J AMERICAN mB' .
=8 socieTy For
MICROBIOLOGY

RESEARCH ARTICLE

L)

Check for
updates

Contribution of Host miRNA-223-3p to SARS-CoV-Induced Lung

Inflammatory Pathology

Lucia Morales,®™ Juan Carlos Oliveros,® (©'Luis Enjuanes,® Isabel Sola®

2Department of Molecular and Cell Biology, National Center of Biotechnology (CNB-CSIC), Madrid, Spain
bComputational Genomics Service, National Center of Biotechnology (CNB-CSIC), Madrid, Spain

ABSTRACT Severe acute respiratory syndrome coronavirus (SARS-CoV) and the closely
related SARS-CoV-2 are emergent highly pathogenic human respiratory viruses causing
acute lethal disease associated with lung damage and dysregulated inflammatory
responses. SARS-CoV envelope protein (E) is a virulence factor involved in the activation
of various inflammatory pathways. Here, we study the contribution of host miRNAs to
the virulence mediated by E protein. Small RNAseq analysis of infected mouse lungs
identified miRNA-223 as a potential regulator of pulmonary inflammation, since it was
significantly increased in SARS-CoV-WT virulent infection compared to the attenuated
SARS-CoV-AE infection. In vivo inhibition of miRNA-223-3p increased mRNA levels of
pro-inflammatory cytokines and NLRP3 inflammasome, suggesting that during lung
infection, miRNA-223 might contribute to restrict an excessive inflammatory response.
Interestingly, miRNA-223-3p inhibition also increased the levels of the CFTR transporter,
which is involved in edema resolution and was significantly downregulated in the
lungs of mice infected with the virulent SARS-CoV-WT virus. At the histopathological
level, a decrease in the pulmonary edema was observed when miR-223-3p was inhib-
ited, suggesting that miRNA-223-3p was involved in the regulation of the SARS-CoV-
induced inflammatory pathology. These results indicate that miRNA-223 participates in
the regulation of E protein-mediated inflammatory response during SARS-CoV infection
by targeting different host mRNAs involved in the pulmonary inflammation, and iden-
tify miRNA-223 as a potential therapeutic target in SARS-CoV infection.

IMPORTANCE The SARS-CoV-2 pandemic has emphasized the need to understand the
mechanisms of severe lung inflammatory pathology caused by human deadly coro-
naviruses in order to design new antiviral therapies. Here, we identify miRNA-223-3p
as a host miRNA involved in the regulation of lung inflammatory response mediated
by envelope (E) protein during SARS-CoV infection. miRNAs downregulate the
expression of cellular mRNAs and participate in complex networks of mRNA-miRNA
interactions that regulate cellular processes. The inhibition of miRNA-223 in infected
mice by intranasal administration of antisense RNAs led to changes in the expression
of host factors involved in inflammation (cytokines, chemokines, and NLRP3 inflam-
masome) and in the resolution of lung edema ion transporter CFTR. These results
confirmed the contribution of MiRNA-223 to the regulation of SARS-CoV-induced
pathogenic processes and support the therapeutic potential of inhibiting miRNAs
during coronavirus infection using RNA interference approaches.

KEYWORDS coronavirus, SARS-CoV, micro RNAs, virus-host interaction, lung
inflammatory pathology, RNAseq, NLRP3, CFTR

evere acute respiratory syndrome coronavirus (SARS-CoV) emerged in China in
2002 and spread to more than 30 countries, infecting around 8,000 people and
causing the death of 10-50% infected individuals, depending on the age (1-3). Bats
were identified as the reservoirs of SARS-like coronaviruses (CoVs) (4), indicating that
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the emergence of new CoVs potentially pathogenic for humans was a likely event.
Indeed, a novel human respiratory CoV, Middle East Respiratory Syndrome CoV (MERS-
CoV), emerged in 2012 in Saudi Arabia (5), infecting ever since more than 2,590 peo-
ple and causing the death of 940, with a mortality ~35% (https://www.ecdc.europa
.eu/en/middle-east-respiratory-syndrome-coronavirus). The emergence of SARS-CoV-2
in December 2019, leading to the current pandemic of coronavirus disease 2019
(COVID-19), with more than 180 million people and more than 4 million deaths as of
early July 2021, has caused an unprecedented disruption in human society, underscor-
ing the need for effective prevention and therapeutic strategies. Understanding the
mechanisms involved in CoV virulence and virus—host interactions has become a pri-
ority for the rational design of effective antiviral therapies against known and future
emergent CoVs.

A dysregulated innate immune response resulting in elevated lung cytokine and
chemokine levels is a main determinant of SARS-CoV (6) and SARS-CoV-2-induced
pathogenesis (7). Our group has described that SARS-CoV envelope (E) protein is a viru-
lence factor (8-11) contributing to SARS-CoV-induced lung inflammatory pathology by
different mechanisms. E protein activates the NF-«B dependent proinflammatory
response (12) and induces the p38 mitogen-activated protein kinase (MAPK) pathway
mediated by the interaction of E protein PDZ-binding motif with syntenin PDZ domain
(13). Furthermore, E protein ion channel activity participates in the transport of Ca2* in
infected cells, which activates NLRP3 inflammasome and production of IL-18 (14), a
main contributor to severe inflammation that characterizes the acute respiratory dis-
tress syndrome (ARDS) observed in SARS-CoV and SARS-CoV-2 patients (15-17).

MicroRNAs (miRNAs) are small noncoding RNAs (ncRNAs) around 22 nucleotides (nt)
in length that direct posttranscriptional regulation of mRNA expression, mostly by repres-
sing, but sometimes by stimulating, mRNA translation (18, 19). In humans and other
mammals, miRNAs fine-tune the expression of most mRNAs, essentially involved in all de-
velopmental, physiological and pathological processes, including the response to infec-
tions. miRNAs are processed from a long primary transcript by the sequential cleavage of
two endonucleases, Drosha, in the nucleus, and Dicer, in the cytoplasm, leading to 22 nt
RNA duplexes. miRNA duplexes are loaded into an Argonaute protein included in RNA
induced silencing complexes (RISC) (20), in which the mature miRNA pairs to complemen-
tary sites within mRNAs to direct their posttranscriptional repression, predominantly by
decreasing target mRNA levels (21, 22). The most common sites for base-pairing the
miRNA “seed sequence” (nt 2-7) are located at the 3" UTR of target mRNAs (23). miRNAs
have a moderate impact on mRNA expression levels (1.2- to 4-fold), leading to fine-tuning
gene expression (24). However, the presence of multiple miRNA sites on the same target
mMRNA may act cooperatively, leading to a more substantial repression (25). Since one
miRNA can be targeting several mRNAs and the same mRNA can be regulated by differ-
ent miRNAs (26), miRNAs provide a modular and combinatorial system integrated within
complex regulatory networks (27). Posttranscriptional regulation by miRNAs confers an
additional layer of complexity in the regulation of gene expression, which is essential to
cope with environmental stresses, infections, and diseases. During the inflammatory
response, miRNAs are coregulated with protein-coding genes. The specific time frame of
miRNAs biogenesis and their mechanism of action may confer unique regulatory proper-
ties to modulate the magnitude of the response (24, 28). Certain miRNAs participate in
negative feedback loops, whereas others contribute to amplify the response by repres-
sing inhibitors (29).

Little is known about the contribution of miRNAs to the regulation of acute inflam-
mation induced by viral infections. Aguado and colleagues described that host miRNAs
regulate the expression of pro-inflammatory cytokines late in the innate immune
response against viral infections (30). Differential expression of miRNAs in the lungs of
several mouse strains infected with SARS-CoV suggested that miRNAs might play a reg-
ulatory role in the host response to SARS-CoV (31). Since the biological effects of
miRNAs are highly cell-type and temporal-stage specific (21), it is critical to study

March/April 2022 Volume 13 Issue 2 e03135-21

mBio’

mbio.asm.org 2


https://www.ecdc.europa.eu/en/middle-east-respiratory-syndrome-coronavirus
https://www.ecdc.europa.eu/en/middle-east-respiratory-syndrome-coronavirus
https://mbio.asm.org

miRNA-223 Contribution to SARS-CoV Lung Inflammation

miRNA functions in vivo, in a biologically relevant system, in which miRNAs and their
target mRNAs are expressed at physiological levels (32).

This work addresses the relevance of miRNAs in SARS-CoV pathogenesis by studying
the differential expression of host miRNAs in the lungs of mice infected with the virulent
SARS-CoV-WT or the attenuated mutant without the E gene (SARS-CoV-AE). Small RNA-
sequencing (RNAseq) revealed 23 differentially expressed annotated miRNAs in virulent
versus attenuated SARS-CoV infection, representing potential regulators of pulmonary
inflammation induced by E protein. Functional enrichment analysis of miRNA-regulated
pathways identified miRNA-223-3p, which was overexpressed in the virulent infection, as
a regulator of cytokine-mediated inflammation. Inhibition of miRNA-223-3p in vivo with
antisense locked nucleic acids (LNAs) reduced lung alveolar edema, which is a major
sign of SARS-CoV-induced pulmonary inflammation. As a result of miRNA-223 inhibition,
mRNA expression levels of NLRP3 inflammasome and pro-inflammatory chemokines
CXCL10, CXCL2, and IL-1B were increased, suggesting a contribution of miR-223-3p in
vivo to limit excessive lung inflammation induced by SARS-CoV infection. miRNA-223 in-
hibition also increased the expression of ion transporter cystic fibrosis transmembrane
regulator (CFTR), involved in the resolution of alveolar edema (33-35), which was signifi-
cantly reduced in the lungs of mice infected with the virulent virus. Thus, we describe
that miRNA-223 participates in vivo in the regulation of SARS-CoV-induced lung inflam-
mation by affecting not only the expression of pro-inflammatory cytokines and chemo-
kines, but also cell factors associated with edema resolution.

RESULTS

miRNAs differentially expressed in the lungs of mice infected with attenuated
SARS-CoV-AE or virulent SARS-CoV-WT. To address the relevance of miRNAs in
SARS-CoV pathogenesis, BALB/c mice were infected either with virulent SARS-CoV-WT
or attenuated mouse-adapted SARS-CoV-AE (8). Despite that both viruses only differ in
the expression of E protein, they cause a significantly different lung pathology. SARS-
CoV-WT causes a severe lung inflammation with abundant neutrophil infiltrates, alveo-
lar edema, and high levels of pro-inflammatory cytokines that lead to the death of
100% infected mice. In contrast, SARS-CoV-AE infection leads to a mild lung pathology
that does not cause any mortality in mice (8). Small RNAs (<200 nt) from the lungs of
mice infected with SARS-CoV-AE or -WT at 2 and 4 dpi were analyzed by small RNAseq
to determine differentially expressed (DE) cellular small RNAs (fold change [FC] > 2 or
FC < —2), with statistical significance (false discovery rate [FDR] < 0.05). One hundred
sixty-seven small cellular RNAs were differentially expressed in SARS-CoV-AE versus
-WT infection at 2 dpi (Fig. 1A). Most of them (132 out of 167) were downregulated in
infection with attenuated SARS-CoV-AE virus (Fig. 1A, green dots), while only a small
number of RNAs (35 out of 167) was upregulated (Fig. 1A, red dots), suggesting that
small RNAs contribute to host response to a virulent SARS-CoV infection. Only 23 out
of 167 DE small RNAs were mouse annotated miRNAs (miRBase v.20 (36) (Table 1), indi-
cating that other small cellular RNAs, or even novel nonannotated miRNAs, might be
participating in the response to virus infection, as described for other viral respiratory
infections (31). At 4 dpi, only 2 annotated miRNAs not related to potential antiviral
responses, out of 59 small cellular RNAs, were differentially expressed. Therefore, fur-
ther analysis was performed with DE miRNAs identified at 2 dpi. Differential expression
of most annotated miRNAs in infection with virulent SARS-CoV-WT versus attenuated
SARS-CoV-AE ranged from 2- to 4-fold (Table 1 and Fig. 1B). Similar moderate changes
have been described for other miRNAs, albeit with a significant biological impact in
pathogenesis (37, 38).

To investigate the functional impact of DE miRNAs, experimentally validated targets
of 23 annotated miRNAs were determined using miRTarBase v.6.0 (39). Twenty-nine pre-
dicted mRNA targets were found for 5 miRNAs (miRNA-223-3p, 145a-5p, 33-5p, 107-3p,
and 320-3p) (Fig. 1C). miRNAs-223-3p, 145a-5p and 33-5p were upregulated in SARS-
CoV-WT versus AE-infected mouse lungs, while miRNAs-107-3p and 320-3p were signifi-
cantly downregulated in WT vs AE infection, according to small RNAseq results (Table 1).
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FIG 1 microRNAs differentially expressed in the lungs of mice infected with the attenuated SARS-CoV-AE compared to the virulent SARS-
CoV-WT. (A) The log, ratio of small RNA expression in SARS-CoV-AE to SARS-CoV-WT infection at 2 days p.i. is represented on the y axis. The
log, counts per million (CPM) for each small RNA sequence is represented on the x axis. Colored dots represent small RNAs that were
differentially expressed with |fold change| = 2; FDR = 0.05; and average raw counts = 20. Upregulated sequences are indicated in red and
downregulated sequences in green. (B) CPM of miRNAs 223-3p and 145a-5p differentially expressed in SARS-CoV-AE compared to SARS-CoV-
WT infection are represented; *, [fold change| = 2 and FDR = 0.05. (C) miRTarBase regulatory network of interactions between annotated
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TABLE 1 Quantification by RNAseq of annotated miRNAs differentially expressed in SARS-
CoV-AE versus SARS-CoV-WT infected mouse lungs®

CPM
miRNA Fold-change AE WT
mmu-miR-6978-5p —14.39 0.434 6.255
mmu-miR-331-3p —3.27 5.333 17.448
mmu-miR-5099 —2.99 21.112 63.119
mmu-miR-33-5p —2.98 90.824 269.660
mmu-miR-223-3p —2.85 56.689 161.456
mmu-miR-296-5p —2.64 1.613 4.257
mmu-miR-223-5p —243 15.032 36.504
mmu-miR-3102-3p —2.40 25.457 60.969
mmu-miR-145a-5p —2.23 168.897 377413
mmu-miR-107-3p 2.01 1782.888 891.444
mmu-miR-320-3p 2.02 21395.207 10623.710
mmu-miR-150-3p 2.05 115.360 56.103
mmu-miR-30c-1-3p 2.06 44.017 21.407
mmu-miR-760-3p 2.1 19.027 9.000
mmu-miR-351-3p 239 70.035 29.243
mmu-miR-3474 2.72 16.111 5.938
mmu-miR-5107-5p 2.73 5.560 2.035
mmu-miR-877-5p 2.88 80.171 27.761
mmu-miR-378d 3.17 29.243 9.254
mmu-miR-128-3p 3.29 3.555 1.079
mmu-miR-3572-5p 3.31 14.672 4.423
mmu-miR-483-5p 3.88 7.516 1.932
mmu-miR-184-3p 4.86 133.436 27.474

aAnnotated miRNAs with FC > 2 or < —2, FDR < 0.05, and a number of raw counts > 20 in average are shown.

These 5 miRNAs and their associated mRNA targets were subjected to functional enrich-
ment analysis using Panther (http://pantherdb.org) (40) to show statistically significant
pathways in which DE miRNAs were involved. Predicted miRNA-mRNA interactions and
their functional relationship were represented as a network (Fig. 1C), illustrating that
miRNAs may be part of a complex regulatory system in SARS-CoV lung infection. miR-
223-3p and miR-145a-5p might regulate 6 and 12 targets, respectively, mainly involved
in inflammation mediated by chemokine and cytokine signaling pathways, which are
major contributors of severe inflammation associated with SARS-CoV-WT infection (6, 12,
41-44). These results suggested that miRNAs differentially expressed in the presence of
viral virulence factor within E protein might be contributing to the regulation of host im-
munopathological response to SARS-CoV-WT infection. To evaluate this hypothesis, an
integrative analysis of miRNAs and predicted target-mRNA expression changes was per-
formed using transcriptome sequencing of long RNAs (>200 nt) from the same SARS-
CoV-infected lung samples (Table 2). Only 3 (IRS7, MEF2¢, and GZMB) out of 29 miRNA
predicted mRNA targets showed statistically significant expression changes (FC > 2;
FDR < 0.05) in SARS-CoV-WT versus AE infection. Moreover, the upregulation of IRST
and MEF2c mRNAs in SARS-CoV-AE versus WT infection correlated with miRNA-145a and
223 downregulation, respectively. These opposite changes in the expression of predicted
mMiRNA-145a-/RST and miRNA-223-MEF2c pairs (Fig. 1C) suggested a potential regulatory
effect of miRNAs 145a and 223 (23).

Validation of differences in expression of miR-223-3p and miR-145a-5p in
SARS-CoV-infected cell cultures. Since miR-223-3p and miR-145a-5p have been

FIG 1 Legend (Continued)

mouse miRNAs differentially expressed in SARS-CoV-AE versus SARS-CoV-WT infection and mRNA targets validated with strong experimental
evidence. The functional groups with P value < 0.1 according to the Panther Classification System are shown; miRNAs are represented in
colored ovals according to their differential expression in SARS-CoV-AE versus WT infection. Green ovals indicate upregulated miRNAs (fold
change = —2), while red ovals indicate downregulated miRNAs (fold change = 2). Target genes are shown inside blue rectangles. Continuous
lines represent mMiRNA-mRNA interactions and dotted lines indicate gene-pathway interactions. Small RNAseq results were obtained from n = 3
mice per experimental condition (i.e., infected with each virus or mock-infected and sacrificed at 2 or 4 days p.i.). Statistical significance was
calculated by two-tailed Student’s t test. *, P value < 0.05.
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TABLE 2 Quantification by RNAseq of differential expression of validated mRNA targets of
differentially expressed miRNAs®

mRNA FC FDR DESCRIPTION

IRS1 277 0.0003 Insulin Receptor Substrate 1
GZMB —6.27 0.000 Granzyme B

MEF2C 2.58 0.001 Myocyte Enhancer Factor 2C

aLung expression levels, quantified by RNA-seq, of validated mRNA targets (Fig. 1C) of miRNAs 223-3p, 145a-5p,
33-5p, 107-3p, and 320-3p, differentially expressed in the lungs of mice infected with SARS-CoV-AE or SARS-
CoV-WT at 2 days p.i. Only mRNAs with FC > 2 or < —2 and FDR < 0.05 are shown.

extensively involved in inflammation processes, they were selected for further analysis
(24, 45) (Fig. 1C). To validate the RNAseq differential expression of both miRNAs, two
cell lines susceptible to SARS-CoV infection, mouse DBT-mACE2 and human lung Calu-
3 2B4, were infected either with SARS-CoV-AE or -WT (MOI 1), and levels of miR-223-3p
and miR-145a-5p were quantified by gPCR at different times postinfection (p.i.). In
both cell lines, changes in miRNA levels were mostly below the sensitivity limit of gPCR
(2-fold) (Fig. S1 in the supplemental material), which hindered the validation of small
RNAseq results. Moreover, these results confirmed the limitations of using cell cultures
to study in vivo function of cell miRNAs, since the whole lung contains different cells
types, including infiltrating immune cells, which contribute to the expression of
miRNAs. In fact, miRNA-223 is modestly expressed by human airway epithelial cells (46)
and most miRNA-223 is produced by neutrophils and transferred to pulmonary cells by
exocytosis (37). In order to increase miRNA detection sensitivity, a luciferase (LUC) re-
porter gene with miRNA target sequences at the 3’ UTR was used to analyze the post-
transcriptional gene silencing (PTGS) effect of miRNAs. An increase in the expression of
a specific miRNA in infected cells could be measured as a decrease in the LUC activity.
LUC activity regulated by miR-223-3p increased 1.76-fold in lung Calu-3 2B4 cells
infected with SARS-CoV-AE compared to WT at 48 h p.i. (Fig. 2A), suggesting that miR-
223-3p was downregulated in SARS-CoV-AE infection in these cells, as observed in vivo
(Fig. 1B). No significant changes were observed in LUC activity regulated by miR-145a-
5p (Fig. 2A), indicating that this miRNA was not differentially expressed in these lung
cells during SARS-CoV infection.

Effect of miR-223-3p and miR-145a-5p mimics on inflammatory pathways
during SARS-CoV infection in Calu-3 2B4 cells. The effect of miR-223-3p and miR-
145a-5p in the regulation of SARS-CoV induced inflammatory pathways was assessed
in Calu-3 2B4 cells transfected with miRNA mimics. The efficient transfection of miRNA
mimics into Calu-3 2B4 cells subsequently infected with SARS-CoV was confirmed by
gPCR, showing stable levels of miR-223-3p at 48 and 72 h p.i,, around 10°-fold higher
than in the negative control-transfected (NT) cells (Fig. 2B). Transfection of miR-223-3p
and miR-145a-5p mimics did not have a significant impact on SARS-CoV-WT and -AE
titers as compared to nontransfected (NT) or negative miRNA (miR-neg)-transfected
cells used as controls (Fig. 2C). The expression of CXCL10 mRNA, which is one of the
most upregulated pro-inflammatory cytokines in lungs of mice infected with virulent
SARS-CoV-WT versus SARS-CoV-WT-AE (12), was analyzed by qPCR. As expected, in the
absence of miRNA mimics (NT and miR-neg controls), CXCL10 levels were increased in
cells infected with virulent SARS-CoV-WT as compared to AE virus, both at 48 and 72 h
p.i. (Fig. 2D). Transfection of miRNA-223-3p mimics significantly upregulated CXCL70 in
Calu-3 2B4 cells infected with SARS-CoV-WT (at 48 and 72 h p.i) or SARS-CoV-AE (at 72
h p.i), suggesting that in this cell line, miRNA-223-3p regulated the pro-inflammatory
response, mainly at late times postinfection. Transfection of miR-145a-5p mimics only
induced the expression of CXCL10 in SARS-CoV-WT infected cells at 72 h p.i. Since
miRNA-223-3p provided more consistent results in terms of activation of the pro-
inflammatory response, it was selected for further in vivo experiments.

Effect of miR-223-3p inhibition in SARS-CoV infected mice. In vivo systems pro-
vide a more physiological context for miRNA studies, since miRNA expression is cell
type-specific and its biological effect depends on the cellular milieu of target mRNAs in
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each environmental condition (47). The relevance of miRNA-223-3p in lung inflamma-
tion induced by SARS-CoV was assessed by miRNA-inhibition assays in infected mice.
BALB/c mice were intranasally administered with a single dose (10 mg/kg) of LNAs
anti-miR-223-3p or a nonrelated negative control (anti-nr-RNA) 24 h prior to infection
with either SARS-CoV-AE or -WT. LNAs used in vivo included chemical modifications to
increase stability and inhibitory efficacy and to minimize off-target and immunostimu-
latory effects. Relative changes in lung miRNA-223-3p levels after inhibition were con-
firmed by RT-qPCR at 2 and 4 days p.i. (Fig. 3A). At 2 days p.i.,, when miR-223-3p peaked
in SARS-CoV-infected lungs (Fig. 1B), levels of miR-223-3p were significantly reduced
by the specific inhibitor compared to nrRNA inhibitor (60%, 85%, and 49% reduction in
mock-infected, SARS-CoV-AE, and SARS-CoV-WT infected mice, respectively). The high-
est inhibition efficiency was observed in SARS-CoV-AE infection, at both 2 and 4 days
p.i., suggesting that lung environment in this attenuated infection might favor the in-
hibitory action of anti-miR-223-3p LNAs. RT-qPCR is an appropriate technique to quan-
tify the inhibitory effect of antisense RNAs (Fig. 3A). However, RNAseq provides higher
accuracy and sensitivity to identify changes in expression of moderately abundant
miRNAs during infection by SARS-CoV mutants (Fig. 1B).

During the course of the experiment, treatment of mock-infected mice with miR-
223-3p inhibitor did not induce any adverse effects such as weight loss, movement dif-
ficulties, lethargy, or unhealthy appearance, as compared to mice treated with nega-
tive control inhibitor. Mice infected with attenuated SARS-CoV-AE and treated with
anti-nrRNA did not significantly lose weight, compared to mock-infected animals, and
all of them survived at 10 days p.i. (Fig. 3B). Inhibition of miR-223-3p in SARS-CoV-AE
infection led to a sustained, although not significant, increase in the weight of mice
compared to those treated with the anti-nrRNA (Fig. 3B). In contrast, mice infected
with virulent SARS-CoV-WT rapidly lost weight (Fig. 3B) and died, although a 1-day
delay in death was observed in the group treated with anti-miR-223-3p inhibitor com-
pared to those treated with anti-nrRNA (Fig. 3B). Although these differences were not
statistically significant, in part because of the high variability and small sample size of
in vivo experiments, inhibition of miR-223-3p in SARS-CoV-AE and SARS-CoV-WT
infected mice was associated with a trend toward improved outcome of infection, sug-
gesting that miRNA-223-3p might be contributing to SARS-CoV-induced morbidity and
mortality.

Effect of miR-223-3p inhibition in SARS-CoV lung pathology. Lung edema induced
by SARS-CoV-WT correlates with a significant increase in lung weight (13, 48). As
expected, the weight of SARS-CoV-WT-infected lungs treated with the negative control
significantly increased at 4 days p.i., compared to SARS-CoV-AE infection (P = 0.0167)
(Fig. 3C). In contrast, treatment with anti-miRNA-223-3p inhibitor at 4 days p.i. dimin-
ished the weight increase of SARS-CoV-WT-infected lungs compared to SARS-CoV-AE
infection, leading to a nonsignificant difference (P = 0.0571). These results suggested
that miRNA-223-3p was contributing to SARS-CoV-WT-induced pulmonary edema.
Inhibition of miRNA-223-3p did not significantly affect titers of SARS-CoV-WT and
SARS-CoV-AE in lungs of infected mice (Fig. 3D), suggesting that the smaller increase
of lung weight in WT versus AE infection at 4 days p.i. was not caused by lower viral
growth, but by the host inflammatory response to infection.

Pulmonary histopathology in SARS-CoV-infected mice treated with anti-miRNA-223-
3p inhibitor (Fig. 4A) was scored from lung sections at 2 and 4 days p.i., according to
the presence of interstitial, peribronchiolar, and perivascular cell infiltrates (49) (Fig. 4B)
and edema in air spaces (Fig. 4C) (50). As expected, in anti-nrRNA-treated mice, infec-

FIG 2 Legend (Continued)

endogenous gene. (C) Viral titers in cells transfected with RNA mimics of miR-223-3p, miR-145a-5p, or miR-neg used as
a negative control and infected with SARS-CoV-AE or -WT were measured from supernatants at the indicated times
postinfection. (D) Quantification by gqPCR of CXCL10 mRNA levels relative to those in mock-infected cells, using the
AACt method and the 18s rRNA as the normalization endogenous control. Error bars indicate the standard deviation.
Experiments were repeated at least twice with n = 3 biological replicates per experimental condition. Statistical

significance was calculated by two-tailed Student’s t test. *, P value < 0.05; **, P value < 0.01.
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FIG 3 Analysis of miRNA-223-3p in SARS-CoV-infected mice using antisense LNA inhibitors. BALB/c mice were intranasally inoculated
with 200 ng (10 mg/kg) of the LNA miRNA-223-3p inhibitor or a nonrelated sequence (nrRNA) as a negative control. After 24 h, the
mice were infected with 10° PFU of SARS-CoV-AE or -WT and their lungs were collected at 2 and 4 days p.i. n = 11 mice were mock-
infected or infected with each virus and treated with miRNA-223-3p inhibitor or a negative control. At 2 and 4 days p.i, n = 3 mice
per experimental condition were sacrificed for analysis of lung RNA, viral titer, and histopathology. (A) RT-qPCR analysis of miRNA-
223-3p levels in the lungs, relative to the expression in mock-infected mice inoculated with the nrRNA. The AACt method was used
for relative quantification, with snRNA-U6 as the endogenous control. (B) The weight loss (left graph) and survival (right graph) of
mice was monitored during 10 days. Weight loss was expressed as the percentage of the initial weight measured before infection. (C)
Weight of the lungs of mice at 2 and 4 days p.i. Lungs were weighted when collected and prior to fixation. (D) Viral titers in the
lungs of infected mice. At 2 and 4 days p.i, 3 mice from each group were sacrificed to determine virus titers. Error bars indicate the
standard error of the mean from 3 mice lungs per each condition. Statistical significance was calculated by two-tailed Student’s t test.
ns, nonsignificant; *, P value < 0.05.

tion with virulent SARS-CoV-WT led to significant cell infiltration and edema accumula-
tion in alveolar and bronchiolar spaces, more pronounced at 4 days p.i.,, compared to
infection with attenuated SARS-CoV-AE. In contrast, treatment with anti-miRNA-223-3p
significantly reduced inflammation signs, mainly edema, both in SARS-CoV-WT and AE
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FIG 4 Effect of inhibition of miRNA-223-3p in the lung histopathology of SARS-CoV-infected mice. (A) Histopathological analysis of
lungs of mice treated with miRNA-223-3p antisense LNAs and infected with SARS-CoV-AE and WT viruses, as described in Fig. 3.
Tissue sections were prepared from lungs at 2 and 4 days p.i. and stained with hematoxylin and eosin. Three independent mice per
group were analyzed. Images are representative of 50 microscopy fields observed for each independent mouse. (B and C) Scoring of
lung histopathology at 2 and 4 days p.i. Pathology of mouse lungs was scored in a blinded fashion using 3 mice per condition
according to the presence of inflammatory cell infiltrates (B) and edema in air spaces (C), as described in Materials and Methods. A
scale of 0 (none) to 3 (severe) was used, according to previously described procedures (49, 50). Mean values are represented. Error
bars indicate standard error of the mean. Statistical significance was calculated by two-tailed Student’s t test. ns, nonsignificant; *, P

value < 0.05; ***, P value < 0.001.
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FIG 5 Effect of miRNA-223-3p inhibition in the expression of pro-inflammatory cytokines and chemokines in SARS-CoV-infected mice.
mRNA quantification by RT-qPCR of the indicated inflammatory mediators at 2 and 4 days p.i. in the lungs of mice treated with
miRNA-223-3p antisense LNAs and infected with SARS-CoV-AE and WT viruses, as described in Fig. 3. mRNA levels were made relative
to those in mice treated with a negative control LNA (Inh neg) and mock-infected, using the AACt method and the 18s rRNA as the
normalization endogenous control. Error bars indicate the standard error. Statistical significance was calculated by two-tailed
Student’s t test. ns, nonsignificant; *, P value < 0.05; **, P value < 0.01.

infection at 2 and 4 days p.i. (Fig. 4C), supporting that miRNA-223-3p was contributing
to lung edema induced by SARS-CoV.

Effect of miR-223-3p inhibition in inflammatory cytokines induced by SARS-CoV
in lungs of infected mice. To evaluate the potential of miR-223-3p to modulate the
inflammatory response during SARS-CoV infection, mRNA expression levels of relevant
proinflammatory cytokines (IL-6, IL-1B) and chemokines (CCL2, CXCL10, and CXCL2)
were analyzed by qPCR (Fig. 5). As expected, SARS-CoV-WT infection induced at 2 days
p.. in the lungs a significantly higher expression of proinflammatory cytokines
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FIG 6 Effect of miRNA-223-3p inhibition in the expression of validated targets of miRNA-223-3p in the lungs of
SARS-CoV-infected mice. Quantification of IRS1, HEY1, NLRP3, and MEF2C mRNAs, which are validated targets
of miRNA-223-3p (56), at 2 and 4 days p.i. RT-gPCR of RNA from the lungs of mice treated with miRNA-223-3p
antisense LNAs and infected with SARS-CoV-AE and WT viruses was performed as described in Fig. 5. The ratio
of mMRNA levels in infected to mock-infected lungs is represented, as calculated by the AACt method using 185
rRNA as an endogenous control. Error bars indicate the standard error. Statistical significance was calculated by
two-tailed Student’s t test. *, P value < 0.05; **, P value < 0.01.

(CXCL10, CXCL2. CCL2, and IL-6) than SARS-CoV-AE (Fig. 5). Inhibition of miR-223-3p did
not impact levels of CCL2, IFN-stimulated gene 15 (ISG15), or IL-6 in either SARS-CoV-
WT or AE infection at any time point. In contrast, expression in the lungs of CXCL10,
CXCL2, and IL-1B8 increased after inhibition of miR-223-3p, mainly at 4 days p.i., suggest-
ing that the regulatory effect of miR-223-3p might be dynamic and dependent on the
tissue inflammatory environment. In a context of lower levels of pro-inflammatory
cytokines, as that induced by SARS-CoV-AE or SARS-CoV-WT at 4 days p.i., miRNA-223-
3p might have an anti-inflammatory effect by repressing the expression of CXCL10,
CXCL2, and IL-18 (51). However, in a context of “cytokine storm,” as that induced by
SARS-CoV-WT at 2 days p.i. (13, 48), fine-tuning regulation of inflammation by miRNA-
223-3p would not be significant.

Effect of miR-223-3p inhibition in other miRNA targets in lungs of infected mice.
E protein ion channel activity contributes to SARS-CoV-WT-induced inflammation
through the activation of NLRP3 inflammasome (14). Since miRNA 223 was described
to target NLRP3 mRNA in intestinal inflammation (38, 52), the effect of miRNA-223-3p
on lung NLRP3 mRNA levels was analyzed in SARS-CoV infected mice. Inhibition of
miRNA-223-3p led to a significant increase in NLRP3 mRNA at 2 and 4 days p.i., thus
confirming that NLRP3 was a target of miRNA-223-3p during SARS-CoV infection
(Fig. 6). Accordingly, NLRP3 dependent cytokines such as IL-1/3 and CXCL10 (38) were
also increased (Fig. 5). These results suggested that downregulation of NLRP3 inflam-
masome by miR-223-3p might provide an additional negative feedback mechanism of
lung inflammation. Most validated miRNA-223-3p targets (NLRP3, CXCL2, IL-6, etc.) (51)
are pro-inflammatory factors, and their increase in the lungs of mice after miRNA-223-
3p inhibition should be contributing to an enhanced inflammation. The significant
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FIG 7 Differential expression of ion transporter mRNAs in the lungs of SARS-CoV-infected mice.
RNAseq quantification of mRNAs from the lungs of mice infected with SARS-CoV-AE and WT viruses at
2 and 4 days p.i. Statistical significance was calculated by two-tailed Student’s t test. *, P value < 0.05;
** P value < 0.01.

reduction in pulmonary inflammation observed in SARS-CoV infected mice (Fig. 4) sug-
gested that other anti-inflammatory cell targets would also be increased by miRNA-
223-3p inhibition, as expected according to the pleiotropic nature of miRNAs.

CFTR is a miRNA-223-3p target (53) involved in the resolution of pulmonary edema
(33, 54). CFTR mRNA levels were significantly reduced in the lungs of SARS-CoV-WT ver-
sus AE-infected mice, as confirmed by qPCR (Fig. 6) and RNAseq (Fig. 7). This effect was
particularly observed at 4 days p.i., when CFTR expression was less than 15% of that in
mock-infected and AE-infected lungs (Fig. 6), in agreement with a more severe inflam-
matory pathology in WT infection. miRNA-223-3p inhibition led to a significant
increase in CFTR mRNA in SARS-CoV-WT infected lungs at 4 days p.i. (Fig. 6), supporting
that CFTR was contributing to reduction in pulmonary edema (Fig. 4). In contrast to
downregulation of CFTR during SARS-CoV-WT infection, no reduction was observed in
RNAseq expression of other ion transporters also involved in fluid clearance from air-
spaces, such as epithelial sodium channel (ENaC) and Na/K-ATPase (Fig. 7) (55).

No significant differences in mRNA levels of other validated miRNA-223-3p targets
with pro-inflammatory activity, such as MEF2C and PARP-1 (56) (Fig. 6), were observed,
supporting that miRNA-223-3p regulates specific targets in the context of SARS-CoV
infection.

DISCUSSION

In this article, we study the contribution of host miRNAs to severe lung inflammatory
pathology induced by SARS-CoV E protein. Small RNAseq analysis of SARS-CoV infected
mouse lungs identified miRNA-223 as a potential regulator of pulmonary inflammation,
since it was significantly increased in virulent SARS-CoV-WT versus attenuated SARS-CoV-
AE infection. Although SARS-CoV-AE grows to lower titers than SARS-CoV-WT, mutations
of different virulence motifs in E protein attenuated the virus without affecting viral
growth, demonstrating that E protein is a viral virulence factor (13, 14). In vivo inhibition
of miRNA-223-3p increased the expression of different host factors involved in the regula-
tion of inflammatory response and also reduced pulmonary inflammation, suggesting
that miRNA-223 participates in the complex and dynamic regulation of inflammatory
response induced by SARS-CoV E protein. In particular, miRNA-223-3p inhibition increased
mRNA levels of validated targets CXCL2 (51), CFTR (53, 56), NLRP3, and NLRP3-dependent
proinflammatory cytokines IL-18 and CXCL10 (57-60). These results suggested that during
infection, miRNA-223 contributes to restrict NLRP3 inflammasome activation and cyto-
kine-mediated inflammation, but also to downregulate the epithelial anion transporter
CFTR, involved in edema resolution (33, 54, 61). Interestingly, miRNA-223 inhibition in
mice significantly reduced lung edema, which is also a common pathological finding in
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SARS-CoV and SARS-CoV-2 infection in humans. Therefore, miRNA-223 represents a
potential therapeutic target in viral infections that cause severe lung inflammation, such
as those induced by SARS-CoV and SARS-CoV-2.

miRNAs are induced by inflammatory stimuli and contribute to the regulation of
innate immunity and inflammation. Different miRNAs work coordinately to produce a reg-
ulatory tension that evolves over time in the inflammatory milieu (62) in order to provide
an efficient and fast response, which needs to be self-limited to prevent the pathological
consequences of dysregulation (63, 64). The relevance of host miRNAs to the response
against viral infections is still under debate. Using primary cell models that mimic viral
infection, miRNAs were associated with regulation of pro-inflammatory cytokines and
chemokines following prolonged stimulation periods (>1 day) (30). In agreement with
this observation, miRNA-223 showed here an effect on inflammation particularly at 4 dpi.
Lung inflammatory pathology induced by SARS-CoV was more evident at 4 days p.i.
(Fig. 4B and C), despite mRNA levels of pro-inflammatory cytokines (CXCL10, IL-6, CXCL2,
IL-18) at this time point being reduced, compared to 2 days p.i. (Fig. 5) (12). Similarly, dif-
ferential expression of miRNAs was more significant at 2 days p.i, suggesting that early
transcriptional and post-transcriptional activation of the inflammatory response was
enough to induce the inflammatory phenotype observed at 4 days p.i. (Fig. 4).

It has been reported that viruses that activated host antiviral signaling also inhibited
RISC activity required for miRNA gene silencing in mammalian cells (65). However, SARS-
CoV expresses several IFN antagonists that efficiently prevent activation of host antiviral
effectors (66), and RISC activity was not inhibited during SARS-CoV infection (67).

A number of host miRNAs have been proposed to affect virus-induced pathogenesis,
although further research on their mechanism of action is still required (68). miR-223 reg-
ulates the differentiation of myeloid cells, including neutrophils, monocytes, and granulo-
cytes, which are essential in innate immune response (69, 70). miR-223 can be transferred
from neutrophils to epithelial cells through exosomes or high-density lipoproteins (37, 71,
72) as a mechanism to restrict the magnitude of inflammation (46), particularly acute
lung inflammation induced by mechanical ventilation or Staphylococus aureus infection
(37). In SARS-CoV infection, neutrophils contribute to the severity of lung inflammation,
mainly through the release of pro-inflammatory cytokines (6). Lower numbers of infiltrat-
ing neutrophils were detected in the lungs of mice infected with attenuated SARS-CoV-
AE versus virulent SARS-CoV-WT (12), in line with lower miRNA-223-3p levels observed in
SARS-CoV-AE infection (Fig. 1B). Therefore, neutrophils might provide an additional mech-
anism to regulate the inflammatory response through the transfer of miRNA-223-3p to
lung epithelium during SARS-CoV infection. miRNA-223 has been shown to limit a variety
of inflammatory processes (52, 57, 73). During inflammatory intestinal disease, miRNA-223
elevation contributed to limit inflammation by constraining NLRP3 inflammasome (38). In
fact, an increased amount of NLRP3 protein was detected in vivo in miR-223-deficient
mice (59) in association with neutrophilia, inflammatory lung disease (74), and increased
levels of CXCL2 (51). miRNA-223 was suggested to contribute to influenza virus pathoge-
nicity, since it was strongly upregulated in the lungs of mice infected with either the
recombinant 1918 pandemic virus (75) or a virulent strain, while miRNA-223 inhibition
reduced the mortality of infected mice (76). Our results support a silencing effect of
miRNA-223 on pro-inflammatory targets CXCL2 and NLRP3. However, in vivo inhibition of
mMiRNA-223 in SARS-CoV-WT or AE infected mice was also associated with a decrease in
lung histopathology, suggesting that other miRNA-223 targets should be contributing to
the phenotype. In particular, mRNA levels of CFTR anion transport significantly increased
with miRNA-223-3p inhibition, suggesting that CFTR mRNA was targeted by miRNA-223
in SARS-CoV infected lungs. CFTR inactivation is associated with defects in alveolar epithe-
lial fluid transport and, as a consequence, in the resolution of alveolar edema (33, 35, 54,
61, 77, 78). A number of studies showed the direct or indirect regulatory impact of
miRNAs on expression of CFTR mRNA (79, 80).

Influenza M2 membrane protein, which has ion channel activity, was shown to in-
hibit CFTR during infection (81). Similarly, respiratory syncytial virus inhibited CFTR in
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FIG 8 Overview of validated targets of miRNA-223 that could contribute to E protein-mediated
pathogenesis in SARS-CoV infection. This scheme illustrates validated targets of miR-223 upregulated
in mice treated with miRNA-223 antisense LNAs, which supports they are miRNA-223 targets during
SARS-CoV infection. Red letters indicate mRNA targets with pro-inflammatory effects. Silencing of
these mRNAs by miRNA-223 during infection would contribute to downregulate inflammation, as
represented by green lines. CXCL2, Chemokine (C-X-C motif) ligand 2; NLRP3 inflammasome, NOD-,
LRR-, and pyrin domain-containing protein 3; CXCL10, C-X-C motif chemokine ligand 10; IL-18,
Interleukin 1 beta. Green letters indicate mRNA targets involved in edema resolution. Silencing of this
mMRNA by miRNA-223 during infection would contribute to edema formation, as represented by red
lines. CFTR, cystic fibrosis transmembrane conductance regulator.

primary cell cultures and in animal models (82), suggesting that CFTR inhibition is a
common mechanism of pathogenesis in respiratory viruses. Infection with virulent
SARS-CoV-WT significantly reduced the expression of CFTR in lungs of mice, especially
at 4 days p.i., overlapping with the most prominent pulmonary edema (Fig. 4). The par-
tial rescue of CFTR expression by miRNA-223 inhibition was associated with a decrease
in lung edema, indicating that CFTR might be contributing to the resolution of alveolar
edema induced by SARS-CoV.

Overall, these results reflect the complex and dynamic network of mMRNA-miRNA
interactions occurring during SARS-CoV-induced inflammatory response. As a result of
these pleiotropic effects, in vivo inhibition of miRNA-223-3p reduced pulmonary histo-
pathology, suggesting that the impact of silencing anti-inflammatory targets, such as
CFTR, was dominant over pro-inflammatory targets (Fig. 8), which are highly dysregu-
lated in SARS-CoV infection.

Inflammatory responses modify miRNA biogenesis (64). Moreover, pro-inflamma-
tory cytokines induced by viral infection have been associated with miRNA upregula-
tion (83). Activation of innate defense pathways, such as toll-like receptor (TLR) signal-
ing, results in miRNA induction, mostly dependent on NF-«B activity (28). Increased
NF-KB activation and TNF-a production induced by E protein during SARS-CoV-WT
infection (12) might be contributing to the observed miRNA-223 upregulation in WT
versus SARS-CoV-AE-infected mice.

This is the first report on in vivo relevance of miRNA-223-3p in the regulation of
inflammatory response mediated by E protein in SARS-CoV virulent infection. Partial in-
hibition of miRNA-223 by intranasal administration of antisense LNAs reduced SARS-
CoV-induced lung edema, suggesting a therapeutic potential of miRNAs during SARS-
CoV infection. The mature sequence of miR-223 is conserved within vertebrates (84),
and its target sequence in mRNAs is also conserved across mammalian species (52),
suggesting that regulatory effects of miRNA-223 observed in SARS-CoV mouse models
might also be functional in humans during SARS-CoV and SARS-CoV-2 infection.

MATERIALS AND METHODS

Ethics statement. Animal experimental protocols were approved by the Ethical Committee of the
Center for Animal Health Research (CISA-INIA) (permit numbers: 2011-009 and 2011-09) and the DG
Environment of Community of Madrid (PROEX 112/14) in strict accordance with Spanish National Royal
Decree (RD 1201/2005) and international EU guidelines 2010/63/UE about protection of animals used
for experimentation and other scientific purposes and Spanish Animal Welfare Act 32/2007. All work
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with infected animals was performed in a BSL3 laboratory of the Center for Animal Health Research
(CISA-INIA).

Mice. Specific-pathogen-free 8-week-old BALB/c OlaHsd female mice were purchased from Harlan.
Mice were maintained for 8 additional weeks in the animal facility at the National Center of
Biotechnology (CNB-CSIC, Madrid). Sixteen-week-old mice were inoculated as described below with
recombinant SARS-CoV-WT or SARS-CoV-AE in 50 ulL of Dulbecco's modified Eagle's medium (DMEM)
containing 2% fetal bovine serum (FBS, Biowhittaker). Mice were sacrificed at days 2 and 4 postinfection
and lung samples were collected. For the miRNA-223-3p inhibition experiment, mice were monitored
for 10 days for weight loss and survival. Animals reaching weight losses higher than 25% of the initial
body weight were sacrificed according to the established euthanasia protocols. Infected mice were
housed in a ventilated rack (Animal Transport Unit- Bio-Containment Unit, Allentown) in a BSL3 labora-
tory (CISA-INIA).

Viruses. The mouse-adapted (MA15) (85) recombinant SARS-CoV-WT and SARS-CoV-AE viruses were
rescued from infectious cDNA clones generated in bacterial artificial chromosomes (BAC) in our labora-
tory (8). Virus titrations were performed in Vero E6 cells as described below.

In vivo infections. Sixteen-week-old female mice were intranasally inoculated with 10° PFU of SARS-
CoV-WT or SARS-CoV-AE. For the miRNA-223-3p inhibition experiment, 24 h prior to infection mice were
intranasally inoculated with 200 mg (10 mg/kg) of the inhibitor (miRCURY LNA microRNA Inhibitor,
Exigon). For intranasal inoculations, mice were lightly anesthetized with isoflurane, and then 50 uL of so-
lution containing either the miRNA inhibitor or the virus was laid on the nostrils of the mouse using a
pipette tip. The small droplet was naturally inhaled by the mouse about 2-3 s later. Since this procedure
was noninvasive and did not require a relevant physical intervention, it did not cause any inflammation
in the mice.

Lung samples from SARS-CoV-infected mice. To analyze SARS-CoV titers, one-quarter of the right
lung was homogenized in 2 mL of phosphate-buffered saline (PBS) containing 100 Ul/mL penicillin,
100 mg/mL streptomycin, 50 mg/mL gentamicin, and 0.5 mg/mL fungizone using a MACS homogenizer
(Miltenyi Biotec) according to manufacturer’s protocols. Virus titrations were performed as described below.
To isolate long and small RNAs separately, one-half of the right lung was homogenized in 2 mL of Lysis/
Binding Solution (mirVana miRNA isolation kit, Ambion) using a MACS homogenizer (Miltenyi Biotec),
according to manufacturer’s protocols. Small and long RNAs were extracted separately from total RNA sam-
ples using mirVana miRNA Isolation protocol. To examine lung histopathology, the left lung of infected
mice was fixed in 10% zinc formalin at 4° C for 24 h, and then it was embedded in paraffin. Serial longitudi-
nal 5 um sections were stained with hematoxylin and eosin by the Histology Service at the National Center
of Biotechnology (CNB, Spain) and subjected to histopathological examination with a ZEISS Axiophot fluo-
rescence microscope. Samples were obtained using a systematic uniform random procedure, consisting of
serial parallel slices made at a constant thickness interval of 50 wm. Histopathology analysis was conducted
in a blind manner by acquiring images of 50 random microscopy fields from around 40 nonadjacent sec-
tions for each of the three independent mice analyzed per treatment group. The measurement of inflam-
mation damage was scored using a severity scale from 0 (absent) to 3 (severe with the presence of intersti-
tial, peribronchiolar, and perivascular inflammation), as described (49). Tissues were also scored for the
extent of edema in lung air spaces from 0, absence of edema; 1, edema detected in <33% of lung; 2,
edema in 34-66% of lung; to 3, edema in >66% of lung (50).

Deep sequencing of lung small and long RNAs. Small and long RNAs were isolated (mirVana miRNA
isolation kit, Ambion) from uninfected (n = 4 biological replicates) and SARS-CoV-AE or -WT infected
mouse lungs (n = 3 replicates for each virus). The integrity of small and long RNAs was analyzed using
the Bioanalyzer 2100 expert_Eukaryote. One ug of the small RNA fraction was used for library construc-
tion (BGI Genomics, Hong Kong) and subjected to 50SE sequencing on a Hiseq 2000 sequencer
(Illumina), resulting in 20-40 million reads per sample. Six ug of the long RNA fraction was treated to
eliminate rRNA (RiboZero rRNA Removal Kit, Epicentre), and libraries were constructed (NEBNext Ultra
directional Library prep A, lllumina) and subjected to 100SE sequencing on a Hiseq 2000 sequencer
(Illumina, Parque Cientifico de Madrid, PCM), resulting in 20 million reads per sample.

Sequencing data processing and alignment for small RNAs. Strand-specific, single-end reads
between 18 nt and 42 nt, provided by BGI sequencing services, were quality-checked with FASTQC (www
bioinformatics.babraham.ac.uk/projects/fastqc/). No additional filters were necessary. Short reads were
aligned against mouse genome sequence (GRCm38) with BWA (86) allowing up to 1 mismatch and no
gaps (bwa aln -n 1 -k 1 -0 0). Only unique hits were considered for posterior steps. SAM alignment files gen-
erated by BWA were compressed, sorted, and indexed using the “view,” “sort,” and “index” functions of the
Samtools package (87).

Definition of candidate small RNA loci data set (genomic features). A unified list of candidate
regions (small RNA loci) was created by collapsing coverage data of all 16 samples on a single com-
bined coverage track where, for each nucleotide, the maximum individual coverage was recorded. In
this track, continuous genomic regions with a combined coverage of 2 or more nucleotides and with a
summit of at least 10 nt were considered. In this way, a set of 5,208 genomic features was defined, with
an average size of 36 nt. Features overlapping with known mouse mmu-miRNAs from miRBase v.20 (36)
were annotated. In this way, 593 out of 2,035 (29%) of all miRBase v.20 mmu-miRNAs were detected.

Differential expression determination of small RNAs. lllumina short reads were assigned to the
genomic features defined above with the “featureCounts” program of the SubRead package (88) using
default parameters for single-end, strand-specific reads. To evaluate differential expression of features
between samples from SARS-CoV-AE and WT at 2 dpi, edgeR (89) was used. Feature counts were normalized
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by adjusting the trimmed mean of log2 ratios (default TMM method). Three biological replicates per sample
were included and FDR adjusted P values were obtained (90).

Sequencing data processing and alignment for long RNAs. Raw 100 nt strand-specific single-end
reads, provided by Parque Cientifico de Madrid sequencing services, were quality checked with FASTQC
(www.bioinformatics.babraham.ac.uk/projects/fastqc/). As many samples presented undetermined nu-
cleotides (“N”) and decreased quality after the76th position, all reads from all samples were truncated to
the first 75 nucleotides. Truncated (75 nt) reads were aligned against mouse genome sequence
(GRCm38) with TopHat2 (91), allowing intron sizes up to 100,000 nt and using default settings for single-
end alignments. An IGV genomic browser (89) was used for visualizing read alignments.

Differential expression determination of longRNAs. The Htseq-count function of the HTSeq pack-
age (92) was used for assigning reads to each mouse gene and IncRNA. Genomic feature coordinates
were obtained from mouse annotation version GRCm38.76 (ENSEMBL). To evaluate differential expres-
sion of features between SARS-CoV-AE (2 days p.i.) and wild-type (2 days p.i.) samples, DESeq2 (93) was
used. Default parameters were used except detection of outlier counts by Cook’s distance, which was
not applied (cooksCutoff=FALSE). Three biological replicates per sample were included in the analysis,
and P values obtained were adjusted by FDR (90). FIESTA tool (http://bioinfogp.cnb.csic.es/tools/FIESTA)
was used to visualize differential expression results for genes, applying such statistical parameters as
fold change and FDR (Table 2).

Searching for targets. The search of targets for annotated miRNAs was performed using the advanced
search of miRTarBase (https://mirtarbase.cuhk.edu.cn/~miRTarBase/miRTarBase_2022/php/index.php) (39),
which allows to load several miRNAs at the same time. In a first search, miRNAs upregulated in lungs
infected with the attenuated AE versus the virulent WT virus at 2 dpi were loaded, and in a second search,
the downregulated miRNAs (FDR < 0.05 and |FC| > 2) (Table 1). Those miRNA targets for up- or downregu-
lated miRNAs validated with strong evidence using reporter assay, Western blot, or gPCR methods were
chosen to study functional and gene ontology realationships using the Panther database (http://pantherdb
.org). The settings for target genes classification were Mus musculus as the reference organism, panther
pathways as annotation data set, and no Bonferroni correction. The statistically enriched (P value < 0.1)
pathways for some of the target genes were drawn as a network together with miRNAs and target genes
using the Cytoscape v3.2.1 tool (94).

Cell lines. The mouse brain tumor cells stably expressing the murine SARS-CoV receptor Angiotensin
Converting Enzyme 2 (ACE2) were generated (DBTmACE2) in our laboratory (95). Infection of DBT-mACE2
cells with SARS-CoV-MAT15 yielded high virus titers and induced the expression of pro-inflammatory cyto-
kines and IFN-, as observed in the mouse animal model and in human patients. African green monkey
kidney-derived Vero E6 cells were kindly provided by E. Snijder (Medical Center Leiden University,
Netherlands). Calu-3 2B4 cells are a clonal population sorted for ACE2 expression from human airway
epithelial Calu-3 cells, kindly provided by K. Tseng (Medical Center Texas University, USA). DBT-mACE2
and Vero E6 cells were maintained in Dulbecco's modified Eagle's medium (DMEM, GIBCO) supple-
mented with 25 mM HEPES, 2 mM L-glutamine (Sigma), 1% nonessential amino acids (Sigma), and 10%
FBS (Biowhittaker). Calu-3 2B4 were grown as described above and supplemented with 20% FBS.

Virus titration and plaque assay. For virus titration and plaque detection, supernatants of infected
cells were added to confluent monolayers of Vero E6 cells and incubated for 45 min at 37°C. Media were
removed and cells were overlaid with DMEM containing 0.6% of low melting agarose and 2% FBS. At 72
h p.i., cells were fixed with 10% formaldehyde and stained with crystal violet.

RT-qPCR analysis. The long RNA fraction extracted from mouse lungs or cell cultures was prepared as
described above, and subjected to retro-transcriptase (RT) reactions using a High-Capacity cDNA transcrip-
tion kit (Applied Biosystems) to generate cDNAs. qPCR analysis of mouse mRNAs was performed using
TagMan Assays (Applied Biosystems) specific for CCL2 (Mm00441242_m1), IL-6 (Mm00446190_m1), CXCL10
(MmO00445235_m1), ISG15 (Mm01705338_s1), CXCL2 (Mm 00436450_m1), IL-18 (Mm 01336189_m1), NLRP3
(MmO00840904_m1), CFTR (Mm00441638_m1), PARP-1 (Mm01321083_m1), and MEF2C (Mm01340842_m1).
185 rRNA was used as an internal control for normalization (Mm03928990_g1). The small RNA fraction
extracted from mouse lungs or cell cultures was subjected to RT reactions using TagMan MicroRNA Reverse
Transcription kit (Applied Biosystems) to generate cDNAs. qPCR analysis was performed using TagMan
Micro RNA Assays (Applied Biosystems) for miRNAs 223-3p (002295) and 745a-5p (002278). snRNA-U6
(001973) was used as control for normalization of miRNAs from cells or lungs. Data were acquired with an
ABI Prism 7500 sequence detection system (Applied Biosystems) and analyzed using ABI Prism 7500 SDS
version 1.2.3 software. Gene expression relative to mock-infected samples is shown. The relative quantifica-
tions were performed using the 242 method (96).

miRNA transfection in cell culture. Mimics of cellular miRNAs miR-223-3p and miR-145a-5p
(miScript miRNA Inhibitor, Qiagen) were transfected into Calu-3 2B4 cells using a reverse transfection
protocol. Cells were grown to 90% confluence on 100 mm-diameter plates in the absence of antibiotics.
Twenty-five nM miRNA mimics were each mixed with 1.5 ulL of TransIT-X2 (Mirus Bio LLC) in 50 uL of
Optimem and incubated in 24-well plates for 30 min for complex formation, according to manufacturer’s
specifications. After 6 h, transfection complexes were removed and cells were infected with either SARS-
CoV-MA15-AE or -WT at an MOI of 1. Cell supernatants were collected at 48 and 72 h p.i. for viral titra-
tion. The long and small RNA fractions were extracted from cells at the same time points using mirVana
miRNA isolation kit (Ambion) and subjected to RT-qPCR analysis.

Construction of plasmids with miRNA target sequences. For quantitative analysis of post-tran-
scriptional silencing by miRNAs, luciferase reporter plasmids were constructed on pMirTarget Vectors
(OriGene). Target sequences for each miRNA were chemically synthesized (GeneArt, Life Technologies)
containing 10 perfectly complementary repeats separated from each other by the eight nucleotides of
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the Not | recognition sequence. DNA fragments with unique restriction sites at the ends were cloned
into the multicloning site of pMirTarget Vector, at the 3’ UTR of the luciferase gene.
Luciferase reporter assay. Calu-3 2B4 cells were reverse transfected with 500 ng of each pMirTarget
plasmid including miRNA target sequences by using 1.5 ulL of TransIT-X2 (Mirus Bio LLC) as described
above. After 6 h, Calu-3 2B4 cells were infected with SARS-CoV-MA15-AE and -WT (MOI 1). After 18 h,
the growth medium was removed and cells were lysed using Luciferase Assay System (Promega) accord-
ing to the manufacturer’'s specifications. Firefly luciferase activity and red fluorescence from Red
Fluorescence Protein (RFP) were measured using Spectramax iD3, Molecular Devices. The relative lucifer-
ase activity was calculated as the ratio of Firefly luciferase activity to the red fluorescence of RFP, used to
normalize the transfection efficiency.
Data availability. Small and long RNA sequencing raw data reported in this publication have been
deposited in NCBI's Gene Expression Omnibus (97) and are accessible through GEO Series accession
numbers GSE84081 and GSE180563, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 0.4 MB.
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