids 
the following day. Transfections were performed by using jetOPTIMUS 
Transfection Reagent (Polyplus, Illkirch, France), following the manu
facturer’s instructions. The day after, cells were counted and infected 
with a multiplicity of infection (MOI) of 0.01 of indicated SARS-CoV-2 
lineages. Samples were collected at 48h post-infection (p.i.) and lucif
erase activities, expressed as Resonance Light Units (RLU), were 
measured in cell lysates by using the Dual-Luciferase reporter assay re
agent (Promega), according to the manufacturer’s instructions. After 
data normalization (Firefly/Renilla ratio), fold change in specific pro
moter activation was calculated. To study the ORF6 protein activity 
towards pIFN-b activity, HEK-293T (2x105/well) were seeded in 24-well 
plates and, after o/n incubation, cells were transfected with 0.2 mg and 
0.02 mg of pIFN-β and pRL reporter plasmids, respectively alone or in 
combination with 0.01 mg of ORF6 or its mutant expressing plasmids, as 
previously described. Poly(I:C) stimulation was achieved at 36h post- 
transfection by transfecting 4 μg/mL of poly(I:C), using jetOPTIMUS 
transfection reagent. After additional 12h, cells were collected, lucif
erase activities were measured and pIFN-β fold change activation was 
determined. Results are given as mean fold change in IFN-b promoter 
activation ± standard deviations (SD) from at least three independent 
experiments. Protein expression was confirmed by immunoblotting on 
50 mg of total cell lysates, quantified by Bradford’s reagent (Bio-Rad, 
Milan, Italy), by using the anti-HA mouse monoclonal antibody (Merck 
Millipore, Milan, Italy) to detect the ORF6 and the anti-GAPDH (Life 
Technologies, Milan, Italy) as loading control. Horseradish peroxidase 
labeled anti-mouse IgG (Merck Millipore) was used as secondary 
antibody. 
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2.4. Kinetics of viral replication 

Monolayers of Calu-3 cells were respectively seeded at 1x105 and 
2x105 in 24-well plate in complete culture medium. The day after, cul
tures were infected with a MOI of 0.01 of selected SARS-CoV-2 lineages 
for 1h at 37 ◦C. After extensive washes to remove the inoculum, growth 
medium supplemented with 5% of FBS was added. Supernatants were 
collected at 24h, 48h and 72h post-infection (p.i.) and stored at -80 ◦C 
for further analysis. Release of infectious viral particles by infected Calu- 
3 cells was determined by virus microtitration assay on Vero E6 cells 
cultured in 96 multi-well plates, as described elsewhere. Ten-fold di
lutions from each sample were used to infect cell cultures in four rep
licates. The cytopathic effect (CPE) was observed under a light 
microscope 4 days post-infection (p.i.). Reed-Muench formula was used 
to calculate viral titers as TCID50/ml. RNA samples from infected Calu-3 
cells collected at 72h post-infection were analyzed by the TaqPath 
COVID-19 RT-qPCR Kit including primers/probe for S, N, and ORF1ab 
genes (Thermo Fisher Scientific, Milan, Italy). A 25 μL reaction was set 
up containing 5 μl of RNA, and reagents provided by the kit following 
manufacturer’s instruction. Each assay was performed in triplicate on 
Applied Biosystems™ 7500 Real-Time PCR Systems (Thermo Fisher 
Scientific). Standard curve (1x104 – 1x10-2 copies/ml) was generated by 
using the control included in the kit and processed as the samples. 
Experimental viral gRNA copies (Cp)/ng of total RNA was calculated 
based on the standard curve and then normalized with respect to the 
imput RNA amount subjected to RT-qPCR determined by spectropho
tometry. Results were reported as mean values ± standard deviation 
from at least three independent experiments. 

2.5. Assessment of IFN-β expression 

Medium from Calu-3 cells, infected as previously described, was 
collected at 24, 48, 72 h post-infection (p.i.). Likewise, the medium of 
A549 cells, transfected with empty plasmid or ORF6 variants expressing 
plasmids, was collected for further analysis. IFN-β quantification was 
assessed by VeriKine-HS Human IFN Beta TCM ELISA Kit (PBL assay 
science, NJ, USA), following manufacturer’s instructions. Total RNA was 
purified from the respective cell pellets by the RNeasy mini kit (Qiagen, 
Milan, Italy) and RT-qPCR analyses for IFN-β mRNA was set up by using 
specific TaqMan assay (Life Technologies, Milan, Italy). IFN-β expres
sion was expressed as fold relative to the mock-infected sample. Results 
were presented as mean values ± standard deviation from at least three 
independent experiments. 

2.6. Statistics 

The mean differences were statistically analyzed by using Fisher’s 
test in GraphPad Prism 6 (GraphPad Software San Diego, CA), in order to 
compare prevalence rates among different study groups. Statistical sig
nificance was set at p<0.05. 

3. Results 

3.1. BA.2 omicron lineage leads to enhanced IFN-b secretion 

Several studies have provided contradictory results concerning the 
ability of Omicron BA.1 and BA.2 lineages to modulate the production of 
FN-b and, consequently, the innate immune response to viral infection. 
Since mutations in the well-known antagonistic proteins, such as ORF6, 
N and many NSP proteins, are present among Omicron sub-lineages, we 
investigated the role these changes could have controlling the host 
innate immunity. Additionally, a BA.2-like strain, carrying the D61I 
mutation in the ORF6, in place of D61L present in the parental BA.2 
lineage, was included in the study. The Calu-3 human lung epithelial cell 
model was used for quantitative detection of secreted IFN-b in a time- 
course experiment upon SARS-CoV-2 infection. The selected viral 

VOCs did not lead to significant (p>0.05) changes in the basal IFN-β 
expression at early time as 24h post-infection (p.i.) (data not shown). 
Conversely, a prolonged infection (48h p.i.) induced IFN-β secretion in 
Calu-3 cells. Indeed, all tested strains had a significant stimulatory ac
tivity of IFN-β (~2.5-fold increase; p<0.05); however, BA.1 and BA.2- 
like strain showed to be stronger inducers of IFN-b release (3.3-fold 
increase, p=0.0002; 3.6, p<0.0001, respectively) (Figure 1A). As the 
infection proceeded up to 72 h p.i., all but BA.1 and BA.5 showed a 
greater IFN-β stimulatory activity; in particular, BA.2 and the related 
BA.2-like lineage exerted massive stimulatory properties compared to 
the Wuhan-1 strain, leading to a 6.6- (p<0.0001) and 7.9-fold 
(p<0.0001), increase in IFN-β production, respectively (Figure 1A). 
These data suggest that both BA.1 and BA.5 sub-lineages are weaker 
inducers of IFN-b or a greater antagonistic function occurred. 

3.2. IFN-b gene expression is differently modulated in Omicron lineages 

SARS-CoV-2 mediates a moderate and delayed activation of the IFN- 
β antiviral signaling, but few data (Miyamoto et al., 2022; Reuschl et al., 
2022) are available regarding the impact of virus variants on the innate 
immune system. The regulation of IFN-β expression by BA.1 and BA.2 
Omicron variants is poorly coherent so far: there are data stating that 
Omicron possesses reduced induction capacity. On the other hand, there 
are evidences in line with our own observations, showing a consistent 
activation of the early immune response during Omicron infection. The 
control of IFN-β in SARS-CoV-2 infection has been mostly assessed at 
transcriptional level rather than checking the cytokine release by 
infected cells, leading to possible misinterpretation because of 
post-transcriptional events. Thus, we also investigated this last aspect in 
order to assess discrepancies in methodological investigation. As shown 
in Fig. 1B, the RT-qPCR assay to quantitatively detect IFN-β messenger 
RNA (mRNA) evidenced that, among the SARS-CoV-2 lineages tested, 
only BA.1 and BA.2-like lineages were able to induce significant varia
tions in IFN-β mRNA at 48h p.i., determining a 113- (p<0.0001) and 
117-fold induction (p<0.0001), respectively. Conversely, we reported a 
strong stimulatory function on the cytokine gene transcription for all 
SARS-CoV-2 selected lineages at 72 h p.i. In particular, a 285-, 375- and 
246-fold induction (p<0.0001) in IFN-β mRNA synthesis was observed 
in Calu-3 cells infected with the Wuhan-1 strain, BA.1 and BA.2-like 
sub-lineages, respectively (Fig. 1B). Nevertheless, BA.2 and BA.5 resul
ted in lower cytokine mRNA induction, leading to a 172- (p<0.0001) 
and 150-fold increase (p<0.0001) in specific transcripts (Fig. 1B). A 
correlation between IFN-β release by Calu-3 cells and its specific mRNA 
transcription was only observed in BA.5, BA.2 and BA.2-like sub-
lineages. Conversely, BA.1 variant showed a different profile, with a 
high level of mRNA and a low amount of cytokine protein, indicating 
that post-transcriptional events might limit interferon release. As re
ported by Whole Genome Sequence (WGS), the R99C mutation in the 
Nsp1 gene of BA.1 lineage was reported (Table 1). However, since this 
mutation was previously demonstrated to marginally affected Nsp1 
protein antagonistic function, we speculated that other 
post-transcriptional events might limit interferon release by BA.1 
infected Calu-3 cells (Mendez et al., 2021). In contrast, the WGS 
approach identified point mutations targeting the Nsp3 and the Nsp6 of 
the BA.2 and the BA.2-like sub-lineages (Table 1). It was reported that 
Nsp3 and Nsp6 interacts with RIG-I and TBK-1, respectively, to inhibit 
activation of IRF3, in turn restricting type I IFN induction at transcrip
tional level rather that at subsequent steps (Shemesh et al., 2021). 
Although the mutations reported in our virus strains have not been 
further characterized, they may affect, along with other virus factors (e. 
g. dsRNA production), the reduced induction of IFN-β transcription 
(Figure 1B). However, both mutations in the Nsp3 and Nsp6 did not 
hinder IFN-β translation, thus the ORF6, with a well-established effect 
on mRNAs nuclear export, might be involved in BA.2 specific behavior 
(Figure 1A). 
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3.3. Transcriptional control of IFN-b during Omicron sub-lineages 
infection 

Interferon-b production is mainly controlled at transcriptional level 
by a tight regulation of the components involved in the signaling 
cascade, leading to specific promoter activation. Among them, the 
cytoplasmic Pattern Recognition Receptors (PRRs) and the transcription 
factor Interferon Regulatory Factor (IRF)-3 play a predominant role in 
controlling the cytokine expression. Many viruses, including SARS-CoV- 
2, have developed escape strategies by blocking the signaling pathway at 
different steps. It is well established that SARS-CoV-2 ORF6 protein is a 
potent interferon antagonist, while NSP1 protein, blocking the mRNA 
recognition by ribosomes, exerts a more generic shut-down of protein 
synthesis (Simeoni et al., 2021; Thoms et al., 2020; Schubert et al., 
2020). In the present work, we describe that, while the BA.1 virus 
substantially induced IFN-β at transcriptional level, a reduced amount of 
the cytokine was secreted by infected Calu-3 cells. On the contrary, a 
higher level of IFN-β mRNA corresponded to a higher amount of IFN-β 
for both BA.2 and BA.2-like lineages. To further investigate whether 
these apparent discrepancies were related to a reduced activation of 
PRRs and/or IRF-3, rather than to downstream translation mechanisms, 
the IFN-β promoter (pIFN-b) activation was assessed by reporter gene 
assay. In Calu-3 cells, the pIFN-b was significantly activated (p<0.0001) 
by all the virus lineages included in the study. Among them, a similar 
activation rate (p=n.s.) was described for the Wuhan-1, BA.2 and 
BA.2-like sub-lineages (fold induction 4.3±0.26; 3.7±0.22 and 4.28 
±0.25, respectively), whereas the BA.1 and BA.5 sub-lineages exerted a 
reduced (2.19±0.12 and 2.56±0.15, respectively) stimulation of IFN-β 
at transcriptional level (Figure 2). Since the stimulatory function exerted 
by the BA.2 sub-lineages was similar (p=n.s.) to that of the reference 
strain, we concluded that the signaling cascade leading to IFN-β pro
duction was not hampered by viral strains of BA.2 sub-lineage. This 
evidence was further supported in IFN-β-deficient Vero E6 cells which, 
despite the lack in IFN-β production due to a gene deletion, possesses the 
up-stream and down-stream intact signaling pathways and represent a 
valid system to investigate transcription factors activation during viral 
infection (supplementary Figure 1). While the pIFN-β activation rate 
reported for the Wuhan-1, BA.1 and BA.5 lineages was similar (fold 
induction 9.6, 8.6 and 6.3, respectively), a 25- and 19-fold promoter 
activation (p<0.0001 and p=0.0002, respectively) was observed in the 
BA.2 and BA.2-like infected cultures (supplementary Figure 1), sug
gesting that the transcriptional machinery controlling IFN-β was not 
impaired by BA.2 viral strains. Thus, the previously described reduction 
of IFN-β mRNA in BA.2- and B.2-like-infected Calu-3 cells (Figure 1B) 
was not a consequence of specific transcription factors’ activity 

modulation, but resides elsewhere. 

3.4. Omicron replication in human epithelial lung cells 

We examined the replication kinetics of the SARS-CoV-2 Omicron 
variants and the Wuhan-1 strain in Calu-3 cells, in order to establish 
whether replicative properties of selected lineages could explain dis
crepancies observed in IFN-β secretion. The virus growth was monitored 
in culture supernatants of Calu-3 cells infected at a MOI of 0.01 of each 
virus variant and collected at 24, 48 and 72h p.i. by standard micro
titration method (TCID50/ml). Replication kinetics showed a replicative 
disadvantage of Omicron lineages in comparison to the Wuhan-1 
reference strain lower (p<0.03) at 48h p.i. (Fig. 3A). Among the Omi
cron sub-lineages, only the BA.1 showed a better growth capacity over 
time, reaching a peak at 72 h p.i. similar to that of the reference strain 
(Fig. 3A). To address if the reduced Omicron lineages replication in 
Calu-3 cells was a consequence of new mutations in the virus stocks 
used, the furin cleavage site (FCS) of the Spike protein was sequenced. 
Indeed, it is well established that SARS-CoV-2 virus propagation in Vero 
E6 cells might induce mutation at the FCS (R-R-A-R) and at the upstream 
QTQTN motif of the Spike protein to alter virus infectivity. The presence 
of conserved FCS was confirmed in all the virus strains used (Supple
mentary Fig. 2). The upstream QTQTN site, which as associated to 
efficient virus infectivity in airway epithelial cells, was deleted in the 
Wuhan-1 strain, leading to the conclusion that this virus variants might 
have an altered infectivity and replication in the selected cellular model. 
However, as reported in Fig. 3A, the Wuhan-1 efficiently infected and 
replicated in Calu-3 cells. Thus, we speculated that the different IFN-b 
modulation by viruses within the Omicron group was not due to 
altered entry pathways and infectivity but resides elsewhere. The 
infectivity and replication of the selected virus strains in Calu-3 cells was 
further confirmed by intracellular genome (gRNA) copies quantifica
tion. As shown in Fig. 3B, at 72h p.i. when the IFN-b modulation was 
more prominent, none of the Omicron sub-lineages showed significant 
variation (p=n.s.) in viral gene synthesis and replication (Fig. 3B). To 
support the evidence that specific antagonistic proteins (e.g. ORF6) 
present in the BA.2 and BA.2-like SARS-CoV-2 Omicron sub-lineages 
were responsible for differences in the modulation of the IFN 
response, the cytokine expression at both transcriptional and secretion 
levels by infected Calu-3 cells was normalized to virus replication rate 
(supplementary Figure 3). As shown, the increased secretion of mature 
IFN-β reported for the BA.2 sub-lineages was not a consequence of 
altered virus replication, but was mostly caused by different levels of 
viral proteins that induce IFN-β release. 

Fig. 1. (A) Secreted IFN-β was assessed in Calu-3 cells infected (MOI=0.01) with Wuhan-1 SARS-CoV-2 or different Omicron sub-lineages by enzyme-linked 
immunoassay (ELISA) at 48h and 72h post-infection (p.i.). Negative control (Ctr-) was represented by uninfected Calu-3 cells. Quantitative evaluation was per
formed, based on relative standard curves. Results are reported as mean concentration (pg/ml) ± standard deviations (SD) from at least three independent ex
periments (n≥3). (B) The effects of SARS-CoV-2 lineages on IFN-β modulation were evaluated at transcriptional level in Calu-3. Total RNA was purified from mock- 
infected (Ctr-) or infected (MOI=0.01) cells collected at different times post infection. Specific IFN-β mRNA content was detected by quantitative reverse- 
transcription polymerase chain reaction (RT-qPCR). RNaseP gene expression was used for relative quantification based on 2-ΔΔCt method. At least three (n≥3) in
dependent experiments were performed and representative data are presented as mean values ± standard deviations. With respect to Wuhan-1 reference strain, 
significance was determined using unpaired, two-tailed Student’s t-test as p<0.0005, ***; p<0.005, **, p<0.05, *, p>0.05, n.s. 
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3.5. Mutations within the ORF6 protein favor efficient IFN-b expression 

Many studies have been conducted in order to identify the antago
nistic activity of SARS-CoV-2 viral proteins to the innate immunity. We 
and others previously reported that SARS-CoV-2 evolved enhanced 
innate immune evasion, associated with ORF6 and N antagonists (She
mesh et al., 2021; Yuen et al., 2020; Thorne et al., 2022; Chen et al., 
2021; Gori Savellini et al., 2021; Miorin et al., 2020; Addetia et al., 2021; 
Gori Savellini et al., 2022). Recently, Reuschl et al. (2022) reported that 
BA.5 expressed higher levels of ORF6 and N proteins. Since virus genetic 

Table 1 
Mutations detected in virus strains used in the experimental procedures.  

Strain Nextclade_pango Clade Clade_WHO a.a. 
Substitutions 

a.a. 
Deletions 

BA.1 BA.1 21K Omicron E:T9I,M: 
A63T,N:P13L, 
N:R203K,N: 
G204R, 
ORF1a:R99C, 
ORF1a: 
K856R, 
ORF1a: 
S2083I, 
ORF1a: 
A2710T, 
ORF1a: 
T3255I, 
ORF1a: 
P3395H, 
ORF1a: 
I3758V, 
ORF1b: 
P314L, 
ORF1b: 
I1566V, 
ORF9b:P10S 

N:E31-,N: 
R32-,N: 
S33-, 
ORF1a: 
S2084-, 
ORF1a: 
L3674-, 
ORF1a: 
S3675-, 
ORF1a: 
G3676-, 
ORF9b: 
E27-, 
ORF9b: 
N28-, 
ORF9b: 
A29- 

BA.2 BA.2 21L Omicron E:T9I,M: 
Q19E,M: 
A63T,N:P13L, 
N:R203K,N: 
G204R,N: 
S413R, 
ORF1a: 
S135R, 
ORF1a:T842I, 
ORF1a: 
G1307S, 
ORF1a: 
T1760A, 
ORF1a: 
T1881I, 
ORF1a: 
L3027F, 
ORF1a: 
T3255I, 
ORF1a: 
P3395H, 
ORF1a: 
I3758V, 
ORF1b: 
P314L, 
ORF1b: 
R1315C, 
ORF1b: 
I1566V, 
ORF1b: 
T2163I, 
ORF3a:T223I, 
ORF6:D61L, 
ORF9b:P10S 

N:E31-,N: 
R32-,N: 
S33-, 
ORF1a: 
S3675-, 
ORF1a: 
G3676-, 
ORF1a: 
F3677-, 
ORF9b: 
E27-, 
ORF9b: 
N28-, 
ORF9b: 
A29- 

BA.2- 
like 

BA.2 21L Omicron E:T9I,M: 
Q19E,M: 
A63T,N:P13L, 
N:R203K,N: 
G204R,N: 
S413R, 
ORF1a: 
S135R, 
ORF1a:T842I, 
ORF1a: 
G1307S, 
ORF1a: 
P2018S, 
ORF1a: 
P2046S, 
ORF1a: 
T2800I, 

N:E31-,N: 
R32-,N: 
S33-, 
ORF1a: 
S3675-, 
ORF1a: 
G3676-, 
ORF1a: 
F3677-, 
ORF9b: 
E27-, 
ORF9b: 
N28-, 
ORF9b: 
A29-  

Table 1 (continued ) 

Strain Nextclade_pango Clade Clade_WHO a.a. 
Substitutions 

a.a. 
Deletions 

ORF1a: 
L3027F, 
ORF1a: 
L3201F, 
ORF1a: 
T3255I, 
ORF1a: 
P3395H, 
ORF1a: 
L3606F, 
ORF1a: 
T4311I, 
ORF1b: 
P314L, 
ORF1b: 
R1315C, 
ORF1b: 
I1566V, 
ORF1b: 
T2163I, 
ORF3a:T223I, 
ORF6:D61I, 
ORF9b:P10S 

BA.5 BA.5.1.8 22B Omicron E:T9I,M:D3N, 
M:Q19E,M: 
A63T,N:P13L, 
N:R203K,N: 
G204R,N: 
S413R, 
ORF1a: 
S135R, 
ORF1a:T842I, 
ORF1a: 
G1307S, 
ORF1a: 
L3027F, 
ORF1a: 
T3090I, 
ORF1a: 
T3255I, 
ORF1a: 
P3395H, 
ORF1a: 
I3758V, 
ORF1a: 
T4161I, 
ORF1b: 
P314L, 
ORF1b: 
R1315C, 
ORF1b: 
I1566V, 
ORF1b: 
T2163I, 
ORF3a:T223I, 
ORF9b:P10S 

N:E31-,N: 
R32-,N: 
S33-, 
ORF1a: 
S3675-, 
ORF1a: 
G3676-, 
ORF1a: 
F3677-, 
ORF9b: 
E27-, 
ORF9b: 
N28-, 
ORF9b: 
A29- 

List of mutations targeting viral genes, except those in the Spike protein, 
detected by Whole Genome Sequence (WGS) analysis of selected virus stocks 
used in all the experimental procedures. In bold, are shown non-common mu
tations in proteins with well-established antagonistic properties on innate 
immunity. 
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evolution determined accumulation of several mutations in the Spike, 
but also in immunity antagonistic proteins, we investigated whether 
these changes altered protein function. Our results suggest that the 
ORF6 protein could be involved in controlling host innate immunity, 
since no significant differences in replication kinetics were reported 

among Omicron sub-lineages, respect to the Wuhan-1 strain in Calu-3 
cells. BA.2 and BA.2-like Omicron sub-lineages induced the highest 
level of IFN-β in vitro, although the cytokine-specific mRNA was less 
abundant than the ones detected during BA.1 and Wuhan-1 infection. 
The C-terminus of the ORF6 protein is critical for its function. Indeed, it 
has been previously demonstrated that the M58R ORF6 mutant is defi
cient in binding Rae1/Nup98 nucleopore components due to alteration 
of a diacidic motif located at the end of the viral protein (aa 53-56) 
(Miorin et al., 2020; Gori Savellini et al., 2022; Addetia et al., 2021). 
Thus, we can speculate that the D61 substitution, present in both the 
BA.2 and BA.2-like Omicron sub-lineages (D61L and D61I, respectively), 
could explain the reduced antagonistic activity noted in these virus 
variants. Several sequences are available to demonstrate that, within the 
BA.2 sub-lineage, the ORF6 was mutated at the 61 position, although 
independently from the nature of substitution. Thus, exploiting a natu
rally ORF6 mutated variant carrying the D61 deletion (ORF6Δ61) 
detected in a clinical sample (GeneBank accession number OP002141) 
and the BA.2 ORF6 variant bearing the D61L mutation, we demonstrated 
that the aspartic acid at the last position of the ORF6 protein was 
fundamental to protein antagonistic function. Thus, a reporter gene 
assay, based on the firefly luciferase expression mediated by the IFN-β 
promoter (pIFN-β), was applied in order to assess the antagonistic nature 
of ORF6Δ61 and ORF6-D61L with respect to the Wuhan-1 protein 
(wild-type, wt). The transient expression of both ORF6Δ61 and 
ORF6-D61L was unable to antagonize pIFN-β activation upon poly(I:C) 
stimulation (fold change 1 and 1.3, respectively; p=n.s.) when 
over-expressed in HEK-293T cells (Fig. 4A), accordingly to a high 
expression of IFN-β in A549 cultured cells (fold increase 1.3; p=0.0001 
and p=0.0006, respectively) (Fig. 4B). Conversely, the wt-ORF6 
massively antagonized IFN-β expression (pIFN-β activation fold change 

Fig. 2. Stimulatory activity of different SARS-COV-2 lineages towards IFN-β 
promoter was investigated in Calu-3 cells transfected with the IFN-β promoter- 
mediated firefly luciferase (pIFN-β) and the SV40 promoter-mediated Renilla 
luciferase reporter plasmids. At 12h post-transfection, cells were mock-infected 
or infected with a MOI=0.01 of selected virus variants. Firefly and Renilla 
luciferase activities were estimated with respect to the mock sample at 48h 
post-infection. Three (n=3) independent experiments were performed. Repre
sentative data are presented as mean logarithm values of relative luminescence 
unit (RLU) ± standard deviations (SD). With respect to Wuhan-1 reference 
strain, significance was determined using unpaired, two-tailed Student’s t-test 
as p<0.0001, ****; p>0.05, n.s. 

Fig. 3. The Wuhan-1 SARS-CoV-2 variant outcompeted the replication of Omicron variants. (A) Calu-3 cells were infected by Wuhan-1 and Omicron BA.1, BA.2, 
BA.5 and BA.2-like variants at a MOI of 0.01. Cell culture supernatants were collected at 24h, 48h and 72h post-infection (p.i.) and viable released virus content was 
assessed by microtitration assay. Results were presented as mean viral titer expressed as tissue culture dose 50 (TCID50)/ml ± standard deviations (SD) from three 
separate experiments. Significance was determined using unpaired, two-tailed Student’s t-test as p<0.05, *. (B) Intracellular viral copy numbers (Cp) of N, S and 
Orf1ab genes was assessed by RT-qPCR on Calu-3 cells infected at MOI=0.01 with Wuhan-1 and Omicron BA.1, BA.2, BA.5 and BA.2-like variants, collected at 72h p. 
i. The S gene target detection was impacted by the presence of a six-nucleotide deletion corresponding to the amino-acid 69-70 (D69-70) present in the BA.1 and BA.5 
Omicron sub-lineages, rather than to the lack of gene expression. Results were presented as mean Cp/ng of input purified total RNA ± standard deviations (SD) from 
three separate experiments. Significance was determined using unpaired, two-tailed Student’s t-test as p>0.05, n.s. 
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0.3; p=0.002), while the inactive ORF6 M58R mutant with a substitution 
next to the carboxy-terminal part of the protein correlated to a moder
ate, although significant (p=0.0002) inhibition of pIFN-β (Figure 4A). Of 
notes, a not significant variation in ORF6 variants expression was evi
denced in transfected HEK-293T cells, as reported in Fig. 4A, lower 
panel. Thus, the described proteins activity was not a consequence of 
differences in their expression rate and cellular accumulation. As shown 
in Fig. 4B, the wt protein efficiently (p=0.0002) hampered the cytokine 
expression and release, while the M58R mutant exerted a reduced 
antagonistic function (0.66-fold decrease, p=0.03) to IFN-β secretion. 
Moreover, these data were confirmed by investigating the expression 
rate of IFN-β by RT-qPCR in A549 cells expressing ORF6 variants, in 
comparison to the negative control (Ctr-), represented by cells trans
fected with empty plasmid, and to the Wuhan-1 ORF6 protein. When 
cytokines expression was examined, the wt-ORF6 significantly down
regulated endogenous IFN-β expression in transfected cells. As reported 
in Fig. 4C, a 2-fold decrease was observed in the IFN-β expression 
(p=0.012). Although less pronounced, a similar activity was also noted 
in the M58R mutant (1.7-fold decrease, p=0.02) (Fig. 4C). On the con
trary, neither the ORF6Δ61 nor the ORF6-D61L mutants showed a sig
nificant inhibition of IFN-β mRNA (p=0.3 and p>0.9999, respectively) 
(Fig. 4C). 

4. Discussion 

Many studies suggest that SARS-CoV-2 is able to antagonize innate 
immunity by suppressing type I interferon response (Lei et al., 2020; 
Blanco-Melo et al., 2020; Acharya et al., 2020; Channappanavar et al., 
2016). Viral recognition and sensing by the innate immune system is 
primed by the activation of pattern recognition receptors (PRRs), 
including Toll-like receptors (TLRs) and cytosolic RIG-I-like receptors 
(RLRs). The recognition of the viral component, such as double-strand 
RNA (dsRNA) produced during viral replication, by PRRs mediates the 
activation of signaling pathways, leading to the expression of type I 

interferon (Sampaio et al., 2020; Mazaleuskaya et al., 2012; Reikine 
et al., 2014; Rehwinkel et al., 2020). There are growing evidences that 
like its ancestors SARS-CoV and MERS-CoV, SARS-CoV-2 has evolved 
multiple immune evasion strategies that interfere at multiple steps be
tween viral sensing and the subsequent interferon-induced antiviral 
effector proteins (Lei et al., 2020; Noor et al., 2021). Several 
SARS-CoV-2 proteins were recognized to have IFN-antagonistic prop
erties, including non-structural proteins (e.g. NSP1 and NSP13) and 
structural proteins (e.g. N), while accessory proteins (e.g. ORF6) can 
evade host immunity by inhibiting the nuclear translocation of the 
signaling STAT1 and nucleopore traffic of newly synthetized mRNAs 
(Fung et al., 2022; Min et al., 2021; Miorin et al., 2020; Addetia et al., 
2021; Gori Savellini et al., 2021; Shemesh et al., 2021; Yuen et al., 2020; 
Gori Savellini et al., 2022; Chen et al., 2020). SARS-CoV-2 B.1.1.529 
variant, which emerged in November 2021, was highly transmissible 
and has become dominant in all regions of the world, rapidly replacing 
the previously circulating Delta variant. Omicron variant has subse
quently evolved in BA.1, BA.2, BA.3, BA.4 and BA.5 sub-lineages (World 
Health Organization. WHO announces simply, easy-to-say labels for SAR 
S-CoV-2 Variants of, 2021; World Health Organization, 2022). Among 
them, BA.2 has rapidly displaced the BA.1 variant, circulating world
wide since the beginning of 2022 (Rahimi et al., 2022). Several epide
miological data suggested that BA.2 was more transmissible than BA.1. 
However, the difference in transmissibility between BA.1 and BA.2 was 
much smaller than the difference between BA.1 and its ancestor, Delta. 
The BA.5 sub-lineage is spreading all around the globe and it is currently 
being monitored together with other sub-variants, such as BQ.1.1 and 
BF.7 (Mohapatra et al., 2022; European Centre for Disease Prevention 
and Control ECDC, 2022). All these sub-lineages differ from the 
Wuhan-1 strain by genetic mutations, mostly located in the Spike pro
tein, while other viral proteins are less affected by virus genetic evolu
tion. We focused on the viral accessory protein ORF6 which represents 
the major IFN-β viral antagonist, in addition to the structural protein N 
(Gori Savellini et al., 2021; Chen et al., 2020; Yuen et al., 2020; Miorin 

Fig. 4. Inhibitory activity of SARS-COV-2 ORF6 protein variants. (A) HEK-293T cells were co-transfected with the IFN-β promoter-mediated firefly luciferase (pIFN- 
β) reporter plasmid in combination with wild-type, Δ61 and the D61L or M58R ORF6 inactive mutant expressing plasmids or with empty vector (Ctr-). At 36h post- 
transfection, cells were poly(I:C)-stimulated by transfection. Firefly and Renilla luciferase activities were evaluated at 48h post-transfection. Three (n=3) independent 
experiments were performed. Representative data are presented as mean fold change of relative luminescence unit (RLU) ± standard deviations (SD). (B) The 
production of IFN-β was tested by enzyme-linked immunoassay (ELISA) in supernatant of wild-type, M58R, D61L or Δ61 ORF6 expressing A549 cells. Negative control 
(Ctr-) was represented by A549 cells transfected with empty plasmid alone. Quantitative evaluation, based on relative standard curves, was performed. Results are 
reported as mean concentration (pg/ml) ± standard deviations (SD) from at least three separate experiments (n>3). (C) IFN-β expression was evaluated in A549 cells 
expressing different ORF6 mutants by specific IFN-β mRNA quantification using quantitative reverse-transcription polymerase chain reaction (RT-qPCR). Ribonu
clease P (RNaseP) gene expression was used for relative quantification based on 2-ΔΔCt method. With respect to Wuhan-1 reference strain, significance was deter
mined using unpaired, two-tailed Student’s t-test as p<0.0005, ***; p<0.005, **; p<0.05, *; p>0.05, n.s. 
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et al., 2020; Addetia et al., 2021; Gori Savellini et al., 2022). BA.2, BA.3, 
BA.4 and BA.5 share mutation in the NSP1 portion of ORF1a (S135R) and 
several substitutions in the N structural protein (Gangavarapu et al., 
2022). Whereas, the ORF6 D61L substitution has been described for BA.2 
and BA.4 sub-lineages only and, since this viral protein is strikingly 
associated to the innate immunity antagonism, its impact on IFN-β 
modulation deserves to be considered. In the present study, we further 
investigated the effects of selected SARS-CoV-2 lineages on IFN-b cyto
kine expression in pulmonary epithelial Calu-3 cells (Miyamoto et al., 
2022; Reuschl et al., 2022; Shalamova et al., 2022). While precocious 
times of infection, such as 24h and 48h, were negligible for IFN-β 
secretion by infected Calu-3 cells, mature cytokine release was markedly 
modulated at 72h after infection. A peculiar profile for BA.1 sub-lineage 
was reported. Indeed, transcription of IFN-β did not correlate with the 
release of the cytokine, leading to hypothesize the occurrence of a post 
transcriptional hindrance. However, we have not found an explanation 
for this evidence so far, although differences in the generation of dsRNA 
molecules to induce IFN-β might be considered (Thorne et al., 2022). 
Notwithstanding, it has been recently shown that among the Omicron 
sub-lineages several viral proteins were expressed at different levels 
during the infection (Reuschl et al., 2022). This characteristic was 
mostly described for the BA.5 sub-lineage, which showed an increased 
expression of the ORF6 and N antagonist to evade host defence (Reuschl 
et al., 2022). However, none of the remaining viral protein, such as the 
NSP1, was investigated. Therefore, we cannot rule out but neither can 
we confirm that an increased expression in the viral antagonistic gene 
NSP1 may occur by BA.1 infection in order to prevent IFN-β translation. 
A different behavior was observed in BA.2 sub-lineages. To better un
derstand this phenomenon, we focused on ORF6 by analyzing transient 
expression of the protein in vitro. Although this approach does not take 
into account neither the natural expression level and timing of the viral 
proteins’ expression driven by virus infection and replication, nor their 
interaction/cooperation with other viral proteins or cellular component, 
it represents a common method to study protein function. The ORF6 
D61L substitution, close to the key amino acid M58 necessary for protein 
function, was described in Omicron BA.2 sub-lineage, but not in BA.1 
and BA.5 sub-lineages (Miorin et al., 2020; Addetia et al., 2021; Gori 
Savellini et al., 2022). Hence, taking advantage of a BA.2 Omicron 
sub-lineage (BA.2-like) carrying the D61 mutated to isoleucine (D61I) in 
the ORF6 gene, we further investigated the impact of the viral protein on 
IFN-β during viral replication. We observed that BA.2 and BA.2-like 
exhibited a reduced replication in Calu-3 cells, as compared to 
wild-type SARS-CoV-2. This is in line with a reduced transcriptional 
stimulation of interferon beta. Notwithstanding, the cytokine secretion 
was not inhibited at all. Thus, we speculated by an in vitro infection 
model that the D61 amino-acid is part of the ORF6 functional domain 
which, when mutated, does not affect the cytokine mRNA movement 
from the nucleus to the cytoplasm to be translated. Further experiments 
on ectopically expressed ORF6 protein variants confirmed the incisive 
role of the C-terminus domain of the protein, linked to the D61 mutation 
more than to the upstream M58 amino-acid. Indeed, the over-expression 
of the D61 deleted or mutated ORF6 variants completely lost antagonistic 
activity toward IFN-β, in comparison to the wild-type protein and, to a 
lesser extent, to the M58R mutant. Afterall, the amino-acid location 
(D61) affects protein function more prevalent than the nature of sub
stitution. Indeed, the last position of the protein was frequently mutated 
to amino-acid with chemical-physical properties divergent from the 
aspartic acid present in the ancestral virus strain. Notwithstanding, the 
two BA.2 sub-lineages included in the study shares the ORF6 D61 mu
tation with an amino-acid (leucine and isoleucine) with similar char
acteristics from the point of view of chemical properties (isoelectric 
point, hydrophobicity, aliphatic side-chain). Taken together, our data 
showed that a naturally occurring mutant of ORF6, lacking or mutated 
at the last amino-acid, completely lost antagonistic function on IFN-β 
expression. This also corroborated the hypothesis that the variability in 
cytokine induction, observed in different virus lineages, might not only 

be related to a different replication and stimulatory profile of 
SARS-CoV-2 virus variants, but also to different properties of antago
nistic viral proteins, such as the ORF6. 

5. Conclusions 

In the present study, we demonstrated that a reduction in interferon 
beta (IFN-β) production from Calu-3 cells occurred in all Omicron sub- 
lineages, except for BA.2. This evidence might be correlated with the 
presence of a mutation within the ORF6 protein (D61L), which is strik
ingly associated to the antagonistic function of the viral protein. Indeed, 
a naturally-occurring ORF6 mutated protein failed to inhibit IFN-β 
production in vitro similarly to the D61L mutant described for the BA.2 
sub-lineage. Furthermore, the induction of IFN-β transcription in BA.1 
infected Calu-3 cells, that was not correlated with the cytokine release, 
suggested that post-transcriptional events can be involved in controlling 
the innate immunity. In conclusion, our data supported the hypothesis 
that the variability in cytokine induction, observed in different SARS- 
CoV-2 lineages, might not only be a consequence of different replica
tion and stimulatory profile of the virus variants, but also to different 
properties of antagonistic viral proteins, such as ORF6. 
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