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Abstract: (1) Background: Acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the etiological
agent for the coronavirus disease (COVID-19) that has led to a pandemic that began in March 2020.
The role of the SARS-CoV-2 components on innate and adaptive immunity is still unknown. We
investigated the possible implication of pathogen-associated molecular patterns (PAMPs)–pattern
recognition receptors (PRRs) interaction. (2) Methods: We infected Calu-3/MRC-5 multicellular
spheroids (MTCSs) with a SARS-CoV-2 clinical strain and evaluated the activation of RNA sensors,
transcription factors, and cytokines/interferons (IFN) secretion, by quantitative real-time PCR,
immunofluorescence, and ELISA. (3) Results: Our results showed that the SARS-CoV-2 infection of
Calu-3/MRC-5 multicellular spheroids induced the activation of the TLR3 and TLR7 RNA sensor
pathways. In particular, TLR3 might act via IRF3, producing interleukin (IL)-1α, IL-1β, IL-4, IL-6, and
IFN-α and IFN-β, during the first 24 h post-infection. Then, TLR3 activates the NFκB transduction
pathway, leading to pro-inflammatory cytokine secretion. Conversely, TLR7 seems to mainly act via
NFκB, inducing type 1 IFN, IFN-γ, and IFN-λ3, starting from the 48 h post-infection. (4) Conclusion:
We showed that both TLR3 and TLR7 are involved in the control of innate immunity during lung
SARS-CoV-2 infection. The activation of TLRs induced pro-inflammatory cytokines, such as IL-1α,
IL-1β, IL-4, and IL-6, as well as interferons. TLRs could be a potential target in controlling the
infection in the early stages of the disease.

Keywords: SARS-CoV-2; TLR; RNA sensors

1. Introduction

SARS-CoV-2 is a new strain of the positive ssRNA coronavirus family, the cause of the
coronavirus disease (COVID-19), which shares high homology with the previous severe
disease-associated coronaviruses MERS (Middle East respiratory syndrome) and SARS
(severe acute respiratory syndrome). The SARS-CoV-2 outbreak emerged firstly in Wuhan
in December 2019, and then rapidly spread worldwide, becoming a pandemic in January
2020 [1–3].

As reported by different published works, COVID-19 is associated with a peculiar
clinical case history, characterized by an inefficient immune system response and high
levels of inflammatory cytokines, known as “cytokine storm”, including IL-1, IL-6, IL-4,
IL-10, and INF-γ [4]. In particular, the presence of high serum levels of these cytokines
has been associated with severe COVID-19 [5], reported to be possibly associated with the
increased expression of angiotensin converting enzyme 2 (ACE2), which is the cellular
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receptor bound by SARS-CoV-2 spike (S) protein. The ACE2 receptor is essential for viral
entry into the target cells [6]. Simultaneously, the interaction between ACE2 and SARS-
CoV-2 increases the secretion of soluble ACE2 in the blood and urine [7], leading to the
release of a massive quantity of cytokines (cytokine storm), which includes the production
of IL-6 by macrophages [8,9]. This condition is related to severe lymphocytopenia [10], hy-
percoagulation [11], increased mortality [12], and a poor clinical follow-up [13]. The typical
inflammatory environment triggered by SARS-CoV-2 infection is the result of the initial
recruitment of the innate immune response, which represents the first line of protection
against pathogens and that, in turn, stimulates acquired immunity activation [14].

For this reason, to achieve efficient control of the infection, it is crucial that the host
immune response is balanced, in order to avoid both excessive inflammation that could
damage the host system, as observed in COVID-19 patients’ lungs, and low activation of
the immune system, which could facilitate viral spread [15,16].

During a viral infection, both the infected cells and the innate immune system are
aware of the presence of an infection, by the recognition of specific pathogen portions,
called “pathogen-associated molecular patterns” (PAMPs), which are recognized by spe-
cific pattern recognition receptors (PRRs) [17]. The PAMPs–PRRs interaction leads to an
intracellular signaling cascade that is essential for both the antiviral activity by interferons
production, and immune system activation by cytokine secretion [17]. The PRRs family in-
cludes different components that are involved in the sensing of RNA virus infections, such
as RIG-I-like receptors (RLRs), e.g., RIG-I and MDA5, and Toll-like receptors (TLRs) [18].
RLRs consist of cytoplasmatic RNA helicases that recognize intracellular double-stranded
RNA (dsRNA), while TLRs are membrane-associated receptors that are able to recognize
PAMPs [19,20]. Anti-viral TLRs include TLR3, which recognizes dsRNA, TLR7 and TLR8
that engage single-stranded RNA (ssRNA), while TLR9 detects unmethylated CpG DNA.
In particular, TLRs 3, 7, and 8 are all localized on the endosomal membrane, and could
recognize ssRNA [21]. TLR3 engagement by viral dsRNA activates the TRIF-dependent
pathway and induces proinflammatory cytokines, chemokines, and type I and type III
interferons via NF-κB and IRF3. TLR7/8, located on the X-chromosome, as tandem dupli-
cated genes, are expressed on the endosome membranes. The interaction between TLR7/8
and ssRNA enhances immune activation and the release of pro-inflammatory molecules,
which might be connected with disease outcome [21]. Recently, TLR7 has been reported to
be implicated in the sensing of SARS-CoV-2 infection, and the presence of TLR7-deficient
genetic variants have been associated with a less-efficient control of the infection [22]. This
central role of TLR7 in the antiviral response towards SARS-CoV-2 has been considered
to be a potential target for therapy with the immune-stimulator imiquimod, in order to
increase TLR7 activation and, consequently, its antiviral effect [22]. Once the viral RNA
sensors are activated, downstream signaling is engaged to induce the transcription factors
in the nucleus, which, in turn, promote the expression of target genes, including types I
and III IFNs, and a number of other important pro-inflammatory cytokines [23]. Among
the transcriptional factors involved, IRF3 and NF-κB play a central role [24], with the
IRF3 protein being involved in the production of interferons [25], while NF-κB is mainly
employed in the induction of the proinflammatory response [26]. Even if both IRF3 and
NF-κB are reported to be crucial in RNA sensing signaling, they are differentially induced
by endosomal TLRs-3 and -7. In fact, while TLR7 activation leads mainly to NF-κB re-
cruitment, TLR3 typically activates both NF-κB and the IRF3 signal [27]. This differential
signaling is possible because both TLR3 and TLR7 involve the kinase TBK1, which is
responsible for IRF3 and NF-κB phosphorylation. This first signal is followed by a second
one that is addressed to all the surrounding cells, which are led to express a great number
of interferon-stimulated genes, in order to establish the antiviral state [28].

In this study, we used Calu-3/MRC-5 multicellular spheroids as an in vitro lung model.
The choice to use MTCSs lung model was supported by the evidence that both epithelial
and fibroblast components could participate in the inflammatory response observed during
lung damage [29], contributing to both the cytokine storm and antiviral response.
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Our aim was to investigate how PRRs activation during the SARS-CoV-2 infection
may affect the innate immune response in the lung cell environment.

2. Materials and Methods
2.1. Cell Cultures

African green monkey kidney epithelial Vero E6 (ATCC CRL-1586), human lung fi-
broblast MRC-5 cells (ATCC CCL-171) (LGC Standards S.r.l., Milan, Italy) and human lung
adenocarcinoma Calu-3 cells (ATCC, HTB-55), were grown in EMEM (ThermoFisher Scien-
tific, Milan, Italy) with 1% penicillin–streptomycin (ThermoFisher Scientific, Milan, Italy),
1% L-glutamin (ThermoFisher Scientific, Milan, Italy) and 10% fetal bovine (ThermoFisher
Scientific, Milan, Italy), and cultured at 37 ◦C in presence of 5.0% CO2.

2.2. 3D Cultures:Multicellular Spheroids Formation

Calu-3/MRC-5 multicellular spheroids (MTCSs) were obtained using the liquid over-
lay method [30]. Briefly, Calu-3 and MRC-5 cells were seeded in 1:5 ratio to obtain a total
of 5000 cells/well in 200 uL of complete EMEM (ThermoFisher Scientific, Milan, Italy) into
a 96-well plate (Nunc, ThermoFisher Scientific, Milan, Italy) previously filled with 1.5%
sterile agarose (ThermoFisher Scientific, Milan, Italy). In order to check cell distribution
into MTCSs, Calu-3 and MRC-5 single-cell suspensions were stained, respectively, with
Syto9 (green fluorescent nucleic acid stain) and Syto59 (red fluorescent nucleic acid stain)
(ThermoFisher Scientific, Milan, Italy). After seeding, the plate was briefly centrifuged
(200g × 1min) and the plate was incubated at 37 ◦C in presence of 5.0% CO2 to allow
cell aggregation and spheroids formation. After 3–4 days of culture, a single spheroid
was formed into each well and checked by immunofluorescence for cell distribution into
spheroids. The MTCSs obtained were, on average, 250–300 um in diameter.

2.3. MTT Assay for Cell Viability

Cell viability of MTCSs was assessed by MTT assay (Roche Diagnostics, Milan, Italy)
after SARS-CoV-2 infection as previously described [30]. Briefly, 10 uL of MTT solution
was added to each well overnight. The day after, 100 uL of solvent was added and after
4 h the absorbance at 570 nm was measured. Results are expressed as mean value ± SD
percent optical density (OD) derived from three independent experiments.

2.4. SARS-CoV-2 Propagation and Infection

SARS-CoV-2 was isolated from a nasopharyngeal swab retrieved from a patient with
COVID-19 (Caucasian man of Italian origin, genome sequences available at GenBank
(SARS-CoV-2-UNIBS-AP66: ERR4145453). This SARS-CoV-2 isolate clustered in the B1
clade, which includes most of the Italian sequences, together with sequences derived from
other European countries and the United States. As previously described, the viral titer
was determined by plaque assay in Vero E6 cells [30]. SARS-CoV-2 manipulation was
performed in the BSL-3 laboratory of the University of Ferrara, following the biosafety
requirements and accordingly with the Institutional Biosafety Committee. Both Calu-3 and
MRC-5’s susceptibility to SARS-CoV-2 infection was assayed by infecting single-type cell
with an MOI of 1 for 2 h at 37 ◦C, as previously reported (approx. 2 × 105 infectious virus
particles per well) [30]. SARS-CoV-2 infection in Calu-3/MRC-5 MTCSs was performed by
transferring the spheroids into a new U-bottom 96 well, using a multiplicity of infection
(MOI) of 1.0 for 1 h at 37 ◦C on a shaker. Then, 24, 48, 72 and 96 h after infection, the
infected spheroids were collected and used for the different assays.

2.5. Viral RNA Detection

RNA extraction was performed 24 and 48 h post-infection (hpi) with MagMAX vi-
ral/pathogen nuclei acid isolation kit (Thermo Fisher, Milan, Italy), a kit for the recovery
of RNA and DNA from virus, as previously described [14]. SARS-CoV-2 titration was
obtained by TaqMan 2019nCoV assay kit v1 real-time qPCR (Thermo Fisher, Milan, Italy).
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2.6. MTCSs Treatment for RNA Sensor Pathways Analysis

The evaluation of RLRs and TLRs inducible expression was performed using the
following RLRs and TLRs agonists: RIG-I/MDA5 agonist 5′ triphosphate hairpin RNA
complexed with transfection reagent LyoVec (1 µg/mL) (Invivogen, San Diego, CA, USA);
TLR3 agonist Poly(I:C) (HMW) (2 µg/mL) (Invivogen, San Diego, CA, USA); TLR7/8
agonist—imidazoquinoline compound R848 (2 µg/mL) (Invivogen, San Diego, CA, USA);
TLR4 agonist lipopolysaccharides LPS-B5 (LPS from E. coli 055:B5) (1 µg/mL) (Invivogen,
San Diego, CA, USA). RNA sensors inhibition was performed using the following RLRs
antagonists: TLR3/dsRNA complex inhibitor (30 uM) (Sigma-Aldrich, Merck Life Science
S.r.l., Milan, Italy); TLR7 inhibitor Pepinh-MYD (50 uM) (Invivogen, San Diego, CA, USA).
For the evaluation of the role of IRF3 and NF-κB we used MRT67307 (20 nM) (Sigma-
Aldrich, Merck Life Science S.r.l., Milan, Italy), which prevents IRF3 phosphorylation, and
helenalin (10 µm) (Cayman Chemicals, Ann Arbor, MI, USA), an inhibitor of NF-κB.

Further, siRNAs specific to human TLR3 (assay ID 107054; Thermo Fisher, Milan,
Italy) and human TLR7 (assay ID 108895; Thermo Fisher, Milan, Italy), and the non-
specific control siRNA (Ambion Silencer Negative Control) (Thermo Fisher, Milan, Italy),
were transfected to Calu-3/MRC5 cells cultured on a 6-well plate (6 × 105/well) us-
ing the Lipofectamine RNAiMAX reagent (Thermo Fisher, Milan, Italy) according to the
manufacturer’s instructions.

2.7. Gene Expression Analysis

RNA sensors pathway genes expression was evaluated on RNA extracted by using
the RNeasy kit (Qiagen, Milan, Italy). DNase treatment was used to check for contaminant
DNA presence, using β-actin PCR as a control. RT2 first strand kit (Qiagen, Milan, Italy)
was used for RNA reverse transcription and cDNAs were immediately used or stored at
−20 ◦C. Gene expression analysis on extracted RNA was performed by real-time quantita-
tive PCR using PowerUp SYBR Green Master Mix (Thermo Fisher, Milan, Italy) and the
primer sets reported in Table 1.

Table 1. PrimeTime qPCR assays used for gene expression analysis.

Target Gene PrimeTime qPCR Primer Assay *

RIG-I Hs.PT.58.4273674

MDA5 Hs.PT.58.1224165

TLR3 Hs.PT.58.25887499.g

TLR4 Hs.PT.58.38700156.g

TLR7 Hs.PT.58.39183219.g

TLR8 Hs.PT.58.15023918.g

IRF3 Hs.PT.58.27933933.g

NF-κB Hs.PT.58.20344216

GAPDH Hs.PT.58.25887499.g
* PrimeTime qPCR primer assays provide a primer pair designed for real-time PCR using intercalating dyes, such
as SYBR®Green (IDT, Leuven, Belgium).

Amplification followed this fast protocol, as follows: 1 cycle at 50 ◦C for 2 min,
1 cycle at 95 ◦C for 2 min and 40 cycles at 95 ◦C for 1 s and 60 ◦C for 30 s. Quantitative
PCR analysis was performed using QuantStudio3 real-time PCR detection system (Applied
Biosystems, Thermo Fisher, Milan, Italy). Relative quantification of given mRNA levels for
the samples was conducted using the 2−∆∆CT, 2 (Delta Delta CT) method [31] normalized
to the constitutively expressed housekeeping gene GAPDH. Relative fold changes were
generated comparing the non-infected control (NT) to the samples.
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2.8. Immunofluorescence Analysis

Spheroids were air-dried, fixed in cool methanol at –20 ◦C for 10 min. After rehydra-
tion in PBS, MTCS were permeabilized with PBS—3%, BSA—0.1%, TritonX for 30 min at RT
and then incubated with a specific antibody directed against SARS-CoV-2 nucleocapsid pro-
tein (NP) (MA1-7404, Thermo Fisher, Milan, Italy) or against human angiotensin-converting
enzyme 2 (ACE2) (SN0754 Thermo Fisher; Italy) as previously described [32], followed by
incubation with FITC goat anti-mouse IgG (H + L) secondary antibody (Thermo Fisher,
Milan, Italy). Immunofluorescence was visualized by fluorescent microscopy (Nikon
Eclipse Nikon Eclipse TE2000S, Milan, Italy). DNA was stained using DAPI (Thermo
Fisher, Milan, Italy).

All MCTS measured 500 µm +/− 20 µm in diameter and were subdivided into seven
parts (40, 80, 120, 160, 200, 240, 290 µm) on the basis of the distance from the surface of the
spheroid. The number of NP-positive cells was determined in each part of the spheroid
and expressed as percentage of NP-positive cells in the spheroid area.

2.9. Wesern Blot Analysis

TLR3 and TLR7 protein expression were quantified by Western blot assay. Whole
cell lysates were treated with RIPA buffer containing proteinase inhibitor cocktail (Sigma-
Aldrich, Merck Life Science S.r.l., Milan, Italy). Protein contents were evaluated by means
of the Bradford assay (Bio-Rad, Milan, Italy) using bovine albumin (Sigma-Aldrich) as stan-
dard. Then, 20 µg of total proteins were loaded in each well and evaluated in denaturing
conditions in 10% TGX pre-cast gel (Bio-Rad, Milan, Italy), with subsequent electroblotting
transfer onto a PVDF membrane (Millipore, Merck Life Science S.r.l., Milan, Italy). The
membrane was incubated with a specific antibody for the protein to be analyzed, then
with a horseradish peroxidase (HRP)-conjugated anti-mouse antibody (1:5000; Amersham
Biosciences, Piscataway, NJ, USA) and developed with the ECL kit (Amersham Biosciences,
NJ, USA). The images were acquired by Geliance 600 (Perkin Elmer, Milan, Italy). The
specific antibodies used were as follows: anti-TLR3 (clone 27N3D4), anti-TLR7 (clone
NBP2-24905) (Novus Biologics, Milan, Italy). The complete Western blots are reported in
Supplementary Figure S2.

2.10. IRF3 and NF-κB Expression and Phosphorilation Analysis

The evaluation of IRF3 and NFκB expression and phosphorylation status was per-
formed using the detection kit human total IRF-3 and phospho-IRF-3 (S386) ELISA kit
(RayBiotech, Peachtree Corners, GA, USA), and total NF-κB p65 and phospho-NF-κB p65
(S536) (Abcam, Cambridge, UK) on MTSC cell lysates. MTCS were lysed for 30 min on ice
in modified RIPA buffer with 150 mM NaCl, 1% Nonidet P-40, 50 mM Tris-HCl, pH 7.4,
1 mM Na3VO4, 0.25% sodium deoxycholate, and 1 mM NaF supplemented with protease
inhibitor cocktails (Roche Diagnostics Corporation, Mannheim, Germany). Total protein
extract was collected from supernatant after centrifugation at 12.000× g for 20 min at
4 ◦C. Protein content was evaluated by Bradford’s method, with bovine serum albumin
as calibrator.

2.11. Soluble Factors Quantification by ELISA Assay

IL-1 α, IL-1 β, IL-4, IL-6, IL-10, interferon-α (IFN-α), interferon-β (IFN-β), interferon-γ
(INF-γ), interferon-lamba1 (IL-29), interferon-λ2 (IL28A), interferon-λ3 (IL-28B) levels were
evaluated in MTCSs culture supernatants by single ELISA kit assays (myBiosource, San
Diego, CA, USA) following the customer’s protocols.

2.12. Statistical Analysis

Two-tailed Student’s t-test was used for comparative analysis between individual
parameters, relative expression of target genes normalized to the expression of GADPH
and for soluble factors evaluation, expressed as fold change relative to the corresponding
control group. The data were analyzed by paired Student’s t-test. P values < 0.05 were
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considered significant. The statistical analyses were performed with GraphPad Prism
version 9 software (GraphPad, La Jolla, CA, USA).

3. Results
3.1. Calu-3/MRC-5 Multicellular Spheroids Are Efficiently Infected by SARS-CoV-2

The main structural cell types of the lung, epithelial and fibroblast cells were cultured
in a 3D in vitro model, which was obtained 4 days after seeding the Calu3 and MRC-5
cells in a ratio of 1:5 (Figure 1a). In order to check the cell distribution in the multicellular
spheroid (MTCS), Calu-3 and MRC-5 single-cell suspensions were pre-stained with Syto9
and Syto59, respectively. We observed the localization of the MRC-5 cells in the core
of the spheroid, while the Calu-3 cells were in the outer region. This peculiar cellular
distribution is in line with the results reported in the literature [32], and is consistent with
the structure of the airway epithelium. We observed a high viability rate until 72 h of
culturing (Figure 1b), while at 96 h of culturing, the spheroids presented a reduced viability
(Figure 1b; p < 0.001; Student’s t-test). We used these MTCSs as an in vitro model for lung
SARS-CoV-2 infection.

MTCSs were infected with 1.0 MOI of SARS-CoV-2 for 2 h and viral titration was per-
formed by real-time qPCR. We observed susceptibility and permissivity to the SARS-CoV-2
infection, with a significant increase in the viral load 48 h after the infection (Figure 1c,d;
p < 0.0001; Student’s t-test). At 96 h post-infection, we had a significant decrease in the
viral titration (Figure 1d), due to the senescence of the spheroids, as previously observed
(Figure 1b). Figure 1c shows the expression of the SARS-CoV-2 NP protein in MTCS. We
estimated the percentage of SARS-CoV-2 NP-positive cells on the basis of the distance
to the spheroid surface. The MCTS measured 500 µm +/− 20 µm in diameter, and we
subdivided the spheroid into seven parts, on the basis of the distance from the surface
of the spheroid. We observed a progressive decrease in the proportion of NP-positive
cells from the surface (40, 80, 120 µm) to the center of the spheroid (160, 200, 240, 290 µm)
(Figure 1c,e). Approximately 60% of cells were positive for NP in the outer 40 µm of the
spheroid, and 50% in the outer 80 µm of the spheroid, 48 h post-infection (Figure 1c,e).
Conversely, we observed that only 20% of the cells were infected in the outer 200 µm of
the spheroid, and there was almost the same absence of NP positivity in the center of the
spheroid. The observed regionalization of SARS-CoV-2 infection in the spheroids might
depend on the cell position to the spheroid surface and/or their differential permissivity to
the virus.

3.2. Calu-3 and MRC-5 Permissivity to SARS-CoV-2 Infection

To evaluate the possible different permissivity of these two cell types, the Calu-3
and MRC-5 cells were infected with 1.0 MOI of SARS-CoV-2 inoculum. We assayed the
viral infection in the culture supernatants 48 h post-infection (pi), by real-time qPCR. We
observed that both the cell lines are susceptible and permissive to the SARS-CoV-2 infection
(Figure 1f), as already reported [33]. The MRC-5 cell line presented a lower permissivity
in comparison with the Calu-3 cell line, as demonstrated by the difference of more than
1log viral load in the infected cell supernatants (Figure 1f; p < 0.001; Student’s t-test). To
account for this difference, we evaluated the expression of the SARS-CoV-2 receptor human
ACE2 (hACE2) on both cell lines. As reported in Figure 1g,h, both the cell lines express
hACE2 on the cell surface. The relative intensity measurement of immunofluorescence
showed that Calu-3 expressed higher levels of hACE2 in comparison with the MRC-5 cell
line (Figure 1h). This difference might influence the different SARS-CoV-2 permissivity
of these two cell lines, together with their positions in the MTCS, which resemble the
in vivo condition.
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Figure 1. (a) A representative Calu-3/MRC-5 multicellular spheroid, 48 h after culture. Calu-3 and MRC-5 single-cell
suspensions were pre-stained with Syto9 and Syto59, respectively. DAPI was used for nuclear staining. Scale bar 100 µm.
(b) Graphic representation of the percentage of viable cells during a time lapse of 96 h. Cell viability was measured
by MTT assay. (c) Representative Calu-3/MRC-5 multicellular spheroids stained with anti-SARS-CoV-2 nucleoprotein.
UV-inactivated SARS-CoV-2 (mock) was used as negative control. Scale bar 100 µm. (d) Calu-3/MRC-5 multicellular
spheroids were infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 1.0 for 1 h at 37 ◦C. Thereafter, the cells
were washed and cultured for 24, 48, 72 or 96 h. Viral yield was quantified in the cell supernatant using quantitative
reverse-transcription PCR (RT-qPCR). At least three independent replicates were tested. Data represent three independent
experiments. (e) Percentage of NP-positive cells, subdivided according to the distance to spheroid surface. Data are
expressed as mean +/− standard deviation. (f) Calu-3 or MRC-5 cells were SARS-CoV-2 at a multiplicity of infection (MOI)
of 1.0. Viral yield was quantified in the cell supernatant using quantitative reverse-transcription PCR (RT-qPCR). At least
three independent replicates were tested. Data are representative of three independent experiments. (g) hACE2 staining of
Calu-3 (upper panel) and MRC-5 (lower panel) cells. Scale bar 100 µm. (h) Levels of hACE2 staining in Calu-3 and MRC-5
cells. Data correspond to the mean +/− standard deviation. * p value < 0.05, calculated with Student’s t-test.

3.3. Calu-3/MRC-5 MTCS Response to SARS-CoV-2 Infection

One of the main cellular response systems to the coronavirus infection might be
the activation of the RNA sensor pathways. We selected to evaluate the most important
RNA sensors (TLR3, TLR7, TLR8, RIG-I, MDA5) in MTCS infected with SARS-CoV-2.
TLR4 was used as a control, as implicated in bacterial lipopolysaccharide sensing. To be
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sure that all these pathways are expressed in the in vitro system, we treated the MTCS
with RNA sensors agonists. We obtained the activation of all the evaluated RNA sensors
(Supplementary Figure S1). After 48 h of infection, we observed a predominant induction
of both TLR7 and TLR3 expression (Figure 2a,b; p < 0.001; Student’s t-test). On the contrary,
the TLR4, TLR8 and RLRs genes (RIG-I, MDA5) expression was not significantly modified
by the SARS-CoV-2 infection (Figure 2a). The TLR3 and TLR7 protein expression was
similarly increased in the presence of SARS-CoV-2 infection (Figure 2b,c; p < 0.01; Student’s
t-test). These data support an induction of both TLR7 and TLR3 RNA sensing during
SARS-CoV-2 infection.

Figure 2. (a) Calu-3/MRC-5 multicellular spheroids were infected with SARS-CoV-2 at a multiplicity of infection (MOI) of
1.0 for 1 h at 37 ◦C. Thereafter, the cells were washed and cultured for 48 h. Levels of expression, quantified as fold increase
in comparison with uninfected cells of TLR3, TLR7, TLR8, RIG-1, MAD5 and TLR4 are reported and are representative of
three independent experiments. (b) Western blot analysis of TLR3, TLR7 and β-actin protein expression in Calu-3/MRC-5
multicellular spheroids (CTR), silenced for TLR3 (TLR3 KO), TLR7 (TLR7 KO) with RNA silencing technology; infected
with SARS-CoV-2 with at a multiplicity of infection (MOI) of 1.0 (INF: infected) and treated with TLR3 or TLR7 inhibitors
(INHIB: inhibitor). The molecular weights were determined by protein ladder (Bio-Rad, Milan, Italy). Actin was evidenced
at 44 kDa, TLR3 and TLR7 at 116 kDa. The images were acquired by Geliance 600 (Perkin Elmer, Milan, Italy). The complete
Western blots are reported in Supplementary Figure S2. (c) Evaluation of protein expression by densitometry (GelDoc
software; Biorad, Italy), normalized on β-actin content. Data are representative of three independent experiments. Data
correspond to the mean +/− standard deviation. * p value < 0.05, calculated with Student’s t-test.

3.4. SARS-CoV-2 Infection Induced an Increase in Cytokines and Interferon Secretion

One of the critical points in SARS-CoV-2 infection is the establishment of a strong pro-
inflammatory environment, the so-called cytokine storm. The cytokine storm might also be
induced by the RNA sensing activation. We selected the most important cytokines involved
in the COVD19-associated cytokine storm, including IL-1 α, IL-1β, IL-4, IL-6, IL-10, and
interferons, in order to evaluate the effect of SARS-CoV-2 infection on their induction in
MTCS [34]. We observed an increase in IL-1 α, IL-1β, IL-4, and IL-6 levels in SARS-CoV-2
48 h-infected cells, in comparison with uninfected MTCS (Figure 3a–d) (p < 0.001; Student’s
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t-test). The levels of these inflammatory cytokines are reduced in the presence of the TLR3
inhibitor (Figure 3a–d) (p < 0.001; Student’s t-test). On the contrary, the IL-10 levels were
not affected by the SARS-CoV-2 infection (Figure 3e). Then, we evaluated the expression of
type I and type II interferons. IFN- α and INF-β were induced 24 h post-infection and also
maintained a high secretion 48 h post-infection (Figure 3f,g) (p < 0.001; Student’s t-test).
Meanwhile, the addition of the TLR3 inhibitor reduced the secretion of IFN-α and IFN-β
24 h post-infection, while the addition of the TLR7 inhibitor reduced the expression of
these type I IFNs 48 h post-infection (Figure 3f,g) (p < 0.001; Student’s t-test). IFN-γ was
induced by SARS-CoV-2 48 h post-infection (Figure 3h) (p < 0.001; Student’s t-test) and
reduced by the TLR7 inhibitor (Figure 3h) (p < 0.001; Student’s t-test). IFN-λ1 and IFN-λ2
were not modified by SARS-CoV-2 infection (Figure 3i,j), while IFN-λ3 was induced after
48 h of SARS-CoV-2 infection (Figure 3k) (p < 0.001; Student’s t-test) and reduced by the
TLR7 inhibitor (Figure 3k) (p < 0.001; Student’s t-test).

Figure 3. Levels of expression of cytokines (a) IL-1α, (b) IL-1β, (c) IL-4, (d) IL-6 and (e) IL-10 are reported after 48 h
post-infection. The levels after 24 h post-infection were under the detection limit of the assays. Levels of (f) IFN-α, (g) IFN-β
are reported 24 and 48 h post-infection. Data correspond to the mean +/− standard deviation. * p value < 0.05, calculated
with Student’s t-test. Levels of (h) IFN-γ, (i) IFN-λ1, (j) IFN-λ2, (k) IFN-λ3 are reported 48 h post-infection. The levels after
24 h post-infection were under the detection limit of the assays. Data correspond to the mean +/− standard deviation.
* p value < 0.05, calculated with Student’s t-test.

These results suggest that TLR3 is mainly implicated in cytokine secretion control
and type 1 IFN expression 24 h post-infection; TLR7 controls the expression of type 1 IFN,
IFN-γ, and IFN-λ3 expression in the late phases of SARS-CoV-2 infection.

3.5. TLR3 and TLR7 Activation Followed Different Signal Pathways after SARS-CoV-2 Infection

To evaluate the proposed effect of SARS-CoV-2 on TLR3- and TLR7-mediated gene
expression, we assessed the expression of the following TLR3- and TLR7-associated key
transcription factors: NF-κB, which induces TLR-dependent gene activation, and IRF3,
which mediates TLR3-dependent gene expression [35]. In SARS-CoV-2-infected cells,
there was a significant increase in IRF3 expression 24 h post-infection, and of NF-κB 48 h
post-infection, which was maintained until 72 h post-infection (Figure 4a).
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Figure 4. (a) Levels of expression, quantified as fold increase in comparison to uninfected cells, of NF-κB and IRF3, are
reported and are representative of three independent experiments. Levels of (b) total and (c) phosphorylated NF-κB and of
(d) total and (e) phosphorylated IRF3 in Calu-3/MRC-5 multicellular spheroids infected with SARS-CoV-2 and analyzed
48 h post-infection, with or without inhibitor (inhibitor) or silencing (KO) treatment. Data correspond to the mean +/−
standard deviation. * p value < 0.05, calculated with Student’s t-test.

To evaluate the effective activation of IRF3 and NF-κB, we assessed IRF3 Ser386
phosphorylation, which induces dimerization and association with the coactivators CREB-
binding protein/p300, and the NF-κB p65 Ser536 phosphorylation that leads to the nuclear
localization of the transcriptionally active complex. Both NF-κB and IRF3 presented an
increased phosphorylation 48 h post-infection (Figure 4b,e; p < 0.001; Student’s t-test). To
assess the specificity of NF-κB and IRF3 induction by TLR3 and TLR7, we treated MTCs
with TLR3 and TLR7 inhibitors, or RNA silencing. The TLR3/dsRNA complex inhibitor
and TLR7 inhibitor Pepinh-MYD did not affect TLRs protein expression (Figure 2b,c),
but blocked their activation and, consequently, NF-κB and/or IRF3 phosphorylation. In
particular, NF-κB phosphorylation was reduced after TLR3 and TLR7 inhibition (Figure 4c)
(p < 0.001; Student’s t-test), while IRF3 phosphorylation was decreased only after TLR3
inhibition (Figure 4e) (p < 0.001; Student’s t-test). TLR3- and TLR7-specific siRNA trans-
fection resulted in the absence of RNA (Supplementary Figure S3) and protein expression
(Figure 2b,c). Similarly, NF-κB phosphorylation was reduced after TLR3 and TLR7 silencing
(Figure 4c) (p < 0.001; Student’s t-test), while IRF3 phosphorylation was decreased only
after TLR3 silencing (Figure 4e) (p < 0.001; Student’s t-test).

Summarizing these results, TLR3 might act via NF-κB and IRF3, while TLR7 mainly
acts via NF-κB activation. To investigate the role of NF-κB and IRF3 activation in TLR3-
and TLR7-mediated inflammatory cytokine and interferons gene expression, during SARS-
CoV-2 infection, we used MRT67307, which prevents IRF3 phosphorylation and expression
of interferon-stimulated genes, and helenalin, an inhibitor of NF-κB (Figure 5). The pre-
treatment of MTCS with MRT67307 reduced IFN-α and IFN-β gene expression (Figure 5e;
p < 0.001; Student’s t-test), and slightly reduced IL-6 and IL-4 (Figure 5c, d; p < 0.012,
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p = 0.023, respectively; Student’s t-test), while NF-κB inhibition, by helenalin, completely
abrogated the IL-1 α, IL-1β, IL-4, and IL-6 gene expression (Figure 5a–d; p < 0.001; Student’s
t-test), and reduced type 1 IFN, IFN-γ and IFN-λ gene expression (Figure 5f; p < 0.0001;
Student’s t-test).

Figure 5. Levels of expression of cytokines (a) IL-1α, (b) IL-1β, (c) IL-4, (d) IL-6, (e), (f) IFN-α, IFN-β, IFN-γ, IFN-λ1,
IFN-λ2, IFN-λ3 are reported, in the presence or absence of NFκB or IRF3 inhibitors. The levels of IFNs in the presence of
IRF3 inhibitor were evaluated 24 h post-infection. Data correspond to the mean +/− standard deviation. * p value < 0.05,
calculated with Student’s t-test.

4. Discussion

The role of the RNA sensor pathways during SARS-CoV-2 infection is of extreme
interest, as TLRs are the innate mediators of the anti-viral response and might influence
the pathogenesis of SARS-CoV-2 infection. TLR3 pathway activation is associated with
the production of IFN-β by macrophages in murine coronavirus infection [36]; TLR7 and
TLR8 activation enhances a cytokine storm in SARS-CoV-1 infection, causing several side
effects [37].

Our results showed that the SARS-CoV-2 infection of Calu-3/MRC-5 multicellular
spheroids induces the activation of TLR3 and TLR7 RNA sensor pathways. In particular,
TLR3 might act via IRF3-producing IFN-α and IFN-β during the first 24 h post-infection.
Then, TLR3 activates the NFκB transduction pathway, leading to pro-inflammatory cy-
tokine secretion (IL-1α, IL-1β, IL-4, IL-6). Conversely, TLR7 seems to act mainly via NFκB,
inducing type 1 IFN, IFN-γ, and IFN-λ3, starting from the 48 h post-infection.

These data suggest a differential timing of TLRs activation, which, on one hand,
might interfere with SARS-CoV-2 infection, activating the host immune response, or,
on the other hand, might lead to a cytokine storm, with an adverse effect on disease
follow-up. Totura et al. observed that the induction of TRIF-driven and MyD88-driven
pathways by TLRs are essential in the control of SARS-CoV infection [38]. As a proof of
concept, TLR3/TLR4 double-negative mice were more susceptible to SARS-CoV infection,
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and the deletion of TRIF increased the SARS-CoV-dependent risk of mortality. Further,
van der Made et al. showed a TLR7 loss-of-function variant in four male patients with
severe COVID-19 infection that presented an impaired type I and type II IFNs response.
Interestingly, SARS-CoV-2 has more ssRNA motifs that could be recognized by TLR7 [39],
inducing a strong pro-inflammatory response [40,41].

These data support the harmful and beneficial role of TLRs in SARS-CoV-2 infection.
Our data clarify the role of the TLR components, supporting the potential use of TLRS
antagonists and agonists as therapeutic tools in SARS-CoV-2 infection. Not only are TLRs
important, but also the related pathways. A study on SARS-CoV, which was responsible for
the worldwide outbreak of SARS in 2003, showed that the SARS-CoV nucleocapsid protein
(N protein) activates NF-κB in Vero E6 cells, in a dose-dependent manner [42]. DeDiego
et al. proved that inhibitors of the NFκB pathway increased the survival rate in both in vitro
and in vivo studies, using mice with reduced lung pathology [43]. In vitro studies in the
previous SARS epidemic have shown that the spike (S) protein induces a strong cytokine
response in infected mononuclear cells, through the NFκB pathway. SARS-CoV-2 is more
sensitive to interferon treatment [44], less efficient in suppressing cytokine induction via
IRF3 nuclear translocation [45], and permissive of a higher level of induction of interferon-
stimulated genes, in comparison with SARS-CoV [46]. Our data support an implication of
both the transcription factors, which have an important role in controlling cytokine and
IFN expression during SARS-CoV-2 infection. In conclusion, our data suggest an important
role for TLR3 and TLR7 in COVID-19 disease, with a definition of the possible transduction
pathways and activation timing. The suppression of excessive activation of TLRs seems to
have a role in SARS-CoV-2 infection, as supported by several clinical trials [37], with the
purpose of controlling TLRS activation and, consequently, SARS-CoV-2 infection.

This was confirmed by the recent findings on the contribution of both TLR3 and TLR7
in the antiviral signal against SARS-CoV-2 and that, in presence of genetic loss-of-function
variants of TLR7, the TLR3 signal was not affected [22].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9091820/s1; Figure S1: Calu-3/MRC-5 multicellular spheroids were treated
with TLR3, TLR7, TLR8, RIG-1, MAD5, and TLR4 agonists, and the levels of expression of TLR3,
TLR7, TLR8, RIG-1, MAD5, and TLR4 are reported as fold-increased in comparison with untreated
cells, and are representative of three independent experiments. Data correspond to the mean +/−
standard deviation; Figure S2: Western blot analysis of TLR3 and TLR7 protein expression in Calu-
3/MRC-5 multicellular spheroids (CTR), silenced for TLR3 (TLR3 KO), TLR7 (TLR7 KO) with RNA
silencing technology, infected with SARS-CoV-2 with at a multiplicity of infection (MOI) of 1.0
(infected) and treated with TLR3 or TLR7 antagonists (antagonist). The molecular weights were
determined by protein ladder (BioRad). TLR3 and TLR7 were evidenced at 116 kDa. The images
were acquired by GelDoc (BioRad, Italy); Figure S3: Calu-3/MRC-5 multicellular spheroids were
treated with TLR3, TLR7 agonist; TLR3, TLR7 siRNA (TLR3 KO, TLR7 KO); TLR3, TLR7 siRNA
and agonist-treated; siRNA control and siRNA control with agonist treatment. The levels of RNA
expression of TLR3 and TLR7 are reported as fold-increased in comparison with untreated cells,
and are representative of three independent experiments. The results showed that TLR3 and TLR7
agonists induce RNA expression, which is inhibited by siRNA transfection, also in the presence
of agonists treatment (TLR3 KO agonist; TLR7 agonist). Control siRNA did not affect TLR3 and
TLR7 RNA expression (siRNA CTR) and maintained the induction of RNA expression after agonist
treatment (siRNA control agonist). Data correspond to the mean +/− standard deviation.

Author Contributions: D.B., V.G.: project administration, supervision, writing—original draft; S.R.,
G.S. (Giovanni Strazzabosco), S.B., G.S. (Giovanna Schiuma), M.F.: investigation, methodology; F.C.:
writing—review and editing; A.C., R.R.: research conceptualization; writing—original draft. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by University of Ferrara crowdfunding; 5X1000 University of
Ferrara grant; University of Ferrara FAR (2019; 2020).

Data Availability Statement: The data presented in this study are all available upon request.

https://www.mdpi.com/article/10.3390/microorganisms9091820/s1
https://www.mdpi.com/article/10.3390/microorganisms9091820/s1


Microorganisms 2021, 9, 1820 13 of 14

Acknowledgments: We thank Iva Pivanti for the technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected

with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]
2. National Health Commission of the People’s Republic of China. Update on the Novel Coronavirus Pneumonia Outbreak. Avail-

able online: http://www.nhc.gov.cn/xcs/yqtb/202002/18546da875d74445bb537ab014e7a1c6.shtml (accessed on 16 February
2020).

3. WHO. A Public Health Emergency of International Concern Over the Global Outbreak of Novel Coronavirus Declared. WHO.
Available online: https://www.who.int/news-room/detail/30-01-2020-statement-on-the-second-meeting-of-the-international-
health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov) (accessed on 23 July
2021).

4. Gao, C.; Zhu, L.; Jin, C.C.; Tong, Y.X.; Xiao, A.T.; Zhang, S. Proinflammatory cytokines are associated with prolonged viral RNA
shedding in COVID-19 patients. Clin. Immunol. 2020, 221, 108611. [CrossRef]

5. Shaw, A.C.; Goldstein, D.R.; Montgomery, R.R. Age-dependent dysregulation of innate immunity. Nat. Rev. Immunol.
2013, 13, 875–887. [CrossRef]

6. Bitker, L.; Burrell, L.M. Classic and Nonclassic Renin-Angiotensin Systems in the Critically Ill. Crit. Care Clin. 2019, 35, 213–227.
[CrossRef]

7. Osman, I.O.; Melenotte, C.; Brouqui, P.; Million, M.; Lagier, J.-C.; Parola, P.; Stein, A.; La Scola, B.; Meddeb, L.; Mege, J.-L.; et al.
Expression of ACE2, Soluble ACE2, Angiotensin I, Angiotensin II and Angiotensin-(1-7) Is Modulated in COVID-19 Patients.
Front. Immunol. 2021, 12, 625732. [CrossRef] [PubMed]

8. Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in inflammation, immunity, and disease. Cold Spring Harb. Perspect. Biol.
2014, 6, a016295. [CrossRef] [PubMed]

9. Diao, B.; Wang, C.; Tan, Y.; Chen, X.; Liu, Y.; Ning, L.; Chen, L.; Li, M.; Liu, Y.; Wang, G.; et al. Reduction and Functional
Exhaustion of T Cells in Patients with Coronavirus Disease 2019 (COVID-19). Front. Immunol. 2020, 11, 827. [CrossRef] [PubMed]

10. Mehta, P.; McAuley, D.F.; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, J.J. HLH Across Speciality Collaboration, UK.
COVID-19: Consider cytokine storm syndromes and immunosuppression. Lancet 2020, 395, 1033–1034. [CrossRef]

11. Wu, C.; Chen, X.; Cai, Y.; Xia, J.; Zhou, X.; Xu, S.; Huang, H.; Zhang, L.; Zhou, X.; Du, C.; et al. Risk Factors Associated
with Acute Respiratory Distress Syndrome and Death in Patients with Coronavirus Disease 2019 Pneumonia in Wuhan, China.
JAMA Intern. Med. 2020, 180, 934–943. [CrossRef]

12. Biasucci, L.M.; Liuzzo, G.; Fantuzzi, G.; Caligiuri, G.; Rebuzzi, A.G.; Ginnetti, F.; Dinarello, C.A.; Maseri, A. Increasing levels of
interleukin (IL)-1Ra and IL-6 during the first 2 days of hospitalization in unstable angina are associated with increased risk of
in-hospital coronary events. Circulation 1999, 99, 2079–2084. [CrossRef] [PubMed]

13. Cortinovis, M.; Perico, N.; Remuzzi, G. Long-term follow-up of recovered patients with COVID-19. Lancet 2021, 397, 173–175.
[CrossRef]

14. Bortolotti, D.; Gentili, V.; Rizzo, S.; Rotola, A. Rizzo R SARS-CoV-2 Spike 1 Protein Controls Natural Killer Cell Activation via the
HLA-E/NKG2A Pathway. Cells 2020, 9, 1975. [CrossRef]

15. De la Rica, R.; Borges, M.; Gonzalez-Freire, M. COVID-19: In the Eye of the Cytokine Storm. Front. Immunol. 2020, 11, 558898.
[CrossRef] [PubMed]

16. Said, E.A.; Tremblay, N.; Al-Balushi, M.S.; Al-Jabri, A.A.; Lamarre, D. Viruses Seen by our cells: The role of Viral RNA sensors.
J. Immunol. Res. 2018, 2018, 9480497. [CrossRef] [PubMed]

17. Mogensen, T.H. Pathogen Recognition and Inflammatory Signaling in Innate Immune Defenses. Clin. Microbiol. Rev.
2009, 22, 240–273. [CrossRef] [PubMed]

18. Nazmi, A.; Dutta, K.; Hazra, B.; Basu, A. Role of pattern recognition receptors in flavivirus infections. Virus Res. 2014, 185, 32–40.
[CrossRef]

19. Lee, L.B.; Barton, G.M. Trafficking of endosomal Toll-like receptors. Trends Cell Biol. 2014, 24, 360–369. [CrossRef]
20. Kawasaki, T.M.; Kawai, T. Toll-like receptor signaling pathways. Front Immunol. 2014, 5, 461. [CrossRef]
21. Cervantes-Barragan, L.; Züst, R.; Weber, F.; Spiegel, M.; Lang, K.S.; Akira, S.; Thiel, V.; Ludewig, B. Control of coronavirus

infection through plasmacytoid dendritic-cell-derived type I interferon. Blood 2007, 109, 1131–1137. [CrossRef]
22. Poulas, K.; Farsalinos, K.; Zanidis, C. Activation of TLR7 and Innate Immunity as an Efficient Method Against COVID-19

Pandemic: Imiquimod as a Potential Therapy. Front Immunol. 2020, 11, 1373. [CrossRef]
23. Takaoka, A.; Yamada, T. Regulation of signaling mediated by nucleic acid sensors for innate interferon-mediated responses

during viral infection. Int. Immunol. 2019, 31, 477–488. [CrossRef]
24. Schmitz, M.L.; Kracht, M.; Saul, V.V. The intricate interplay between RNA viruses and NF-κB. Biochim. Biophys. Acta Mol. Cell Res.

2014, 1843, 2754–2764. [CrossRef]
25. Yanai, H.; Chiba, S.; Hangai, S.; Kometani, K.; Inoue, A.; Kimura, Y.; Abe, T.; Kiyonari, H.; Nishio, J.; Taguchi-Atarashi, N.;

et al. Revisiting the role of IRF3 in inflammation and immunity by conditional and specifically targeted gene ablation in mice.
Proc. Natl. Acad. Sci. USA 2018, 115, 5253–5258. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(20)30183-5
http://www.nhc.gov.cn/xcs/yqtb/202002/18546da875d74445bb537ab014e7a1c6.shtml
https://www.who.int/news-room/detail/30-01-2020-statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov)
https://www.who.int/news-room/detail/30-01-2020-statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov)
http://doi.org/10.1016/j.clim.2020.108611
http://doi.org/10.1038/nri3547
http://doi.org/10.1016/j.ccc.2018.11.002
http://doi.org/10.3389/fimmu.2021.625732
http://www.ncbi.nlm.nih.gov/pubmed/34194422
http://doi.org/10.1101/cshperspect.a016295
http://www.ncbi.nlm.nih.gov/pubmed/25190079
http://doi.org/10.3389/fimmu.2020.00827
http://www.ncbi.nlm.nih.gov/pubmed/32425950
http://doi.org/10.1016/S0140-6736(20)30628-0
http://doi.org/10.1001/jamainternmed.2020.0994
http://doi.org/10.1161/01.CIR.99.16.2079
http://www.ncbi.nlm.nih.gov/pubmed/10217645
http://doi.org/10.1016/S0140-6736(21)00039-8
http://doi.org/10.3390/cells9091975
http://doi.org/10.3389/fimmu.2020.558898
http://www.ncbi.nlm.nih.gov/pubmed/33072097
http://doi.org/10.1155/2018/9480497
http://www.ncbi.nlm.nih.gov/pubmed/29854853
http://doi.org/10.1128/CMR.00046-08
http://www.ncbi.nlm.nih.gov/pubmed/19366914
http://doi.org/10.1016/j.virusres.2014.03.013
http://doi.org/10.1016/j.tcb.2013.12.002
http://doi.org/10.3389/fimmu.2014.00461
http://doi.org/10.1182/blood-2006-05-023770
http://doi.org/10.3389/fimmu.2020.01373
http://doi.org/10.1093/intimm/dxz034
http://doi.org/10.1016/j.bbamcr.2014.08.004
http://doi.org/10.1073/pnas.1803936115
http://www.ncbi.nlm.nih.gov/pubmed/29712834


Microorganisms 2021, 9, 1820 14 of 14

26. Liu, T.; Zhang, L.; Joo, D.; Sun, S. NF-κB signaling in inflammation. Signal. Transduct. Target. Ther. 2017, 2, 17023. [CrossRef]
[PubMed]

27. Nguyen, H.; Gazy, N.; Venketaraman, V. A Role of Intracellular Toll-Like Receptors (3, 7, and 9) in Response to Mycobacterium
tuberculosis and Co-Infection with HIV. Int. J. Mol. Sci. 2020, 21, 6148. [CrossRef] [PubMed]

28. Kikkert, M. Innate immune evasion by human respiratory RNA viruses. J. Innate. Immun. 2020, 12, 4–20. [CrossRef]
29. Suwara, M.I.; Green, N.J.; Borthwick, L.A.; Mann, J.; Mayer-Barber, K.D.; Barron, L.; Corris, P.A. IL-1α released from damaged

epithelial cells is sufficient and essential to trigger inflammatory responses in human lung fibroblasts. Mucosal Immunol.
2014, 7, 684–693. [CrossRef]

30. Bortolotti, D.; Gentili, V.; Rotola, A.; Cultrera, R.; Marci, R.; di Luca, D.; Rizzo, R. HHV-6A infection of endometrial epithelial cells
affects immune profile and trophoblast invasion. Am. J. Reprod. Immunol. 2019, 82, e13174. [CrossRef]

31. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

32. Mizukami, Y.; Takahashi, Y.; Shimizu, K.; Konishi, S.; Takakura, Y.; Nishikawa, M. Regulation of the Distribution of Cells in Mixed
Spheroids by Altering Migration Direction. Tissue Eng. 2019, 25, 5–6. [CrossRef]

33. Shang, J.; Wan, Y.; Luo, C.; Ye, G.; Geng, Q. Cell entry mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. USA
2020, 117, 11727–11734. [CrossRef] [PubMed]

34. Hsin, F.; Chao, T.; Chan, Y.; Kao, H.; Liu, W.; Wang, J.; Pang, Y.; Lin, C.; Tsai, Y.; Lin, J.; et al. Distinct Inductions of and Responses
to Type I and Type III Interferons Promote Infections in Two SARS-CoV-2 Isolates. bioRxiv 2020. [CrossRef]

35. Doyle, S.E.; Vaidya, S.A.; O’Connell, R.; Dadgostar, H.; Dempsey, P.W.; Wu, T.; Rao, G.; Sun, R.; Haberland, M.E.; Modlin, R.L.;
et al. IRF3 Mediates a TLR3/TLR4-Specific Antiviral Gene Program. Immunity 2002, 17, 251–263. [CrossRef]

36. Mazaleuskaya, L.; Veltrop, R.; Ikpeze, N.; Martin-Garcia, J.; Navas-Martin, S. Protective role of Toll-like receptor 3-induced type I
interferon in murine coronavirus infection of macrophages. Viruses 2012, 4, 901–923. [CrossRef]

37. Khanmohammadi, S.; Rezaei, N. Role of Toll-like receptors in the pathogenesis of COVID-19. J. Med. Virol. 2021, 93, 2735–2739.
[CrossRef]

38. Totura, A.L.; Whitmore, A.; Agnihothram, S.; Schäfer, A.; Katze, M.G.; Heise, M.T.; Baric, R.S. Toll-Like Receptor 3 Signaling via
TRIF Contributes to a Protective Innate Immune Response to Severe Acute Respiratory Syndrome Coronavirus Infection. mBio
2015, 6, e00638-15. [CrossRef]

39. Van der Made, C.I.; Simons, A.; Schuurs-Hoeijmakers, J.; van den Heuvel, G.; Mantere, T.; Kersten, S.; van Deuren, R.C.;
Steehouwer, M.; van Reijmersdal, S.V.; Jaeger, M.; et al. Presence of genetic variants among young men with severe COVID-19.
JAMA 2020, 324, 663–673. [CrossRef]

40. Moreno-Eutimio, M.A.; López-Macías, C.; Pastelin-Palacios, R. Bioinformatic analysis and identification of single-stranded RNA
sequences recognized by TLR7/8 in the SARS-CoV-2, SARS-CoV, and MERS-CoV genomes. Microb. Infect. 2020, 22, 226–229.
[CrossRef]

41. Veras, F.P.; Pontelli, M.C.; Silva, C.M.; Toller-Kawahisa, J.E.; de Lima, M.; Nascimento, D.C.; Schneider, A.H.; Caetité, D.;
Tavares, L.A.; Paiva, I.M.; et al. SARS-CoV-2–triggered neutrophil extracellular traps mediate COVID-19 pathology. J. Exp. Med.
2020, 217, e20201129. [CrossRef]

42. Liao, Q.-J.; Ye, L.-B.; Timani, K.A.; Zeng, Y.-C.; She, Y.-L.; Ye, L.; Wu, Z.-H. Activation of NF-κB by the Full-length Nucleocapsid
Protein of the SARS Coronavirus. Acta Biochim. Biophys. Sin. 2005, 37, 607–612. [CrossRef]

43. DeDiego, M.L.; Nieto-Torres, J.L.; Jimenez-Guardeño, J.M.; Regla-Nava, J.A.; Castaño-Rodriguez, C.; Fernandez-Delgado, R.;
Usera, F.; Enjuanes, L. Coronavirus virulence genes with main focus on SARS-CoV envelope gene. Virus Res. 2014, 194, 124–137.
[CrossRef] [PubMed]

44. Khan, S.; Shafiei, M.S.; Longoria, C.; Schoggins, J.; Savani, R.C.; Zaki, H. SARS-CoV-2 spike protein induces inflammation via
TLR2-dependent activation of the NF-κB pathway. Version 1. bioRxiv 2021. [CrossRef]

45. Fung, S.-Y.; Siu, K.-L.; Lin, H.; Yeung, M.L.; Jin, D.-Y. SARS-CoV-2 main protease suppresses type I interferon production by
preventing nuclear translocation of phosphorylated IRF3. Int. J. Biol. Sci. 2021, 17, 1547–1554. [CrossRef] [PubMed]

46. Schroeder, S.; Pott, F.; Niemeyer, D.; Veith, T.; Richter, A.; Muth, D.; Goffinet, C.; Müller, M.A.; Drosten, C. Interferon antagonism
by SARS-CoV-2: A functional study using reverse genetics. Lancet Microbe 2021, 5, e210–e218. [CrossRef]

http://doi.org/10.1038/sigtrans.2017.23
http://www.ncbi.nlm.nih.gov/pubmed/29158945
http://doi.org/10.3390/ijms21176148
http://www.ncbi.nlm.nih.gov/pubmed/32858917
http://doi.org/10.1159/000503030
http://doi.org/10.1038/mi.2013.87
http://doi.org/10.1111/aji.13174
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1089/ten.tea.2018.0063
http://doi.org/10.1073/pnas.2003138117
http://www.ncbi.nlm.nih.gov/pubmed/32376634
http://doi.org/10.1101/2020.04.30.071357
http://doi.org/10.1016/S1074-7613(02)00390-4
http://doi.org/10.3390/v4050901
http://doi.org/10.1002/jmv.26826
http://doi.org/10.1128/mBio.00638-15
http://doi.org/10.1001/jama.2020.13719
http://doi.org/10.1016/j.micinf.2020.04.009
http://doi.org/10.1084/jem.20201129
http://doi.org/10.1111/j.1745-7270.2005.00082.x
http://doi.org/10.1016/j.virusres.2014.07.024
http://www.ncbi.nlm.nih.gov/pubmed/25093995
http://doi.org/10.1101/2021.03.16.435700
http://doi.org/10.7150/ijbs.59943
http://www.ncbi.nlm.nih.gov/pubmed/33907518
http://doi.org/10.1016/S2666-5247(21)00027-6

	Introduction 
	Materials and Methods 
	Cell Cultures 
	3D Cultures:Multicellular Spheroids Formation 
	MTT Assay for Cell Viability 
	SARS-CoV-2 Propagation and Infection 
	Viral RNA Detection 
	MTCSs Treatment for RNA Sensor Pathways Analysis 
	Gene Expression Analysis 
	Immunofluorescence Analysis 
	Wesern Blot Analysis 
	IRF3 and NF-B Expression and Phosphorilation Analysis 
	Soluble Factors Quantification by ELISA Assay 
	Statistical Analysis 

	Results 
	Calu-3/MRC-5 Multicellular Spheroids Are Efficiently Infected by SARS-CoV-2 
	Calu-3 and MRC-5 Permissivity to SARS-CoV-2 Infection 
	Calu-3/MRC-5 MTCS Response to SARS-CoV-2 Infection 
	SARS-CoV-2 Infection Induced an Increase in Cytokines and Interferon Secretion 
	TLR3 and TLR7 Activation Followed Different Signal Pathways after SARS-CoV-2 Infection 

	Discussion 
	References

