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Although it is now widely accepted that host inflammatory response contributes to
COVID-19 immunopathogenesis, the pathways and mechanisms driving disease
severity and clinical outcome remain poorly understood. In the effort to identify key
soluble mediators that characterize life-threatening COVID-19, we quantified 62
cytokines, chemokines and other factors involved in inflammation and immunity in
plasma samples, collected at hospital admission, from 80 hospitalized patients with
severe COVID-19 disease who were stratified on the basis of clinical outcome (mechanical
ventilation or death by day 28). Our data confirm that age, as well as neutrophilia,
lymphocytopenia, procalcitonin, D-dimer and lactate dehydrogenase are strongly
associated with the risk of fatal COVID-19. In addition, we found that cytokines related
to TH2 regulations (IL-4, IL-13, IL-33), cell metabolism (lep, lep-R) and interferons (IFNa,
IFNb, IFNg) were also predictive of life-threatening COVID-19.
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INTRODUCTION

The clinical phenotypes of severe acute respiratory syndrome type 2 (SARS-CoV-2) infection spans
from asymptomatic or paucisymptomatic infection to critical or lethal Coronavirus disease 2019
(COVID-19). Epidemiological studies showed that being male or being elderly and certain medical
conditions and co-morbidities, including obesity and hypertension, are risk factors for life-
threatening COVID-19 (1, 2). However, even considering these factors, there is still a huge
variability in the clinical outcome across infected individuals.

Multiple studies suggest that uncontrolled inflammation contributes to disease severity (3–5).
Indeed, high levels of inflammatory markers, including D-dimer, which is a product of fibrin
degradation, and lactate dehydrogenase have been observed in patients with severe disease (6). As a
org March 2022 | Volume 13 | Article 8421501
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further proof that dysregulated inflammation contributes to
disease severity, plasma levels of anti-inflammatory cytokines
such as interleukin (IL)-1RA, IL- 10 and IL-19, were increased in
pregnant women with asymptomatic or paucisymptomatic
SARS-CoV-2 infection (7).

Nonetheless, in severe disease the levels of erythrocyte
sedimentation rate (ESR) and C-reactive protein (CRP) were
increased regardless of disease severity or presence of
comorbidities (6). Procalcitonin was elevated in severe and
critical patients. Neutrophilia was present in patients who
progressed to acute respiratory distress syndrome (ARDS), and
total lymphocyte count, and CD4+ T cells decreased in severe or
critical patients (6). In addition, reduced monocyte counts,
reduced T-cell functionality, monocyte dysfunctions, increased
neutrophil-to-lymphocyte ratio have been described as
important features of severe and critical COVID-19 (5, 8–10).
However, routine clinical data are not yet sufficient to completely
distinguish among COVID-19 severities and among COVID-19
and influenza or other similar respiratory diseases (4).

Alterations in plasma concentration of multiple cytokines, i.e.
those released during the so-called cytokine storm, or
hypercytokinemia, heavily contributes to disease progression
(9–15). It has been shown that patients who did not survive
presented significantly higher levels of interleukin (IL)-15 than
those who recovered (16). Granulocyte-macrophage colony
stimulating factor (GM-CSF) and IL-1a allowed to distinguish
fatal COVID-19 from fatal influenza (4).

Since measuring an extended number of cytokines represents
the best strategy to investigate complex pathologic conditions
(17), the aim of our study was to evaluate the prognostic value of
an extensive set of 62 plasma biomarkers measured at hospital
admission to predict the risk of mechanical ventilation or death
by day 28.
METHODS

Study Design
This is a single-centre study, approved by the local Ethical
Committee (Comitato Etico dell’Area Vasta Emilia Nord,
protocol number 177/2020, March 11th, 2020) and by the
University Hospital Committee (Direzione Sanitaria
dell’Azienda Ospedaliero-Universitaria di Modena, protocol
number 7531, March 11th, 2020). Eighty patients with severe
or critical COVID-19 admitted at the Infectious Disease Clinics
or Intensive Care Unit at University Hospital in Modena (Italy)
in March-May 2020 were included in this study. Each participant
provided informed consent according to Helsinki Declaration,
and all uses of human material have been approved by the
same Committees.

Blood Collection
Blood samples (up to 20 mL) were obtained, at hospital
admission, after informed consent. Plasma was collected,
centrifuged at 800 rpm for 20 minutes and stored at -80°C
until use.
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Quantification of Cytokine Plasma Levels
The plasma levels of 62 molecular species were quantified by using
the Luminex platform (Human Cytokine Discovery, R&D System,
Minneapolis, MN) and the following kits: Human XL Cytokine
Luminex Performance Panel Premixed Kit (cat.no FCSTM18),
Human Luminex Discovery Assay (cat.no LXSAHM-13), Human
Luminex Discovery Assay (cat.no LXSAHM-05), all
manufactured and distributed by R&D systems. The following
molecules were quantified: APRIL, B-cell activating factor (BAFF),
bone morphogenetic protein (BMP) 2, BMP4, BMP7, CD40L,
C-C Motif Chemokine Ligand (CCL) 2, CCL3, CCL4, CCL5,
CCL11, CCL19, CCL20, C-X-CMotif Chemokine Ligand (CXCL)
1, CXCL2, CXCL10, CX3CL1, epidermal growth factor (EGF),
fibroblast growth factor basic (FGF basic), granulocyte-colony
stimulating factor (G-CSF), granulocyte-macrophage colony
stimulating factor (GM-CSF), interferon (IFN)-a, IFN-b, IFN-g,
IL-1a, IL-1 receptor antagonist (IL-1RA), IL-1b, IL-2, IL-3, IL-4,
IL-5, IL-6, IL-6RA, IL-7, IL-10, IL-11, IL-12p70, IL-13, IL-15,
IL-17, IL-17C, IL-17E, IL-18, IL-19, IL-23, IL-27, IL-33, FAS,
FASL, FLT-3 ligand, granzyme B (GRZB), leptin (lep), leptin R
(lep-R), osteopontin (OPN), programmed death ligand-1 (PD-
L1), platelet derived growth factor (PDGF)-AA, PDGF-AB/BB,
transforming growth factor (TGF)-a, transmembrane activator
and CAML interactor (TACI), tumour necrosis factor (TNF),
TNF-related apoptosis-inducing ligand (TRAIL), vascular
endothelial growth factor (VEGF), according to the
manufacturer’s instruction. Molecules were classified into 12
functional groups as follows: anti-inflammatory response (IL-10,
IL-19, IL-1RA, IL-6RA), apoptosis (FASL, FAS, PD-L1), B cell
regulation (APRIL, BAFF, IL-5, TACI, CD40L), cell metabolism
(lep, lep-R), chemotaxis/activation/recruitment (CCL2, CCL3,
CCL4, CCL5, CCL11, CCL19, CCL20, CXCL1, CXCL2, CXCL10,
CX3CL1, OPN), cytotoxicity (GRZB, TNF, TRAIL), T cell
differentiation (IL-12p70, IL-15, IL-27, IL-2, IL-7), growth factors
(EGF, FGF basic, FLT-3 ligand, GM-CSF, G-CSF, IL-11, IL-3,
PDGF-AA, PDGF-AB/BB, VEGF), inflammation (IL-17C, IL-17E,
IL-17, IL-18, IL-1b, IL-1a, IL-23, IL-6), interferons (IFN-a, IFN-b,
IFN-g), morphogenetic factors (BMP2, BMP4, BMP7, TGF-a) and
TH2 regulation (IL-4, IL-13, IL-33).

While acknowledging that there is considerable overlap in
cascading immunological relationships, and downstream effects
among many of these biomarkers, for ease of comparison the 62
markers are displayed by broadly grouping them into 12
functional categories, that were defined as previously indicated.

Statistical Analysis
The primary outcome was the clinical severity binary endpoint of
experiencing invasive mechanical ventilation (IMV) or death
during hospitalization (cases) vs. hospital discharge (controls) by
day 28 from hospital admission. Main demographic
characteristics were compared between cases and controls by
means of chi-square test (for categorical variables) and Mann-
Whitney test (for numeric variables). The association of each of
the 62 biomarkers measured at hospital admission and clinical
severity was assessed in separate comparisons of biomarker levels
between cases and controls; an advantage of such prospective
March 2022 | Volume 13 | Article 842150
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comparisons is that the temporality of the biomarker level and
disease severity is known (i.e., an elevated value for the
biomarker was observed before and not after the progression
of the disease). Historically, temporality together with a plausible
hypothesized biological mechanism has helped to establish
causal links when trials could not be performed (e.g. smoking
and risk of lung cancer). To reduce the impact of outliers and to
account for the positively skewed distribution of the biomarkers,
values were categorized in tertiles and log10 transformed. Data
were shown using dot-plots indicating median and IQR. Median
levels of biomarkers between cases and controls were compared
using the Mann-Whitney test. A logistic regression was used to
evaluate the association of each biomarker with the clinical
severity outcome. Odds ratios (ORs) for the upper tertile
versus the lowest tertile are cited along with 95% confidence
intervals (CIs) and p-values. Analyses that used the log10
transformed biomarkers as a continuous covariate were also
carried out and ORs per 1 log10 difference in the biomarker
shown; multivariable estimates were adjusted for gender, age and
extent of co-morbidity (age-unadjusted CCI). To determine the
relationship of multiple biomarkers with clinical severity, we
took advantage of the functional groupings listed in the previous
paragraph. A global non-parametric test procedure proposed by
O’Brien for multiple endpoints was used (18). With this
approach, each marker in the raw scale within each of the
functional grouping is ranked from lowest to highest, the ranks
of the individual markers are summed for each patient. We refer
to the sum of the ranks as the “biomarker score”. This biomarker
score is then compared for patients who experienced IMV/death
vs. those who were discharged with logistic regression models as
described above. Advantages of this procedure are simplicity and
increased power if the biomarkers within a category all trend in
the same direction. A disadvantage is that while the global test
identifies biomarker groupings that are significant, it does not
provide information on which markers are driving the statistical
significance. However, the information of the importance of
single markers were additionally obtained by the likelihood
ratio test that tested the significance of adding all the markers
(in the log10 scale) in a functional category to a base model that
only included gender, age and age-unadjusted CCI. Statistical
analyses were performed using SAS (Version 9.4, Carey
NC, USA).
RESULTS

Eighty patients with severe or critical COVID-19 admitted at the
Infectious Disease Clinics or Intensive Care Unit at University
Hospital in Modena (Italy) in March-May 2020 were included in
this study. Age, gender, race/ethnicity and comorbidities were all
collected on admission. Several laboratory variables, such as
blood cell count, alanine-aminotransferase (ALT), international
normalized ratio (INR), creatinine, estimated glomerular
filtration rate (eGFR), CRP, interleukin (IL)-6, procalcitonin,
D-dimer, haemoglobin, lactate dehydrogenase were also
measured at hospital entry.
Frontiers in Immunology | www.frontiersin.org 3
By day 28, fifty-three patients were discharged after recovery
whereas twenty-seven received mechanical ventilation and/or
died during the observation period. Our data confirm that older
age is a risk factor for mechanical ventilation and/or death, as
these patients had a median age of 72 when compared to
discharged patients who had a median age of 60 (P=0.008)
(Table 1). There was no evidence for a difference in the
prevalence of comorbidities at admission between cases and
controls. These include obesity, ischemic cardiomyopathy,
COPD, connective tissue disease, cerebro-vascular disease, mild
liver disease, diabetes, chronic kidney failure, solid tumors, liver
failure, haematologic diseases, peptic ulcer diseases, dementia,
arterial hypertension, chronic heart failure, peripheral vascular
disease (Table 1). This univariable analysis also showed that the
proportion of neutrophils was higher in cases vs. controls (89.2%
vs 74.6%; P<0.001) and patients who underwent mechanical
ventilation and/or died had a lower number of lymphocytes
(930.0 vs 1,891/mm3; P=0.045) when compared to discharged
patients. Cases also had a higher level of procalcitonin (0.3 vs 0.1
ng/mL; P=0.004), D-dimer (2,165 vs 1,040 ng/mL; P=0.001),
lactate dehydrogenase (762.0 vs 603.0 U/L; P=0.044). In contrast,
there was no evidence for a difference in leukocyte count
(p=0.234), platelet count (p=0.281) and creatinine
concentration (p=0.1365) by groups (Table 1).

We quantified plasma levels of 62 cytokines, chemokines and
other soluble factors involved in the regulation of the immune
system. Considering single biomarkers, we found that patients
who received mechanical ventilation or died presented
significantly higher levels of FAS, lep-R, CCL20, CXCL10,
CX3CL1, OPN, IL-27, GM-CSF, IL-11, IL-18, and decreased
levels of FASL, IL-5, CCL11, CXCL1, TRAIL, IL-15, IL-2, EGF,
PDGF-AA; PDGF-AB/BB, IL-1a, IL-17, IFN-b, IFN-g, IL-4 and
IL-13 (Figures 1, 2).

To get further insight, we performed a principal-component
analysis (PCA) of cytokines/chemokines/soluble molecules
across the cohort. We only considered two components as
these already explained 36% of the total variability. The first
principal component (PC1) was mostly responsible for the
stratification of cases and controls (Figure 3, upper panel). A
graph displaying the contribution of the different molecules on
the principal components as arrows revealed that the most
important contributors to PC1 and PC2 were the levels of
CCL2, CCL19, CCL20, CXCL10, CX3CL1, IFNg, IL-2, IL-13,
IL-1a and EGF (Figure 3, lower panel). Notably, these
molecules, that contribute to patients’ stratification in PCA, are
also the main contributors their respective functional group.

Concerning the results of the logistic regression analysis,
higher levels of FASL, FLT3 ligand, IFNb, IL-1a, IL-5, IL-13,
IL-17, TRAIL, EGF, CCL11, PDGF-AB/BB, IFNg were associated
with protection against mechanical ventilation or death, whereas
higher levels of lep-R, CX3CL1, OPN, BMP-4, FAS, CCL2,
CCL19, CCL20, IL-18, IL-27, CXCL10 were associated with
higher risk of mechanical ventilation or death (Table 2).

When analysis was performed using the O’Brien method and
the functional groupings described in the Methods, we found
that groups related to TH2 regulations (IL-4, IL-13, IL-33), cell
March 2022 | Volume 13 | Article 842150
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metabolism (lep, lep-R) and interferons (IFNa, IFNb, IFNg)
were also predictive of life-threatening COVID-19. Specifically,
patients who underwent mechanical ventilation or who died
showed higher ranks of molecules involved in cell metabolism
(p=0.0265), lower ranks for interferon response (p=0.0155) and
Frontiers in Immunology | www.frontiersin.org 4
lower ranks for TH2 regulation (p=0.0439) when compared to
discharged patients (Table 3).

Considering that when analysis performed by Mann-Whitney
test and logistic regression, FAS, FAS-L, IL-5, Lep-R, CCL11,
CCL20, CXCL1, CXCL10, CX3CL1, OPN, TRAIL, IL-27, IL-2,
TABLE 1 | Demographic, clinical characteristics and baseline laboratory parameters of patients involved in the case-control study.

Characteristic Cases# Controls p-value* Total

N = 27 N = 53 N = 80

Age, years
Median (IQR) 72 (67, 77) 60 (52, 74) 0.008 65 (55, 75)
Gender, n(%)
Female 4 (14.8%) 15 (28.3%) 0.183 19 (23.8%)
Ethnicity, n(%)
Caucasian 27 (100.0%) 50 (94.3%) 0.457 77 (96.3%)
Black 0 (0.0%) 2 (3.8%) 2 (2.5%)
Asian 0 (0.0%) 1 (1.9%) 1 (1.3%)
Ispanic 0 (0.0%) 0 (0.0%) 0 (0.0%)
BMI
Median (IQR) 25.8 (24.6, 27.6) 29.0 (25.6, 33.6) 27.7 (25.1, 31.3)
Comorbidities, n(%)
>=1 23 (85.2%) 37 (69.8%) 0.136 60 (75.0%)
Obesity 2 (12.5%) 18 (37.5%) 0.064 20 (31.3%)
Ischemic cardiomyopathy 14 (51.9%) 27 (50.9%) 0.939 41 (51.3%)
COPD 8 (29.6%) 18 (34.0%) 0.697 26 (32.5%)
Connective tissue disease 8 (29.6%) 15 (28.3%) 0.902 23 (28.8%)
Cerebro-vascular disease 8 (29.6%) 14 (26.4%) 0.762 22 (27.5%)
Mild Liver disease 1 (6.3%) 0 (0.0%) 0.128 1 (1.9%)
Diabetes 13 (48.1%) 25 (47.2%) 0.934 38 (47.5%)
Chronic kidney failure 10 (37.0%) 14 (26.4%) 0.330 24 (30.0%)
Solid tumour 10 (37.0%) 18 (34.0%) 0.786 28 (35.0%)
Liver failure 6 (22.2%) 12 (22.6%) 0.966 18 (22.5%)
Hematologic disease 1 (6.3%) 2 (5.4%) 0.904 3 (5.7%)
Peptic ulcer disease 1 (6.3%) 3 (8.1%) 0.816 4 (7.5%)
Dementia 6 (22.2%) 12 (22.6%) 0.966 18 (22.5%)
Arterial hypertension 15 (68.2%) 27 (64.3%) 0.757 42 (65.6%)
Chronic heart failure 4 (25.0%) 5 (13.5%) 0.311 9 (17.0%)
Peripheral vascular disease 5 (31.3%) 11 (29.7%) 0.913 16 (30.2%)
CCI, mean (SD) 6.3 (4.8) 5.4 (4.7) 0.363 5.7 (4.7)
Main delays
Days from symptoms onset to hospitalisation, median (IQR) 7 (5, 8) 7 (4, 9) 0.845 7 (4, 9)
Days from symptoms onset to ICU, median (IQR) 10 (6, 12) 10 (8, 14) 10 (7, 12)
Days from hospitalisation to ICU, median (IQR) 2 (0, 3) 2 (0, 5) 2 (0, 4)
Baseline laboratory parameters
Leukocytes, /mm3, Median (IQR) 6,840 (5,050; 12,420) 5,840 (5,140; 8,340) 0.234 6,305 (5,095; 8,435)
% neutrophils, Median (IQR) 89.2 (77.3, 91.7) 74.6 (60.2, 83.0) <0.001 77.6 (65.5, 86.6)
Lymphocytes, Median (IQR) 930.0 (680.0; 2,028) 1,891 (1,050; 2,390) 0.045 1,661 (870.0; 2,347)
Platelets, 103/mm3, Median (IQR) 181.0 (130.0, 283.0) 205.0 (181.0, 248.0) 0.281 199.0 (161.5, 254.5)
Alanine amino-transferase (ALT), U/L, Median (IQR) 45.0 (24.0, 62.0) 29.0 (21.0, 39.0) 0.036 33.0 (22.0, 57.5)
INR, Median (IQR) 1.2 (1.1, 1.2) 1.1 (1.0, 1.1) 0.007 1.1 (1.0, 1.2)
Creatinine, mg/dl, Median (IQR) 1.1 (0.5, 1.5) 0.9 (0.8, 1.1) 0.136 0.9 (0.8, 1.1)
eGFR, ml/min, Median (IQR) 74.2 (46.3, 91.3) 89.2 (74.5, 99.7) 0.014 86.1 (63.6, 98.3)
60+, ml/min, n(%) 17 (63) 46 (86.8) 0.044 63 (78.8)
31-60, ml/min, n(%) 6 (22.2) 5 (9.4) 11 (13.8)
0-30, ml/min, n(%) 4 (14.8) 2 (3.8) 6 (7.5)

C-reactive protein, mg/l, Median (IQR) 15.0 (6.0, 22.0) 12.0 (5.0, 17.0) 0.085 14.0 (5.5, 19.5)
IL-6, pg/ml, Mean (Range) 781.2 (6,920 – 5,785) 535.1 (4,140 – 11,863) 0.11 617.2 (4,140 – 11,858)
Procalcitonin, ng/ml, Median (IQR) 0.3 (0.2, 1.5) 0.1 (0.1, 0.3) 0.004 0.2 (0.1, 0.4)
D-dimer, ng/ml, Median (IQR) 2,165 (960.0; 4,110) 1,040 (650.0; 1,630) 0.001 1,170 (700.0; 2,120)
0-500 ng/ml, n(%) 1 (3.8) 7 (13.2) 0.007 8 (10.1)
501-4000 ng/ml, n(%) 18 (69.2) 44 (83.0) 62 (78.5)

>4000 ng/ml, n(%) 7 (26.9) 2 (3.8) 9 (11.4)
Haemoglobin, g/l 12.3 (11.2, 14.5) 13.0 (11.6, 14.1) 0.586 12.9 (11.5, 14.1)
Lactate dehydrogenase, U/l 762.0 (547.0; 1,022) 603.0 (508.0, 749.0) 0.044 633.5 (515.5, 825.5)
Ma
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EGF, PDGF-AB/BB, IL-1a, IL-17, IL-18, IFNb, IFNg, and IL-13
were significantly different with both tests, and that Lep-R, IFNb,
IFNg and IL-13 are collected in the group related to interferons
and TH2 regulation which are predictive of life-threatening
COVID-19, we could conclude that the levels of these
molecules are the most important factors, at least in our
cohort, in determining the risk for mechanical ventilation and/
or death in our cohort of patients with COVID-19.
DISCUSSION

Our analysis, based on the fine and simultaneous quantification
of 62 soluble molecules, suggests that besides known risk factors,
Frontiers in Immunology | www.frontiersin.org 5
such as age and comorbidities, altered levels of several cytokines,
chemokines were also independently associated with the risk of
IMV or in-hospital death. A central question in COVID-19 is to
figure out how SARS-CoV-2 elicits heterogeneity in disease
severity and immunopathology. Here, we aimed at deciphering,
at least in part, the prognostic role of several cytokines and
chemokines to predict a clinical outcome. Besides examining the
association with each molecule individually, because of the
relatively small sample size and limited number of participants
with an unfavourable outcome, we also took a more
comprehensive approach by stratifying molecules according to
a pre-specified functional grouping (17).

We found that soluble lep-R was increased in patients who
received mechanical ventilation or died. This receptor has the
FIGURE 1 | Quantification of cytokines and other biomarkers involved in anti-inflammatory responses, apoptosis, B cell regulation, cell metabolism, chemotaxis/
activation/recruitment, cytotoxicity and T cell differentiation, in plasma obtained from controls (n=57) and cases (n=23). Data represent mean and standard deviation
of the mean. Mann-Whitney test was used for statistical analysis.
March 2022 | Volume 13 | Article 842150
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main lectin-binding activity in human blood, forming
complexes with free leptin and preventing its degradation
(19). Although lep-R could represent a potential reservoir of
bioactive lep, it could also suppress leptin action through
inhibition of its binding to the membrane-bound receptor
(19). As a result, a full comprehension of its function in
physiological and pathological is still missing. Lep is secreted
by adipocytes, and acts as a hormone regulating appetite and
energy (20). It shares structural homology with IL-6, IL-11, IL-
12 and oncostatin M, and stimulates the proliferation of several
types of immune cells, including monocytes, natural killer cells
and T helper cells. For these reasons it can be considered a
proinflammatory cytokine (20). Previous reports indicate that
lep dysregulation is linked to cytokine storm in COVID-19,
and that in obese patients with COVID-19 the interplay
between lep and inflammatory cytokines is linked with high
morbidity and mortality (21). Here, we show that lep-R is
elevated in patients who received mechanical ventilation or
Frontiers in Immunology | www.frontiersin.org 6
who died. In this setting, the lep-R could trigger a mechanism
that counteracts inflammation and prevents the proliferation
of inflammatory cells.

Cytokines coordinating TH2 response, including IL-13, were
also modified in patients with clinical deterioration. Previous
reports on immune response to SARS-CoV-2 have shown that T
cell response is greatly diverse, as T cells from COVID-19
patients can secrete TH1 cytokines, including IFN-g and TNF,
TH17 cytokines, including IL-17A, TH2 cytokines, including IL-
4, and others, including IL-2 and CD107a (9, 22). This
heterogeneity makes it demanding to find specific indicators of
disease and to select possible therapies. In this study, we found
that IL-13 is associated with severe outcomes. In line with this,
using a mouse model of COVID-19, it has been shown that IL-13
promotes severe disease, and that this response is likely to be
mediated by the deposition of hyaluronan in lungs (23). TH2
cytokines, in particular IL-4 and IL-13, have also a role in the
differentiation of M2 macrophages, that in turn have a role in the
FIGURE 2 | Quantification of cytokines and other biomarkers involved in growth factors, inflammation, interferons, morphogenesis, TH2 regulation, in plasma
obtained from controls (n=57) and cases (n=23). Data represent mean and standard deviation of the mean. Mann-Whitney test was used for statistical analysis.
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development of pulmonary fibrosis through the secretion of
TGF-b (24). Higher expression of TGF-b, IL-13 and IL-4 has
been described also in post-mortem lung biopsies obtained from
two patients who died for COVID-19 (25). Few data are available
on the quantification of IL-13 in plasma from COVID-19
patients. We found that IL-13 was reduced in plasma from
patients who received mechanical ventilation or who died. IL-
13 positively regulates the profibrotic actions of TGF-b.
Frontiers in Immunology | www.frontiersin.org 7
Unfortunately, in our study we could not measure TGF-b1,
-b2, -b3 due to lack of biological material required to activate
samples for their quantification.

The functional grouping including IFN-g was also associated
with the higher risk of a worse clinical outcome. Type I IFNs
have an important role during viral infections and in the
immunobiology of COVID-19 (26, 27). Indeed, loss-of-function
mutations in genes involved in type I IFNs pathways have been
FIGURE 3 | Plasma level of several cytokines and chemokines stratified controls and cases. Upper panel: principal-component analysis (PCA) analysis of cytokines,
chemokines and other soluble molecules quantified across the cohort. Lower panel: a plot displays the variables as vectors, indicating the direction of each variable to the
overall distribution. The strength of each variable is represented by colors: orange colour represents a strong contribution, light blue colour represents a milder contribution.
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described in a proportion of patients with severe COVID-19 (2).
In addition, autoantibodies with neutralizing capacity against type
I IFNs have been detected in patients with life-threatening
COVID-19 (28). Here, we found that IFN-b and IFN-g were
decreased in COVID-19 patients who underwent mechanical
ventilation or who died when compared to discharged patients.
High levels of IFN-g, which is crucial for T and NK cell activation,
were detected in patients with clinical deterioration. This is in
agreement with previous data showing that higher levels of IFN-g
were related to a poorer prognosis (29).

We observed that chemokines, i.e. crucial biomarkers needed
during immune responses for chemotaxis, activation and
recruitment of immune cells, were altered at hospital
admission in patients who eventually required intubation or
died for the disease. During SARS-CoV-2 infection, the virus life
cycle causes the release of a variety of inflammatory molecules
such as those containing damage associate molecular patterns
(DAMPs) from the host cells. DAMPs include ATP, oligomers
and nucleic acids which induce lung epithelial cells, endothelial
cells and alveolar macrophages to secrete cytokines and
chemokines to recruit monocytes, macrophages and T cells
which in turn release IFN-g and other pro-inflammatory
cytokines that further boost inflammation, so generating an
activatory loop which end up in lung injury (30). Elevated
levels of these molecules in the circulation could be
responsible, at least in part, for multiple organ damage in fatal
COVID-19 (31). Among these chemokines, CXCL10 is of
particular interest because of its high plasma level, even in the
presence of lower IFN-g levels, and for its well-known association
with increased viral load, lung deterioration and a fatal outcome
(32, 33). Our data show that higher levels of CXCL10 are
associated with a 2.2-fold increase risk of unfavourable clinical
outcome in our sample. CXCL10, together with CXCL9 and
CXCL11, is the ligand of CXCR3 receptor (34), whose expression
on immune cells is relevant for homing to the lung (35).
Interestingly, in acute respiratory distress (ARDS) models,
CXCL10 and/or CXCR3 knock-out mice showed decreased
lung injury severity and increased survival in response to both
viral and non-viral lung injury (36). Our analysis also shows that
TABLE 2 | Odds ratio (OR) of invasive mechanical ventilation (IMV)/death from
fitting a logistic regression model - log10 scale analysis.

Biomarker Odds ratio 95% CI p-value

Anti-inflammation
IL-10 1.22 0.38, 3.94 0.744
IL-19 0.64 0.22, 1.85 0.407
IL-1RA 1.73 0.61, 4.93 0.303
IL-6RA 2.26 0.11, 44.51 0.592
Apoptosis
FASL 0.03 0.00, 0.63 0.023
FAS 15.77 1.47, 169.6 0.023
PD-L1 1.68 0.36, 7.87 0.510
B cell regulation
APR 2.03 0.30, 13.54 0.464
BAFF 3.29 0.52, 20.91 0.206
CD40L 0.62 0.19, 2.04 0.430
IL-5 0.02 0.00, 0.38 0.009
TACI 0.68 0.17, 2.78 0.590
Cell metabolism
Lep-R 45.83 2.39, 879.1 0.011
Lep 1.10 0.33, 3.74 0.873
Chemotaxis/activation/recruitment
CCL11 0.10 0.01, 0.84 0.034
CCL19 9.09 1.43, 57.74 0.019
CCL20 17.73 2.48, 126.8 0.004
CCL2 4.69 1.10, 20.07 0.037
CCL3 2.55 0.38, 17.14 0.336
CCL4 0.90 0.08, 9.97 0.930
CCL5 0.43 0.10, 1.76 0.240
CX3CL1 148.0 7.29, 3002 0.001
CXCL10 4.81 1.51, 15.34 0.008
CXCL1 0.09 0.02, 0.41 0.002
CXCL2 0.49 0.11, 2.09 0.334
OPN 30.52 3.89, 239.2 0.001
Cytotoxicity
GRZB 0.70 0.25, 1.97 0.500
TNF 2.50 0.52, 11.98 0.253
TRAIL 0.20 0.05, 0.75 0.017
T cell differentiation
IL-12p70 1.04 0.32, 3.41 0.951
IL-15 3.10 0.75, 12.79 0.118
IL-27 13.07 1.20, 142.8 0.035
IL-2 0.13 0.03, 0.58 0.008
IL-7 1.86 0.45, 7.69 0.390
Growth factors
EGF 0.16 0.04, 0.70 0.015
FGF-basic 2.41 0.81, 7.14 0.113
FLT-3 ligand 0.06 0.01, 0.60 0.017
GM-CSF 5.30 0.94, 29.82 0.058
G-CSF 0.42 0.10, 1.88 0.258
IL-11 1.41 0.40, 4.94 0.594
IL-3 0.75 0.21, 2.69 0.663
PDGF-AA 0.24 0.05, 1.13 0.071
PDGF-AB 0.12 0.02, 0.61 0.010
VEGF 4.79 0.81, 28.26 0.083
Inflammation
IL-17C 1.12 0.30, 4.20 0.869
IL-17E 0.66 0.21, 2.12 0.490
IL-17 0.04 0.00, 0.33 0.003
IL-18 16.28 1.55, 171.4 0.020
IL-1b 0.85 0.20, 3.57 0.825
IL-1a 0.09 0.02, 0.44 0.003
IL-23 0.64 0.08, 4.92 0.670
IL-6 2.08 0.95, 4.54 0.066

(Continued)
TABLE 2 | Continued

Biomarker Odds ratio 95% CI p-value

Interferons
IFNb 0.09 0.01, 0.73 0.025
IFNa 0.62 0.15, 2.60 0.513
IFNg 0.29 0.09, 0.94 0.039
Morphogenetic
BMP-2 1.46 0.27, 7.96 0.664
BMP-4 66.06 1.49, 2920 0.030
BMP-7 2.25 0.67, 7.53 0.189
TGFa 0.24 0.05, 1.28 0.095
TH2 regulation
IL-13 0.04 0.00, 0.36 0.004
IL-33 0.85 0.37, 1.96 0.702
IL-4 0.32 0.08, 1.31 0.114
Ma
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elevated levels of CCL2 were present in patients who underwent
IMV or who died for the disease. This result is consistent with
those of other studies showing increased levels of CCL2 in
patients with COVID-19 pneumonia (9). CCL2 is known for
its ability to regulate the chemotaxis of both myeloid and
lymphoid cells, in physiological and pathological conditions
(37). However, emerging evidences suggest that the functions
of CCL2 could be expanded beyond its original characterization
as a chemoattractant. Indeed, data show that it can drive
leukocyte behavior, influencing adhesion, polarization, effector
molecule secretion, autophagy, killing, and survival. Therefore,
its involvement in COVID-19 deserves further studies and
renders it an interesting therapeutic target (37).

One limitation of our study is the lack of non-COVID-19-
related ARDS disease groups that would facilitate direct
comparison between different infections. However, since few
cases of these diseases have been reported during COVID-19
pandemic, it would be extremely difficult to find a similar
number of patients comparable to that of COVID-19.
Secondly, quantifications were performed at a single time-
point, i.e. at hospital admission, and were not performed over
time, namely during recovery. This could limit interpretations
for clinical implementation. Further, all analyses were
controlled only for age, gender and extent of comorbidities,
so we cannot rule out bias due to other confounding factors. In
any case, to our knowledge, this is one of the first studies in
COVID-19 disease which uses a global, non-parametric
approach to analysis.

In conclusion, we have identified a number of plasma
biomarkers and their combination that change in patients with
clinical deterioration and that, if confirmed in other cohorts, may
help identifying patients with life-threatening COVID-19. It is
now clear that the action of a single mediator of the immune
system (a given cytokine, chemokine, or a soluble factor) is not
sufficient to fully unfold the immunopathogenesis of fatal
COVID-19. In fact, we believe that the interplay of different
components could be of paramount importance for driving the
Frontiers in Immunology | www.frontiersin.org 9
final detrimental effect. However, further studies on larger
groups of patients are needed to better clarify the exact
prognostic value of these biomarkers.
DATA AVAILABILITY STATEMENT

Raw data supporting the conclusions of this article are available
upon request.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Comitato Etico dell’Area Vasta Emilia Nord,
protocol number 177/2020, March 11th, 2020. The patients/
participants provided their written informed consent to
participate in this study.
AUTHOR CONTRIBUTIONS

CM, AC-L, AC: study conception and design. LGi, SBD, AC-L:
data analysis and interpretation; drafting the manuscript. LGo,
MMa, DLT, AP, RB, LF, AN: acquisition of data. MMe, SB, MG,
GG, CM: patients’ recruitment. All authors contributed to the
article and approved the submitted version.
FUNDING

This study was supported by Ministero della Salute, Bando
Ricerca COVID-19 (2020–2021) to AC, grant number:
COVID-2020-12371808. The authors declare that this study
also received funding from Glem Gas SpA (San Cesario, MO,
Italy), Sanfelice 1893 Banca Popolare (San Felice sul Panaro, MO,
Italy), C.O.F.I.M SPA & Gianni Gibellini, Franco Appari,
TABLE 3 | Adjusted O’brien method analysis by groupings.

Group Cases Controls Adj OR (95% CI) p-value$ p-value£

Median (IQR) Median (IQR)

Anti-inflammatory responsea 167 (121, 222) 159 (119, 207) 1.69 (0.50, 5.78) 0.4014 0.2954
Apoptosis responseb 115 (80, 141) 131 (107, 159) 0.51 (0.14, 1.86) 0.3093 0.1475
B-cell regulationc 197 (149, 222) 204 (160, 265) 0.65 (0.19, 2.26) 0.4979 0.4966
Cell Metabolismd 87 (71, 108) 82.5 (56.5, 105) 3.88 (0.97, 15.56) 0.554 0.0265
Chemotaxis/Activation/recruitmente 540 (381, 675) 513 (344, 586) 1.96 (0.55, 7.03) 0.3009 0.1103
Cytotoxicityf 99 (69, 146) 122 (96, 152) 0.66 (0.18, 2.39) 0.5235 0.4338
T-cell differentiationg 201 (167, 259) 187 (138, 254) 1.89 (0.54, 6.69) 0.3222 0.3733
Growth factorsh 411 (259, 467) 421 (317, 521) 0.62 (0.17, 2.27) 0.4686 0.7755
Inflammationi 319 (248, 370) 329 (264, 404) 0.53 (0.13, 2.10) 0.3660 0.4458
Interferonsl 87.5 (55, 140) 130 (99.5, 183) 0.16 (0.03, 0.7) 0.0155 0.0281
Morphogenetic factorsj 156 (138, 213) 164 (126, 183) 3.03 (0.84, 10.97) 0.0913 0.2754
TH2 regulationk 72.5 (50, 150) 127 (85, 197) 0.24 (0.06, 0.96) 0.0439 0.0563
March 202
2 | Volume 13 | Articl
aIL-10, IL-19, IL-1RA, IL-6RA; bFASL, FAS, PD-L1; cAPRIL, BAFF, CD40, IL-5, TACI; dlep, lep-R; eCCL11, CCL19, CCL20, CCL2, CCL3, CCL4, CCL5, CX3CL1, CXCL10, CXCL1,
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