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A B S T R A C T   

One of the major clinical features of COVID-19 is a hyperinflammatory state, which is characterized by high 
expression of cytokines (such as IL-6 and TNF-α), chemokines (such as IL-8) and growth factors and is associated 
with severe forms of COVID-19. For this reason, the control of the “cytokine storm” represents a key issue in the 
management of COVID-19 patients. In this study we report evidence that the release of key proteins of the 
COVID-19 “cytokine storm” can be inhibited by mimicking the biological activity of microRNAs. The major focus 
of this report is on IL-8, whose expression can be modified by the employment of a molecule mimicking miR-93- 
5p, which is able to target the IL-8 RNA transcript and modulate its activity. The results obtained demonstrate 
that the production of IL-8 protein is enhanced in bronchial epithelial IB3-1 cells by treatment with the SARS- 
CoV-2 Spike protein and that IL-8 synthesis and extracellular release can be strongly reduced using an ago
miR molecule mimicking miR-93-5p.   

1. Introduction 

A major new challenge for global health is the dramatic pandemic 
caused by the severe acute respiratory syndrome coronavirus (SARS- 
CoV-2), responsible of COVID-19 (Corona Virus Disease-2019) [1,2]. 
The exponential increase of the number of severe COVID-19 cases and 
associated deaths has required awareness and proactive actions with 
respect to diagnosis and possible therapeutic treatments [3,4]. Despite 
the fact that vaccination against SARS-CoV-2 is considered a key 
approach to prevent virus spread within the population and to limit the 
clinical manifestation of COVID-19 [5–7], novel therapeutic protocols, 
drugs and management actions are urgently needed, also considering 
the increase of the number of SARS-CoV-2 mutants [8–10]. 

COVID-19 is characterized by two major clinical phases [11]. The 
first is the SARS-CoV-2 viral infection of target cells and tissues, leading 
to important clinical manifestations and complications, such as pulmo
nary failure [12–14]. The second phase is a deep inflammatory state, 
known as “cytokine storm”, caused by activation of pro-inflammatory 

genes, such as NF-kB, STAT-3, IL-6, IL-8, IL-1β, G-CSF [15–22]. The 
COVID-19 cytokine storm is initiated by the attachment of the SARS- 
CoV-2 Spike protein to the membrane-bound form of ACE2 (angio
tensin-converting enzyme 2), followed by hyperactivation of NF-κB 
(nuclear factor kappa-light-chain-enhancer of activated B cells) [23,24]. 
This hyperactivation of NF-κB in the lungs strongly contributes to the 
induction of the cytokine storm with subsequent ARDS (acute respira
tory distress syndrome) [24], frequently observed in severe COVID-19 
patients. The pharmacological approaches for treating ARDS need of 
novel anti-inflammatory reagents and therapeutic strategies, also 
considering that COVID-19 patients might respond differently to anti- 
inflammatory treatments [25–32]. The impact of anti-SARS-CoV-2 
pharmacological strategies and of anti-inflammatory protocols is clear, 
as recently reviewed in translating IL-6 biology into effective treatments 
[33]. 

In addition to a transcriptional regulation of the expression of pro- 
inflammatory genes [34,35], post transcriptional regulation has been 
also proposed, involving epigenetic changes, some of which associated 

Abbreviations: RT-qPCR, reverse transcription quantitative polymerase chain reaction; miR/miRNA, microRNA; S-protein, SARS-CoV-2 Spike protein; IL, 
interleukin. 
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with microRNAs control [36–40]. 
MicroRNAs are short (about 20–23 nucleotides in length) non-coding 

RNAs that play a very important role in the post-transcriptional control 
of gene expression, through recognition of miRNA binding sites present 
in the target mRNA sequences (mainly in the 3′-UTR region) [41,42]. In 
this respect, we have recently shown that microRNA miR-93-5p is 
involved in regulation of IL-8 (interleukin-8) gene expression [43]. The 
IL-8 chemokine is a key mediator associated with inflammation and is 
deeply involved in neutrophil recruitment and degranulation 
[20,35,44]. With respect to COVID-19, IL-8 is an important player of the 
“cytokine storm” and, therefore, it can be considered a molecular target 
of anti-inflammatory therapy in the management of COVID-19 patients 
[30]. The direct regulation of IL-8 mRNA by miR-93-5p in IB3-1 cells 
was demonstrated by Fabbri et al. using a luciferase vector containing 
the 3′-UTR region of the IL-8 mRNA, a luciferase vector deleted of the IL- 
8 3′-UTR region or a vector containing an IL-8 3′-UTR region in which 
the miR-93-5p site was mutagenized [43]. Following this study, the 
involvement of miR-93-5p in regulation of IL-8 was confirmed in other 
reports [45–47]. This was the reason for selecting IL-8 as the major focus 
of our study. 

The main objective of this investigation was to study if the cytokine 
upregulation following SARS-CoV-2 infection is associated with dysre
gulation of miR-93-5p. The second objective of the study was to verify 
whether pharmacological regulation of pro-inflammatory genes by de
livery of a miR-93-5p agomiR might be considered for the development 
of future anti-COVID-19 therapeutic protocols. As a model system we 
used bronchial epithelial IB3-1 cells [48] exposed to SARS-CoV-2 Spike 
protein. MicroRNA levels were analyzed by RT-qPCR, while cytokine/ 
chemokine expression was analyzed by RT-qPCR and Bio-Plex analysis. 

2. Materials and methods 

2.1. Materials 

AgomiR-93-5p and control sequences were obtained by Ambion 
(Thermo Fischer Scientific, Waltham, Massachusetts, USA). SARS-Cov-2 
Spike recombinant glycoprotein (ab49046) was purchased by Abcam 
(Cambridge, UK). 

2.2. Cell culture conditions 

The IB3-1 cell line [48] was cultured in humidified atmosphere of 5% 
CO2/air in LHC-8 medium (Thermo Fischer Scientific) supplemented 
with 5% fetal bovine serum (FBS, Biowest, Nuaillé, France) in the 
absence of gentamycin. To verify the effect on proliferation, cell growth 
was monitored by determining the cell number/ml using a Z2 Coulter 
Counter (Coulter Electronics, Hialeah, FL, USA). 

2.3. Stimulation of cells with SARS-CoV-2 Spike protein 

SARS-CoV-2 Spike protein (139 KDa; stock concentration = 7.2 μM 
in 9% urea, 0.32% Tris-HCl pH 7.2, 50% glycerol) was diluted in 200 µl 
of LHC-8 medium to achieve the final concentrations used to treat IB3-1 
cells. Briefly, cells seeded at 50% of confluence were treated with Spike 
protein (5–50 nM) and incubated for 30 min at 4 ◦C, then for 30 min at 
37 ◦C, according with the protocol published by Wang et al. [49]. After 
this incubation, LHC-8 medium supplemented with 5% (final concen
tration) FBS was added to a final 500 μl volume and the cultures were 
further incubated at 37 ◦C and for 24 h. The S-protein buffer, used at a 
volume corresponding to the S-protein concentrations used, was found 
unable to stimulate the expression of IL-8 gene in treated IB3-1 cells. 

2.4. PremiRNA transfection procedure 

Transfection procedure of agomiR-93 in IB3-1 cells was performed 
following manufacturer’s instruction. Transfection was performed in 24- 

well plates, two hours before the stimulation with SARS-Cov-2 Spike 
protein. Cells transfection was performed using Lipofectamine RNAi
MAX Transfection Reagent (Invitrogen, Thermo Fischer Scientific) 
accordingly to manufacturer’s instruction, with 100 nM of hsa-miR-93- 
5p miRNA precursor (PM10951, Ambion, Thermo Fisher Scientific). 
MicroRNA Precursor Negative Control #1 (AM17110 Ambion, Thermo 
Fisher Scientific) was used as negative control [50]. 

2.5. RNA extraction 

Cultured cells were trypsinized (0.05% trypsin and 0.02% EDTA; 
Sigma-Aldrich, St. Louis, Missouri, USA) and collected by centrifugation 
at 1,200 rpm for 8 min at 4 ◦C, washed twice with DPBS 1X (Gibco, 
Thermo Fischer Scientific) and lysed with Tri-Reagent (Sigma Aldrich), 
according to manufacturer’s instructions. The isolated RNA was washed 
once with cold 75% ethanol, dried and dissolved in nuclease free pure 
water before use. Obtained RNA was stored at − 80 ◦C until use [51]. 

2.6. Quantitative analyses of miRNAs 

MicroRNA relative quantification was performed using real-time RT- 
qPCR and miRNA-specific primers and probes (reported in Table 1) 
obtained from Applied Biosystems (Thermo Fischer Scientific). Reverse 
transcriptase (RT) reactions were performed using TaqMan MicroRNA 
Reverse Transcription Kit (Applied Biosystems, Thermo Fischer Scien
tific) according to the manufacturer’s protocol. All RT reactions, 
including no-template controls and RT-minus controls, were run in 
duplicate using TaqMan Universal PCR Master Mix, no AmpErase UNG 
2X (Applied Biosystems, Thermo Fischer Scientific) and CFX96 Touch 
Real-Time PCR Detection System (BioRad, Hercules, CA, USA), as 
described [52]. Data were collected and analyzed using Bio-Rad CFX 
Manager Software Version 1.7 (Bio-Rad). The relative expression was 
calculated using the comparative cycle threshold method and, as refer
ence, sequences snRNA U6 and hsa-let-7c were used to normalize sam
ples [53]. 

2.7. Quantitative analyses of Interleukin mRNA 

For IL-8 mRNA analysis 500 ng of total RNA were reverse transcribed 
to cDNA using the Taq-Man Reverse Transcription PCR Kit and random 
hexamers (Applied Biosystems, Thermo Fischer Scientific) in a final 
reaction volume of 50 µl. Real-time-qPCR experiments were carried out 
using assay composed by a primer pair and a fluorescently labeled 5′

nuclease probe purchased from IDT (Integrated DNA Technologies, 
Coralville, Iowa, USA; Assays ID: Hs.PT.58.38869678.g). Two µl of 
complementary DNA (cDNA) were amplified, in presence of 2X Prime
Time Gene Expression Master Mix for 40 PCR cycles using CFX96 Touch 
Real-Time PCR Detection System (Bio-Rad). Relative expression was 
calculated using the comparative cycle threshold method (ΔΔCT 
method) and the endogenous control: human β-actin, GAPDH and 
RPL13A were used as normalizer. Negative controls (no template cDNA 
and RT-minus control) were also run in every experimental plate to 
assess specificity and to rule out contamination. RT-qPCR reactions were 
performed in duplicate for both target and normalizer gene [50]. 

2.8. Analysis of proteins released from cells into culture supernatants 

Proteins released into culture supernatants were measured using Bio- 

Table 1 
List of assays employed for miRNA detection.  

miRNA name Assay ID 

hsa-miR-93-5p 001090 
hsa U6 snRNA 001973 
hsa-let-7c-5p 000379  
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Plex Human Cytokine 27-plex Assay (Bio-Rad) as suggested by the 
manufacturer. The assay allows the multiplexed quantitative measure
ment of 27 cytokines/chemokines (including: FGF basic, Eotaxin, G-CSF, 
GM-CSF, IFN-γ, IL-1β, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, 
IL-12 (p70), IL-13, IL-15, IL-17A, IP-10, MCP-1 (MCAF), MIP-1α, MIP- 
1β, PDGF-BB, RANTES, TNF-α, VEGF) in a single well. 50 μl of cytokine 
standards or samples (diluted supernatants recovered from IB3-1 cells) 
were incubated with 50 μl of anticytokine conjugated beads in 96-well 
filter plate for 30 min at room temperature with shaking. Plate was 
washed by vacuum filtration three times with 100 μl of Bio-Plex Wash 
Buffer, 25 μl of diluted detection antibody were added, to each wells and 
plate was incubated for 30 min at room temperature with shaking. After 
three filter washes, 50 μl of streptavidin–phycoerythrin were added, and 
plate was incubated for 10 min at room temperature with shaking. 
Finally, plate was washed by vacuum filtration three times, beads were 
suspended in Bio-Plex Assay Buffer, plate was read by Bio-Rad 96-well 
plate reader. Data were collected and analyzed by the Bio-Plex Man
ager Software (Bio-Rad) [54]. 

2.9. Western blotting 

Twenty micrograms of total proteic extract were denatured for 5 min 
at 98 ◦C and loaded on SDS polyacrylamide gel in Tris-glycine buffer (25 
mM Tris, 192 mM glycine, 0.1% SDS). The electrotransfer to 0.2 μm 
nitrocellulose membrane was performed overnight at 360 mA and 4 ◦C 
in electrotransfer buffer (25 mM Tris, 192 mM glycine, 10% methanol). 
Obtained membranes were pre-stained in Ponceau S solution (Sigma- 
Aldrich, St. Louis, MI. USA) to verify the transfer and incubated in 25 mL 
of blocking buffer for 1 h at room temperature. After three washes in 
TBST 1X (Tris Buffered Saline-Tween) membranes were incubated in 

primary antibody against NFκB p50/p105 (Cat: GTX133711, GeneTex, 
Irvine, CA, USA) overnight at 4 ◦C. The day after, the membranes were 
washed in TBST 1X and incubated for 1 h at room temperature, with an 
appropriate horseradish peroxidase-conjugated secondary antibody 
(anti-rabbit Igg HRP conjugated, Cat: 7074P3, 1:2000, Cell Signaling, 
Danvers, MA, USA). The primary antibody against β-actin (Cat: 4970S, 
Cell Signaling) was used as normalization control. 

2.10. Statistics 

In order to detect significance of the observed effects, results have 
been expressed as mean ± standard errors (SEM) and comparison among 
groups was made by using analysis of variances (ANOVA) with Dun
nett’s test for comparison with a single control. Statistical significance 
was defined as significant (p < 0.05) and highly significant (p < 0.01). 

3. Results 

We first briefly characterized the effects of SARS-CoV-2 Spike protein 
on the secretome profile and IL-8 gene expression in the human bron
chial epithelial IB3-1 cell line. Then, we verified the Spike-mediated 
effects on the microRNA miR-93-5p, known to be a key regulator of 
IL-8 gene expression. Finally, we verified the effects of an agomiR-93 on 
Spike-mediated IL-8 upregulation. 

3.1. SARS-CoV-2 Spike protein (S-protein) mediates a sharp increase of 
IL-8 mRNA and protein in IB3-1 cells 

When the analysis of the secretome profile of the human bronchial 
epithelial IB3-1 cell line is performed, it is clearly evident that 

Fig. 1. Effects of SARS-CoV-2 Spike protein on IB3-1 secretome. (A) Differential expression of cytokines, chemokines and growth factors in IB3-1 cells (Bio-Plex 
analysis). Medium was harvested after 48 h culture, starting from 30% confluence seeding cells (results are the average of 9 independent experiments). The sig
nificance of the difference between IL-6 and IL-8 content is shown. (B, C) Effects on IL-8 gene expression of 24 h exposure to SARS-CoV-2 Spike protein (S-protein) of 
IB3-1 cells (results are the average of 3 independent experiments). Release of IL-8 was quantified by Bio-plex analysis (B), IL-8 mRNA accumulation by RT-qPCR (C). 
(D,E) Summary of the effects of S-protein on IL-8 release (D) and IL-8 mRNA accumulation (E) by treated IB3-1 cells (results are the average of 5 independent 
experiments). 
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production of cytokines, chemokines and growth-factors is differential 
and the most abundant protein in IB3-1 supernatant is IL-8 (Fig. 1A). In 
this work we considered to study the 15 proteins found to display the 
highest concentrations: PDGF, IL-6, IL-8, IL-9, IL-10, IL-15, FGF, G-CSF, 
GM-CSF, IFN-γ, IP-10, MCP-1, MIP-1β, RANTES, VEGF. In order to 
obtain information about the possible use of the “miRNA mimicking” 
approach to interfere with SARS-CoV-2 mediated induction of pro- 
inflammatory genes, we first analyzed the effects of exposure of IB3-1 
cells to SARS-CoV-2 Spike protein (S-protein). 

The data obtained studying IL-8 gene expression are shown in 
Fig. 1B–D. Fig. 1B shows that exposure to 5 nM SARS-CoV-2 S-protein is 
sufficient to induce a significant increase of released IL-8. The analysis 
conducted on the other proteins are shown in Supplementary Fig.S1 and 
demonstrate a differential effect of SARS-CoV-2 on the different pro
teins. S-protein induced increase was found for IL-6 and G-CSF, while no 
significant changes in IL-15, RANTES and VEGF release were observed 
after exposure of IB3-1 cells to 5 nM and 15 nM S-protein. Fully in 
agreement with secretome data (Fig. 1B), the exposure of IB3-1 cells to 
S-protein was associated with an increase on IL-8 mRNA content within 
cells (Fig. 1C). Observation of IL-8 up-regulation in S-protein exposed 
IB3-1 cells was highly reproducible, as shown by analyzing the data 
obtained by 5 different independent experiments and analyzing the 
extent of the S-protein mediated increase (pg/ml) of released IL-8 pro
tein (Fig. 1D; p = 0.0014) and the fold induction of IL-8 mRNA (Fig. 1E; 
p = 0.0087). Moreover, the effects of SARS-CoV-2 S-protein on IL-8 
expression were confirmed in other cell lines, such as the A549 [55] 
and Calu-3 [56] cell lines (Supplementary Fig.S2). Furthermore, when 
RT-qPCR analysis using β-actin as internal control was compared with 
those obtained using as internal control GAPDH and RPL13A sequences, 
similar results were obtained (Supplementary Fig.S3A). 

3.2. SARS-CoV-2 Spike mediated induction of IL-8 is associated with 
inhibition of microRNA miR-93-5p 

Since no comprehensive information is available in the literature on 
possible effects of SARS-CoV-2 on microRNAs, we tested whether the 
exposure to the Spike protein has effects on miR-93-5p. The microRNA 
miR-93-5p was selected in consideration of the fact that this microRNA 
has been firmly demonstrated to control IL-8 gene expression [43–47]. 
Among the molecular basis of this effects, at least two mechanisms of 

action have been proposed and strongly supported by experimental 
evidences: (a) miR-93-5p can directly bind the 3’-UTR sequence of the 
IL-8 mRNA [43] and (b) miR-93-5p suppresses Toll–like receptor 4 
(TLR4), an upstream regulator of the nuclear factor NF–κB signaling 
pathway [57]. This is clearly of interest, since NF-κB is a transcriptional 
regulator of the IL-8 gene [35]. Fig. 2A shows that miR-93-5p content is 
reduced in IB3-1 cells exposed to 5 nM SARS-CoV-2 Spike protein. 
Moreover, in Fig. 2 (B,D) the effect of exposure of IB3-1 to SARS-CoV-2 
S-protein is shown by performing Western Blotting analysis of cellular 
extracts. Both NF-κB p105 and NF-κB p50 proteins significantly 
increased (respectively: 2.0 and 1.7 fold; p = 0.0218 for NF-κB p105 and 
p = 0.0030 for NF-κB p50) following treatment with 5 nM S-protein. The 
endogenous content of β-actin was analyzed as internal control. 

In conclusion, increased expression of IL-8 (analyzed by Bio-Plex 
assay and RT-qPCR) is accompanied to a decreased production of miR- 
93-5p and an increased expression of the IL-8 gene regulator NF-κB in 
IB3-1 cells exposed to SARS-CoV-2 S-protein. 

3.3. The miR-93-5p dependency of the genes producing the IB3-1 
secretome 

In order to have information about the possible regulation of IB3-1 
secretome proteins by miR-93-5p, IB3-1 cells were treated in parallel 
with agomiR-93-5p and an antagomiR-93-5p molecule. After 48-hours 
treatment, medium was collected and Bio-Plex analysis was per
formed. Data concerning the 15 proteins highly expressed in IB3-1 cells 
(see Fig. 1A) are reported in Fig. 3A. In the presence of an effect of miR- 
93-5p on gene expression, we were expecting an increased expression 
following transfection with the antagomiR-93-5p, associated with a 
down-regulation following transfection with the agomiR-93-5p. The 
data obtained demonstrated that this does not occur for all the analyzed 
proteins. In fact, when we tried to correlate the effects of the agomiR-93 
with the effects of antimiR-93, a R2 = 0.0656 was obtained (Fig. 3B). 
This is also confirmed by a complementary analysis comparing the miR- 
93-5pINDEX, which is proposed to reflects the direct dependency from 
miR-93-5p activity, based on the determination of the treated/untreated 
fold values as follows: miR-93-5pINDEX = fold (agomiR treatment)/fold 
(antagomiR treatment). Following this algoritm, we expected low values 
of the miR-93-5pINDEX for the genes whose expression was regulated by 
miR-93-5p. Data regarding the miR-93-5pINDEX are shown in Fig. 3C and 

Fig. 2. Effects of SARS-CoV-2 Spike protein on miR-93-5p content and NF-κB p105/p50 production. (A) IB3-1 cells were exposed for 24 h to S-protein. RNA was 
isolated and miR-93-5p content quantified by RT-qPCR. (B,C) Proteins were purified from IB3-1 cells treated as described in (A), and Western blotting performed (see 
the Methods section) using antibodies recognizing NF-κB p105/p50 and β-actin. (B) Representative results indicating S-protein mediated upregulation of NF-κB; (C) 
quantitative analysis. The relative expression (average values ± SD) of NF-κB p105/p50 is indicated (n = 3). 
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strongly suggest that the expression of IL-6, IL-8, G-CSF and GM-CSF are 
all regulated by miR-93-5p. Supporting this conclusion, when data of the 
transfections with the agomiR-93 and the antagomiR-93 were corre
lated, a higher level of correlation was found (R2 = 0.616) (Fig. 3D). 

With respect to IL-8 gene expression, the differential effects on IL-8 
mRNA following treatment with the agomiR-93 and the antagomiR-93 
were reproducibly obtained (p < 0.01) using β-actin, GAPDH and 
RPL13A as housekeeping sequences (Supplementary Fig. S3B). 

3.4. Treatment of IB3-1 cells with the miR-93-5p agomiR reverses IL-8 
upregulation induced by SARS-CoV-2 Spike protein 

In order to verify whether transfection with a miR-93-5p mimic leads 
to a decrease of SARS-CoV-2 Spike-mediated increase of IL-8 gene 
expression, S-protein treated IB3-1 cells were transfected with 100 nM of 
lipofectamine-delivered premiR-93-5p. Data presented in Fig. 4 (A and 
B) show that the transfection is associated with sharp inhibition of IL-8 
extracellular release (Fig. 4A) and that this is well in agreement with the 
miR-93-5p mediated inhibition of the S-protein induced increase of IL-8 
mRNA, analyzed by RT-qPCR (Fig. 4B). When data obtained after 
transfection of IB3-1 cells with the agomiR-93 and the negative control 
are compared, it can be observed a significant differential effect, i.e. the 
inhibition of the S-protein induced increase of IL-8 release (Fig. 4A) and 
IL-8 mRNA content (Fig. 4B). These data were found to be highly sig
nificant (p < 0.01), while no significant differences were found when 
data concerning cells treated with the negative control are compared to 

paired control S-protein induced samples. Interestingly, values of 
released IL-8 protein and IL-8 mRNA content found in S-protein exposed, 
agomiR-93-5p treated IB3-1 cells (unlike cells treated with the negative 
control molecule) approached values found in untreated control IB3-1 
unexposed to SARS-CoV-2 S-protein. 

As expected, when the results obtained when the effects on IL-8 
mRNA of the agomiR-93 are compared with those of a negative con
trol sequence, no significant difference was found using β-actin, GAPDH 
and RPL13A as housekeeping sequences (Supplementary Fig. 3C). 

3.5. Treatment of IB3-1 cells with a miR-93-5p agomiR: Effects on other 
secretomic proteins. 

In order to verify whether transfection with a miR-93-5p mimic 
(premiR-93-5p) leads to a decrease of other secretomic proteins, we 
analyzed the Bio-Plex data focusing on the 15 secretomic proteins dis
playing high expression level in IB3-1 cells (see Fig. 1A). As depicted in 
Fig. 5A, exposure to SARS-CoV-2 Spike protein was associated with a 
sharp increase of release of IL-6, IL-8, C-CSF and GM-CSF (fold > 1.5), a 
moderate increase of IL-9, MIP-1β (fold between 1.25 and 1.5) and no 
significant increase for the remaining secreted proteins. Interestingly, 
the proteins found to be induced by the SARS-CoV-2 S-proteins are all 
known to participate to the COVID-19 “cytokine storm”. Moreover, in S- 
protein exposed IB3-1 cells transfected with agomiR-93-5p, reduction of 
IL-6, IL-8, G-CSF and GM-CSF was found (Fig. 5B). Interestingly, this is 
in agreement with the miR-93-5pINDEX of IL-6, IL-8, G-CSF and GM-CSF, 

Fig. 3. Effects of miR-93-5p mimic or inhibitor on the IB3-1 secretome. (A) Effects on selected secretome proteins of IB3-1 cells transfection with the agomiR-93-5p 
or the antagomiR-93-5p, respectively mimicking (the agomiR) or interfering (the antagomiR) with the biological functions of miR-93-5p. (B) Correlation between the 
effects of the agomiR-93-5p and the antimiR-93-5p on unselected secretome proteins. (C) miR-93-5pINDEX, calculated with the algoritm: fold (pre-miR-93 treatment)/ 
fold (anti-miR-93 treatment). Low values of miR-93-5pINDEX are expected for genes responsive to miR-93-5p effects. (D) Correlation between effects of the agomiR- 
93-5p and the antimiR-93-5p on secretome proteins displaying a miR-93-5pINDEX lower than 0.5. 
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discussed in panel C of Fig. 2. 

4. Discussion 

The potential targeting or mimicking of microRNAs has been pro
posed as a possible therapeutic strategy for SARS-CoV-2 infection and 

COVID-19 management [58-62]. Direct targeting of SARS-CoV-2 miRNA 
binding sites might be proposed [59,63]; alternatively, the retrieval of 
miRNA levels which are deeply altered by SARS-CoV-2 infection might 
be considered [59]; a further strategy is to employ miRNA therapeutics 
to modify the expression of cellular mRNA relevant in the COVID-19 
clinical features [64–70]. In this respect, COVID-19 is characterized, 

Fig. 4. Effects of agomiR-93 in S-protein-induced 
IB3-1 cells: IL-8 gene expression. (A, B) Effects of 
agomiR-93 or negative control on 5 nM S-protein- 
treated IB3-1 cells. IL-8 protein release (A) and IL-8 
mRNA content (B) were analyzed respectively by 
Bio-Plex analysis and RT-qPCR. In panel B the fold 
mRNA content was determined with respect to un
treated IB3-1 cells. (C) Pictorial description outlining 
the proposed model illustrating the effects of the 
agomiR-93-5p on the post-transcriptional expression 
of IL-8 gene (in parenthesis the experimental evi
dence sustaining the model).   
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in addition to the SARS-CoV-2 viral infection of target cells and tissues, 
by a deep inflammatory state, known as “cytokine storm”, caused by 
activation of several pro-inflammatory genes, such as NF-κB, STAT-3, IL- 
6, IL-8, IL-1β, G-CSF [15–22]. 

The proposed study is a proof-of-principle that the release of key 
proteins of the COVID-19 “cytokine storm” [16,18] can be strongly 
inhibited by mimicking the biological activity of microRNAs regulating 
the respective mRNAs. While the major focus of this study is on IL-8, the 
data obtained allow to identify miR-93-5p responsive pro-inflammatory 
genes, whose expression can be modified by treatment of the cells with 
an agomiR-93-5p. 

The control of the “cytokine storm” is a major issue in the manage
ment of COVID-19 patients [16-27,33,71–73]. This hyperinflammatory 
activity is associated with severe forms of COVID-19 and poor prognosis 
of COVID-19 patients [74–82]. For instance, Del Valle et al. found that 
high serum IL-6, IL-8 and TNF-α levels at the time of hospitalization are 
strong and independent predictors of patient survival. In this study, a 
rapid multiplex cytokine assay was implemented in order to measure 
serum IL-6, IL-8, TNF-α and IL-1β in a large cohort of hospitalized 
COVID-19 patients (n = 1484) [26]. It was found that high serum IL-6, 
IL-8 and TNF-α levels at the time of hospitalization were strong and 
independent predictors of patient survival. In respect to IL-8, survival 
curves based on each cytokine measured, after multiple variable ad
justments for sex, age, race/ethnicity, smoking, CKD (Chronic Kidney 
Disease), hypertension, asthma and CHF (Congestive Heart Failure) 
sustained the concept that high IL-8 serum levels are associated with low 
survival probability. These and similar observations sustain the hy
pothesis that anti-inflammatory compounds and protocols are highly 
needed [83]. 

Concerning this issue, targeting IL-8 has been proposed in several 
studies as well as in clinical trials [83–87]. For instance, NCT04347226 
(“Anti-Interleukin-8 (Anti-IL-8) for Patients With COVID-19”) [88], is 
aimed at verifying whether neutralizing IL-8 with the anti-IL8 mono
clonal antibody BMS-986253 [89] can help to improve the health con
dition of recruited COVID-19 patients. NCT04347226 is a single center, 
randomized, open-label, phase 2 trial to evaluate the time-to- 
improvement following treatment with anti-IL-8 therapy (BMS- 
986253) compared to standard of care in hospitalized patients with 
COVID-19 respiratory disease. It should be underlined that at present 
there are no FDA approved medications that improve the chance of 
survival in patients diagnosed with COVID-19. 

The results presented in this study sustain the concept that the 
release of IL-8 in SARS-CoV-2 induced IB3-1 cells can be strongly 
inhibited by transfection of the cells with agomiR-93-5p. This was 
demonstrated by the data obtained following quantification of released 

IL-8, as well as accumulation IL-8 mRNA. 
Since the control of the “cytokine storm” is a major issue in the 

management of COVID-19 patients [16–27], our study could stimulate 
research activity that can contribute to the development of protocols 
useful to control hyperinflammatory state associated with SARS-CoV-2 
infection. Interestingly, despite the fact that our study was focused on 
IL-8, the agomiR-93-5p was found to inhibit also the release of IL-6, IL-8, 
G-CSF and GM-CSF, all of them participating to the cytokine storm. This 
finding should stimulate further studies on these proteins, all of them 
potential targets of agomiR-93-5p activity (in agreement the miR-93- 
5pINDEX values depicted in Fig. 3C). In addition, the possible effects of 
the agomiR-93-5p on the TRL4/NF-κB network should be in the future 
studied, considering that the TLR4/NF-κB signaling pathway is a po
tential target for treatment of critical stage of COVID-19 patients 
[90–92]. 

A possible limit of the present study is the fact that (a) only one cell 
line was studied; (b) no effects of the agomiR-93-5p were found on other 
pro-inflammatory proteins known to be activated in the COVID-19 
“cytokine storm” and (c) the combination with other agents modu
lating IL-8 expression has not been considered. As far as the first point, 
we should emphasize that we consider our study just a proof-of-principle 
that should be confirmed and extended by further experimental efforts. 
This is feasible project, since we have found that Spike exposure induces 
change in the expression of pro-inflammatory genes also in other cells 
lines, such as Calu-3 and A549 cells (Supplementary Fig.S2). 

Concerning the second point, we could propose to identify additional 
miRNAs targeting and regulating other pro-inflammatory genes acti
vated during the COVID-19 “cytokine storm” but not responding to 
agomiR-93-5p inhibition. In any case, the differential response of pro- 
inflammatory genes to the agomiR-93-5p support the specificity of the 
observed effects. Finally, as found as in other experimental model sys
tems, the combined treatments using small chemical molecules and ol
igonucleotides might be a reasonable approach to limit side effects and 
increase the biological activity. Our study might contribute to these 
forthcoming projects. 
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Fig. 5. Effects of agomiR-93-5p on S-protein-induced 
IB3-1 cells: cytokines, chemokines and growth fac
tors. (A) Effects of IB3-1 cells exposure to 5 nM S- 
protein on released cytokines, chemokines and 
growth factors. IL-6, IL-8, IL-9, FGF, G-CSF, GM-CSF, 
IP-10, MCP-1, MIP-1β and RANTES are increased in 
S-protein exposed cells (grey boxes). (B) AgomiR-93 
mediated inhibition of release of protein induced by 
SARS-CoV-2 S-protein (see panel A). No agomiR-93- 
5p mediated inhibition was observed for IL-9, FGF 
and IP-10.   
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the work reported in this paper. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.intimp.2021.108201. 

References 

[1] C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X. Gu, 
Z. Cheng, T. Yu, J. Xia, Y. Wei, W. Wu, X. Xie, W. Yin, H. Li, M. Liu, Y. Xiao, H. Gao, 
L. Guo, J. Xie, G. Wang, R. Jiang, Z. Gao, Q. Jin, J. Wang, B. Cao, Clinical features 
of patients infected with 2019, novel coronavirus in Wuhan, China, Lancet 395 
(2020) 497–506, https://doi.org/10.1016/S0140-6736(20)30183-5. 

[2] G. Chen, D. Wu, W. Guo, Y. Cao, D. Huang, H. Wang, T. Wang, X. Zhang, H. Chen, 
H. Yu, X. Zhang, M. Zhang, S. Wu, J. Song, T. Chen, M. Han, S. Li, X. Luo, J. Zhao, 
Q. Ning, Clinical and immunological features of severe and moderate coronavirus 
disease 2019, J. Clin. Invest. 130 (2020) 2620–2629, https://doi.org/10.1172/ 
JCI137244. 

[3] C. Wang, P.W. Horby, F.G. Hayden, G.F. Gao, A novel coronavirus outbreak of 
global health concern, Lancet 395 (2020) 470–473, https://doi.org/10.1016/ 
S0140-6736(20)30185-9. 

[4] S. Jia, Y. Li, T. Fang, System dynamics analysis of COVID-19 prevention and control 
strategies, Environ. Sci. Pollut. Res. Int. (2021) 1–14, https://doi.org/10.1007/ 
s11356-021-15902-2. 

[5] S.P. Kaur, V. Gupta, COVID-19 Vaccine: A comprehensive status report, Virus Res. 
288 (2020), 198114, https://doi.org/10.1016/j.virusres.2020.198114. 
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