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ARTICLE INFO ABSTRACT

Keywords: Current COVID-19 pandemic poses an unprecedented threat to global health and healthcare systems. The most
microRNA amount of the death toll is accounted by old people affected by age-related diseases that develop a hyper-
Inflammaging inflammatory syndrome. In this regard, we hypothesized that COVID-19 severity may be linked to inflammag-
ggc\i/lli]z:r:ab ing. Here, we examined 30 serum samples from patients enrolled in the clinical trial NCT04315480 assessing the

clinical response to a single-dose intravenous infusion of the anti-IL-6 receptor drug Tocilizumab (TCZ) in
COVID-19 patients with multifocal interstitial pneumonia.

In these serum samples, as well as in 29 age- and gender-matched healthy control subjects, we assessed a set of
microRNAs that regulate inflammaging, i.e. miR-146a-5p, miR-21-5p, and miR-126-3p, which were quantified by
RT-PCR and Droplet Digital PCR.

We showed that COVID-19 patients who did not respond to TCZ have lower serum levels of miR-146a-5p after
the treatment (p = 0.007). Among non-responders, those with the lowest serum levels of miR-146a-5p experi-
enced the most adverse outcome (p = 0.008). Our data show that a blood-based biomarker, such as miR-146a-5p,
can provide clues about the molecular link between inflammaging and COVID-19 clinical course, thus allowing
to better understand the use of biologic drug armory against this worldwide health threat.

interleukin-6

1. Introduction

The COVID-19 pandemic caused by the SARS-CoV-2 coronavirus is
characterized by a striking age-dependent morbidity and mortality,
irrespective of ethnicity (Remuzzi and Remuzzi, 2020; Ruan et al.,
2020). In Italy, about 1.1 % of COVID-19 patient deaths are attributable
to people younger than 50 years, while the death toll of COVID-19 is
mainly accounted by people with a median age of 82 years (IQR 74-88).
Notably, most of such patients (59.7 %) are affected by at least three
age-related diseases (Istituto Superiore di Sanita, 2020). Nowadays,
whilst the pandemic is still spreading, COVID-19 is emerging as a
transmissible age-related lethal disease, at least in western countries.

A substantial proportion of hospitalized COVID-19 patients show a
systemic dysregulation of pro-inflammatory cytokines, a condition
known as cytokine storm (Zhou et al., 2020). Such hyper-inflammatory
response in COVID-19 patients is associated with extensive lung and
endothelial cell damage, microvascular dysfunction, and micro-
angiopathy that eventually lead to lung and multiorgan failure (Varga
et al., 2020). It is therefore unsurprising that a number of clinical trials
have been started to evaluate the effectiveness of anti-cytokine/cytokine
receptor antibodies as a treatment for hospitalized COVID-19 patients.
Tocilizumab (TCZ), the monoclonal antibody against the interleukin-6
(IL-6) receptor is one of these host-directed therapies (Crisafulli et al.,
2020; Liu et al., 2020a; Luo et al., 2020; Xu et al., 2020). Nevertheless,
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substantial variability in the clinical response of COVID-19 patients to
TCZ treatment has been reported, probably due to the contribution of
other factors, including age-related biological mechanisms, gender, ge-
netic makeup, disease severity, timing of treatment, and immune acti-
vation (Khiali et al., 2020; Wilk et al., 2020). With regard to the latter
issue, we have recently proposed that an age-dependent pro-in-
flammatory status, currently referred to as inflammaging, may facilitate
the onset of uncontrolled COVID-19 related hyper-inflammation,
particularly in aged people (Bonafe et al., 2020; Storci et al., 2020).
Blood-based biomarkers, conceivably linked to the systemic inflamma-
tory state and/or inflammaging, and able to predict the response to TCZ
treatment are urgently needed in order to redirect this precious armory
to those patients who are likely to benefit at its most. Under this
perspective, the assessment of serum/plasma microRNAs (miRNAs) has
been emerging as a reliable tool to assess pharmacological interventions
in a variety of human diseases, including age-related and infectious
diseases (Kong et al., 2012).

In this regard, a set of miRNAs capable of regulating inflammation
(also known as inflamma-miRs) such as miR-146a, miR-21-5p, and miR-
126-3p, has reported to show age-dependent changes in their blood
levels and to be markers of a pro-inflammatory state (i.e. inflammaging)
in healthy and non-healthy individuals (Mensa et al., 2019; Olivieri
etal., 2013b, 2012). These three miRNAs are all able to target molecules
belonging to the nuclear factor kB (NF-kB) pathway, a central mediator
of inflammation (Mussbacher et al., 2019). Hyper-inflammatory
response is associated with poor outcome in COVID-19 patients and
shows multiple connections with the thrombotic phenomena that occur
in patients affected by severe COVID-19 (Sriram and Insel, 2020).
MiR-146a-5p is of particular interest, given its ability to induce a
negative feedback loop that restrains the activation of the NF-xB
pathway by targeting TNF receptor associated factor 6 (TRAF6) and
Interleukin-1 receptor-associated kinase 1 (IRAK1). The pivotal role of
miR-146a-5p has been reported in a number of cell types that orches-
trate the inflammatory response, including endothelial cells (Mensa
et al., 2019; Olivieri et al., 2013a), microglial cells (Liu et al., 2020b),
monocytes and macrophages, (Li et al., 2015; Zhou et al., 2019), and
adipocytes (Roos et al., 2016). Recently, a reduced expression of
miR-146a-5p was observed in a subgroup of patients affected by acute
myeloid leukemia with inflammaging and poor outcome (Grants et al.,
2020). Therefore, on the basis of the current literature, a decline in
miR-146a-5p levels would be expected to unleash the release of in-
flammatory cytokines, e.g. IL-6.

Other inflammatory miRNAs, including miR-21-5p, take part to the
scenario. This microRNA was previously identified as a cell-free and/or
exosome-loaded circulating marker of inflammaging and endothelial
senescence (Mensa et al., 2020; Olivieri et al., 2012). Even miR-126-3p,
a key regulator of endothelial inflammation and angiogenic processes,
has been regarded as a mediator of systemic inflammation (reviewed in
Zhong et al., 2018).

The aim of this report is to evaluate the levels of circulating
inflamma-miR-146a, -21-5p, and -126-3p in COVID-19 patients treated
with TCZ and age-matched healthy control subjects, in order to assess
whether such biomarkers of inflammaging may be of help in such a
dramatic clinical setting.

2. Materials and methods

Thirty serum samples from COVID-19 patients enrolled in a Phase 2,
open-label, single-arm clinical trial (Clinicaltrials.gov, NCT04315480)
were available for miRNA assay. The clinical trial was conducted at
Universita Politecnica delle Marche, Italy and enrolled 46 patients
presenting with virologically confirmed COVID-19, characterized by
multifocal interstitial pneumonia confirmed by CT-scan and requiring
oxygen therapy. Eligible patients presented with worsening respiratory
function, defined as either decline of oxygen saturation (SO3) > 3% or a
> 50 % decline in PaOy/FiOy (P/F) ratio in the previous 24 h; need to
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increase FiO5 in order to maintain a stable SO, or new-onset need of
mechanical ventilation; increase in number or extension of areas of
pulmonary consolidation. Assessment of radiological pattern and defi-
nition of the extent of lung involvement were performed and scored as
previously described (Li et al., 2020). Patients with severe heart failure,
bacterial infection, hematological neoplasm, severe neutropenia or
thrombocytopenia, and serum alanine aminotransferase > 5x UNL were
excluded. All enrolled subjects provided written informed consent. The
study was approved by the Regional Institutional Review Board (Com-
itato Etico Regione Marche) and was conducted in accordance with the
Declaration of Helsinki. A Simon’s optimal two-stage design was adop-
ted. TCZ was administered as a single-dose intravenous infusion of 8
mg/kg over a 90-minute time span after premedication with 40 mg
methylprednisolone. Patients were classified as responders (R) if ful-
filling one of the following criteria: i) improvement of oxygen saturation
by more than 3% points and/or increase in P/F by 50 % and/or P/F
increase above 150 mmHg 72 h after tocilizumab AND persistence of
this improvement at day 7, OR ii) no evidence of worsening of respira-
tory function as defined above. Dead and intubated patients were clas-
sified as Non-responders (NR). Samples of serum were collected at
baseline (T0) and after 72 h (T1) from TCZ infusion. Twenty-nine age-
and gender-matched healthy control subjects (CTR), without
SARS-CoV-2 infection or any other acute or chronic illness, were
enrolled. Mean age of CTR was 64.1 + 8.6 years. Serum miRNAs were
quantified by RT-PCR and Droplet Digital PCR (ddPCR) in two inde-
pendent laboratories as previously described (Ferracin et al., 2015;
Mensa et al.,, 2019). To achieve normal distribution, results were
expressed as logy(relative expression) and loga(copies/ul), respectively.
Results were presented as Z-scores to allow proper comparison between
relative and absolute quantification.

Data were tested for normality using the Shapiro-Wilk test. Student’s
t test for independent samples and two-way mixed ANOVA with Tukey
post hoc tests were used to compare the levels of investigated miRNAs
between COVID-19 patients and CTR and between time points in
COVID-19 patients, respectively. The agreement between RT-PCR and
ddPCR was assessed using Pearson’s correlation and Bland-Altman
analysis. Pearson’s coefficient was used for the estimation of the cor-
relations between miRNAs expression levels and clinical parameters.
Exploratory factor analysis was performed as previously described
(Spazzafumo et al., 2013) to identify underlying factors in the study
population. Two-tailed p value < 0.05 was considered significant. Sta-
tistical analysis was performed using SPSS version 26 (IBM, USA).

3. Results

The final study case set was composed of 29 serum samples from
patients enrolled in the clinical trial NCT04315480, as one serum sam-
ple was excluded due to hemolysis. Demographic and clinical charac-
teristics of the samples are reported in Table 1. None of the patients were
smokers. The median time between onset of symptoms and TCZ infusion
was 9 days (IQR 4-14 days). At the end of the study, 16 patients were
classified as responders (R) and 13 patients as non-responders (NR).
Given the age-dependent expression of the investigated miRNAs (Mensa
et al.,, 2019; Rusanova et al., 2018), analyses were conducted after
controlling for age. A significant interaction between time and
responder status was found for miR-146a-5p levels (F[126] = 6.904, p =
0.014, partial n> = 0.210). Analysis of simple main effects of time
revealed a significant increase in miR-146a-5p levels in R patients 3 days
after the administration of TCZ (Z-score difference = 1.25; p < 0.001),
while no significant change was shown in NR patients (p = 0.125). No
significant differences in baseline miR-146a-5p levels were found be-
tween R and NR (p = 0.392), while post-treatment miR-146a-5p levels
were higher in R vs. NR (Z-score difference = 0.98; p = 0.007) (Fig. 1A).
Notably, droplet digital ddPCR analysis, which allows for the quantifi-
cation of miRNA copies/pl of serum, confirmed RT-PCR results (F[125]
= 5.696, p = 0.025, partial 1> = 0.186), with a strong Pearson’s
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Table 1

Baseline clinical and demographic characteristics of 29 COVID-19 patients
treated with tocilizumab (TCZ), divided into responders (R) and non-responders
(NR). Data are mean (SD). P value from t tests for continuous variables and z
tests for categorical variables. LMWH, low-molecular weight heparin.

Variable Responder (n Non-responder P
=16) (n=13) value
Age (years) 65.9 (10.6) 69.4 (12.8) 0.424
Gender (males, %) 11 (68.8 %) 6 (46.2 %) 0.219
Time between onset of symptoms 9.8 (5.9) 9.6 (3.0) 0.925
and TCZ infusion (days)
Concomitant treatments
Lopinavir-ritonavir or 13 (81.3 %) 10 (76.9 %) 0.775
darunavir-cobicistat
Antibiotics 10 (62.5 %) 9 (69.2 %) 0.705
Prophylactic LMWH 10 (62.5 %) 6 (46.2 %) 0.379
1L-6 (pg/mL) 33.1 (40.9) 146.1 (252.4) 0.088
Hemoglobin (g/dL) 12.9 (1.7) 12.6 (1.1) 0.604
Neutrophils (n/mms) 5031 (2580) 6382 (3708) 0.258
Lymphocytes (n/: mm°>) 673 (262) 650 (227) 0.801
Platelets (n/mm®) 200063 217769 (76300)  0.561
(83781)
D-dimer (ng/mL) 573.1 (687.4) 1109.4 (1498.4) 0.287
C-reactive protein (ng/mL) 8.3 (5.3) 13.2 (8.5) 0.095
PaO,/FiO, 146.1 (75.4) 162.2 (48.5) 0.570
1-week follow-up (n, %)
Home discharge 16 (100 %) 7 (53.8 %) 0.002
Intensive care 0 1(7.7 %) 0.258
Death 0 5 (38.5 %) 0.006

correlation between techniques (Pearson’s r = 0.74, p < 0.0001). The
Bland-Altman agreement analysis revealed a small +0.32 Z-score unit
bias [95 % CI: -1.09 — 1.73] between ddPCR and RT-PCR, confirming a
reasonable agreement between the two methods (Fig. 1B). Absolute
quantification of miR-146a-5p copies revealed a mean increase from 3.2
+1.4-5.3 £+ 1.3 copies per pl in R patients and a mean decrease from 3.4
+ 1.7-2.1 + 1.6 copies per pl in NR patients.

No significant interaction between the responder status and time was
showed for miR-21-5p (F[126] = 1.089, p = 0.306, partial n? = 0.040).
However, the main effect of time showed that circulating miR-21-5p was
0.433 SD higher at T1 compared to TO (F[126] = 5.048, p = 0.033,
partial n2 = 0.163), regardless of the responder status (Fig. 1A). Notably,
the main effect of time was confirmed by ddPCR (p = 0.007). Bland-
Altman analysis revealed a strong agreement between methods
(ddPCR - RT-PCR Bias= -0.12, 95 % CL: -0.26 — 0.03). TCZ treatment
does not modulate angio-miR-126-3p levels (F[126] = 0.621, p = 0.438,
partial nz = 0.023), and no difference was observed between R and NR
(main effect of responder status, p = 0.202), or time points (main effect
of time, p = 0.266).

No significant gender-related difference in the pre- and post-
treatment levels of miR-146a-5p, miR-21-5p, and miR-126-3p were
shown (data not shown).

Multiple comparisons of age-adjusted circulating inflamma-miRs
showed significantly lower miR-146a-5p (mean difference = -1.498, p
< 0.001), miR-21-5p (mean difference = -0.486, p = 0.025), and miR-
126-3p (mean difference = -0.972, p < 0.001) levels in COVID-19 pa-
tients compared to CTR subjects (Fig. 1A).

Partial bivariate correlations adjusted for age were computed to
analyze the relations between inflamma-miRs and selected variables,
including plasma IL-6, hemoglobin, neutrophil, lymphocyte and platelet
count, D-dimer, and PaO2/FiO2 ratio in COVID-19 patients at both time
points. The results, summarized in the correlation plot in Fig. 1C, show
significant positive correlations between the baseline neutrophil count
and the three inflamma-miRs. Moreover, negative correlations exist
between post-intervention IL-6 levels and both TO and T1 inflamma-miR
levels. The circulating levels of the three miRNAs are negatively related
to Ddimer level at T1.

Finally, an exploratory factor analysis (EFA) was conducted on the
COVID-19 study population to identify latent variables that could be
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associated with clinical outcomes. The analysis returned 5 factors that
cumulatively explain 84.7 % of the total variance. The first factor, which
included the 3 inflamma-miRs and age, explained most of the total
variance (31.3 %) and was the only factor that was significantly asso-
ciated with mortality at the univariate logistic regression (p = 0.043, OR
0.07 [95 % CI 0.01 — 0.91]). These data confirmed the notion that a
latent variable encompassing low levels of circulating inflamma-miRs
and increasing age is associated with mortality, to a higher extent
than plasma IL-6. Results of the EFA are summarized in Fig. 2A and
reported in Supplementary Table 1. Notably, age-adjusted baseline
levels of miR-21-5p (p = 0.016), -126-—3p (p = 0.006), and -146a-5p (p
= 0.008) were significantly lower in 5 NR COVID-19 patients (2 males
and 3 females) who died in the 1-week follow-up period compared to NR
survivors (Fig. 2B).

4. Discussion

To our knowledge, this is the first report showing a significant as-
sociation between serum miR-146a-5p levels and response to TCZ
treatment in COVID-19 patients. Two different PCR-based assays,
independently performed in two separate laboratories and providing
relative and absolute quantifications of serum miR-146a-5p, revealed a
significant increase of miR-146a-5p serum levels only in patients clas-
sified as “responders” to TCZ treatment. Although miR-146a-5p does not
directly target the mRNAs of IL-6 or its receptor, miR-146a~/~ mice
displayed high serum IL-6 levels, supporting the functional link between
miR-146a-5p and IL-6 levels (Boldin et al., 2011). Indeed, miR-146a-5p
acts as a negative regulator of NF-xB, which is in turn a widely
acknowledged transcription factor of the IL-6 gene (Su et al., 2020).
Also, the transcription of miR-146a-5p is under the control of NF-kB,
even if the two molecules — IL-6 and miR-146a-5p — play opposite roles
in the inflammatory process. A number of studies was focused on the
complex regulatory mechanisms of IL-6 transcription, identifying not
only NF-kB but also AP-1, sp-1 and NF-IL6-C/EBP as involved in such
modulation (Akira et al., 1990; Libermann and Baltimore, 1990; Luo and
Zheng, 2016). Therefore, the unbalance of the IL-6/miR-146a-5p axis
could depend, at least in part, from IL-6-stimulating nuclear factors
other than NF-kB or synergistically acting with NF-kB, thus dramatically
exacerbating IL-6 synthesis without a concomitant induction of
miR-146a-5p transcription. COVID-19 patients showed increased IL-6
levels and reduced miR-146a-5p levels compared to healthy
age-matched subjects, pointing at the imbalance of the
IL-6/miR-146a-5p physiological axis in the pathogenesis of SARS-CoV-2
infection. Noteworthy, a similar scenario was reported in the context of
sepsis (Benz et al., 2016).

Overall, our data showed that the response to TCZ is associated with
a significant reduction of plasma IL-6 and a significant increase of miR-
146a levels, thus suggesting that TCZ treatment is able, at least in the set
of responder patients, to offset the IL-6/miR-146a-5p axis unbalance.
The observation that miR-146a-5p is significantly reduced in the group
of non-responder COVID-19 patients with the worst outcome strongly
supports this hypothesis. Notably, the inter-individual variability in the
response to an anti-inflammatory treatment, i.e. TCZ, can be related to a
number of different factors, including the genetic make-up, lifestyle,
previous stimulations of immune cells, and the burden of senescent cells
— mainly immune and endothelial cells.

Therefore, even though the number of patients is relatively low, our
results suggest that low levels of circulating miR-146a-5p in COVID-19
patients may predict poor outcome among those who develop sys-
temic hyper-inflammation. Notably, circulating miR-146a levels signif-
icantly decline with age and chronic age-related diseases and conditions,
such as type 2 diabetes and frailty (Mensa et al., 2019; Ong et al., 2019).
Current literature agrees about its pivotal role in inflammaging and
age-related diseases (Grants et al., 2020). We recently suggested that the
features of the current pandemic strongly suggest a role of inflammaging
in worse COVID-19 outcomes, which mainly affect old people affected
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Fig. 1. (A) Serum levels of miR-146a-5p, -21-5p, and -126-3p in 29 COVID-19 patients at baseline (T0) and after 72 h from treatment with tocilizumab (T1), divided
into responders (R) and non-responders (NR), and in 29 age-matched healthy control subjects (CTR). Data are expressed as Z-scores of loga(relative expression) and
presented as mean =+ SD. *, p < 0.05; ***, p < 0.001 for unpaired t test (CTR vs. COVID-19). °°°, p < 0.001 for simple main effects of time (TO vs. T1) and responder
status (R vs. NR). (B) Bland-Altman plot for inter-method agreement between Droplet Digital PCR (ddPCR) and RT-PCR in the quantification of circulating miR-146a-
5p. The blue line represents the mean bias between the two methods, the dashed lines indicate the limits of agreement. (C) Correlation plot showing partial cor-
relations, controlling for age, between inflamma-miR levels and selected variables at both time points. Bold squares indicate correlations between variables assessed
at the same time point. The color and the size of the circles depend on the magnitude of the correlation. Blue, positive correlation; red, negative correlation. Sig-

nificant correlations are marked with * (p < 0.05), ** (p < 0.01), or *** (p < 0.001) (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.).
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Fig. 2. (A) Summary of exploratory factor analysis and subsequent logistic regressions on COVID-19 patients. Baseline variables are reported into each circle ac-
cording to the factor loading. The areas of the circles are proportional to the amount of variance (reported in brackets) explained by each factor. Overlapping circles
include variables loading onto two factors. The green arrow points out the significant association between factor 1 and survival, while the gray lines indicate non-
significant associations. (B) Age-adjusted baseline miR-21-5p, -126-3p, and -146-5p levels in dead vs. survivor NR patients. Data are expressed as Z-scores of
logs(relative expression) and presented as estimated marginal mean 4+ SEM. *, p < 0.05; **, p < 0.01 for one-way ANCOVA (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.).

by age-related diseases (Bonafe et al., 2020; Storci et al., 2020). Inter- interferon-induced decline in circulating IL-6 is associated with earlier
estingly, a randomized controlled trial evaluating the efficacy of a triple viral clearance (Hung et al., 2020). Also, glucocorticoids improve severe
antiviral therapy with combined interferon beta-1b, ribavirin, and or critical COVID-19 by activating angiotensin-converting enzyme 2

lopinavir-ritonavir on COVID-19 patients showed that the (ACE2) and by reducing IL-6 levels (Xiang et al., 2020). It has been
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recently demonstrated that a strategy including high-dose methylpred-
nisolone, followed by TCZ treatment if needed, may accelerate respi-
ratory recovery, lower hospital mortality and reduce the likelihood of
invasive mechanical ventilation in COVID-19-associated cytokine storm
syndrome (Ramiro et al., 2020).

The data herein reported support the hypothesis that COVID-19
clinical progression may be accelerated by inflammaging, and/or that
COVID-19 may accelerate inflammaging itself. Therefore, our results
represent a proof-of-principle for the feasibility of dosing selected
inflamma-miRs, specifically miR-146a-5p, as biomarkers of response to
anti-inflammatory therapeutic intervention in COVID-19 patients.
Moreover, such markers could represent themselves putative druggable
targets (Su et al., 2020).

Regarding miR-21-5p and miR-126-3p, even if they were signifi-
cantly reduced in COVID-19 patients compared to healthy subjects, no
significant modulation was observed after TCZ treatment. Functional
studies of miR-21 during inflammation are complicated by its numerous
molecular targets and by the fact that its expression is regulated by
multiple transcription factors (Sheedy, 2015). The existing evidences
illustrate the role of miR-126-3p in inflammation, by regulating the
NF-xB inhibitor Ix-Ba (Feng et al., 2012), and endothelial activation
(Zhang et al., 2020). However, a clear mechanism linking miR-126-3p
and IL-6 levels was not yet described.

Notably, in the factor analysis only a latent variable encompassing all
the three selected miRNAs and age showed to be predictive for survival
after TCZ treatment.

In conclusion, further larger, multi-center, and possibly prospective
clinical trials are necessary to identify the true potential of inflamma-
miR assessment as a predictive or prognostic biomarker in tocilizumab
administration to COVID-19 patients and therefore validate the clinical
relevance of our preliminary observations.

Funding

This study was supported by grants from Universita Politecnica delle
Marche (RSA grant) and Italian Ministry of Health (“Ricerca corrente”).
MF lab is supported by Italian Association for Cancer Research (AIRC),
Italy and Pallotti Fund, United States. MB is supported by Pallotti Fund.

Author contribution

JS performed statistical analysis, drafted the paper, and prepared the
figure. Angelica Giuliani, GM, SL performed RNA extraction and RT-PCR
measurements. NL and MF performed ddPCR quantification. GP and AF
provided patient data and clinical advice. SSB, MP, and MM provided
sera samples and laboratory data of COVID-19 patients. Armando
Gabrielli is the principal investigator of the original trial. ADP critically
revised the paper. MF, MB, and FO conceived the idea and wrote the
paper. All authors critically revised the paper for important intellectual
content and approved of the final version.

Declaration of Competing Interest

The authors report no declarations of interest.

Acknowledgments

The authors want to thank Azienda Ospedaliera Universitaria
“Ospedali Riuniti”, Ancona, Italy for the support.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.mad.2020.111413.

Mechanisms of Ageing and Development 193 (2021) 111413

References

Akira, S., Isshiki, H., Sugita, T., Tanabe, O., Kinoshita, S., Nishio, Y., Nakajima, T.,
Hirano, T., Kishimoto, T., 1990. A nuclear factor for IL-6 expression (NF-IL6) is a
member of a C/EBP family. EMBO J. 9, 1897-1906.

Benz, F., Roy, S., Trautwein, C., Roderburg, C., Luedde, T., 2016. Circulating MicroRNAs
as biomarkers for Sepsis. Int. J. Mol. Sci. 17.

Boldin, M.P., Taganov, K.D., Rao, D.S., Yang, L., Zhao, J.L., Kalwani, M., Garcia-
Flores, Y., Luong, M., Devrekanli, A., Xu, J., Sun, G., Tay, J., Linsley, P.S.,
Baltimore, D., 2011. miR-146a is a significant brake on autoimmunity,
myeloproliferation, and cancer in mice. J. Exp. Med. 208, 1189-1201.

Bonafe, M., Prattichizzo, F., Giuliani, A., Storci, G., Sabbatinelli, J., Olivieri, F., 2020.
Inflamm-aging: why older men are the most susceptible to SARS-CoV-2 complicated
outcomes. Cytokine Growth Factor Rev. 53, 33-37.

Crisafulli, S., Isgro, V., La Corte, L., Atzeni, F., Trifiro, G., 2020. Potential role of anti-
interleukin (IL)-6 drugs in the treatment of COVID-19: rationale, clinical evidence
and risks. BioDrugs. 34, 415-422.

Feng, X., Wang, H., Ye, S., Guan, J., Tan, W., Cheng, S., Wei, G., Wu, W., Wu, F., Zhou, Y.,
2012. Up-regulation of microRNA-126 may contribute to pathogenesis of ulcerative
colitis via regulating NF-kappaB inhibitor IkappaBalpha. PLoS One 7, e52782.

Ferracin, M., Lupini, L., Salamon, 1., Saccenti, E., Zanzi, M.V., Rocchi, A., Da Ros, L.,
Zagatti, B., Musa, G., Bassi, C., Mangolini, A., Cavallesco, G., Frassoldati, A.,
Volpato, S., Carcoforo, P., Hollingsworth, A.B., Negrini, M., 2015. Absolute
quantification of cell-free microRNAs in cancer patients. Oncotarget 6,
14545-14555.

Grants, J.M., Wegrzyn, J., Hui, T., O'Neill, K., Shadbolt, M., Knapp, D., Parker, J.,
Deng, Y., Gopal, A., Docking, T.R., Fuller, M., Li, J., Boldin, M., Eaves, C.J., Hirst, M.,
Karsan, A., 2020. Altered microRNA expression links IL6 and TNF-induced
inflammaging with myeloid malignancy in humans and mice. Blood 135,
2235-2251.

Hung, L.F., Lung, K.C., Tso, E.Y., Liu, R., Chung, T.W., Chu, M.Y., Ng, Y.Y,, Lo, J,,
Chan, J., Tam, A.R., Shum, H.P., Chan, V., Wu, A.K,, Sin, K.M., Leung, W.S., Law, W.
L., Lung, D.C,, Sin, S., Yeung, P., Yip, C.C., Zhang, R.R., Fung, A.Y., Yan, E.Y.,
Leung, K.H., Ip, J.D., Chu, A.W., Chan, W.M., Ng, A.C,, Lee, R., Fung, K., Yeung, A.,
Wu, T.C., Chan, J.W., Yan, W.W., Chan, W.M., Chan, J.F., Lie, A.K,, Tsang, O.T.,
Cheng, V.C., Que, T.L., Lau, C.S., Chan, K.H., To, K.K., Yuen, K.Y., 2020. Triple
combination of interferon beta-1b, lopinavir-ritonavir, and ribavirin in the treatment
of patients admitted to hospital with COVID-19: an open-label, randomised, phase 2
trial. Lancet 395, 1695-1704.

Istituto Superiore di Sanita, 2020. Characteristics of COVID-19 Patients Dying in Italy.

Khiali, S., Khani, E., Entezari-Maleki, T., 2020. A comprehensive review on tocilizumab
in COVID-19 acute respiratory distress syndrome. J. Clin. Pharmacol. 60 (9),
1131-1146.

Kong, Y.W., Ferland-McCollough, D., Jackson, T.J., Bushell, M., 2012. microRNAs in
cancer management. Lancet Oncol. 13, e249-258.

Li, X., Ji, Z., Li, S., Sun, Y.N,, Liu, J., Liu, Y., Tian, W., Zhou, Y.T., Shang, X.M., 2015.
miR-146a-5p antagonized AGEs- and P.g-LPS-Induced ABCA1 and ABCG1
dysregulation in macrophages via IRAK-1 downregulation. Inflammation 38,
1761-1768.

Li, K., Fang, Y., Li, W., Pan, C., Qin, P., Zhong, Y., Liu, X., Huang, M., Liao, Y., Li, S.,
2020. CT image visual quantitative evaluation and clinical classification of
coronavirus disease (COVID-19). Eur. Radiol. 30, 4407-4416.

Libermann, T.A., Baltimore, D., 1990. Activation of interleukin-6 gene expression
through the NF-kappa B transcription factor. Mol. Cell. Biol. 10, 2327-2334.

Liu, B., Li, M., Zhou, Z., Guan, X., Xiang, Y., 2020a. Can we use interleukin-6 (IL-6)
blockade for coronavirus disease 2019 (COVID-19)-induced cytokine release
syndrome (CRS)? J. Autoimmun. 111, 102452.

Liu, G.J., Zhang, Q.R., Gao, X., Wang, H., Tao, T., Gao, Y.Y., Zhou, Y., Chen, X.X., Li, W.,
Hang, C.H., 2020b. MiR-146a ameliorates hemoglobin-induced microglial
inflammatory response via TLR4/IRAK1/TRAF6 associated pathways. Front.
Neurosci. 14, 311.

Luo, P., Liu, Y., Qiu, L., Liu, X., Liu, D., Li, J., 2020. Tocilizumab treatment in COVID-19:
a single center experience. J. Med. Virol. 92, 814-818.

Luo, Y., Zheng, S.G., 2016. Hall of fame among pro-inflammatory cytokines: Interleukin-
6 gene and its transcriptional regulation mechanisms. Front. Immunol. 7, 604.

Mensa, E., Giuliani, A., Matacchione, G., Gurau, F., Bonfigli, A.R., Romagnoli, F., De
Luca, M., Sabbatinelli, J., Olivieri, F., 2019. Circulating miR-146a in healthy aging
and type 2 diabetes: age- and gender-specific trajectories. Mech. Ageing Dev. 180,
1-10.

Mensa, E., Guescini, M., Giuliani, A., Bacalini, M.G., Ramini, D., Corleone, G.,
Ferracin, M., Fulgenzi, G., Graciotti, L., Prattichizzo, F., Sorci, L., Battistelli, M.,
Monsurro, V., Bonfigli, A.R., Cardelli, M., Recchioni, R., Marcheselli, F., Latini, S.,
Maggio, S., Fanelli, M., Amatori, S., Storci, G., Ceriello, A., Stocchi, V., De Luca, M.,
Magnani, L., Rippo, M.R., Procopio, A.D., Sala, C., Budimir, I., Bassi, C., Negrini, M.,
Garagnani, P., Franceschi, C., Sabbatinelli, J., Bonafe, M., Olivieri, F., 2020. Small
extracellular vesicles deliver miR-21 and miR-217 as pro-senescence effectors to
endothelial cells. J. Extracell. Vesicles 9, 1725285.

Mussbacher, M., Salzmann, M., Brostjan, C., Hoesel, B., Schoergenhofer, C., Datler, H.,
Hohensinner, P., Basilio, J., Petzelbauer, P., Assinger, A., Schmid, J.A., 2019. Cell
type-specific roles of NF-kappaB linking inflammation and thrombosis. Front.
Immunol. 10, 85.

Olivieri, F., Spazzafumo, L., Santini, G., Lazzarini, R., Albertini, M.C., Rippo, M.R.,
Galeazzi, R., Abbatecola, A.M., Marcheselli, F., Monti, D., Ostan, R., Cevenini, E.,
Antonicelli, R., Franceschi, C., Procopio, A.D., 2012. Age-related differences in the
expression of circulating microRNAs: miR-21 as a new circulating marker of
inflammaging. Mech. Ageing Dev. 133, 675-685.


https://doi.org/10.1016/j.mad.2020.111413
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0005
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0005
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0005
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0010
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0010
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0015
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0015
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0015
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0015
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0020
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0020
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0020
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0025
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0025
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0025
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0030
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0030
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0030
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0035
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0035
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0035
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0035
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0035
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0040
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0040
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0040
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0040
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0040
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0045
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0045
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0045
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0045
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0045
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0045
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0045
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0045
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0045
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0050
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0055
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0055
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0055
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0060
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0060
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0065
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0065
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0065
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0065
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0070
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0070
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0070
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0075
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0075
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0080
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0080
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0080
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0085
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0085
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0085
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0085
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0090
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0090
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0095
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0095
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0100
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0100
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0100
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0100
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0105
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0105
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0105
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0105
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0105
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0105
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0105
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0105
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0110
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0110
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0110
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0110
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0115
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0115
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0115
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0115
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0115

J. Sabbatinelli et al.

Olivieri, F., Lazzarini, R., Recchioni, R., Marcheselli, F., Rippo, M.R., Di Nuzzo, S.,
Albertini, M.C., Graciotti, L., Babini, L., Mariotti, S., Spada, G., Abbatecola, A.M.,
Antonicelli, R., Franceschi, C., Procopio, A.D., 2013a. MiR-146a as marker of
senescence-Associated pro-inflammatory status in cells involved in vascular
remodelling. Age 35, 1157-1172.

Olivieri, F., Rippo, M.R., Procopio, A.D., Fazioli, F., 2013b. Circulating inflamma-miRs in
aging and age-related diseases. Front. Genet. 4, 121.

Ong, J., Woldhuis, R.R., Boudewijn, .M., van den Berg, A., Kluiver, J., Kok, K.,
Terpstra, M.M., Guryev, V., de Vries, M., Vermeulen, C.J., Timens, W., van den
Berge, M., Brandsma, C.A., 2019. Age-related gene and miRNA expression changes in
airways of healthy individuals. Sci. Rep. 9, 3765.

Ramiro, S., Mostard, R.L.M., Magro-Checa, C., van Dongen, C.M.P., Dormans, T.,

Buijs, J., Gronenschild, M., de Kruif, M.D., van Haren, E.H.J., van Kraaij, T.,
Leers, M.P.G., Peeters, R., Wong, D.R., Landewe, R.B.M., 2020. Historically
controlled comparison of glucocorticoids with or without tocilizumab versus
supportive care only in patients with COVID-19-associated cytokine storm
syndrome: results of the CHIC study. Ann. Rheum. Dis. 79, 1143-1151.

Remuzzi, A., Remuzzi, G., 2020. COVID-19 and Italy: what next? Lancet 395,
1225-1228.

Roos, J., Enlund, E., Funcke, J.B., Tews, D., Holzmann, K., Debatin, K.M., Wabitsch, M.,
Fischer-Posovszky, P., 2016. miR-146a-mediated suppression of the inflammatory
response in human adipocytes. Sci. Rep. 6, 38339.

Ruan, Q., Yang, K., Wang, W., Jiang, L., Song, J., 2020. Clinical predictors of mortality
due to COVID-19 based on an analysis of data of 150 patients from Wuhan, China.
Intensive Care Med. 46, 846-848.

Rusanova, 1., Diaz-Casado, M.E., Fernandez-Ortiz, M., Aranda-Martinez, P., Guerra-
Librero, A., Garcia-Garcia, F.J., Escames, G., Manas, L., Acuna-Castroviejo, D., 2018.
Analysis of plasma MicroRNAs as predictors and biomarkers of aging and frailty in
humans. Oxid. Med. Cell. Longev. 2018, 7671850.

Sheedy, F.J., 2015. Turning 21: induction of miR-21 as a key switch in the inflammatory
response. Front. Immunol. 6, 19.

Spazzafumo, L., Olivieri, F., Abbatecola, A.M., Castellani, G., Monti, D., Lisa, R.,
Galeazzi, R., Sirolla, C., Testa, R., Ostan, R., Scurti, M., Caruso, C., Vasto, S.,
Vescovini, R., Ogliari, G., Mari, D., Lattanzio, F., Franceschi, C., 2013. Remodelling
of biological parameters during human ageing: evidence for complex regulation in
longevity and in type 2 diabetes. Age Dordr. (Dordr) 35, 419-429.

Sriram, K., Insel, P.A., 2020. Inflammation and thrombosis in COVID-19
pathophysiology: proteinase-activated and purinergic receptors as drivers and

Mechanisms of Ageing and Development 193 (2021) 111413

candidate therapeutic targets. Physiol. Rev. https://doi.org/10.1152/
physrev.00035.2020. In press.

Storci, G., Bonifazi, F., Garagnani, P., Olivieri, F., Bonafe, M., 2020. How studies on
inflamm-aging may help to understand and combat COVID-19 pandemic. Preprints,
2020040158.

Su, Y.L., Wang, X., Mann, M., Adamus, T.P., Wang, D., Moreira, D.F., Zhang, Z.,
Ouyang, C., He, X., Zhang, B., Swiderski, P.M., Forman, S.J., Baltimore, D., Li, L.,
Marcucci, G., Boldin, M.P., Kortylewski, M., 2020. Myeloid cell-targeted miR-146a
mimic inhibits NF-kappaB-driven inflammation and leukemia progression in vivo.
Blood 135, 167-180.

Varga, Z., Flammer, A.J., Steiger, P., Haberecker, M., Andermatt, R., Zinkernagel, A.S.,
Mehra, M.R., Schuepbach, R.A., Ruschitzka, F., Moch, H., 2020. Endothelial cell
infection and endotheliitis in COVID-19. Lancet 395, 1417-1418.

Wilk, A.J., Rustagi, A., Zhao, N.Q., Roque, J., Martinez-Colon, G.J., McKechnie, J.L.,
Ivison, G.T., Ranganath, T., Vergara, R., Hollis, T., Simpson, L.J., Grant, P.,
Subramanian, A., Rogers, A.J., Blish, C.A., 2020. A single-cell atlas of the peripheral
immune response in patients with severe COVID-19. Nat. Med. 26, 1070-1076.

Xiang, Z., Liu, J., Shi, D., Chen, W, Li, J., Yan, R., Bi, Y., Hu, W., Zhu, Z,, Yu, Y., Yang, Z.,
2020. Glucocorticoids improve severe or critical COVID-19 by activating ACE2 and
reducing IL-6 levels. Int. J. Biol. Sci. 16, 2382-2391.

Xu, X., Han, M., Li, T., Sun, W., Wang, D., Fu, B., Zhou, Y., Zheng, X., Yang, Y., Li, X,
Zhang, X., Pan, A., Wei, H., 2020. Effective treatment of severe COVID-19 patients
with tocilizumab. Proc Natl Acad Sci U S A 117, 10970-10975.

Zhang, X., Wang, X., Fan, M., Tu, F., Yang, K., Ha, T., Liu, L., Kalbfleisch, J., Williams, D.,
Li, C., 2020. Endothelial HSPA12B exerts protection against sepsis-induced severe
cardiomyopathy via suppression of adhesion molecule expression by miR-126. Front.
Immunol. 11, 566.

Zhong, L., Simard, M.J., Huot, J., 2018. Endothelial microRNAs regulating the NF-
kappaB pathway and cell adhesion molecules during inflammation. FASEB J. 32,
4070-4084.

Zhou, C., Zhao, L., Wang, K., Qi, Q., Wang, M., Yang, L., Sun, P., Mu, H., 2019.
MicroRNA-146a inhibits NF-kappaB activation and pro-inflammatory cytokine
production by regulating IRAK1 expression in THP-1 cells. Exp. Ther. Med. 18,
3078-3084.

Zhou, F., Yu, T., Du, R, Fan, G,, Liu, Y., Liu, Z., Xiang, J., Wang, Y., Song, B., Gu, X.,
Guan, L., Wei, Y., Li, H., Wu, X., Xu, J,, Tu, S., Zhang, Y., Chen, H., Cao, B., 2020.
Clinical course and risk factors for mortality of adult inpatients with COVID-19 in
Wuhan, China: a retrospective cohort study. Lancet 395 (10229), 1054-1062.


http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0120
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0120
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0120
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0120
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0120
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0125
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0125
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0130
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0130
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0130
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0130
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0135
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0135
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0135
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0135
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0135
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0135
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0140
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0140
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0145
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0145
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0145
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0150
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0150
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0150
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0155
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0155
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0155
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0155
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0160
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0160
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0165
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0165
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0165
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0165
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0165
https://doi.org/10.1152/physrev.00035.2020
https://doi.org/10.1152/physrev.00035.2020
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0175
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0175
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0175
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0180
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0180
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0180
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0180
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0180
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0185
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0185
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0185
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0190
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0190
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0190
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0190
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0195
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0195
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0195
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0200
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0200
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0200
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0205
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0205
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0205
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0205
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0210
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0210
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0210
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0215
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0215
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0215
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0215
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0220
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0220
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0220
http://refhub.elsevier.com/S0047-6374(20)30209-8/sbref0220

