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Objective: In this study, we focused on the interaction between SARS-CoV-2 and host Type I Interferon (IFN) 
response, so as to identify whether IFN effects could be influenced by the products of SARS-CoV-2. 
Methods: All the structural and non-structural proteins of SARS-CoV-2 were transfected and overexpressed in the 
bronchial epithelial cell line BEAS-2B respectively, and typical antiviral IFN-stimulated gene (ISG) ISG15 
expression was detected by qRT-PCR. RNA-seq based transcriptome analysis was performed between control and 
Spike (S) protein-overexpressed BEAS-2B cells. The expression of ACE2 and IFN effector JAK-STAT signaling 
activation were detected in control and S protein-overexpressed BEAS-2B cells by qRT-PCR or/and Western blot 
respectively. The interaction between S protein with STAT1 and STAT2, and the association between JAK1 with 
downstream STAT1 and STAT2 were measured in BEAS-2B cells by co-immunoprecipitation (co-IP). 
Results: S protein could activate IFN effects and downstream ISGs expression. By transcriptome analysis, over
expression of S protein induced a set of genes expression, including series of ISGs and the SARS-CoV-2 receptor 
ACE2. Mechanistically, S protein enhanced the association between the upstream JAK1 and downstream STAT1 
and STAT2, so as to promote STAT1 and STAT2 phosphorylation and ACE2 expression. 
Conclusion: SARS-CoV-2 S protein enhances ACE2 expression via facilitating IFN effects, which may help its 
infection.   

1. Introduction 

The coronavirus disease 2019 (COVID-19), one of the most severe 
global pandemics, has killed over 1.7 million people around the world 
[1,2]. Up to March 21 2021, more than 123 million people have been 
confirmed to be infected with a single-strand positive-sense RNA virus 
named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 
which caused COVID-19 [3,4]. Due to the phylogenetic similarity of 
coronavirus, two transmissible diseases were seen before caused by the 
severe acute respiratory syndrome coronavirus (SARS-CoV) in 2003 and 

Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012, 
which shows about 80% and 50% sequence identity with SARS-CoV-2, 
respectively [5,6]. These three coronaviruses belong to the betacor
onavirus genus, and the genome of SARS-CoV-2 ranges from 26 to 32 
kilobases in length and encodes three kinds of proteins, including the 4 
structural proteins (Spike (S), E, N, M), 15 non-structural proteins 
(Nsp1-10, Nsp12-16) and 7 accessory proteins (ORF3a, ORF3b, ORF6, 
ORF7a, ORF7b, ORF8b, ORF9b) [7]. Human host factor angiotensin 
converting enzyme 2 (ACE2), a critical tissue protective component 
during severe acute lung injury, is the receptor for both SARS-CoV and 

Abbreviations: COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; MERS-CoV, Middle East respiratory syndrome 
coronavirus; S protein, Spike protein; ISGs, IFN-stimulated genes; ACE2, angiotensin converting enzyme 2; dACE2, delta ACE2; Nsp, non-structural protein; ORF, 
open reading frame; STAT, signal transducer and activator of transcription; JAK, Janus kinase. 

* Corresponding author: 800 Xiangyin Road, Shanghai 200433, China. Phone: (+86-21) 5562 0605; Fax: (+86-21) 6538 2502 
E-mail address: houjin@immunol.org (J. Hou).   

# These authors contributed equally to this work 

Contents lists available at ScienceDirect 

Immunology Letters 

journal homepage: www.elsevier.com/locate/immlet 

https://doi.org/10.1016/j.imlet.2021.06.008 
Received 18 May 2021; Received in revised form 17 June 2021; Accepted 29 June 2021   

mailto:houjin@immunol.org
www.sciencedirect.com/science/journal/01652478
https://www.elsevier.com/locate/immlet
https://doi.org/10.1016/j.imlet.2021.06.008
https://doi.org/10.1016/j.imlet.2021.06.008
https://doi.org/10.1016/j.imlet.2021.06.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.imlet.2021.06.008&domain=pdf


Immunology Letters 237 (2021) 33–41

34

SARS-CoV-2, and the S protein of SARS-CoV-2 has been experimentally 
shown to bind ACE2 for viral entry [8,9]. Current single cell RNA 
sequencing (scRNA-seq) to elucidate SARS-CoV-2 invaded host cell 
types based on ACE2 expression have determined that nasal Goblet cells, 
bronchial Club cells, type II pneumocytes, and ileal absorptive enter
ocytes are infected [10], which are correlated with the symptoms and 
transmission route of COVID-19. 

Host innate immune response, triggered by the infection of viruses, is 
the robust first line to identify and eliminate the invading pathogen- 
associated molecular patterns (PAMPs) [11]. Subsequent production 
of cytokines initiates two general antiviral programs. On one hand, a set 
of proinflammatory cytokines and chemokines trigger inflammation and 
recruitment of specific subsets of leukocytes. On the other hand, tran
scriptional induction of Type I interferons (IFN) promotes the down
stream expression of IFN-stimulated genes (ISGs), which directly 
inhibits viral replication and causes apoptosis of virus-infected cells [12, 
13]. However, viruses may also invade host IFN system for their sur
vival, and excessive IFN production may cause immune disorder and 
tissue damage. The potential interaction between SARS-CoV-2 and host 
IFN antiviral system has attracted much attention now. 

As to SARS-CoV and MERS-CoV, studies have determined that pro
teins encoded by these coronaviruses had diverse impact on IFN pro
duction and effects to facilitate the virus evasion against host innate 
immunity. For instance, SARS-CoV Nsp1 inhibits IFN-dependent signal 
transducer and activator of transcription (STAT) 1 phosphorylation; 
SARS-CoV open reading frame (ORF) 3b, ORF6, and N protein can 
inhibit IFN-β production and only ORF6 protein confines the nuclear 
translocation of STAT1; MERS-CoV ORF8b and N protein play a pivotal 
role in the suppression of type I IFN production [14-17]. As for 
SARS-CoV-2, Nsp1, Nsp3, Nsp6, Nsp12, Nsp13, Nsp14, ORF3, ORF6 and 
M protein antagonize type I IFN production through several different 
approaches, whereas Nsp2 and S protein promote SeV-induced IFN-β 
promoter activation [18,19]. SARS-CoV-2 Nsp1 and Nsp6 inhibit 
IFN-induced activation and translocation of STAT1/STAT2 [19]. 
Furthermore, a recent study found a ISGs upregulation signature and 
impaired type I IFN production in myeloid and peripheral dendritic cells 
from COVID-19 infected patients through CITE-seq single cell RNA 
sequencing and bulk RNA sequencing analysis, which might be induced 
by low dose type I IFN production in the lung caused by SARS-CoV-2 
early infection [20]. Therefore, the understanding of the interaction 
between SARS-CoV-2 and host IFN response at different infection stages 
is crucial for clarifying the virus evasion mechanisms, which is still 
uncomplete up to now. 

The current literature for the roles of IFN in COVID-19 is still 
somewhat controversial. A study reported that the IFN production and 
activity was weakened in severe and critical COVID-19 patients, in 
contrast, the IFN response in mild-to-moderate patients was relatively 
strong [12]. However, another recent study using scRNAseq to profile 
the immunophenotypes of patients’ PBMCs, and found a positive asso
ciation between viral load, disease severity, serum IFN-α, and the 
expression of ISGs, implicating that IFN-α may promote severe 
COVID-19 progression [21]. Moreover, a current study indicated that 
the receptor ACE2 expression could be upregulated by both IFN-α and 
IFN-γ in human upper airway basal cells, which may facilitate the viral 
entry [10]. Researchers demonstrated that high-dose Type I IFN had 
partial antiviral effects against both SARS-CoV and MERS-CoV in cell 
culture, animal experiments, and clinically, for instance, IFN-β treat
ment could not completely reduce SARS-CoV titre and antigen produc
tion except for releasing virus-induced cytopathogenic effects [22,23]. 
Especially, MERS-CoV is much more sensitive to the antiviral function of 
IFN-β than SARS-CoV is [24]. Accordingly, timely and sufficient IFN 
production upon coronavirus infection may be important for the anti
viral response. Although the roles of IFN in the pathogenesis and pro
gression of COVID-19 are still somewhat controversial, the antagonizing 
inhibitors against proinflammatory cytokines including the inhibition of 
IL-6, IL-6R, JAK2 and GM-CSF, have been determined to have promising 

therapeutic efficacy in restraining inflammation in severe COVID-19 
patients [25-28]. Thus, SARS-CoV-2 may have developed its own strat
egy to conquer host IFN antiviral system, which needs intensive 
investigation. 

In order to identify whether IFN effects could be influenced by the 
products of SARS-CoV-2, including the structural and non-structural 
proteins, we screened all the products of SARS-CoV-2 in the regulation 
of type I IFN effects in bronchial epithelial cell line BEAS-2B, and found 
that the S protein could significantly enhance IFN effects. Interestingly, S 
protein could activate IFN effects and downstream ISGs expression. By 
transcriptome analysis, overexpression of S protein induced a set of 
genes expression, including series of ISGs and the SARS-CoV-2 receptor 
ACE2. Thus, we intend to investigate the role and mechanism for the 
induced ACE2 expression by S protein in this study, so as to elucidate the 
potential mechanism for the infection of SARS-CoV-2. 

2. Materials and methods 

2.1. Cell lines and transfection 

BEAS-2B and HEK293T cell lines were obtained from cell bank of 
Chinese Academy of Sciences (Shanghai, China). These cell lines have 
been authenticated using STR profiling and tested for mycoplasma 
contamination once per two to three weeks using MycoFree Kit by 
Genechem (Shanghai, China). BEAS-2B cells were cultured in RPMI 
1640 with 10% Fetal Bovine Serum (FBS), and HEK293T cells were 
cultured in DMEM with 10% FBS as previously described [29]. Cells 
were seeded at 105/ml into culture plates and grew to density about 50% 
in the next day, and then were transfected with plasmids using jetPRIME 
transfection reagent (114-15, Polyplus-transfection, France) according 
to the manufacturer’s protocol as we described previously [29]. For 
transfection concentration, 0.25 µg DNA with 0.5 µl jetPRIME was 
diluted into 50 µl jetPRIME buffer for per well of 24-well plate and 1 µg 
DNA with 2 µl jetPRIME was diluted into 200 µl jetPRIME buffer for per 
well of 6-well plate respectively. Cells were harvested 24 hours after 
transfection and the cell density reached about 90%. 

2.2. Reagents 

Antibodies specific to STAT1 (14994), STAT2 (72604), phospho- 
STAT1 (9167), phospho-STAT2 (4441), JAK1 (3344), and horseradish 
peroxidase-coupled secondary antibodies (7074 and 7076) were from 
Cell Signaling Technology (Danvers, MA). Antibodies specific to β-actin 
(A5441) and Flag tag (F1804) were from Sigma-Aldrich (St. Louis, MO). 
Antibody specific to V5 tag (ab9116) and C-terminal ACE2 (15348) was 
from Abcam (Cambridge, UK). Protease inhibitor cocktail (539134- 
1SML) and the STAT1 inhibitor (Fludarabine, 100 μg/mL) were from 
Calbiochem (Darmstadt, Germany). Recombined human IFN-α-2b was 
purchased from Kawin Technology (Beijing, China). After transfection, 
cells were stimulated with 1000 IU/mL human IFN-α-2b for the indi
cated time as described previously [30]. All the SARS and SARS-CoV-2 
protein constructs were constructed and determined to be successfully 
expressed as we described previously [31]. 

2.3. RNA isolation and Real-time PCR analysis 

Total RNA was extracted from human cell lines using RNAiso Plus 
reagent (Takara, Dalian, China) following the standard protocol. Real- 
time quantitative RT-PCR (qRT-PCR) analysis was performed using 
LightCycler 2.0 (Roche, Switzerland) and SYBR RT-PCR kit (Takara) as 
previously described [32,33]. For gene expression analysis, qPCR 
primers were human ISG15 (forward: 5’- CGC AGA TCA CCC AGA AGA 
TCG -3’, reverse: 5’- TTC GTC GCA TTT GTC CAC CA -3’); human long 
ACE2 (forward: 5’- CAA GAG CAA ACG GTT GAA CAC -3’, reverse: 5’- 
AGA CTA CAA TGA GAG GCT CTG GG -3’); human dACE2 (forward: 5’- 
GTG AGA GCC TTA GGT TGG ATT C -3’, reverse: 5’- TAA GGA TCC TCC 
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CTC CTT TGT -3’); human total ACE2 (forward: 5’- TGG GAC TCT GCC 
ATT TAC TTA C -3’, reverse: 5’- CCC AAC TAT CTC TCG CTT CAT C-3’); 
internal control human β-actin (forward: 5’-GGC GGC ACC ACC ATG 
TAC CCT-3’, reverse: 5’-AGG GGC CGG ACT CGT CAT ACT-3’). The 
relative expression level of the individual genes was normalized to that 
of internal control by using 2− ΔΔCt cycle threshold method in each 
sample [34,35]. The efficiency of each pair primers was determined. 

2.4. RNA-seq 

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, 
CA) as we previously described [32]. And then each sample was quali
fied and quantified by GBI-Shenzhen using Nano Drop and Agilent 2100 
bioanalyzer (Thermo Fisher Scientific, MA, USA), with appropriate RIN 
value of 10.0. Afterwards, mRNA library was constructed and validated 
on the Agilent Technologies 2100 bioanalyzer by GBI-Shenzhen using 
Oligo(dT)-attached magnetic beads. Subsequently, DNA nanoballs were 

Fig. 1. SARS-CoV-2 S protein promotes 
ISG15 expression. 
Note: A, Schematic diagrams of the 
SARS-CoV-2 genome, including ORF3, 
ORF6, ORF7a, ORF7b, ORF8b, ORF9b, 
Nsp1, Nsp2, Nsp3, Nsp4, Nsp5, Nsp6, 
Nsp7, Nsp8, Nsp9, Nsp10, Nsp12, 
Nsp13, Nsp14, Nsp15, Nsp16, S, E, N, 
and M protein; B, BEAS-2B cells were 
transfected with empty vector, SARS- 
CoV-2 structural, non-structural, or 
accessory protein constructs respec
tively, and then treated with IFN-α for 3 
hours or not. The expression of ISG15 
was detected by qRT-PCR; Data are 
shown as mean ± SD (n=3). *P< 0.05; 
**P< 0.01.   
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loaded into the patterned nanoarray, single end 50 bases reads were 
generated on BGIseq500 platform (GBI-Shenzhen, China), resulting in 
23.85 million total clean reads per library. The clean reads were mapped 
to the reference genome using HISAT2 (v2.0.4) with 95.81% of mapp
ability to the human genome, and then expression level of gene was 
calculated by RSEM (v1.2.12). Genes with expression values above 2 
were used for subsequent analysis and differentially expressed genes 
were screened with∣log2Ratio∣≥0.5. The differentially expressed genes 
were analyzed by KEGG mapper-Search pathway (https://www.kegg. 
jp/kegg/tool/map_pathway1.html). 

2.5. Western blot and Immunoprecipitation 

Cells were lysed on ice with cell lysis buffer (Cell Signaling Tech
nology) supplemented with protease inhibitor cocktail (Calbiochem) at 
a ratio of 1:200. Protein concentrations of the extracts were measured 
with bicinchoninic acid (BCA) assay (Pierce). Equal amount of the ex
tracts was loaded to SDS-PAGE and transferred onto nitrocellulose 
membrane for immunoblot analysis as described previously [36,37]. As 

for immunoprecipitation, equal amount of cell lysate samples was added 
with 50 µl anti-Flag agarose conjugate suspension (approx. 5 µl agar
ose/bed volume) and incubated for 2 hours at 4 ◦C with gentle mixing. 
Then immunoprecipitated complexes were collected by centrifugation 
at 3,000 g for 2 minutes and washed with 1 mL washing buffer by 
resuspension for at least 3 times. Each pellet was resuspended in 25 µL 
loading buffer, and heated at 95◦C for 5 minutes. IP samples were then 
subjected to SDS-PAGE and transferred to nitrocellulose membrane for 
immunoblot analysis as described previously [36,37]. Protein levels 
were quantified using Image J software. 

2.6. Statistical analysis 

Data are shown as mean ± SEM of three independent experiments. 
Statistical comparisons between experimental groups were analyzed by 
unpaired Student’s t-test in GraphPad Prism 8.0, and a two-tailed 
P<0.05 was taken to indicate statistical significance. 

Fig. 2. SARS-CoV-2 S protein enhances its receptor ACE2 expression. 
Note: A-B, KEGG pathway (A) and network (B) enrichment analysis of differentially expressed genes between BEAS-2B cells transfected with S protein and empty 
vector; C, Heatmap summarizing the differentially expressed ISGs (log2-transformed expression value) in the transcriptome analysis between BEAS-2B cells trans
fected with S protein or empty vector; D, BEAS-2B cells were transfected with empty vector, or SARS-CoV-2-Spike protein constructs as indicated, and then the 
expression of long ACE2, dACE2 and total ACE2 was detected by qRT-PCR; E, BEAS-2B cells were transfected with empty vector or S protein, and the expression of 
long ACE2 and dACE2 was detected by Western blot using C-terminal anti-ACE2 antibody. β-actin was used as internal control; F, BEAS-2B cells were transfected with 
empty vector, SARS-CoV-2 Spike, SARS Spike, MERS Spike, SARS-CoV-2 S1, SARS-CoV-2 S2, or SARS-CoV-2 RBD protein constructs as indicated, and then the 
expression of long ACE2 was detected by qRT-PCR; Data are shown as mean ± SD (n=3), or typical photographs of one representative experiment from three in
dependent experiments. *P< 0.05; **P< 0.01. 
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3. Results 

3.1. SARS-CoV-2 S protein increases the expression of ISGs 

In order to investigate whether the products of SARS-CoV-2, 
including the structural and non-structural proteins, could influence 
the effect of type I IFN, we first transfected and overexpressed the pro
teins of SARS-CoV-2 respectively in the bronchial epithelial cell line 
BEAS-2B, and chose IFN-α-induced expression of typical antiviral ISG 
ISG15 as the readout. By screening, the results showed that IFN- 
α-induced ISG15 expression could be enhanced by SARS-CoV-2 struc
tural S protein both with and without IFN-α stimulus (Fig. 1A-B), sug
gesting that S protein could activate IFN-α effector signaling in bronchial 
epithelial cells. Therefore, we intended to focus on the roles of S protein- 
enhanced IFN effects in bronchial epithelium and the corresponding 
molecular mechanisms. 

3.2. SARS-CoV-2 S protein enhances the expression of ISGs and the 
receptor ACE2 

As SARS-CoV-2 S protein could activate the expression of some ISGs, 
we next performed the RNA-seq based transcriptome analysis between 
control and S protein-overexpressed BEAS-2B cells to elucidate the genes 
that S protein could activate. The 54 differentially expressed genes were 
assigned to various annotation in Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway and network, and the data revealed that the 
differentially expressed genes could be enriched to COVID-19 SARS- 
CoV-2 and the antiviral signaling including IFN signaling and down
stream JAK-STAT signaling (Fig. 2A-B). In agreement with the induced 
expression of ISG15 by S protein, a set of ISGs were also determined to be 
induced by the overexpression of S protein (Fig. 2C), suggesting that S 
protein could activate IFN effector signaling. Interestingly, among the 
induced genes by S protein, we found that the expression of ACE2, the 
receptor of SARS-CoV-2, was also significantly increased by SARS-CoV-2 
S protein (Fig. 2C). Together with a recent report determining that IFN 
treatment directly induced ACE2 expression in primary human nasal 
epithelial cells [10], we presumed that SARS-CoV-2 S protein may 
activate IFN effector signaling to induce ACE2 expression for its entry. 

Recently, several studies demonstrated a new truncated isoform of 
ACE2, named deltaACE2 (dACE2), whose translation product lacked 356 
amino acids at N-terminal as compared to that of full length ACE2 (long 
ACE2) [38-40]. dACE2 protein is unlikely to facilitate the entry of 
SARS-CoV-2, as result of the deficiency in the domain required for 
SARS-CoV-2 binding [38-40]. Therefore, the induced long ACE2, dACE2 
and total ACE2 levels by SARS-CoV-2 S protein were then examined in 
bronchial epithelial BEAS-2B cells, and the increased long ACE2 
expression was the most markedly and significantly (Fig. 2D). Over
expression of S protein enhanced the expression of long ACE2 at both 
mRNA and protein levels, while has little effect on dACE2 protein 
expression (Fig. 2D-E). Therefore, we focused on the long ACE2 isoform, 
and found that long ACE2 expression was commonly upregulated by S 
protein of the three respiratory syndrome coronavirus, including 
SARS-CoV-2, SARS-CoV and MERS-CoV, and SARS-CoV-2 S protein had 
the most marked and significant effect (Fig. 2F). Moreover, the truncates 
of SARS-CoV-2 S protein, including S1, S2, and RBD domains, were also 
transfected respectively, and none of these truncates could induce the 
expression of long ACE2 (Fig. 2F), suggesting that only the intact 
structure of S protein could enhance long ACE2 expression. Taken 
together, these data determine that SARS-CoV-2 S protein induces the 
expression of a set of ISGs and the receptor ACE2, and the induced long 
ACE2 may be involved in the infection of SARS-CoV-2. 

3.3. S protein enhanced ACE2 expression by activating IFN effector 
signaling 

The mechanism responsible for S protein-induced ACE2 expression 

was then investigated. As SARS-CoV-2 S protein was determined here to 
activate ISGs expression and a recent research reported that IFN could 
drive ACE2 expression in primary human nasal epithelial cells [10], we 
examined that whether S protein could induce ACE2 expression by 
activating IFN effector JAK-STAT signaling. The phosphorylation and 
activation of STAT1 and STAT2 were analyzed in S 
protein-overexpressed BEAS-2B cells, and we found that S protein could 
enhance the phosphorylation of STAT1 at tyrosine 701 and STAT2 at 
tyrosine 690, thus contributing for their activation (Fig. 3A-B). 
Furthermore, using Fludarabine to inhibit STAT1 activation, the 
induced long ACE2 expression by S protein overexpression was abro
gated in BEAS-2B cells (Fig. 3C). Together, we conclude that 
SARS-CoV-2 S protein could induce the receptor long ACE2 expression 
by activating IFN effector JAK-STAT signaling. 

3.4. SARS-CoV-2 S protein activated STAT1 and STAT2 via promoting 
their association with upstream JAK1 

We next investigated the molecular mechanism responsible for the 
SARS-CoV-2 S protein-prompted STAT1 and STAT2 phosphorylation. 
The possible interaction between S protein with STAT1 and STAT2 was 
then examined, and we found that exogeneous STAT1 and STAT2 could 
both co-immunoprecipitated with SARS-CoV-2 S protein using co- 
immunoprecipitaion (co-IP) analysis in HEK293T cells overexpressed 
with the tagged proteins (Fig. 4A), suggesting the potential direct 
interaction between S protein with STAT1 and STAT2. The endogenous 
interaction between S protein with STAT1 and STAT2 was also 
confirmed using co-IP in bronchial epithelial BEAS-2B cells (Fig. 4B). 
Furthermore, to identify the corresponding domains within STAT1 and 
STAT2 responsible for their interaction with S protein, the truncates of 
STAT1 and STAT2 were constructed and co-transfected into BEAS-2B 
cells with V5 tagged-S protein. Co-IP analysis determined that SARS- 
CoV-2 S protein interacted with the N-terminal domain of STAT1 and 
N-terminal domain of STAT2 respectively (Fig. 4C). Together, these data 
suggest that SARS-CoV-2 S protein could directly interact with STAT1 
and STAT2 through their N-terminal domains. 

In order to illustrate how the activation between S protein with 
STAT1 and STAT2 enhances their phosphorylation, we first examined 
the activation of upstream catalytic kinase Janus kinase (JAK) 1, which 
directly phosphorylated downstream STAT1 and STAT2. However, 
overexpression of S protein in BEAS-2B cells did not significantly in
fluence the phosphorylation of JAK1, which is corresponding for its 
catalytic activation (data not shown). Since JAK1 directly associated 
with downstream STAT1 and STAT2 to function the catalytic role, we 
then presumed that SARS-CoV-2 S protein might influence this associ
ation. Through co-IP analysis, we found that overexpression of S protein 
enhanced the association between JAK1 with downstream STAT1 and 
STAT2 (Fig. 4D). Thus, we conclude that SARS-CoV-2 S protein facili
tates the activation of STAT1 and STAT2 through reinforcing their 
interaction with upstream JAK1, which then induces the receptor ACE2 
expression and may participate in the infection process of SARS-CoV-2. 

4. Discussion 

In this study, we found that SARS-CoV-2 S protein could activate IFN 
effector signaling to enhance the receptor ACE2 expression in human 
bronchial epithelial cell line BEAS-2B, which may be involved in the 
viral infection. For the potential interaction between SARS-CoV-2 and 
host IFN response, previous studies determined the inhibitory roles of 
Nsp1, Nsp6, Nsp7, Nsp13, Nsp14, ORF3a, M, ORF6, ORF7a, and ORF7b 
proteins on ISRE promoter activity in HEK293T cells treated with IFN-α, 
while S protein had no effect [19]. This disparity may result from the 
different cells used in these studies, and bronchial epithelium is one of 
the host cells for the entry of SARS-CoV-2, which may better reflect the 
process of SARS-CoV-2 infection. However, as all these data of SAR
S-CoV-2’s effects on IFN response were analyzed in vitro, further 
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experiments in the primary bronchial epithelial cells or in the in vivo 
SARS-CoV-2 infection models are more crucial and necessary for the 
better understanding of the interaction between SARS-CoV-2 products 
and host IFN response. 

SARS-CoV-2 S protein was found here to promote its receptor ACE2 
expression in bronchial epithelium BEAS-2B cells, which may then assist 
virus entry. A recent research identified the target cells of SARS-CoV-2 
through using single-cell RNA-sequencing to elucidate which cells 
could express ACE2, and found that ACE2 was expressed in lung type II 
pneumocytes, ileal absorptive enterocytes, nasal goblet secretory cells, 
and bronchial epithelium BEAS-2B cells [10], which might be invaded 
by SARS-CoV-2. Simultaneously, another study confirmed that 
SARS-CoV-2 entry-associated genes can be co-expressed in specific res
piratory, corneal and intestinal epithelial cells, highlighting their po
tential role in initial viral infection, spread and clearance [41]. Hence, 
ACE2 expression level may determine the efficiency of SARS-CoV-2 
infection to host cells, and the increased ACE2 expression by S protein 
may further help its invasion. Thus, the roles of SARS-CoV-2 protein 
following viral infection should be reconsidered, especially in the in vivo 
model of SARS-CoV-2 infection. Moreover, owing to the effects of 
SARS-CoV-2 S protein on promoting its receptor ACE2 expression in 
bronchial epithelium BEAS-2B cells, the safety of mRNA vaccines 
encoding the stabilized SARS-CoV-2 S protein may raise concerns. 
Especially considering people who are not sensitive to vaccination by 
mRNA vaccine encoding the SARS-CoV-2 S protein, they may be more 
susceptible to SARS-CoV-2 infection because of increased receptor ACE2 
expression. Therefore, there’s a need for an adequate assessment of 
safety and risk of mRNA vaccine encoding the SARS-CoV-2 S protein. 

Mechanistically, SARS-CoV-2 S protein enhances the phosphoryla
tion of STAT1 and STAT2 through strengthening their interaction with 
upstream kinase JAK1, which activates ACE2 expression. This phe
nomenon is in consistent with the results of a previous study, which 
demonstrates that S protein promotes IFN-β promoter activity mediated 
by SeV infection and RIG-I activation in HEK293T cells [18]. Thus, 
SARS-CoV-2 S protein may promote both IFN production in innate im
mune cells and IFN effects in the epithelium. In the epithelium, the 
activation of IFN effects mediated by S protein leads to the upregulation 

of ACE2 expression, which may facilitate viral entry. For the potential 
roles of S protein in innate immune cells, whether the enhancement of 
IFN promoter activity and then IFN production exist in the CD169+

macrophages of COVID-19 patients need to be further examined, as 
CD169+ macrophages are the major SARS-CoV-2-infected tissue-r
esident macrophages [42]. Moreover, the roles of the potential pro
moted type I IFN production in SARS-CoV-2 infection are still not fully 
determined, whether this effect helps viral invasion, enhances host 
antiviral response, or even initiate immune disorders still need further 
investigation in vivo. As recent studies determining IFN-inducible 
expression of nonfunctional dACE2 not long ACE2 [38-40], our find
ings provided that long ACE2 was increased by SARS-CoV-2 S protein 
through STAT1/2 activation independent on IFN-α, and the mechanisms 
for IFN-α-induced dACE2 and S protein-induced long ACE2 still need 
further investigation in details. 

As mentioned above, type I IFN is recognized as the most important 
antiviral cytokine for the clearance of viral infection, inhibition of viral 
replication, and induction of apoptosis in virus-infected cells [43]. 
Although several studies have suggested the low levels of IFN-I or IFN-III 
and high levels of chemokines or IL-6 signatures in the serum samples of 
COVID-19 patients [44], recent clinical data also determined a possible 
positive correlation between viral load, IFN-α levels and the disease 
severity of COVID-19 patients, with high ISGs expression and high 
serum IFN-α levels during ICU stage [21]. Moreover, studies demon
strated that most immune cells from patients with severe COVID-19 
showed a strong type I IFN response through single cell RNA 
sequencing analysis [45, 46]. Together with our data that SARS-CoV-2 S 
protein activating IFN effector signaling to induce ACE2 expression, the 
roles of type I IFN production in SARS-CoV-2 infection and COVID-19 
progression still need intensive investigation, especially in the 
different time periods post viral infection and different disease severity 
of COVID-19. 

In conclusion, SARS-CoV-2 S protein facilitates IFN effects signaling 
to induce the expression of ISGs including its receptor ACE2, by acti
vating STAT1 and STAT2 via promoting their association with upstream 
kinase JAK1, which may assist viral entry in bronchial epithelium. 

Fig. 3. SARS-CoV-2 S protein activated IFN 
effector JAK-STAT1/2 signaling. 
Note: A, BEAS-2B cells were transfected with 
empty vector or S protein without IFN-α stim
ulus. The phosphorylation of STAT1 and STAT2 
was examined by Western blot. β-actin was used 
as internal control; B, Quantification of the 
percentage of STAT1/2 phosphorylation from 
Western blot in A; C, BEAS-2B cells were 
transfected with empty vector or S protein, and 
then treated with DMSO or STAT inhibitor 
Fludarabine as indicated without IFN-α stim
ulus. The expression of ACE2 was detected by 
qRT-PCR; Data are shown as mean ± SD or 
typical photographs of one representative 
experiment from three independent experi
ments. *P< 0.05; **P< 0.01.   
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Fig. 4. SARS-CoV-2 S protein promoted the 
activation of STAT1 and STAT2 through 
enhancing their association with JAK1. 
Note: A, Association of Flag-tagged STAT1 and 
STAT2 with V5-tagged S protein was deter
mined using co-IP in the transfected HEK293T 
cells; B, Co-IP examination of the interaction 
between STAT1, STAT2, and Flag-tagged S 
protein was determined in BEAS-2B cells; C, 
Wild-type or fragments of STAT1 and STAT2 
were constructed as indicated. Association of 
Flag-tagged STAT1 and STAT2 with V5-tagged 
S protein was determined using co-IP in the 
transfected HEK293T cells; D, Co-IP examina
tion of the interaction between STAT1, STAT2, 
and JAK1 was determined in BEAS-2B cells 
transfected with S protein or empty vector; Data 
are shown as typical photographs of one 
representative experiment, similar results were 
obtained in three independent experiments.   
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