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Abstract: Objective: To describe the capacity of a broad spectrum of cytokines and growth factors to
predict ICU admission and/or death in patients with severe COVID-19. Design: An observational,
analytical, retrospective cohort study with longitudinal follow-up. Setting: Hospital Universitario
Principe de Asturias (HUPA). Participants: 287 patients diagnosed with COVID-19 admitted to our
hospital from 24 March to 8 May 2020, followed until 31 August 2020. Main outcome measures:
Profiles of immune response (IR) mediators were determined using the Luminex Multiplex technique
in hospitalized patients within six days of admission by examining serum levels of 62 soluble
molecules classified into the three groups: adaptive IR-related cytokines (n = 19), innate inflammatory
IR-related cytokines (1 = 27), and growth factors (1 = 16). Results: A statistically robust link with
ICU admission and/or death was detected for increased serum levels of interleukin (IL)-6, IL-15,
soluble (s) RAGE, IP10, MCP3, sIL1RII, IL-8, GCSF and MCSF and IL-10. The greatest prognostic
value was observed for the marker combination IL-10, IL-6 and GCSF. Conclusions: When severe
COVID-19 progresses to ICU admission and/or death there is a marked increase in serum levels of
several cytokines and chemokines, mainly related to the patient’s inflammatory IR. Serum levels of
IL-10, IL-6 and GCSF were most prognostic of the outcome measure.
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1. Introduction

SARS-CoV-2 is a complex pathogen with a high rate of infectivity and transmissi-
bility [1,2]. Respiratory droplets are the most common form of dissemination, although
aerosols and the fecal-oral route are also possible modes of transmission [3]. Via recogni-
tion of the angiotensin-converting enzyme 2 receptor (ACE-2) by the viral spike (S) protein,
SARS-CoV-2 enters the cell, where it replicates its own genome and assembles new viruses
which spread throughout the body [4]. Interestingly, ACE-2 is widely expressed in a wide
variety of tissues, and therefore SARS-CoV-2 is able to infect almost any type of cell [5].
Nonetheless, the lungs are the hardest-hit organ, particularly type 2 alveolar epithelial
cells [6]. Immune cells are central players in COVID-19.

An adequate innate and adaptive immune response (IR) is essential to limit the spread
of the virus and the damage it causes [7]. Innate immunity is an individual’s first line of
defense, and its main components are myelomonocyte cells, natural killer (NK) cells, neu-
trophils and eosinophils. These cells recognize SARS-CoV-2 pathogen-associated molecular
patterns (PAMPs) through their Toll-like receptors (TLR), inducing an adequate effec-
tor response involving the secretion of different soluble mediators including interferons
(IFN), interleukins, chemokines and growth factors [8]. Adaptive immunity is mediated
a few days post infection by T lymphocytes, including helper (Th), T regulatory (Treg),
T cytotoxic (Tc) subsets and B cells, orchestrating a specific targeted effector response
against SARS-CoV-2 [9]. This lymphocyte activation is also followed by the secretion of
cytokines, chemokines and growth factors. The immune system response to SARS-CoV-2
infection is a complex balance between an efficient effector response and the induction
of a bystander uncontrolled local systemic inflammation causing tissue damage [10]. In
severe cases of COVID-19, an abnormal IR may lead to a hyperinflammatory state whereby
intense cytokine production is triggered, known as a “cytokine storm”, with severe clinical
implications for the patient [11-13]. This impaired immune system control and dysreg-
ulated cytokine production is crucial to fully understanding the pathogenesis of severe
COVID-19 [14].

In this context, several studies have shown the value of cytokine profiles as predic-
tors of COVID-19 severity. So far, modified levels of classic pro-inflammatory cytokines
such as interleukin (IL)-6 and tumor necrosis factor-oc (TNF-c), as well as of typical anti-
inflammatory cytokines such as tumor growth factor 3 (TGF- ) or IL-10, have been
associated with an increased disease severity and risk of mortality [15-17]. Furthermore,
abnormally increased levels of other soluble inflammatory molecules such as chemokines
and growth factors, and of endothelial- and platelet secreted molecules and neuron specific
enolase, have been also described in patients with severe COVID-19 [18]. Nevertheless,
we still lack a comprehensive analysis of a wide spectrum of IR mediators. The complex
regulation of production, multicellular origin and interplay between cytokines and other
signaling molecules supports the simultaneous study of these molecules to establish which
ones play the most important role in COVID-19 progression. In parallel, an imbalance
among immune cell populations has been shown to contribute to the pathogenesis of
COVID-19 [16]. Accordingly, we have described that a reduced lymphocyte/leukocyte
ratio together with an elevated total leukocyte count is an important marker of COVID-
19-related mortality [19]. Other authors have also highlighted the clinical relevance of
lymphopenia leading to defective antiviral and regulatory immunity, accompanied by
sustained elevation of cytokine-producer cells [20,21].

The aim of our study was to examine the role of a broad spectrum of immune-
inflammatory soluble molecules, including cytokines, chemokines, growth factors and
vascular inflammatory mediators, as predictive and prognostic markers of COVID-19
outcome to assess their potential implications for case fatality in hospitalized patients.
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2. Patients and Methods
2.1. Study Population and Definitions

This study was designed as an observational, analytical, retrospective cohort study
with longitudinal follow-up. The study population consisted of 287 patients diagnosed
with COVID-19 according to the criteria established by the WHO, based on the results of
a real-time reverse transcription polymerase chain reaction (RT-qPCR) test on a nasopha-
ryngeal sample. For each participant, consecutive blood samples were submitted to the
Biochemistry Service of the Hospital Universitario Principe de Asturias from 24 March
to 8 May 2020 and patients were followed until 31 August 2020 [22]. Inclusion criteria
for patients admitted to the Hospital Universitario Principe de Asturias (HUPA) were (1)
respiratory rate > 30 breaths/min, (2) SpO2 < 94% while breathing ambient air, and (3)
opacities detected in a chest X-ray as defined by the Diagnosis and Treatment Protocol for
Novel Coronavirus Pneumonia (6th interim edition) [23]. We obtained demographic data
and information concerning comorbidities from electronic health records.

Standard treatment (ST) and clinical management was carried out according to es-
tablished protocols (Supplementary Material File SI). On admission, patients received
oxygen support through a low-flow nasal cannula to maintain SpO2 > 90%. Patients with
increased oxygen needs were switched to a high-flow oxygen mask (Venturi mask up to
50% FiO2). Mechanical ventilation (MV) was provided only to patients admitted to the ICU.
In addition, blood samples were collected within the first six days of hospital admission.
The target of our analysis was defined as ICU admission and/or Exitus (ICU/Exitus). A
total of 337 blood samples were collected, of which 103 were obtained on the first day;,
55 the second, 52 the third, 52 the fourth, 53 the fifth, and 22 the sixth. In 247 patients,
only one blood sample was collected. In the 40 patients in whom two or more samples
were obtained, only the first sample was considered. Serum from 14 age-matched healthy
individuals was used to set up controls (denoted HC).

2.2. Determination of Immune Response Mediators

We determined serum levels of IL22, soluble (s) sCD40 ligand (L), IL17EIL25, sCD30,
sgp130, IFNa2, IL13, IL9, TNFb, IL5, IL4, IL17A, sIL4R, IL17F, IL10, sIL1RI, IFNg, TGFa,
sIL2Ra, IL3, PDGFABBB, PDGFAA, sVEGFR1, FGF2, FLT3L, sVEGFR2, sVEGFR3, GM-
CSF, VEGFA, 112, EGF, GCSF, IL7, MCSF, MDC, IL12p70, IL18, FRACTALKINE, IL27,
IL12p40, MIP1a, MIP1bota, IL1b sIL6R, TNFa, sRAGE IL1RII, IP10, IL1a, MCP1, IL6,
IL1RA, RANTES, IL15, sTNFRI, sTNFRII, MIG, and IL8. These soluble molecules were clas-
sified into three groups determined by their main biological activity as innate inflammatory
and adaptive IR cytokines and growth factors, as shown in Supplementary Material File
SII. For this purpose, aliquots of serum were obtained from peripheral blood in a dry tube
by centrifugation at 2000 rpm for 20 min and kept at —80 °C until analysis.

Multiplex assays were performed using the Luminex® technique with a high sensitiv-
ity kit (Milliplex MAP kit) from Merck laboratory (Darmstadt, Germany). For cytokines,
microspheres were used, each one excited by red (635 nm) and green (525 nm) LEDs and
classified according to the different amounts of fluorescence emission depending on the
analyte to be studied. Plates (96-well) were incubated for 16-18 h with the antigen for
binding to the capture antibody of each microsphere. After incubation, the biotinylated
detection antibody for each cytokine was added. Finally, a streptavidin-phycoerythrin
complex (Strep-PE) was added to bind the detection antibody. The plate was read on a
MAGpix system (Merck).

Using the standard curve, the Merck analysis program (Analyst) calculated the con-
centration of each cytokine of interest using the mean fluorescence intensity (MFI). For
each cytokine analyzed according to the protocol, detection limits were established.
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2.3. Statistical Analysis

To assess the effect of the secretion of signaling molecules on the risk of a fatal outcome
(ICU/Exitus) of COVID-19 at the time of hospital admission, we designed a four-step
empirical strategy.

First, we performed a one-on-one analysis to assess the impacts of each standalone
marker. Percentage expression and the level of each mediator were compared with HC. In
a COVID-19 patient, an elevated level of a given molecule was defined as at least twice
the average level for the group. To predict ICU/Exitus, we calculated the odds ratio for
each molecule among patients in whom the molecule was elevated versus in the rest of the
patients.

Secondly, we tested the extent to which factors such as gender, age, medical records,
comorbidities, oxygen saturation, and other soluble molecules emerged as significant in
a univariate analysis for their inclusion in a multivariate analysis. To this end, we built
4495 logistic regression models, using as explanatory variables a risk score model based on
electronic health records [16] and all the possible combinations of three mediators out of
the selected molecules. Each selected molecule was thus used as an explanatory variable
in 465 models, and combined with the risk score and two other molecules, which were
different in every model. We constructed Bayesian logistic models, whereby no fixed
distribution was assumed on the parameters, using the brms package available in R and
with no priors to avoid introducing any bias. For each model, we assessed individual
contributions in terms of AUCs of the cytokines, and ranked the most relevant based on
their average AUC contribution. To avoid multi-collinearity problems, we analyzed the
crossed correlation of the molecule and estimated the variation inflation factor (VIF).

In the third step, we built a final model with the molecules that had more predictive
and were statistically robust for the inclusion of other molecules and medical record
data, and estimated the relative importance of these molecules in the final model using
SHAP (SHapley Additive ExPlanation) values [24,25]. Three models were prepared using
Bayesian GLM estimates. In the first model, the best contributor of each group—that is,
for each type of molecule, the one showing a higher individual AUC contribution based
on the multivariate analysis—was selected according to biological functional activity. In
the second model, for each patient we selected the molecules in each group that showed
the largest deviation versus levels in healthy volunteers. Hence, the model tested whether,
within a group of molecules, the most predictive factor was that showing the maximum
relative secretion out of any of the mediators belonging to that group. The third model
estimated the average deviation from HC levels of each group. This model tested whether
the most important predictor was not a given cytokine or growth factor (as in the best
model contributor), or the largest deviation with respect to healthy volunteers (as in the
largest deviation model), but the average response of the patient.

Finally, as a robustness check, we repeated all analyses using only data derived from
blood samples taken within the first three days of admission. This way, we could confirm
that a time span of six days, which allowed for a larger sample size, did not compromise
the results. The statistical treatment of data through univariate and multivariate analysis is
described in Supplementary Material File SIII.

2.4. Ethics and Approval

This study was conducted according to basic principles of ethics (autonomy, harm
avoidance, benefit, and distributive justice). The protocol was in line with the standards of
Good Clinical Practice and the principles of the last Declaration of Helsinki (2013) and the
Oviedo Convention (1997). Ethics committee approval was obtained from the University
Hospital Principe de Asturias (HUPA-04062020).
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3. Results
3.1. Clinical Characteristics of the Patient Population

Table 1 shows the demographic and clinical characteristics of the 287 COVID-19
patients included in this study. Of these, 62 patients (22.2% of the total group) were
admitted to the ICU, and 37 (12.9%) died. There were no significant differences in the age
and sex of patients with severe COVID-19 who progressed to ICU/Exitus and those who
did not. In the ICU/Exitus group, there were significantly higher percentages of patients
with the comorbidities cor pulmonale, hypothyroidism, obesity, acute and chronic renal
failure and dementia. Significant differences were also detected in Charlson and Elixhauser
indices between both groups of patients (Charlson: 0.02228 and Elixhauser: 0.01412). Blood
oxygen saturation levels were also significantly worse in the ICU/Exitus group.

Table 1. Description of the COVID-19 patients included in the study. Demographic and clinical characteristics (mean and
standard deviation) of the patients who survived and were not admitted to the ICU and those who were admitted to the
ICU and/or died are shown.

No ICU/Exitus ICU/Exitus Val
(n = 225) (= 62) p-vatue
Age (years), mean (SD) 63.8 (12.2) 64.3 (13.7) 0.816
Gender, female/male 35%/65% 35%/65% 1

Oxygen saturation on hospital admission <0.001

Extremely low (<80%) 1% 32%

Low (80-89%) 12% 27%

Medium (90-94%) 62% 37%

Normal (>94%) 25% 3%
Charlson Index 0.8 (1.1) 1.3(1.4) 0.022
Elixhauser Index 2(1.9) 2.8(2.1) 0.014
Hypertension 45.3% 38.7% 0.176
Metabolic-endocrine diseases 30.2% 37.1% 0.152
° Diabetes 21.8% 29.0% 0.116
. Hypothyroidism 6.7% 0.0% 0.018
. Obesity 8.9% 16.1% 0.049
Heart diseases 13.3% 35.5% <0.001
° Cor pulmonale 6.7% 24.2% <0.001
° Ischemic heart disease 5.8% 6.5% 0.421
° Congestive heart failure 4.4% 8.1% 0.128
Respiratory diseases 14.7% 14.5% 0.488
. Asthma 8.0% 6.5% 0.342
e  COPD (chronic obstructive pulmonary disease) 6.2% 8.1% 0.303
. Other 2.2% 1.6% 0.383
Kidney diseases 9.3% 30.6% <0.001
. Acute kidney failure 6.2% 27.4% <0.001
e  Chronic kidney disease 4.9% 9.7% 0.079
Autoimmune and rheumatic diseases 8.4% 9.7% 0.380
. Rheumatoid arthritis 1.3% 3.2% 0.157
° Spondyloarthritis 1.3% 1.6% 0.434
° Psoriasis 1.3% 0.0% 0.180
° Vasculitis 4.4% 6.5% 0.258
Hematologic malignancies 2.2% 1.6% 0.383
° Leukemia 0.4% 1.6% 0.165
. Lymphoma 0.9% 0.0% 0.228
° Multiple myeloma 0.9% 0.0% 0.228
Solid tumors 1.3% 1.6% 0.434
. Bowel cancer 0.4% 1.6% 0.164
. Breast cancer 0.0% 0.0% 0.500
° Lung cancer 0.9% 0.0% 0.228

Others

Urinary tract infection (UTI) 3.1% 4.8% 0.256
Dementia 0.9% 4.8% 0.018

Ulcerative colitis 0.4% 0.0% 0.299
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3.2. Severe COVID-19 Causes Dysregulation of Innate Inflammatory and Adaptive IR Cytokines
and Growth Factors

First, we measured serum cytokine and growth factor levels in the severe COVID-19
patients and HC (Supplementary Material File SIV). Out of the 19 adaptive IR-related
cytokines quantified, 15 were detected at elevated levels in more than 90% of the patients.
Elevated serum levels of 1122, sCD30, IL10, IL17 F and sIL1R1 were found in 47%, 61.7%,
89.9% and 14.3%, respectively. High levels of 25 innate inflammatory IR-related cytokines
were also detected in more than 90% of the severe COVID-19 patients, but those of IL12p70
and sRAGE were found in 78% and 88.5% of the patients, respectively. Eleven of the sixteen
growth factors measured were detected at elevated levels in more than 90% of patients. IL3,
sVEGFR1, GMCSF, IL2 and GCSF were detected at elevated levels in 20.2%, 39%, 18.5%,
86.4% and 85%, respectively.

Next, we compared serum levels of the markers in the COVID-19 patients and HC. As
shown in Figure 1A, significantly higher levels of the adaptive IR cytokines IL17F, IL10,
IFNg, TGFa, sIL2Ra, TNFb, IL4, IL17A, IL5, sILR, IL9 (all p < 0.01) and IL13 (p < 0.05) were
detected in the patients than in healthy controls. Similarly, levels of innate IR cytokines
(IL6, IP10, IL8, IL1IRA, MIG, IL1a, GROa, sRAGE, STNEFRI, IL15, MCP1, sTNFRII, IL1b,
TNFa, sIL1RI, sIL1RII, RANTES, MCP3, EOTAXIN, IL12p40, sIL6R, MIC1b and MICla)
were significantly higher (p < 0.01) in the patients than in controls (Figure 1B) and those of
the molecules GMCSFE, GCSE, MSCEF, IL2, IL7, sVEGFR1, EGF, VEGFA, sVEGFR3, FLT3L,
PDGFAA, FGF2, sVEGFR2 (all p < 0.01) and PDGFABBB and sEGFR (both p < 0.05) were
also significantly higher in the COVID-19 patients.

Adaptive inflammatory, Serum concentration COVID-19:HC ratio
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Figure 1. Serum levels of cytokines and growth factors in COVID-19 patients and HC. Y axes indicate
the ratios of concentrations of each cytokine in the COVID-19 patients to those in HC. Ratios for
adaptive IR-related cytokines (A), innate inflammatory-related IR cytokines (B) and growth factors
(C). The vertical bars represent the mean of the COVID-19:HC ratios for the indicated molecule.
The intensity of color denotes significant differences between serum levels of each cytokine in the
COVID-19 patients and HC.
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3.3. Serum Cytokine/Growth Factor Levels Are Robust Predictors of ICU Admission and/or Death
in Hospitalized COVID-19 Patients

We then went on to explore the predictive value of serum marker levels for the ICU/Exitus
outcome of the COVID-19 patients. We centered our analysis on the 52 molecules whose serum
levels were found to vary significantly between the COVID-19 patients and HC. As shown in
Figure 2, the odds ratio for ICU/exitus of 39 out of the 52 molecules was significant and the
odds ratio of 35 of them was higher than two. Interestingly, IL10, GCSF, IL6, IL15, MCP3,
sIL1RII, MCSF and IL10 returned the higher odds ratios (9.9, 8.9, 8, 6.7,5.9,5.4, 5.3 and 5,
respectively).

It is important to highlight that these results are robust at restricting the target outcome
only to “Exitus”. Specifically, the significance of only six (IL17F, TGFa, SEGFR, sVEGFR3,
IL4 and MIP1B) out of the 52 molecules changed when considering “Exitus” as the target
(four were significant for the target outcome ICU/Exitus and not for Exitus, and two were
significant for Exitus and not ICU/Exitus) (Supplementary Material File SV).
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Figure 2. Odds ratios for ICU/Exitus of serum levels of adaptive IR-related cytokines (A), innate
inflammatory IR-related cytokines (B) and growth factors (C) in COVID-19 patients. Y axes show
the odds ratio of increased concentrations of each marker for ICU/Exitus. The intensity of the color
grades the level of the significance of the odds ratio.
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3.4. A Subset of Mediators Predicts the Progression of Severe COVID-19 to ICU Admission
and/or Death

According to our univariate analysis, the concentrations of 39 molecules varied be-
tween patients progressing to ICU/Exitus and the rest of the patients.

Molecules could then be ranked according to their capacity and significance of this
capacity to predict progression to ICU/Exitus of COVID-19 patients. To avoid multi-
collinearity problems, we analyzed crossed correlation of serum concentrations of the
39 markers. It emerged that the behavior of 11 markers showed at least 85% correlation
with that of another one. These molecules were classified based on these correlations
among pairs into three groups (>95%, <95%, >85%, respectively): TNFb, IL13, IL4 and
TNFa; IL1b, FGF2, IL1a, IL17A, and IL15; and STNFRI and STNFRIIL. We then examined the
predictive value for ICU/Exitus of serum levels of these molecules in addition to patient
age, gender, comorbidities and oxygen saturation [24] (Supplementary Material File SVI).
For each of these groups, only the molecules with the higher individual AUCs were chosen,
namely, TNFa, IL15 and STNFRII. This provided a final set of 31 molecules.

Next, 4495 different Bayesian GLM models of all possible combinations of 3 molecules
of the 31 selected were constructed. We estimated AUC gain of the prognostic value of
each set of molecules over that calculated with the clinical score described previously.
Therefore, each molecule was used in 465 models (Table 2). Furthermore, for each molecule,
we calculated the percentage of combinations that resulted in a significantly increased
prognostic value of the clinical score and average AUC gained.

Our criterion for the final selection of variables was all those molecules that featured
a significance of more than 95% in the models as well as an average AUC gain over two
points. As can be seen in Table 2, 10 molecules fulfilled these criteria. Those 10 molecules
were considered the most robust across all models and were selected for the final model.

It is important to note that for this selection, multi-collinearity between serum cytokine
levels was not a problem. The average VIF was 1.1 and the maximum was 2.3.

Table 2. Multivariate analysis of the 4495 combinations of 31 regulatory molecules used to predict ICU
admission/Exitus in COVID-19 patients. For each molecule, the percentage of models in which the
given molecule was significant (at 10%) and the average AUC contribution to ICU/Exitus prognosis
calculated according to the clinical score are indicated. Also indicated are the selected molecules for
the final prognostic score.

Group Soluble M.od?l.s with Averagie AUC II}clusion in
Molecule Significance Gain Final Model
IL10 98.2% 2.0% YES
Adaptive IFNg 69.0% 1.3% NO
immune response sIL2Ra 40.0% 0.5% NO
sILAR 12.9% 0.2% NO
IL9 0.2% 0.0% NO
GCSF 100.0% 4.3% YES
MCSF 96.3% 2.7% YES
IL3 72.6% 1.1% NO
IL2 86.9% 1.0% NO
Growth factors sEGFR 56.6% 0.7% NO
GMCSF 37.2% 0.3% NO
FLT3L 15.2% 0.1% NO
L7 0.0% 0.0% NO

sVEGFR3 0.0% 0.0% NO
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Table 2. Cont.

Group 1\?[oluble M’od?l's with Averag«? AUC Ix:aclusion in
olecule Significance Gain Final Model

IL6 100.0% 3.5% YES

IL15 100.0% 3.5% YES

sRAGE 100.0% 3.4% YES

IP10 99.8% 3.2% YES

MCP3 98.4% 2.9% YES

sIL1RII 100.0% 2.4% YES

IL8 97.5% 2.0% YES

Innate/inflammatory MCP1 80.5% 1.9% NO

Immune response TNFa 77.2% 1.8% NO

sTNFRII 77.0% 1.5% NO

MIG 63.0% 1.1% NO

ILIRA 70.1% 0.8% NO

MIPla 29.7% 0.3% NO

sIL6R 4.8% 0.1% NO

MIP1b 0.7% 0.0% NO

IL.27 0.7% 0.0% NO

EOTAXIN 0.2% 0.0% NO

3.5. Innate-Inflammatory IR-Related Cytokines and Growth Factors Play an Important Prognostic
Role in Patients with Severe COVID-19

Finally, after checking the robustness of 10 molecules adjusted for other effects, a
final model was built to assess the relative contribution of each molecule and their com-
binations to the prognosis of severe COVID-19. Three models based on GLM estimates
are presented here (Figure 3). The first model provided the best contributor of the three
groups of molecules (innate inflammatory IR cytokines, adaptive IR cytokines and growth
factors); that is, the molecules showing a higher individual AUC contribution based on
the multivariate analysis (Table 2). The figure shows that the best contributors were IL10,
GCSF and IL6. In this model, including serum levels of these three molecules increased
the AUC by 7.1 to give a prognostic value of 88.23 for ICU/Exitus versus the clinical score.
Remarkably, according to SHAP values, these three molecules accounted for more than
50% of the model. We should also highlight that if the best contributors were not restricted
to the top molecule in each group, such that the top three molecules combined yielding the
highest AUC were considered, IL10 would be replaced with sIL1RII and the AUC would
change from 88.2 to 89.8.

The second model consisted of identifying for each patient the signaling molecule
in each group that showed the greatest deviation versus HC. Hence, the model tested
whether, within a group of molecules, the most predictive factor was the maximum relative
serum level of any of those belonging to the group. In this model, we also observed that the
individualized selection of three molecules according to the indicated criterion increased
the AUC by 7.75 to attain a value of 88.88 as the prognostic value for ICU/Exitus. In each
patient, the relative contribution of the best innate inflammatory IR cytokines (IL6, IL15,
sRAGE, IP10, MCP3, sIL1RII and IL8) to the model was 33%.
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Best contributor model Largest deviation model Average deviation model

. 41.6%
46.1% 48.9%
9.2%
AUC 88.23 88.88 89.92
AUC gain vs Clinical Score 7.10 7.75 8.79
Clinical score Adaptive inflammatory . Innate inflammatory . Growth Factor

Figure 3. Contributions of the selected molecules to the final models of prediction of ICU admission and/or death in
COVID-19 patients. In addition to the different combinations of molecules included in the three models, the AUC of
the prognostic value of clinical score (age, sex, comorbidities and blood oxygen saturation) was calculated. Percentages

represent the relative importance of the four different components of variables in each model estimated using SHAP values.

The third model estimated the average deviation from HC of serum levels of each
group of molecules. Hence, it did not test whether the most important predictor was
a given molecule (as did the best contributor model) or those that showed the largest
deviations; rather, it tested the average response. Average deviation was weighted by the
individual AUC contribution, as may be found in Table 2. By including the median of
the variation shown by the molecules in each group, the AUC was enhanced by 8.79. The
relative prognostic capacity of the innate inflammatory IR cytokines was also the highest
in this model.

The robustness of the predictive power of quantification of the selected molecules
was also observed using the oxygen saturation parameters of the patients obtained in
the 24 h period that included the time of blood withdrawal (Supplementary Material File
SVI). Figure 3 illustrates the relative importance estimated using SHAP values of each
group of molecules in the three models. As a final robustness check, we determined the
extent to which our results would be robust to a modification in the time of blood sample
collection, by constraining this interval to only the first three days of admission. This
reduced the sample size from 287 patients to 195. Nine signaling molecules were found
to show significant predictive power. These were the same as for the unrestricted sample,
with the exception that IL8 and SILR1II were replaced by IL3. The AUCs and relative
contributions of the different groups in the models were in line with our previous results
(see Supplementary Material File SVII).

4. Discussion

More than a year after the SARS-CoV-2 pandemic was declared, the best individual
treatment for SARS-CoV-2 remains elusive and while the number of vaccinated people
is growing daily, it is difficult to predict when the pandemic will end [26]. The medical
management and treatment of severe COVID-19 demands knowledge of its prognosis in
an individual patient. Further, the anxiety and discomfort generated by the unpredictable
course of severe COVID-19 mandates that potential biomarkers of the disease need to be
established.

The immune system plays a critical role in the pathogenesis of SARS-CoV-2 infection.
Hence, targeting the immune system and the dysregulation of its major components is a
good strategy to discover potential therapies for severe cases of COVID-19 [27]. Several
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studies have shown the clinical relevance of patient profiling to predict the outcome
of COVID-19 [28-30] and to distinguish SARS-CoV-2 infection from other respiratory
conditions [31]. In this work, we explored the predictive value for the risk of fatality in
patients with severe COVID-19 of a comprehensive number of immune-inflammatory
soluble signaling molecules measured within the first six days of hospitalization. We found
that increased serum levels of IL10, a key regulatory cytokine of the immune response, the
growth factors GCSF and MCSF, and the innate inflammatory IR mediators IL-6, IL-15,
sRAGE, IP10, and MCP3 showed strong prognostic capacity for the progression of severe
COVID-19 to ICU admission and/or death. Our results are consistent with the findings of
another study in which important alterations in innate and adaptive IR cytokines, as well
as growth factors, were associated with COVID-19 severity [32].

Our study highlights the link between increased levels of signaling molecules of
the innate inflammatory system and a poor clinical course of COVID-19. Among these
molecules, IL-6 and IL-15 were the major contributors to the fatality risk in patients with
severe COVID-19. The cytokines IL-6 and IL-15 are secreted by different cells of the immune
system, mainly by those involved in the innate immune response but also by epithelial
and mesenchymal cells. IL6 is a critical proinflammatory cytokine. IL6 and IL15 have
regulatory effects on innate and adaptive responses and also mediate hematopoiesis [33,34].
Interestingly, elevated IL15 levels have been associated with dysfunction of IR phagocytic
cells and an ineffective response to viral infections. IL15 has been also associated with
the induction of IR. Reports exist of IL-6 and IL-15 upregulation in patients with severe
presentations of COVID-19 [35]. Moreover, other authors have reported a direct correlation
between IL-6 levels and inflammasome hyperactivation, typically occurring in severe cases
of COVID-19 [36]. We were able to relate higher levels of IL-8 to COVID-19 fatality, but with
limited prognostic value, therefore not supporting the proposed role of IL-8 as a potential
biomarker of prognosis in COVID-19 patients [15,37,38]. The link between elevated levels
of molecules of the innate inflammatory response and a worse course of severe COVID-19
was also supported by the prognostic value of the chemokines IP10, MCP3 and sRAGE,
and the cytokine receptor sIL1RIIL These results expand the observation that sSRAGE may
be involved in worsening of asymptomatic COVID-19 and IP10 and MCP3 in symptomatic
expression of the disease [39,40]. In the case of sIL1RII, there were no reported alterations,
although blocking the binding of this receptor to its ligand IL-1 seems a potential target
to prevent COVID-19's complications [41]. The prognostic value of IL-6, IL-15, SRAGE,
IP10, and MCP3 to predict a poor COVID-19 outcome is consistent with the observation
of an exacerbated innate inflammatory response in patients with severe disease [42]. The
relevance of the innate inflammatory response is effectively supported by the confirmation
that IL6 and IL10 are the two cytokines with the highest capacity to predict a fatal course
of severe COVID-19.

We detected elevated levels of IL-10 in our group of patients with severe COVID-
19. IL-10 is a key regulatory cytokine of innate inflammatory and adaptive immune
responses produced by different lymphocyte populations. Tregs are a critical source of
this cytokine [43]. IL10 has suppressor regulatory effects upon effector immune system
cells but may also adversely regulate pro-inflammatory cytokines [44,45]. IL-10 may play
a role in COVID-19 disease progression because of its behavior as an immune activat-
ing/proinflammatory agent. This cytokine stimulates the production of other mediators of
the cytokine storm and simultaneously targets cellular exhaustion, possibly affecting virus
tolerance, leaving cells in a refractory state with no response to virus stimulation. Our
results are consistent with those of studies that have compared groups of patients with mild
and severe COVID-19. In such studies, positive correlation has been observed between
IL-6 and IL-10 levels and disease progression and severity [46]. Some investigations have
detected much higher IL-6 and IL-10 levels in patients with critical COVID-19 than in those
with severe COVID-19 [17]. In critical COVID-19 patients, a rise in serum IL10 levels occurs
subsequently to elevated levels of innate inflammatory molecules IL-1f3, IL-6, IL-8, and
sTNFR1 during the course of the infection [47]. It should be noted that studies have specif-
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ically mentioned the role that IL-8 has in normal and pathological conditions in human
bronchial epithelial cells, and therefore its possible potential role in infectious pathologies
such as COVID-19 [48-50]. Our data revealed increased IL10 levels in severe COVID-19
and even higher levels in patients showing an unfavorable disease course. Furthermore,
data comparing stable and ICU patients indicated lower IL-10 concentrations in the former,
revealing that while other cytokines involved in innate immunity, such as IL-13, IL-6, IL-8,
and sTNFR1, show high secretion levels in all COVID-19 patients, IL-10 levels are signifi-
cantly higher in critical patients. It has also been reported that IL-10 and other molecules
combined (IL-1RA and CCLS5) are especially helpful as prognostic biomarkers [51]. Al-
though the main role of IL-10 is its anti-inflammatory role in the lung, its higher production
by Tregs has been correlated with a harsher COVID-19 phenotype [52] and poorer out-
comes, making this cytokine an interesting target for more accurate immunotherapy [53].
There is also evidence that IL-10 elevation is a consequence of a severe proinflammatory
setting [54]. As a result, some authors advocate the IL-6:IL-10 ratio for a rapid diagnosis
and to drive clinical management [55]. For example, this ratio may be used as a basis for
the decision to withdraw mechanical ventilation and initiate a different regimen of clinical
care [56]. Liu et al. [57] observed that both IL-6 and IL-10 levels were significantly increased
in patients with critical COVID-19 compared to those with moderate or severe disease.
Nevertheless, it is not clear if overactivation or suppression of IL-10 could improve clinical
severe manifestations of COVID-19; more knowledge related to this topic is needed [58].
Additionally, each patient must be treated individually for their particular symptoms. This
issue is particularly relevant now that it is known that pleiotropic IL-10 is subjected to
multiple polymorphisms that may determine a predisposition for several chronic diseases
such as asthma, rheumatoid arthritis or inflammatory bowel disease [59].

Increased serum levels of GCSF and MCSF were here related to the risk of ICU
admission or death in our severe COVID-19 patients. GCSF is a key regulator of neutrophil
production and activity, also influencing T cell function and dendritic cell activation [60].
Neutrophils are important players in the IR, performing phagocytic functions against
SARS-CoV-2. However, neutrophils are also responsible for the production of neutrophil
extracellular traps (NETs), which have been associated with coagulation disorders occurring
in patients with severe COVID-19 [61]. The increase in GCSF produced may be related
to an enhanced inflammatory response and particularly to neutrophil production and
function, which may be associated with the pathophysiological complications of SARS-
CoV-2 infection. In contrast, MCSF is a central cytokine of the macrophage-mediated
immune response [62]. As with neutrophils, macrophage hyperactivation is essential to
explain the pathological inflammation that occurs in COVID-19 [63]. Thus, studies have
shown significant alterations in both GCSF and MCSF related to COVID-19 severity [47],
supporting the important role of these two factors in the immune response against SARS-
CoV-2.

The average age of the present patients was 63.9 years and 65% were male. Some
age-related events such as inflamm-aging may play a central role in the appearance of
cytokine storms [64]. In addition, studies have shown a greater severity of COVID-19 in
men than women [65] and both sexes have also been reported to show a different profile of
inflammatory system components [66,67]. As future work, we propose analyzing cytokines
that are only affected in women with severe COVID-19 to establish a proper inflammatory
profile in this patient subset and determine the role of MMPs.

Our findings indicated that patients with severe COVID-19 who progress to ICU
admission and/or death are characterized by a markedly disturbed IR, mainly involving
elevated serum levels of IL6, IL15, sIL1RII, sSRAGE, IP10 and MCP3 in the first week of
hospitalization. This overstimulated IR was already observed within the first three days of
admission. Furthermore, the immune dysregulation observed in severe COVID-19 patients
with a poor prognosis was also associated with increased GCSF and MCSF levels, which
are essential growth factors for IR cells. In contrast, increased serum levels of cytokines
of the adaptive IR do not seem to be of prognostic value for severe COVID-19 patients.
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An exception is IL10, which can be considered a bridge between the innate and adaptive
IR. Accordingly, the innate IR seems to play a critical role in the pathogenesis of severe
COVID-19 progression to ICU admission and/or death.

5. Conclusions

The results of our study indicated that serum levels of the molecules IL6, sIL1RII and
GCSF are of high prognostic value for severe COVID-19 in the first week of hospitalization.
Our model defined and predicted the immune response of a given patient to COVID-
19. This type of model pursues a personalized and effective management approach to
COVID-19 in this time of the pandemic.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9111675/s1, Supplementary Material File SI-SVII.

Author Contributions: ]. M. and A.A. (Angel Asunsolo) contributed equally to this work and are
joint first authors. D.B. and M.A.-M. contributed equally to this work and are joint last authors.
J.M., A.A. (Angel Asunsolo) and M.A.-M. conceived and designed the study. ].M., A.A. (Angel
Asunsolo), A.G.-L.,, M.A.O., J]M.G,, 0G,, J.E-P, EAM.-E, M.T.R., A.A. (Alberto Arranz), J.S., B.M.,
J.A-S.,,JMR.,, CM.-A,, D.B,, M.A.-M. collected, analyzed, and interpreted data. ].M., A.A. (Angel
Asunsolo), A.G.-L., M.A.O.,]JM.G., 0.G., ] E-P, EAM.-E, M.T.R., CM.-A., D.B,, M.A.-M. drafted the
manuscript. J.M., A.A. (Angel Asunsolo), A.G.-L., M.A.O., JM.G., 0.G., ].E-P, EAM.-E, M.TR,, A.A.
(Alberto Arranz), J.S., BM., J.A.-S.,JM.R,, CM.-A., D.B., M.A.-M. critically revised the manuscript
for important intellectual content. J.M., A.A. (Angel Asunsolo), 0.G, J.E-P.,, EAM.-E, M.A.-M.
performed the statistical analysis. The corresponding author attests that all listed authors meet
authorship criteria and that no others meeting the criteria have been omitted. J.S. and M.A.-M. are
the guarantors. All authors have read and agreed to the published version of the manuscript.

Funding: This research was coordinated by ProA Capital and Startlite Foundation, Programa de
Actividades de I+D de la Comunidad de Madrid en Biomedicina (B2020/MITICAD-CM).

Institutional Review Board Statement: Ethics committee approval was obtained from the University
Hospital Principe de Asturias (HUPA-04062020) in 06/04/2020.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data used to support the findings of the present study are available
from the corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hilton, J.; Keeling, M.]. Estimation of country-level basic reproductive ratios for novel Coronavirus (SARS-CoV-2/COVID-19)
using synthetic contact matrices. PLoS Comput. Biol. 2020, 16, 1008031. [CrossRef]

2. Katul, G.G,; Mrad, A.; Bonetti, S.; Manoli, G.; Parolari, A.J. Global convergence of COVID-19 basic reproduction number and
estimation from early-time SIR dynamics. PLoS ONE 2020, 15, e0239800. [CrossRef] [PubMed]

3. Harrison, A.G;; Lin, T.; Wang, P. Mechanisms of SARS-CoV-2 Transmission and Pathogenesis. Trends Immunol. 2020, 41, 1100-1115.
[CrossRef]

4. Khalaf, K.; Papp, N.; Chou, ].T.T.; Hana, D.; Mackiewicz, A.; Kaczmarek, M. SARS-CoV-2: Pathogenesis, and Advancements in
Diagnostics and Treatment. Front. Immunol. 2020, 11, 570927. [CrossRef] [PubMed]

5. Li, M.Y; Li, L.; Zhang, Y.; Wang, X.S. Expression of the SARS-CoV-2 cell receptor gene ACE2 in a wide variety of human tissues.
Infect. Dis. Poverty 2020, 9, 1-7. [CrossRef]

6.  Carcaterra, M.; Caruso, C. Alveolar epithelial cell type II as main target of SARS-CoV-2 virus and COVID-19 development via
NF-Kb pathway deregulation: A physio-pathological theory. Med. Hypotheses 2021, 146, 110412. [CrossRef] [PubMed]

7. Ortega, M.A,; Fraile-Martinez, O.; Garcia-Montero, C.; Garcia-Gallego, S.; Sanchez-Trujillo, L.; Torres-Carranza, D.; Alvarez-Mon,
M.A.; Pekarek, L.; Garcia-Honduvilla, N.; Bujan, J.; et al. An integrative look at SARS-CoV-2 (Review). Int. ]. Mol. Med. 2021, 47,
415-434. [CrossRef]

8.  Birra, D.; Benucci, M.; Landolfi, L.; Merchionda, A.; Loi, G.; Amato, P; Licata, G.; Quartuccio, L.; Triggiani, M.; Moscato, P. COVID
19: A clue from innate immunity. Immunol. Res. 2020, 68, 161-168. [CrossRef]

9.  Sette, A.; Crotty, S. Adaptive immunity to SARS-CoV-2 and COVID-19. Cell 2021, 184, 861. [CrossRef]


https://www.mdpi.com/article/10.3390/biomedicines9111675/s1
https://www.mdpi.com/article/10.3390/biomedicines9111675/s1
http://doi.org/10.1371/journal.pcbi.1008031
http://doi.org/10.1371/journal.pone.0239800
http://www.ncbi.nlm.nih.gov/pubmed/32970786
http://doi.org/10.1016/j.it.2020.10.004
http://doi.org/10.3389/fimmu.2020.570927
http://www.ncbi.nlm.nih.gov/pubmed/33123144
http://doi.org/10.1186/s40249-020-00662-x
http://doi.org/10.1016/j.mehy.2020.110412
http://www.ncbi.nlm.nih.gov/pubmed/33308936
http://doi.org/10.3892/ijmm.2020.4828
http://doi.org/10.1007/s12026-020-09137-5
http://doi.org/10.1016/j.cell.2021.01.007

Biomedicines 2021, 9, 1675 16 of 18

10.

11.
12.
13.
14.
15.
16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Conti, P; Ronconi, G.; Caraffa, A.; Gallenga, C.E.; Ross, R.; Frydas, I.; Kritas, S.K. Induction of pro-inflammatory cytokines (IL-1
and IL-6) and lung inflammation by Coronavirus-19 (COVI-19 or SARS-CoV-2): Anti-inflammatory strategies. J. Biol. Regul.
Homeost. Agents 2020, 34, 327-331.

Libby, P; Liischer, T. COVID-19 is, in the end, an endothelial disease. Eur. Heart . 2020, 41, 3038-3044. [CrossRef] [PubMed]
Hu, B.; Huang, S.; Yin, L. The cytokine storm and COVID-19. J. Med. Virol. 2021, 93, 250-256. [CrossRef]

Bernard, I.; Limonta, D.; Mahal, L.K.; Hobman, T.C. Endothelium Infection and Dysregulation by SARS-CoV-2: Evidence and
Caveats in COVID-19. Viruses 2020, 13, 29. [CrossRef]

Soy, M.; Keser, G.; Atagiindiiz, P; Tabak, F.; Atagiindiiz, I.; Kayhan, S. Cytokine storm in COVID-19: Pathogenesis and overview
of anti-inflammatory agents used in treatment. Clin. Rheumatol. 2020, 39, 2085-2094. [CrossRef] [PubMed]

del Valle, D.M.; Kim-Schulze, S.; Huang, H.H.; Beckmann, N.; Nirenberg, S.; Wang, B.; Lavin, Y.; Swartz, T.; Madduri, D.; Stock,
A.; et al. An inflammatory cytokine signature helps predict COVID-19 severity and death. medRxiv 2020. [CrossRef]

Ghazavi, A.; Ganji, A.; Keshavarzian, N.; Rabiemajd, S.; Mosayebi, G. Cytokine profile and disease severity in patients with
COVID-19. Cytokine 2021, 137, 155323. [CrossRef]

Han, H.; Ma, Q.; Li, C; Liu, R.; Zhao, L.; Wang, W.; Zhang, P; Liu, X.; Gao, G.; Liu, F,; et al. Profiling serum cytokines in COVID-19
patients reveals IL-6 and IL-10 are disease severity predictors. Emerg. Microbes Infect. 2020, 9, 1123-1130. [CrossRef]

Cione, E.; Siniscalchi, A.; Gangemi, P.; Cosco, L.; Colosimo, M.; Longhini, F,; Luciani, F,; de Sarro, G.; Berrino, L.; D’Agostino, B.;
et al. Neuron-specific enolase serum levels in COVID-19 are related to the severity of lung injury. PLoS ONE 2021, 16, e0251819.
[CrossRef]

Alvarez-Mon, M.; Ortega, M.A.; Gasulla, oF Fortuny-Profités, J.; Mazaira-Font, F.A.; Saurina, P.; Monserrat, J.; Plana, M.N.;
Troncoso, D.; Moreno, J.S.; et al. A predictive model and risk factors for case fatality of covid-19. J. Pers. Med. 2021, 11, 36.
[CrossRef]

Yamada, T.; Wakabayashi, M.; Yamaji, T.; Chopra, N.; Mikami, T.; Miyashita, H.; Miyashita, S. Value of leukocytosis and elevated
C-reactive protein in predicting severe coronavirus 2019 (COVID-19): A systematic review and meta-analysis. Clin. Chim. Acta
2020, 509, 235-243. [CrossRef]

Azkur, AK,; Akdis, M.; Azkur, D.; Sokolowska, M.; van de Veen, W.; Briiggen, M.C.; O'Mahony, L.; Gao, Y.; Nadeau, K.; Akdis,
C.A. Immune response to SARS-CoV-2 and mechanisms of immunopathological changes in COVID-19. Allergy Eur. ]. Allergy
Clin. Immunol. 2020, 75, 1564-1581. [CrossRef] [PubMed]

Lescure, F-X.; Bouadma, L.; Nguyen, D.; Parisey, M.; Wicky, P.-H.; Behillil, S.; Gaymard, A.; Bouscambert-Duchamp, M.; Donati,
F.; Le Hingrat, Q.; et al. Clinical and virological data of the first cases of COVID-19 in Europe: A case series. Lancet Infect. Dis.
2020, 20, 697-706. [CrossRef]

Chen, W.-L.; Lin, W.-T.; Kung, S.-C.; Lai, C.-C.; Chao, C.-M. The Value of Oxygenation Saturation Index in Predicting the
Outcomes of Patients with Acute Respiratory Distress Syndrome. J. Clin. Med. 2018, 7, 205. [CrossRef] [PubMed]

Lundberg, SM.; Lee, S.-I. A Unified Approach to Interpreting Model Predictions. Advances in Neural Information Processing
Systems. NIPS Proc. 2017, 30, 1-10.

Lundberg, S.M.; Lee, S.-I. A Consistent Individualized Feature Attribution for Tree Ensembles. Working Paper Cornell University.
arXiv 2019, arXiv:1802.03888.

Malki, Z.; Atlam, E.S.; Ewis, A.; Dagnew, G.; Alzighaibi, A.R.; ELmarhomy, G.; Elhosseini, M.A.; Hassanien, A.E.; Gad, I. ARIMA
models for predicting the end of COVID-19 pandemic and the risk of second rebound. Neural Comput. Appl. 2020, 33, 2929-2948.
[CrossRef]

Mansourabadi, A.H.; Sadeghalvad, M.; Mohammadi-Motlagh, H.R.; Rezaei, N. The immune system as a target for therapy of
SARS-CoV-2: A systematic review of the current immunotherapies for COVID-19. Life Sci. 2020, 258, 118185. [CrossRef]
Burgos-Blasco, B.; Giiemes-Villahoz, N.; Santiago, J.L.; Fernandez-Vigo, ]J.I.; Espino-Paisan, L.; Sarria, B.; Garcia-Feijoo, J.;
Martinez-de-la-Casa, ].M. Hypercytokinemia in COVID-19: Tear cytokine profile in hospitalized COVID-19 patients. Exp. Eye Res.
2020, 200, 108253. [CrossRef] [PubMed]

Abers, M.S.; Delmonte, O.M.; Ricotta, E.E.; Fintzi, J.; Fink, D.L.; Almeida de Jesus, A.A.; Zarember, K.A.; Alehashemi, S.;
Oikonomou, V.; Desai, ].V,; et al. An immune-based biomarker signature is associated with mortality in COVID-19 patients. JCI
Insight 2021, 6, 144455. [CrossRef]

Laing, A.G.; Lorenc, A.; del Molino del Barrio, L; Das, A.; Fish, M.; Monin, L.; Muiioz-Ruiz, M.; McKenzie, D.R.; Hayday, T.S.;
Francos-Quijorna, I; et al. A dynamic COVID-19 immune signature includes associations with poor prognosis. Nat. Med. 2020,
26,1623-1635. [CrossRef]

Mudd, PA.; Crawford, J.C.; Turner, J.S.; Souquette, A.; Reynolds, D.; Bender, D.; Bosanquet, J.P; Anand, N.J; Striker, D.A.; Martin,
R.S,; et al. Distinct inflammatory profiles distinguish COVID-19 from influenza with limited contributions from cytokine storm.
Sci. Adv. 2020, 6, eabe3024. [CrossRef]

Chi, Y,; Ge, Y.,; Wu, B.; Zhang, W.; Wu, T.; Wen, T.; Liu, J.; Guo, X.; Huang, C.; Jiao, Y.; et al. Serum cytokine and chemokine profile
in relation to the severity of coronavirus disease 2019 in China. J. Infect. Dis. 2020, 222, 746-754. [CrossRef]

Tanaka, T.; Narazaki, M.; Kishimoto, T. II-6 in Inflammation, Immunity, and Disease. Cold Spring Harb. Perspect. Biol. 2014, 6,
16295-16296. [CrossRef]

Perera, P.Y.; Lichy, ] H.; Waldmann, T.A.; Perera, L.P. The role of interleukin-15 in inflammation and immune responses to
infection: Implications for its therapeutic use. Microbes Infect. 2012, 14, 247-261. [CrossRef]


http://doi.org/10.1093/eurheartj/ehaa623
http://www.ncbi.nlm.nih.gov/pubmed/32882706
http://doi.org/10.1002/jmv.26232
http://doi.org/10.3390/v13010029
http://doi.org/10.1007/s10067-020-05190-5
http://www.ncbi.nlm.nih.gov/pubmed/32474885
http://doi.org/10.1101/2020.05.28.20115758
http://doi.org/10.1016/j.cyto.2020.155323
http://doi.org/10.1080/22221751.2020.1770129
http://doi.org/10.1371/journal.pone.0251819
http://doi.org/10.3390/jpm11010036
http://doi.org/10.1016/j.cca.2020.06.008
http://doi.org/10.1111/all.14364
http://www.ncbi.nlm.nih.gov/pubmed/32396996
http://doi.org/10.1016/S1473-3099(20)30200-0
http://doi.org/10.3390/jcm7080205
http://www.ncbi.nlm.nih.gov/pubmed/30096809
http://doi.org/10.1007/s00521-020-05434-0
http://doi.org/10.1016/j.lfs.2020.118185
http://doi.org/10.1016/j.exer.2020.108253
http://www.ncbi.nlm.nih.gov/pubmed/32949577
http://doi.org/10.1172/jci.insight.144455
http://doi.org/10.1038/s41591-020-1038-6
http://doi.org/10.1126/sciadv.abe3024
http://doi.org/10.1093/infdis/jiaa363
http://doi.org/10.1101/cshperspect.a016295
http://doi.org/10.1016/j.micinf.2011.10.006

Biomedicines 2021, 9, 1675 17 of 18

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Karki, R.; Sharma, B.R; Tuladhar, S.; Williams, E.P.; Zalduondo, L.; Samir, P.; Zheng, M.; Sundaram, B.; Banoth, B.; Malireddi,
R.K.S;; et al. Synergism of TNF-« and IFN-y Triggers Inflammatory Cell Death, Tissue Damage, and Mortality in SARS-CoV-2
Infection and Cytokine Shock Syndromes. Cell 2021, 184, 149-168. [CrossRef]

Rodrigues, T.S.; de Sa, K.S.G.; Ishimoto, A.Y.; Becerra, A.; Oliveira, S.; Almeida, L.; Gongalves, A.V.; Perucello, D.B.; Andrade,
W.A,; Castro, R;; et al. Inflammasomes are activated in response to SARS-cov-2 infection and are associated with COVID-19
severity in patients. J. Exp. Med. 2020, 218, €20201707. [CrossRef] [PubMed]

Balnis, J.; Adam, A.P; Chopra, A.; Chieng, H.C.; Drake, L.A.; Martino, N.; Bossardi Ramos, R.; Feustel, PJ.; Overmyer, K.A.;
Shishkova, E.; et al. Unique inflammatory profile is associated with higher SARS-CoV-2 acute respiratory distress syndrome
(ARDS) mortality. Am. |. Physiol. Integr. Comp. Physiol. 2021, 320, R250-R257. [CrossRef]

Li, L, Li, J.; Gao, M,; Fan, H.; Wang, Y.; Xu, X.; Chen, C.; Liu, J.; Kim, ]J.; Aliyari, R.; et al. Interleukin-8 as a Biomarker for Disease
Prognosis of Coronavirus Disease-2019 Patients. Front. Immunol. 2021, 11, 602395. [CrossRef]

Yalcin Kehribar, D.; Cihangiroglu, M.; Sehmen, E.; Avci, B.; Capraz, A.; Yildirim Bilgin, A.; Gunaydin, C.; Ozgen, M. The receptor
for advanced glycation end product (RAGE) pathway in COVID-19. Biomarkers 2020, 26, 114-118. [CrossRef] [PubMed]

Yang, Y.; Shen, C.; Li, J.; Yuan, J.; Wei, J.; Huang, E; Wang, F; Li, G.; Li, Y.; Xing, L.; et al. Plasma IP-10 and MCP-3 levels are
highly associated with disease severity and predict the progression of COVID-19. |. Allergy Clin. Immunol. 2020, 146, 119-127.e4.
[CrossRef] [PubMed]

Cauchois, R.; Koubi, M.; Delarbre, D.; Manet, C.; Carvelli, ].; Blasco, V.B; Jean, R.; Fouche, L.; Bornet, C.; Pauly, V.; et al. Early
IL-1 receptor blockade in severe inflammatory respiratory failure complicating COVID-19. Proc. Natl. Acad. Sci. USA 2020, 117,
18951-18953. [CrossRef]

Blot, M.; Bour, ].B.; Quenot, ].P,; Bourredjem, A.; Nguyen, M.; Guy, ].; Monier, S.; Georges, M.; Large, A.; Dargent, A.; et al. The
dysregulated innate immune response in severe COVID-19 pneumonia that could drive poorer outcome. J. Transl. Med. 2020, 18,
457. [CrossRef]

Howes, A.; GabrySova, L.; O’Garra, A. Role of IL-10 and the IL-10 Receptor in Immune Responses. In Reference Module in
Biomedical Sciences; Elsevier: Amsterdam, The Netherlands, 2014.

Saraiva, M.; O’Garra, A. The regulation of IL-10 production by immune cells. Nat. Rev. Immunol. 2010, 10, 170-181. [CrossRef]
Bakiri, A.H.; Mingomataj, E.C. Novel Insights on Interleukin-10 Functions: A Manipulative Tool for the Deviation of Immune
Response and Disease Outcome. EM] Allergy Immunol. 2019, 4, 88-94.

Wan, S.; Yi, Q.; Fan, S.; Ly, J.; Zhang, X.; Guo, L.; Lang, C.; Xiao, Q.; Xiao, K.; Yi, Z,; et al. Relationships among lymphocyte
subsets, cytokines, and the pulmonary inflammation index in coronavirus (COVID-19) infected patients. Br. |. Haematol. 2020,
189, 428-437. [CrossRef]

McElvaney, O.].; McEvoy, N.L.; McElvaney, O.F,; Carroll, T.P.; Murphy, M.P,; Dunlea, D.M.; Choiledin, O.N.; Clarke, J.; O’Connor,
E.; Hogan, G.; et al. Characterization of the inflammatory response to severe COVID-19 Illness. Am. |. Respir. Crit. Care Med. 2020,
202, 812-821. [CrossRef] [PubMed]

Caroleo, M.; Carbone, E.A.; Greco, M.; Corigliano, D.M.; Arcidiacono, B.; Fazia, G.; Rania, M.; Aloi, M.; Gallelli, L.; Segura-Garcia,
C.; et al. Brain-Behavior-Immune Interaction: Serum Cytokines and Growth Factors in Patients with Eating Disorders at Extremes
of the Body Mass Index (BMI) Spectrum. Nutrients 2019, 11, 1995. [CrossRef]

Gallelli, L.; Pelaia, G.; Fratto, D.; Muto, V.; Falcone, D.; Vatrella, A.; Curto, L.S.; Renda, T.; Busceti, M.; Liberto, M.; et al. Effects
of budesonide on P38 MAPK activation, apoptosis and IL-8 secretion, induced by TNF-alpha and Haemophilus influenzae in
human bronchial epithelial cells. Int. J. Immunopathol. Pharmacol. 2010, 23, 471-479. [CrossRef] [PubMed]

Pelaia, G.; Cuda, G.; Vatrella, A.; Gallelli, L.; Fratto, D.; Gioffre, V.; D’Agostino, B.; Caputi, M.; Maselli, R.; Rossi, E; et al. Effects of
hydrogen peroxide on MAPK activation, IL-8 production and cell viability in primary cultures of human bronchial epithelial cells.
J. Cell. Biochem. 2004, 93, 142-152. [CrossRef]

Zhao, Y.; Qin, L.; Zhang, P,; Li, K,; Liang, L.; Sun, J.; Xu, B.; Dai, Y; Li, X.; Zhang, C.; et al. Longitudinal COVID-19 profiling
associates IL-1RA and IL-10 with disease severity and RANTES with mild disease. JCI Insight 2020, 5, 5. [CrossRef]

Neumann, J.; Prezzemolo, T.; Vanderbeke, L.; Roca, C.P.; Gerbaux, M.; Janssens, S.; Willemsen, M.; Burton, O.; van Mol, P,; van
Herck, Y;; et al. Increased IL-10-producing regulatory T cells are characteristic of severe cases of COVID-19. Clin. Transl. Immunol.
2020, 9, 1204. [CrossRef] [PubMed]

Henry, B.M.; Benoit, S.W.; Vikse, ].; Berger, B.A.; Pulvino, C.; Hoehn, J.; Rose, J.; Santos de Oliveira, M.H.; Lippi, G.; Benoit, J.L.
The anti-inflammatory cytokine response characterized by elevated interleukin-10 is a stronger predictor of severe disease and
poor outcomes than the pro-inflammatory cytokine response in coronavirus disease 2019 (COVID-19). Clin. Chem. Lab. Med. 2021,
59,599-607. [CrossRef] [PubMed]

Lu, L;; Zhang, H.; Dauphars, D.J.; He, Y.W. A Potential Role of Interleukin 10 in COVID-19 Pathogenesis. Trends Immunol. 2021,
42,3-5. [CrossRef] [PubMed]

Dhar, S.K.; Vishnupriyan, K.; Damodar, S.; Gujar, S.; Das, M. IL-6 and IL-10 as predictors of disease severity in COVID-19 patients:
Results from meta-analysis and regression. Heliyon 2020, 7, e06155. [CrossRef]

McElvaney, O.].; Hobbs, B.D.; Qiao, D.; McElvaney, O.F.; Moll, M.; McEvoy, N.L.; Clarke, J.; O’Connor, E.; Walsh, S.; Cho, M.H.;
et al. A linear prognostic score based on the ratio of interleukin-6 to interleukin-10 predicts outcomes in COVID-19. EBioMedicine
2020, 61, 103026. [CrossRef]


http://doi.org/10.1016/j.cell.2020.11.025
http://doi.org/10.1084/jem.20201707
http://www.ncbi.nlm.nih.gov/pubmed/33231615
http://doi.org/10.1152/ajpregu.00324.2020
http://doi.org/10.3389/fimmu.2020.602395
http://doi.org/10.1080/1354750X.2020.1861099
http://www.ncbi.nlm.nih.gov/pubmed/33284049
http://doi.org/10.1016/j.jaci.2020.04.027
http://www.ncbi.nlm.nih.gov/pubmed/32360286
http://doi.org/10.1073/pnas.2009017117
http://doi.org/10.1186/s12967-020-02646-9
http://doi.org/10.1038/nri2711
http://doi.org/10.1111/bjh.16659
http://doi.org/10.1164/rccm.202005-1583OC
http://www.ncbi.nlm.nih.gov/pubmed/32584597
http://doi.org/10.3390/nu11091995
http://doi.org/10.1177/039463201002300209
http://www.ncbi.nlm.nih.gov/pubmed/20646342
http://doi.org/10.1002/jcb.20124
http://doi.org/10.1172/jci.insight.139834
http://doi.org/10.1002/cti2.1204
http://www.ncbi.nlm.nih.gov/pubmed/33209300
http://doi.org/10.1515/cclm-2020-1284
http://www.ncbi.nlm.nih.gov/pubmed/33554561
http://doi.org/10.1016/j.it.2020.10.012
http://www.ncbi.nlm.nih.gov/pubmed/33214057
http://doi.org/10.1016/j.heliyon.2021.e06155
http://doi.org/10.1016/j.ebiom.2020.103026

Biomedicines 2021, 9, 1675 18 of 18

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Liu, Y.; Tan, W,; Chen, H.; Zhu, Y.; Wan, L,; Jiang, K.; Guo, Y.; Tang, K.; Xie, C.; Yi, H.; et al. Dynamic changes in lymphocyte
subsets and parallel cytokine levels in patients with severe and critical COVID-19. BMC Infect. Dis. 2021, 21, 79. [CrossRef]
Rahmati, M. Cytokine-targeted therapy in severely ill COVID-19 patients: Options and cautions. Eurasian . Med. Oncol. 2020, 4,
179-181. [CrossRef]

Trifunovi¢, J.; Miller, L.; Debeljak, Z.;Horvat, V. Pathologic patterns of interleukin 10 expression—A review. Biochem. Medica 2015,
25,36-48. [CrossRef]

Roberts, A.W. G-CSF: A key regulator of neutrophil production, but that’s not all! Growth Factors 2005, 23, 33—41. [CrossRef]
Middleton, E.A.; He, X.Y.; Denorme, F.; Campbell, R.A.; Ng, D.; Salvatore, S.P.; Mostyka, M.; Baxter-Stoltzfus, A.; Borczuk, A.C.;
Loda, M.; et al. Neutrophil extracellular traps contribute to immunothrombosis in COVID-19 acute respiratory distress syndrome.
Blood 2020, 136, 1169-1179. [CrossRef]

Popova, A.; Kzhyshkowska, J.; Nurgazieva, D.; Goerdt, S.; Gratchev, A. Pro-and anti-inflammatory control of M-CSF-mediated
macrophage differentiation. Immunobiology 2011, 216, 164-172. [CrossRef]

Merad, M.; Martin, J.C. Pathological inflammation in patients with COVID-19: A key role for monocytes and macrophages. Nat.
Rev. Immunol. 2020, 20, 355-362. [CrossRef]

Meftahi, G.H.; Jangravi, Z.; Sahraei, H.; Bahari, Z. The possible pathophysiology mechanism of cytokine storm in elderly adults
with COVID-19 infection: The contribution of “inflame-aging”. Inflamm. Res. 2020, 69, 825-839. [CrossRef] [PubMed]

di Stadio, A.; Della Volpe, A.; Ralli, M.; Ricci, G. Gender differences in COVID-19 infection. The estrogen effect on upper and
lower airways. Can it help to figure out a treatment? Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 5195-5196. [PubMed]

Takahashi, T.; Ellingson, M.K.; Wong, P.; Israelow, B.; Lucas, C.; Klein, J; Silva, J.; Mao, T.; Oh, J.E.; Tokuyama, M.; et al. Sex
differences in immune responses that underlie COVID-19 disease outcomes. Nature 2020, 588, 315-320. [CrossRef]

de Pablo, R.; Monserrat, J.; Reyes, E.; Diaz, D.; Rodriguez-Zapata, M.; la Hera, A.; Prieto, A.; Alvarez-Mon, M. Sepsis-induced
acute respiratory distress syndrome with fatal outcome is associated to increased serum transforming growth factor beta-1 levels.
Eur |. Intern. Med. 2012, 23, 358-362. [CrossRef] [PubMed]


http://doi.org/10.1186/s12879-021-05792-7
http://doi.org/10.14744/ejmo.2020.72142
http://doi.org/10.11613/BM.2015.004
http://doi.org/10.1080/08977190500055836
http://doi.org/10.1182/blood.2020007008
http://doi.org/10.1016/j.imbio.2010.06.003
http://doi.org/10.1038/s41577-020-0331-4
http://doi.org/10.1007/s00011-020-01372-8
http://www.ncbi.nlm.nih.gov/pubmed/32529477
http://www.ncbi.nlm.nih.gov/pubmed/32495849
http://doi.org/10.1038/s41586-020-2700-3
http://doi.org/10.1016/j.ejim.2011.10.001
http://www.ncbi.nlm.nih.gov/pubmed/22560386

	Introduction 
	Patients and Methods 
	Study Population and Definitions 
	Determination of Immune Response Mediators 
	Statistical Analysis 
	Ethics and Approval 

	Results 
	Clinical Characteristics of the Patient Population 
	Severe COVID-19 Causes Dysregulation of Innate Inflammatory and Adaptive IR Cytokines and Growth Factors 
	Serum Cytokine/Growth Factor Levels Are Robust Predictors of ICU Admission and/or Death in Hospitalized COVID-19 Patients 
	A Subset of Mediators Predicts the Progression of Severe COVID-19 to ICU Admission and/or Death 
	Innate-Inflammatory IR-Related Cytokines and Growth Factors Play an Important Prognostic Role in Patients with Severe COVID-19 

	Discussion 
	Conclusions 
	References

