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Abstract

We aimed to examine the circulating microRNA (miRNA) profile of hospitalized COVID-
19 patients and evaluate its potential as a source of biomarkers for the management of
the disease. This was an observational and multicenter study that included 84 patients
with a positive nasopharyngeal swab PCR test for SARS-CoV-2 recruited during the first
pandemic wave in Spain (March-June 2020). Patients were stratified according to
disease severity: hospitalized patients admitted to the clinical wards without requiring
critical care and patients admitted to the ICU. An additional study was completed
including ICU nonsurvivors and survivors. Plasma miRNA profiling was performed using
RT-gPCR. Predictive models were constructed using LASSO regression. Ten circulating
miRNAs were dysregulated in ICU patients compared to ward patients. LASSO analysis
identified a signature of three miRNAs (miR-148a-3p, miR-451a and miR-486-5p) that
distinguishes between ICU and ward patients [AUC (95% CI) = 0.89 (0.81-0.97)]. Among
critically ill patients, six miRNAs were downregulated between nonsurvivors and
survivors. A signature based on two miRNAs (miR-192-5p and miR-323a-3p)
differentiated ICU nonsurvivors from survivors [AUC (95% CI) = 0.80 (0.64-0.96)]. The
discriminatory potential of the signature was higher than that observed for laboratory
parameters such as leukocyte counts, CRP or D-dimer [maximum AUC (95% CI) for
these variables = 0.73 (0.55-0.92)]. miRNA levels were correlated with the duration of
ICU stay. Specific circulating miRNA profiles are associated with the severity of COVID-
19. Plasma miRNA signatures emerge as a novel tool to assist in the early prediction of

vital status deterioration among ICU patients.

Keywords: COVID-19; microRNA; Biomarker; Intensive Care Unit; noncoding RNA;

SARS-CoV-2.



Introduction

Approximately 20 to 30% of hospitalized COVID-19 patients develop a severe
phenotype of the disease that requires intensive care unit (ICU) admission with a varying
ICU death rate ranging from 25 to 50%."? In this scenario, there is an urgent demand for
reliable tools to define patient status and predict clinical outcomes. Although risk
modeling based on clinical characteristics and/or biomarkers has made remarkable
progress, early prediction of vital status deterioration remains a challenge for clinicians.?
Furthermore, most COVID-19 studies have focused on proteomic, metabolomic and
cellular biomarkers.*® The investigation of alternative clinical indicators, including those
provided by emerging omics technologies, may shed light on the development of novel
tools for the management of COVID-19.

In the past decade, noncoding RNAs (ncRNAs), and the class of microRNAs
(miRNAs) in particular, have risen to prominence as a novel tool to assist in medical
decision-making.® miRNAs are short (19-25 nt), single-stranded noncoding RNAs that
regulate gene expression at the posttranscriptional level by binding to target mMRNA and
leading to its degradation or translational repression. These small ncRNAs are present
in body fluids including blood, are highly resistant to degradation and can be easily
measured through standard techniques already employed in clinical laboratories, such
as real-time quantitative PCR (qPCR). The use of circulating miRNAs as clinical
biomarkers in liquid biopsies has been explored under a variety of conditions,’-® including
viral infections.'® The results suggest that miRNAs are sensitive, robust and cost-
effective biomarkers that offer additional information to clinical variables and already
established clinical indicators.""'2 Indeed, several miRNA-based diagnostic products are
already available for clinical practice.'

Here, we aimed to examine the circulating miRNA profile of hospitalized COVID-
19 patients and explore the potential role and clinical significance as biomarkers of
disease severity. To the best of our knowledge, the current study is the largest to date
that has profiled the circulating miRNA profile in the context of COVID-19.
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Methods
Ethics statement

The study was performed in full compliance with the Declaration of Helsinki. The
study protocol was approved by the respective ethics committee. Participants, or their
legal representatives, provided oral consent when possible. In the remaining cases, an

informed consent waiver was authorized by the ethics committee.

Patients
This is a preliminary report on the epigenetic substudy of the ongoing multicenter

study CIBERESUCICOVID registered at www.clinicaltrials.gov with the identification

NCT04457505.

This was an observational and multicenter study that included 84 participants.
Patients aged 18 years or older with a positive nasopharyngeal swab PCR test for SARS-
CoV-2 were recruited during the first pandemic wave in Spain (March-May 2020). The
centers included Hospital Universitario Arnau de Vilanova y Santa Maria (Lleida),
Hospital Clinico Universitario (Valladolid), Hospital del Rio Hortega (Valladolid), Hospital
General Universitario Gregorio Maranén (Madrid) and Hospital Universitario Infanta
Leonor (Madrid). The patients were divided according to the severity of the disease into
the following groups: i) hospitalized patients admitted to the pneumology, infectious
diseases or internal medicine wards without requiring critical care, and ii) hospitalized
patients admitted to the ICU. An additional study including ICU nonsurvivors and
survivors was performed.

Comprehensive demographic, clinical, pharmacological and laboratory data were
abstracted manually from the electronic medical records. Data collected at the time of
hospital or ICU admission were recorded by dedicated clinical research assistants and
entered into a REDCap database. Incoherent or missing data were identified using
automatic checks. Abnormal data were reviewed by researchers/clinicians.
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Blood samples were collected in ethylenediaminetetraacetic acid (EDTA) tubes
before or following admission to the clinical ward or the ICU (Supplemental Figure S1).
Blood samples were centrifuged to separate plasma (1500 x g for 10 minutes). All
specimens were immediately aliquoted, frozen and stored at -80°C. Samples collected
at the Hospital Universitario Arnau de Vilanova y Santa Maria (Lleida, Spain) were
obtained with support by IRBLIleida Biobank (B.0000682) and “Plataforma Biobancos
PT17/0015/0027". Except for those samples collected at Hospital Universitario Arnau de
Vilanova y Santa Maria (Lleida, Spain), frozen plasma aliquots were shipped on dry ice
to the Biomedical Research Institute of Lleida (Lleida, Spain). No freeze-thaw cycles

were performed during the experiments.

RNA isolation and microRNA quantification

miRNA quantification was performed in the same laboratory and under
standardized conditions by experienced staff blinded to the clinical data. A panel of 41
circulating miRNAs was selected after an extensive review of the literature by
experienced researchers (FB and DdGC). The panel included miRNAs previously
associated with molecular pathways potentially altered in COVID-19
(immune/inflammatory response, viral infections, lung damage or fibrosis, myocardial
damage and coagulation) in in vitro, in vivo and patient-based approaches and
investigated as biomarkers of mechanisms linked to COVID-19 pathophysiology by
independent groups, including ours '* (Supplemental Figure S2).

Total RNA was isolated from 180 pL of plasma using a miRNeasy Serum/Plasma
Advanced Kit (Qiagen, Hilden, Germany). For normalization, synthetic Caenorhabditis
elegans cel-miR-39-3p, lacking sequence homology to human miRNAs, was added as
an external reference miRNA (1.6 x 108 copies/uL). The mixture was supplemented with
1 ug of MS2 carrier RNA (Roche, Merck, Darmstadt, Germany) to improve extracellular
RNA vyield and the RNA Spike-In Kit (UniSp2, UniSp4 and UniSp5) (Qiagen) to monitor
RNA isolation. All reagents were spiked into samples during RNA isolation after

6



incubation with the denaturing solution. RNA was eluted into 20 pL of nuclease-free
water and stored at -80°C.

Since the overall amount of RNA that is present in plasma is low and the RNA
concentration cannot be accurately determined in plasma samples, the input RNA
amount for subsequent analysis was based on the starting volume rather than RNA
quantity. A consistent input amount was used for all samples. miRNA quantification was
performed according to the protocol for the miRCURY LNA Universal RT microRNA PCR
System (Qiagen), which offers optimal accuracy and reproducibility.’”® Reverse
transcription (RT) cDNA synthesis was performed using a miRCURY LNA RT Kit
(Qiagen) in a total reaction volume of 10 pyL. An additional spike-in UniSp6 (Qiagen) was
added to monitor the RT reaction. Heparin, an anticoagulant usually administered to
COVID-19 patients during hospital stays,'® inhibits miRNA quantification."”'® To avoid
this potential inhibitory effect, heparinase (New England BioLabs, Massachusetts, USA)
was added to RT reactions, as previously described.’® The RT reactions were performed
in a total volume of 10 yL under the following conditions: incubation for 60 minutes at
42°C, inactivation for 5 minutes at 95°C, and immediate cooling to 4°C. Then, cDNA was
stored at 20°C.

Plasma miRNA signatures were analyzed using miRCURY LNA miRNA Custom
Panels (384-well plates) (Qiagen). gPCR was carried out using the Applied Biosystems
QuantStudio™ 7 Flex Real-Time PCR System in a total volume of 10 yL. RT-gPCR
conditions were 95°C for 2 minutes, followed by 40 cycles of 95°C for 10 seconds and
56°C for 1 minute, followed by melting curve analysis. Synthetic UniSp3 was analyzed
as an interplate calibrator and qPCR control. Amplification curves were evaluated using
QuantStudio Software v1.3 (Thermo Fisher Scientific, Massachusetts, USA). The
quantification cycle (Cq) was defined as the fractional cycle number at which the
fluorescence exceeded a given threshold. The specificity of the gqPCR was corroborated
by melting curve analysis. To ensure the optimal quality of the data, we first analyzed
spike-in RNA templates to monitor the uniformity of the RNA extraction procedure and
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the efficiency of the RT and PCRs. The ACq (miR-23a-3p - miR-451a) method was used
to exclude hemolysis contamination, as previously described.?° Cqs above 35 cycles
were considered undetectable and were censored at the minimum level observed for
each miRNA. Relative quantification was performed using the 229 method (ACq =

Camirna-CQeel-mir-39-3p). EXpression levels were log-transformed for statistical purposes.

Statistical analysis

Descriptive statistics were used to summarize the characteristics of the study
population. The normality of the distribution was analyzed using the Shapiro—Wilk test.
Data are presented as the median [Quartile 1;Quartile 3] for continuous variables and as
frequencies (percentage) for categorical variables. Continuous variables were compared
between groups using the Mann—-Whitney U test. Categorical variables were compared
between groups using Fisher’s exact test. The Spearman rank correlation test was used
to assess the correlation between continuous variables. Differences in miRNA
expression between groups were evaluated using linear models for arrays.?! Differential
mMiRNA expression between study groups is displayed in volcano plots. Principal
component analysis (PCA) and hierarchical clustering included the differentially
expressed miRNAs. miRNAs with statistical differences according to severity groups
were also evaluated after adjustment for confounding factors. Age, sex and medication
use were included in the lineal models. This analysis was not performed for the
comparison survivor vs. nonsurvivor due to the sample size.

A predictive model with miRNAs was constructed using a relaxed least absolute
shrinkage and selection operator (LASSO) model. Fivefold cross-validation was carried
out to determine the lambda parameter of the LASSO model. Lambda was selected as
the value that minimized the mean square error (MSE). miRNA levels were standardized
prior to fitting the LASSO model. Receiver operating characteristic (ROC) curves were
constructed for circulating miRNAs and laboratory parameters using the area under the

ROC curve (AUC) as the global discrimination value measure. The p-value threshold
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defining statistical differential expression was set at <0.05. All statistical analyses were

performed using R software, version 4.0.2.

Results
Impact of COVID-19 severity on the circulating microRNA profile

The study flowchart is presented in Figure 1. We first analyzed the impact of
COVID-19 severity on the circulating miRNA profile. To that end, forty-one miRNAs
known to be implicated in molecular pathways linked to COVID-19, or proposed as
biomarkers of mechanisms associated with the disease, were measured in plasma
samples from hospitalized patients admitted to the clinical wards without requiring critical
care and from critically ill patients admitted to the ICU. Blood samples were available
from 84 patients. Patients with hemolyzed samples [ACQqmir-23a-3p - mir-451a) = 6] Or in which
miRNA quantification did not pass the quality control (high variability in spike-ins) were
excluded (n=5) (Supplementary Figure S3A & S3B). Seven miRNAs, miR-9-5p, miR-
34b-5p, miR-34c¢-5p, miR-124-3p, miR-208a-3p, miR-208b-3p and miR-499a-5p, were
below the limit of detection (Cq = 35) in more than 80% of samples and therefore were
not considered in further analyses.

The main demographic, clinical, pharmacological and biochemical data of the
study groups are summarized in Table 1. Patients admitted to the ICU were typically
men. As expected, the use of pharmacological therapies, including hydroxychloroquine,
tocilizumab, antibiotics and corticoids, the requirement for invasive ventilation and the
duration of the hospital stay were higher in critically ill patients than in ward patients. ICU
patients also had higher glucose, D-dimer, lactate dehydrogenase (LDH), ferritin, and C-
reactive protein (CRP) concentrations along with elevated levels of leukocytes and
neutrophils and reduced lymphocyte counts.

The expression levels of circulating miRNAs were compared between ward and
ICU patients. Ten of 41 miRNAs were differentially detected. miR-27a-3p [fold change
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(FC)=1.34], miR-27b-3p (FC=1.39), miR-148a-3p (FC=1.23), miR-199a-5p (FC=1.43)
and miR-491-5p (FC=1.20) were upregulated in ICU patients compared to ward patients.
Decreased levels of miR-16-5p (FC=0.72), miR-92a-3p (FC=0.83), miR-150-5p
(FC=0.73), miR-451a (FC=0.58) and miR-486-5p (FC=0.67) were also observed in
critically ill patients (Figure 2A & 2B). As shown in the heat map and PCA (Figure 2C &
2D), the levels of the ten miRNAs were able to segregate patients based on disease
severity, i.e., ward vs. ICU patients. No differences were observed for other candidates
(Supplemental Table S1).

The ideal scenario for miRNA testing seems to be based on the concept of
“several miRNAs-one disease”, contrary to the traditional “one miRNA-one disease”
concept.'? Therefore, we explored whether COVID-19 severity could be associated with
a specific miRNA signature. Multivariate predictive models were constructed using a
variable selection process based on LASSO regression. This approach identified a
signature of three miRNAs, miR-148a-3p, miR-486-5p and miR-451a, associated with
ICU stay (Figure 2E). ROC curves and AUCs were used to assess the discriminative
accuracy of the plasma miRNA signature. The AUC (95% CI) for discriminating ward vs.
ICU patients was 0.89 (0.81-0.97) (Figure 2F). The AUC was comparable to, or even
higher than, that observed for the contemporaneous test proposed as biomarkers of
COVID-19 severity, such as leukocyte counts, D-dimer or CRP [AUC (95% CI) from 0.72
(0.59-0.84) to 0.90 (0.82-0.97)] (Figure 2F).

The impact of different pharmacological treatments on the levels of circulating
miRNAs, or on the quantification method, has been previously described, e.g.,
antiplatelet therapy, statins or heparin.??? Furthermore, in the context of such an
emerging disease, the effect of the therapeutic drugs used to treat COVID-19 patients
on the circulating levels of miRNAs remains unknown. Therefore, we further checked the
influence of medications widely used to treat hospitalized COVID-19 patients. A
significant effect was observed for miR-16-5p, miR-92a-3p and miR-150-5p

(Supplemental Table S2). The greatest impact was caused by antibiotics (for the three
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miRNAs), corticoid use (for miR-92-3p) and hydroxychloroquine (for miR-150-5p)
(Supplemental Figure S4). We did not observe any impact of these confounding factors
on other miRNAs. No effect of age or sex was reported.

Next, we evaluated the association between laboratory parameters and
circulating miRNAs (Supplemental Figure S5). A correlation was observed between the
dysregulated miRNAs and the counts of leukocytes (miR-27a-3p, miR-27b-3p and miR-
148a-3p), neutrophils (miR-27a-3p, miR-27b-3p, miR-148a-3p, miR-451a and miR-486-
5p), lymphocytes (miR-16-5p, miR-92-3p, miR-150-5p, miR-451a and miR-486-5p),
platelets (miR-16-5p, miR-27a-3p, miR-27b-3p, miR-92a-3p, miR-148-3p, miR-199a-5p
and miR-491-5p) and the concentrations of D-dimer (miR-16-5p, miR-92a-3p, miR-150-
5p, miR-451a and miR-486-5p), ferritin (miR-16-5p, miR-92a-3p, miR-150-5p, miR-451a
and miR-486-5p) and CRP (miR-27a-3p, miR-27b-3p, miR-148a-3p, miR-199-5p, miR-

451a and miR-491-5p).

Circulating microRNAs as biomarkers for mortality in critically ill COVID-19
patients

The comparison between hospitalized patients admitted to the clinical wards
without requiring critical care and hospitalized patients admitted to the ICU, although
useful for exploring the impact of COVID-19 severity on the miRNA profile, does not
provide real clues about the clinical significance of these small ncRNAs as biomarkers
of COVID-19. Consequently, we performed an additional study to test whether the
circulating miRNA signature constitutes a predictor of mortality in critically ill patients.
The characteristics of the study population according to ICU survival are detailed in
Table 2.

As shown in Figure 3A & 3B, miR-16-5p (FC=0.69), miR-92a-3p (FC=0.78), miR-
98-5p (FC=0.56), miR-132-3p (FC=0.69), miR-192-5p (FC=0.66) and miR-323a-3p
(FC=0.66) showed significant suppression in patients who did not survive the ICU stay.
Unsupervised hierarchical clustering and PCA based on the expression profile of these
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six MiRNAs separated survivors from nonsurvivors (Figure 3C & 3D). No other
significant differences were found (Supplemental Table S3).

A predictor selection procedure was performed using the panel of miRNAs. The
multivariable analysis selected a signature based on two miRNAs, miR-192-5p and miR-
323a-3p, that was found to be a relevant predictor of mortality during the ICU stay [AUC
= 0.80 (0.64-0.96)] (Figure 3E & 3F). The derived miRNA signature was compared to
commonly used parameters. The discriminatory potential of the miRNA signature was
higher than that observed for clinical laboratory parameters such as CRP, D-dimer or
leukocyte counts, including neutrophil count, lymphocyte count and the neutrophil-to-
lymphocyte ratio [maximum AUC for these variables = 0.73 (0.55-0.92)] (Figure 3F).

An additional study was performed to explore the association between circulating
miRNAs and the duration of ICU stay in critically ill survivors. Plasma levels of miR-16-
5p (rho=-0.38), miR-92a-3p (rho=-0.36), miR-93-5p (rho=-0.35), miR-150-5p (rho=-0.31)
and miR-214-3p (rho=-0.36) were inversely correlated with the total number of days of
ICU stay. No significant correlation between miRNA levels and other relevant clinical

variables was found (Supplemental Table S4).

Discussion

COVID-19 has had a considerable impact on public health and the global
economy, and it is expected to continue in the short and medium terms. Vaccines should
dramatically reduce the number of COVID-19 cases in the long term. Nevertheless,
COVID-19 will continue to be treated in the ICU in the near future. As such, there is an
urgent need to find new tools to manage the disease. In this context, limited information
is currently available regarding the host circulating ncRNA signature of COVID-19. Given
the potential of miRNAs as clinical indicators and their hypothesized role in cell-to-cell
communication, we analyzed the impact of COVID-19 severity on a panel of miRNAs
previously associated with or proposed as biomarkers of molecular mechanisms linked
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to the disease. To explore their role as clinical indicators in more detail, we also evaluated
the potential of the miRNA panel to predict ICU mortality. We report two major findings:
i) severe COVID-19 induces characteristic molecular changes in the circulating miRNA
profile; and ii) miRNAs, particularly a signature composed of miR-192-5p and miR-323a-
3p, are relevant predictors of patient outcome in the clinically severe phase.

Characterization of the circulating miRNA pattern in plasma samples from
hospitalized patients admitted to the clinical wards without requiring critical care and
patients admitted to the ICU showed that COVID-19 severity was associated with a
specific circulating miRNA profile. In addition, our findings underscore the potential for
using miRNA profiling to guide patient care. In ROC analysis, a 2-miRNA panel was able
to discriminate between survivors and nonsurvivors with high accuracy. Interestingly, the
performance of our 2-miRNA panel as a biomarker seems to be superior to contemporary
laboratory tests, such as leukocyte counts, CRP and D-dimer. We also report a
correlation between miRNA levels and duration of ICU stay. These results are especially
relevant in the current scenario in which COVID-19 mortality is mainly concentrated in
ICU patients (ranging between 25 and 50% depending on age group, sex and medical
history) and the lack of robust information on the prognosis of critically ill patients.?* The
use of molecular methods based on miRNAs could refine risk assessment and provide
a straightforward approach to guide clinical decisions in terms of patient care, monitoring
and treatment.

The miRNA profiles could inform molecular pathways implicated in disease
severity, suggesting targets for therapeutic guidance. Previous data on the mechanisms
regulated by the miRNA panel, together with correlation analysis, suggest a possible role
in the disease. miRNAs for which significant alterations were observed are implicated in
the regulation of the immune and/or inflammatory pathways at different levels: cytokine
and chemokine synthesis (miR-16-5p, miR-192-5p, miR-451a), T cell development,
differentiation and activation (miR-17-92 cluster, miR-27), or B-cell development,
differentiation and activation (miR-17-92 cluster, miR-150-5p), among others.?>%" In the
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context of viral acute respiratory infections, viruses have been reported to induce
alterations in the miRNA expression profile in cells of the respiratory tract, including the
downregulation of miR-192-5p in human metapneumovirus infection.?® Pen et al. 2°
demonstrated that expressed miRNAs in respiratory epithelial cells, such as miR-486-
5p, participate in antiviral mechanisms against influenza A viruses. These results are in
agreement with those from Song et al. 3°, who suggested that miR-323a-3p inhibits
replication of the H1N1 influenza A virus targeting the PB1 gene. Interestingly, some of
the dysregulated candidates have been proposed as host miRNA targets in the viral
genome of SARS-CoV. This is the case for miR-148a-3p, which targets the ORF1a, E,
S and M genes.?' The same authors reported a downregulation of miR-98 induced by
viral components, which facilitates the onset of infection.?’ Both miRNAs have also been
predicted to bind SARS-CoV-2-encoded transcripts.3? A direct association between our
miRNA candidates and lung damage has been reported. miR-27a-3p has been
described as a negative regulator of lung fibrosis by inhibiting the differentiation of lung
fibroblasts into myofibroblasts.®® Low plasma levels of miR-92a-3p have been found in
patients with pulmonary fibrosis.3* Depletion of miR-16-5p levels upon admission due to
community-acquired pneumonia is a predictor of 30-day mortality.3® Furthermore, miR-
486-5p promotes acute lung injury by inducing inflammation by targeting the gene
OTUD7B.%¢ Other pathological mechanisms may also be implicated. Plasma levels of
miR-192-5p have been recently associated with venous thrombosis.?” Nevertheless, we
are aware that this discussion should be carried out with caution. Due to the experimental
design used, causal relations could not be drawn from our data. Mechanistic in vitro and
in vivo and/or Mendelian randomization studies are necessary to elucidate the extent to
which the changes in the circulating miRNA profile are translated into changes in the
corresponding biological pathways. It also remains unclear whether changes in
circulating miRNA levels are mediators or consequences of the pathological
mechanisms linked to COVID-19. The secretion and transport of circulating miRNAs is
not well understood.® Moreover, the identification of the cellular origin is challenging: i)
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miRNAs appear in the bloodstream by active secretion or passive release during cell
damage; ii) dysregulated miRNAs have been described in a wide variety of tissues;°
and iii) the extracellular miRNA pattern does not necessarily correlate with the
intracellular miRNA expression pattern.*® Additionally, the identified miRNA signatures
were constructed using automated methods that limit causal inferences. However, from
the clinical perspective, these points are not critical for clinical application. A biomarker
does not need to provide mechanistic information if it is useful for decision-making.
Comparison of our results with those of other authors is hampered by the paucity
of studies that have evaluated the potential clinical translation of the circulating miRNA
signature for the management of COVID-19 patients. Our data are consistent with those
from Li et al,*" who reported differential miRNA expression (35 upregulated/38
downregulated) in peripheral blood samples from COVID-19 patients compared to
healthy controls. Using multi-transcriptome sequencing of red blood cell-depleted whole
blood, Tang et al. > demonstrated a reduction in the levels of miR-21-5p, miR-142-3p
and miR-146a-5p in severe COVID-19 patients compared to moderate COVID-19
patients. Sabbatinelli et al. > showed that COVID-19 patients who did not respond to
tocilizumab had lower serum concentrations of miR-146a-5p after treatment and that in
this patient subgroup, those with lower levels of the miRNA were at high risk of adverse
outcomes. The results are also in agreement with those from Garg et al.,** who
demonstrated an alteration in the serum concentration of cardiovascular
disease/inflammation-relevant miRNAs in mechanically ventilated COVID-19 patients
compared to healthy subjects and influenza-ARDS patients. Strikingly, although cardiac
injury has been well described in COVID-19 patients,*® all cardiomyocyte-specific
miRNAs (miR-208a-3p, miR-208b-3p and miR-499a-5p) included in the current study
were below the limit of detection of our quantification method, even in critically ill patients
with high troponin | concentrations. The differences in the study populations, sample

matrix, quantification platforms and data analysis may explain these results.*®
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From the perspective of miRNA-based biomarker studies, our data provide
interesting findings. The results support the need for multivariable approaches when
evaluating miRNAs as clinical indicators. The use of miRNA signatures/panels as
biomarkers makes biological sense. miRNAs orchestrate physiological and pathological
responses in a coordinated mechanism. The altered expression of individual miRNAs
has a limited impact on the gene expression program. Furthermore, diseases are the
consequence of abnormalities in entire gene expression networks. Concerning
medication use, our results address a relevant point in the field. It has been clearly
demonstrated that pharmacological therapies affect the circulating miRNA profile. For
instance, antiplatelet therapy administration has a direct effect on circulating levels of
platelet-enriched miRNAs.?347 In the context of COVID-19, tocilizumab therapy has been
associated with an increase in miR-146 levels.*® Consequently, we analyzed in detail the
interaction of commonly used therapeutic drugs in COVID-19 patients with miRNA
candidates. The results showed an impact of the treatments on the levels of three
mMiRNAs with possible value as biomarkers: miR-16-5p, miR-92a-3p and miR-150-5p.
Future investigations should take into account the effect of pharmacological therapies on
the circulating miRNA pattern in this emerging disease.

The strengths of the study include the multicentric design, the inclusion of
hospitalized patients and the comparison of biomarker performance with laboratory
parameters currently available to clinicians. In contrast to the comparison of extreme
cases and healthy controls, which could overestimate the performance of new
biomarkers due to the inadequate consideration of medications, comorbidities and other
confounding factors, we included a cohort of hospitalized patients. Nevertheless, the
inclusion of asymptomatic patients or patients with less severe clinical phenotypes would
have been desirable to provide a comprehensive view of COVID-19 pathophysiology.
Comparisons with commonly used clinical measurements are also fundamental for

obtaining robust evidence on biomarker performance.
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Our results should be interpreted in the context of certain limitations. First, the
findings need to be confirmed in larger populations. Second, the patients were not
consecutively recruited, which limits the generalizability of our findings. Investigations
using a “real clinical setting” including unbiased series of patients are fundamental.
Indeed, our candidates will be validated in the ongoing CIBERESUCICOVID study

(www.clinicaltrials.gov, NCT04457505). Third, the saturation of critical care capacity

during the first pandemic wave in Spain may have an impact on the composition of the
ward and ICU groups. Nevertheless, the ward group included hospitalized patients
admitted to the pneumology, infectious diseases or internal medicine wards without
requiring critical care. Forth, we used a targeted rather than untargeted approach. Our
intention was to evaluate the biomarker potential of circulating miRNAs rather than to
perform miRNA screening. Other miRNAs may have clinical significance. Consequently,
we may have underestimated the role of miRNAs as clinical indicators. Fifth, potential
confounding factors cannot be discarded despite adjustment. Sixth, we cannot exclude
the impact on our findings of conditions/treatments that were not recorded. Seventh,
given the exploratory nature of the study, the impact of type | error should not been
discarded. Furthermore, optimism corrected AUCs were not considered in the statistical
analysis.

In conclusion, the severity of COVID-19 impacts the circulating miRNA profile.
Plasma miRNA profiling emerges as a useful tool for risk-based patient stratification in
critically ill COVID-19 patients. Additional studies in larger samples and functional
approaches will be required to validate these findings and provide further insight into the

role of circulating miRNAs as biomarkers and functional mediators of COVID-19.
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Figure legends

Figure 1. Study flowchart. The study included 84 hospitalized patients with a positive
nasopharyngeal swab PCR test for SARS-CoV-2 recruited during the first pandemic
wave in Spain (March-June 2020). The centers included were Hospital Clinico
Universitario (Valladolid), Hospital del Rio Hortega (Valladolid), Hospital General
Universitario Gregorio Marafién (Madrid), Hospital Universitario Infanta Leonor (Madrid)
and Hospital Universitario Arnau de Vilanova y Santa Maria (Lleida). A panel of 41
circulating microRNAs was selected after an extensive review of the literature. The panel
included microRNAs previously associated with molecular pathways potentially altered
in COVID-19 (immune/inflammatory response, viral infections, lung damage or fibrosis,
myocardial damage and coagulation) in in vitro, in vivo and patient-based approaches
and investigated as biomarkers of mechanisms linked to COVID-19 pathophysiology.
Patients with hemolyzed or low-quality samples were excluded (n=5). Seven microRNAs,
miR-9-5p, miR-34b-5p, miR-34c¢-5p, miR-124-3p, miR-208a-3p, miR-208b-3p and miR-
499a-5p, were below the limit of detection (Cq = 35) in more than 80% of samples and
therefore were not considered in further analysis. Patients were stratified according to
disease severity: hospitalized patients admitted to the clinical wards without requiring
critical care (n=43) and patients admitted to the ICU (n=36). An additional study was
completed including ICU nonsurvivors (n=16) and survivors (n=20).
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Figure 2. Impact of COVID-19 severity on the circulating microRNA profile. A)
Volcano plot of fold change and corresponding p-values for each microRNA after
comparison of ward patients and ICU patients (unadjusted). Each point represents one
microRNA. Blue dots represent the microRNA candidates that showed significant
differences; D) Boxplot including plasma levels of microRNA candidates that showed
differences between ward patients and ICU patients. Between-group differences were
analyzed using linear models for arrays. P-values describe the significance level for each
comparison; C) Heat map showing the unsupervised hierarchical clustering. Each
column represents a patient (ward or ICU patient). Each row represents a microRNA.
The color scale illustrates the relative expression level of microRNAs. The expression
intensity of each microRNA in each sample varies from red to blue, which indicates
relatively high or low expression, respectively. D) Principal component analysis. Each
point represents a patient. E) Predictive model constructed using a variable selection
process based on LASSO regression. miRNA levels were standardized prior to fitting the
LASSO regression model. Estimated regression coefficients are shown. F) ROC curves
for laboratory parameters and the microRNA signature. Expression levels were
quantified by RT-gPCR. Relative quantification was performed using cel-miR-39-3p as
the external standard. Relative quantification was performed using the 224 method (ACq
= CqmicrorNA-CQcel-mir-39-3p). EXxpression levels were log-transformed for statistical

purposes. microRNA levels are expressed as arbitrary units.

Figure 3. Circulating microRNAs as biomarkers for ICU mortality in COVID-19
patients. A) Volcano plot of fold change and corresponding p-values for each microRNA
after comparison of nonsurvivors and survivors (unadjusted). Each point represents one
microRNA. Blue dots represent the microRNA candidates that showed significant
differences; D) Box plot including plasma levels of microRNA candidates that showed

differences between nonsurvivor and survivor patients. Between-group differences were
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analyzed using linear models for arrays. P-values describe the significance level for each
comparison; C) Heat map showing the unsupervised hierarchical clustering. Each
column represents a patient (nonsurvivor or survivor). Each row represents a microRNA.
The color scale illustrates the relative expression level of microRNAs. The expression
intensity of each microRNA in each sample varies from red to blue, which indicates
relatively high or low expression, respectively. D) Principal component analysis. Each
point represents a patient. E) Predictive model constructed using a variable selection
process based on LASSO regression. miRNA levels were standardized prior to fitting the
LASSO regression model. Estimated regression coefficients are shown. F) ROC curves
for laboratory parameters and the microRNA signature. Expression levels were
quantified by RT-qPCR. Relative quantification was performed using cel-miR-39-3p as
the external standard. Relative quantification was performed using the 224 method (ACq
= CQmicrorNA-CQcel-mir-39-3p). EXxpression levels were log-transformed for statistical

purposes. microRNA levels are expressed as arbitrary units.

Supplementary Figure 1. Sample collection.

Supplementary Figure 2. Panel of circulating miRNAs analyzed in current investigation.

Supplementary Figure 3. Quality control. A) Hemolysis test; B) Variability of spike-in

levels.

Supplementary Figure 4. Distribution of circulating miRNA expression according to

each pharmacological therapy.

Supplementary Figure 5. Correlations between circulating miRNAs and laboratory

parameters. *: p-value<0.050, **:p<0.010,***:p<0.001.
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FIGURE 2
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Table 1. Characteristics of the study population (ward vs ICU patients).

All Ward ICU
p-value n
n=79 n=43 n =36
Demographic characteristics
Age, years 68.0 [56.5;77.0] 68.0[56.5;84.01 68.0[56.8;72.2] 0.116 79
Sex 0.013 79
Male 44 (55.7) 18 (41.9) 26 (72.2)
Female 35 (44.3) 25 (58.1) 10 (27.8)

Clinical characteristics
Cardiovascular disease 10 (12.8) 5(11.9) 5(13.9) 1.000 78
Obesity 18 (24.7) 11 (29.7) 7(19.4) 0.455 73
Hypertension 40 (50.6) 26 (60.5) 14 (38.9) 0.092 79
Type |l diabetes mellitus 15 (19.0) 10 (23.3) 5(13.9) 0442 79
COPD 4 (5.06) 4 (9.30) 0 (0.00) 0.121 79
Asthma 3(3.85) 3(7.14) 0 (0.00) 0.245 78
Chronic kidney disease 11 (14.1) 6 (14.3) 5(13.9) 1.000 78
Chronic liver disease 2 (2.53) 1(2.33) 1(2.78) 1.000 79
Autoimmune disease 2 (2.53) 1(2.33) 1(2.78) 1.000 79
Smoking 6 (8.57) 4(11.4) 2 (5.71) 0.673 70
Alcoholism 1(1.79) 0 (0.00) 1(2.86) 1.000 56
Measurements at admission
Oxygen saturation, % 94.0[91.8;97.0] 94.0[92.5;97.0] 93.0[91.0;96.01 0.262 68
Glucose, mg/dL 126 [110;165] 118 [108;137] 164 [126;192] <0.001 75
Creatinine, mg/dL 0.94[0.70;1.32] 0.94[0.71;1.27] 0.93[0.63;1.37] 0.496 76
Leukocyte count, x10%/uL 7.45[5.47;10.2] 6.38[4.48;8.50] 9.84[7.40;13.6] <0.001 76
Lymphocyte count, x103/uL 0.74 [0.50;1.14] 0.96[0.72;1.23] 0.50[0.30;0.70] <0.001 75
Neutrophil count, x10%/uL 5.79 [3.87;8.68] 5.00[3.20;6.90] 8.36[6.09;12.6] <0.001 75
Platelet count, x103/uL 201 [149;268] 207 [146;258] 198 [161;290] 0.603 75
D-dimer, ng/mL 1.94[0.73;8.99] 0.82[0.27;1.74] 6.66[2.71;24.8] <0.001 71
LDH, U/L 415[307;582] 363 [270;492] 488 [359;666] 0.005 67
Ferritin, pg/L 527 [297;1124] 397 [209;565] 1378 [863;2998] <0.001 41
CRP, mg/dL 108 [48.0;180]  80[19.8;114] 155 [84.0;265] 0.001 75
Troponin |, ng/L 11.3 [6.3;20.4] 8.0 [7.5;8.5] 11.9[6.0;34.3] 0.390 12



Creatine kinase, U/L
NT-proBNP, pg/mL

Complications during hospitalization

Acute respiratory distress
syndrome

Hospital/ICU mortality

Hospital stay, days

Treatment during hospitalization
Hydroxychloroquine

Tocilizumab

Antibiotic

Corticoids

Remdesivir

Invasive mechanical ventilation

Noninvasive mechanical ventilation

78.0 [42.8;139]

214 [120;548]

44 (55.7)

18 (22.8)

12.5[6.00;21.2] 8.00 [4.00;14.5]

54 (68.4)
8 (10.1)
67 (87.0)
36 (45.6)
1(1.27)
32 (41.0)

15 (20.3)

82.5[55.8;141] 62.0[29.5:114]  0.418
534 [309;3414] 203 [142;388]  0.569
9 (20.9) 35 (97.2) <0.001

2 (4.65) 16 (44.4) <0.001
21.0[17.0;42.0] <0.001

19 (44.2) 35 (97.2) <0.001
1(2.33) 7 (19.4) 0.020

33 (78.6) 34 (97.1) 0.018
13 (30.2) 23 (63.9) 0.006

0 (0.00) 1(2.78) 0.456
1(2.38) 31(86.1) <0.001

8 (21.1) 7 (19.4) 1.000

20
10

79

79

64

79
79
77
79
79
78

74

Continuous variables are expressed as median [Q1;Q3] and categorical as n (%). COPD: chronic
obstructive pulmonary disease, CRP: C-reactive protein; ICU: Intensive care unit; LDH: lactic acid
dehydrogenase, NT-proBNP: N-terminal prohormone of brain natriuretic peptide.



Table 2. Characteristics of the study population (ICU survivors vs ICU nonsurvivors).

Survivor Nonsurvivor
p-value n
n=20 n=16
Demographic characteristics
Age, years 60.0 [48.0;68.2] 70.5[68.0;73.2] 0.002 36
Sex 0.722 36
Male 15 (75.0) 11 (68.8)
Female 5(25.0) 5(31.2)

Clinical characteristics
Cardiovascular disease 3(15.0) 2 (12.5) 1.000 36
Obesity 5 (25.0) 2(12.5) 0.426 36
Hypertension 7 (35.0) 7 (43.8) 0.848 36
Type Il diabetes mellitus 3(15.0) 2 (12.5) 1000 36
COPD 0 (0%) 0 (0%) 36
Asthma 0 (0%) 0 (0%) 36
Chronic kidney disease 3(15.0) 2 (12.5) 1.000 36
Chronic liver disease 0 (0.00) 1(6.25) 0.444 36
Autoimmune disease 1 (5.00) 0 (0.00) 1.000 36
Smoking 1(5.26) 1(6.25) 1.000 35
Alcoholism 0 (0.00) 1(6.25) 0.457 35
Measurements at admission
Systolic blood pressure 136 [129;152] 139 [118;150] 0.755 34
Diastolic blood pressure 77.0 [60.0;89.5] 64.0 [53.0;67.5] 0.041 34
Oxygen saturation, % 93.5[92.0;95.8] 93.0 [88.0;97.0] 0.679 36
Glucose, mg/dL 163 [116;173] 164 [126;234] 0.317 32
Creatinine, mg/dL 0.88 [0.60;1.27] 0.97 [0.70;1.39] 0.539 33
Leukocyte count, x10%/uL 9.78 [7.53;14.3] 9.84 [6.05;13.2] 0.448 33
Lymphocyte count, x10%/uL 0.60 [0.50;0.80] 0.40[0.22;0.52] 0.031 32
Neutrophil count, x10%/uL 8.39 [6.40;12.7] 8.32[5.10;12.6] 0.806 32
Platelet count, x10%/puL 243 [169;309] 179 [160;205] 0.062 32
D-dimer, ng/mL 4.31[2.02;22.0] 9.42[5.07;23.3] 0.286 33
LDH, U/L 464 [320;531] 590 [434;716] 0.116 33



Ferritin, pg/L 1124 [521;3087] 1633 [888;1967] 0.947 14
CRP, mg/dL 170 [91.5;251] 143 [84;282] 0.928 33
Troponin |, ng/L 11.6 [6.9;55.2] 13.4 [8.9;27.3] 0.732 10
Creatine kinase, U/L 74.0 [50.0;106] 30.0 [25.5;84.5] 0.456 8
NT-proBNP, pg/mL 203 [99.0;224] 368 [276;460] 0.699 7
SOFA score 5.00 [4.00;8.00] 6.00 [4.50;8.00] 0.698 20
APACHE-II score 14.0 [11.0;17.5] 17.0 [15.0;20.5] 0.201 35
Complications during hospitalization

Acute respiratory distress syndrome 19 (95.0) 16 (100) 1.000 36
Treatment during hospitalization

Hydroxychloroquine 19 (95.0) 16 (100) 1.000 36
Tocilizumab 5(25.0) 2 (12.5) 0.426 36
Antibiotic 18 (90.0) 16 (100) 0.492 36
Corticoids 0 (0.00%) 1(6.25%) 0.444 36
Remdesivir 0 (0.00%) 1(6.25%) 0.444 36
Catecholamines 8 (61.5%) 5 (38.5%) 0.867 34
Invasive mechanical ventilation 16 (80.0) 15 (93.8) 0.355 36
Invasive mechanical ventilation, days 24.0 [10.5;30.0] 21.0 [14.5;24.0] 0.930 29
Noninvasive mechanical ventilation 5(25.0) 2(12.5) 0.426 36
Positive end-expiratory pressure, cm H20 12.0 [9.00;12.0] 12.0 [10.0;12.0] 0.231 28
Peak pressure, cm H20 35.2 [33.0;37.8] 34.4 [33.5;36.5] 0.830 10
Plateau pressure, cm H20 23.4 [21.3;27.0] 24.0 [23.1;27 4] 1.000 10

Continuous variables are expressed as median [Q1;Q3] and categorical as n (%). APACHE-II: Acute
Physiology and Chronic Health disease Classification System Il; COPD: chronic obstructive pulmonary
disease, CRP: C-reactive protein; ICU: Intensive care unit; LDH: lactic acid dehydrogenase, NT-proBNP:
N-terminal prohormone of brain natriuretic peptide; SOFA: Sepsis related Organ Failure Assessment.



Supplemental Table S1. Impact of COVID-19 severity on the circulating

microRNA profile.

microRNA FC p-value p-value (corrected)
miR-451a 0.58 <0.001 <0.001
miR-486-5p 0.67 <0.001 0.001
miR-150-5p 0.73 0.001 0.007
miR-16-5p 0.72 0.002 0.018
miR-27b-3p 1.39 0.011 0.078
miR-92a-3p 0.83 0.019 0.109
miR-27a-3p 1.34 0.022 0.109
miR-199a-5p 1.43 0.029 0.119
miR-491-5p 1.20 0.031 0.119
miR-148a-3p 1.23 0.042 0.148
miR-21-5p 1.20 0.060 0.190
miR-93-5p 0.81 0.072 0.208
miR-323a-3p 1.19 0.077 0.208
miR-495-3p 1.20 0.113 0.282
miR-574-5p 1.17 0.170 0.375
miR-221-3p 1.19 0.171 0.375
miR-125b-5p 1.12 0.205 0.422
miR-126-3p 1.15 0.244 0.471
miR-24-3p 1.15 0.256 0.471
miR-223-3p 1.15 0.281 0.492
miR-125a-5p 1.14 0.302 0.504
miR-132-3p 0.92 0.467 0.711
miR-1-3p 1.07 0.488 0.711
miR-146a-5p 1.08 0.509 0.713
miR-34a-5p 1.05 0.605 0.782
miR-181a-5p 0.94 0.650 0.782
miR-192-5p 0.96 0.656 0.782
miR-98-5p 0.94 0.658 0.782
miR-133a-3p 1.05 0.691 0.782
miR-17-5p 0.95 0.693 0.782
miR-122-5p 1.04 0.734 0.803
miR-155-5p 0.96 0.760 0.806
miR-214-3p 1.02 0.825 0.850
miR-222-3p 1.01 0.921 0.921

FC: Fold change.



Supplemental Table S2. Impact of confounding factors on the circulating miRNA
expression.

FC FC
Adjusted for age p-value Adjusted for age, sex and p-value
. and sex treatment

miRNA

miR-451a 0.557 <0.001 0.621 0.002
miR-486-5p 0.675 <0.001 0.787 0.038
miR-150-5p 0.744 0.002 1.038 0.710
miR-16-5p 0.716 0.002 0.823 0.143
miR-27b-3p 1.433 0.007 1.414 0.032
miR-92a-3p 0.827 0.021 0.883 0.233
miR-27a-3p 1.387 0.015 1.397 0.039
miR-199a-5p 1.506 0.016 1.638 0.016
miR-491-5p 1.210 0.026 1.233 0.057

FC: Fold change.
Treatment: Antibiotic, corticoids, hydroxychloroquine and tocilizumab use.



Supplemental Table S3. Circulating microRNAs as biomarkers of mortality in
critically ill COVID-19 patients.

microRNA FC p-value p-value (corrected)
miR-192-5p 0.66 0.005 0.173
miR-323a-3p 0.66 0.011 0.175
miR-98-5p 0.56 0.018 0.175
miR-16-5p 0.69 0.034 0.175
miR-132-3p 0.69 0.046 0.175
miR-92a-3p 0.78 0.048 0.175
miR-1-3p 0.73 0.052 0.175
miR-181a-5p 0.63 0.057 0.175
miR-491-5p 0.75 0.058 0.175
miR-148a-3p 0.73 0.065 0.175
miR-93-5p 0.69 0.066 0.175
miR-574-5p 0.71 0.072 0.175
miR-223-3p 0.67 0.077 0.175
miR-17-5p 0.68 0.082 0.175
miR-486-5p 0.78 0.083 0.175
miR-155-5p 0.70 0.085 0.175
miR-495-3p 0.71 0.085 0.175
miR-125a-5p 0.70 0.093 0.181
miR-126-3p 0.71 0.101 0.186
miR-133a-3p 0.71 0.112 0.197
miR-21-5p 0.78 0.137 0.217
miR-27a-3p 0.74 0.158 0.231
miR-222-3p 0.81 0.159 0.231
miR-24-3p 0.75 0.171 0.234
miR-27b-3p 0.75 0.174 0.234
miR-125b-5p 0.84 0.191 0.247
miR-122-5p 0.80 0.203 0.254
miR-34a-5p 0.84 0.246 0.297
miR-150-5p 0.86 0.260 0.304
miR-221-3p 0.79 0.277 0.312
miR-146a-5p 0.82 0.335 0.367
miR-451a 0.84 0.361 0.383
miR-199a-5p 0.79 0.382 0.393
miR-214-3p 1.09 0.516 0.516

FC: Fold change.



Supplemental Table S4. Correlations between miRNA levels and clinical variables (ICU patients).

miR-16-5p | miR-92a-3p | miR-98-5p | MiR-132-3p | mMiR-192-5p | miR-323a-3p
Systolic blood pressure rho 0.038 -0.025 -0.041 -0.003 0.016 0.076
p-value | 0.831 0.887 0.820 0.988 0.929 0.669
Diastolic blood pressure rho 0.284 0.237 0.218 0.215 0.089 0.146
p-value | 0.103 0.176 0.216 0.222 0.617 0.409
APACHE-II rho -0.028 -0.029 0.063 -0.004 -0.121 -0.153
p-value | 0.874 0.871 0.719 0.981 0.490 0.379
SOFA rho -0.378 -0.321 -0.194 -0.119 -0.226 -0.303
p-value | 0.100 0.167 0.414 0.617 0.337 0.194
Invasive mechanical ventilation (days) | rho 0.013 0.029 -0.058 -0.114 -0.039 0.109
p-value | 0.947 0.882 0.764 0.556 0.842 0.573
Positive end-expiratory pressure rho -0.107 -0.089 -0.165 -0.189 -0.278 -0.255
p-value | 0.586 0.653 0.402 0.336 0.153 0.190
Peak pressure rho 0.061 0.128 -0.130 -0.105 -0.372 -0.035
p-value | 0.867 0.724 0.721 0.773 0.290 0.924
Plateau pressure rho -0.079 0.018 -0.080 -0.117 -0.491 0.035
p-value | 0.829 0.96 0.827 0.748 0.15 0.924
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