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Introduction: The present study is an observational descriptive follow-up
investigation designed to characterize the pro le of serum immune mediators
in COVID-19 patients further categorized according to disease outcome.
Methods: A total of 92 COVID-19 patients were enrolled in a timeline kinetics,
starting at hospital admission (Day 0) throughout consecutive timepoint intervals
(Day 3—7, Day 8—14 and Day 15—40). Immune mediators (chemokines, cytokines
and growth factors) were quanti ed by a high-throughput multiplex assay and
compared with a pre-pandemic healthy control group (HC).

Results: Data demonstrated that COVID-19 exhibited a classical immune mediator
storm, with prominent increase of chemokines and pro-in ammatory cytokines.
Longitudinal follow-up revealed that the “death” outcome was associated with a
persistent increase of immune mediators across all timepoints, with higher imbalance
at Day 8—14. Conversely, the “discharge” outcome evolved with a balanced temporal
pro le with progressive waning of pro-in ammatory cytokines. Integrative network
architectures uncovered that the “death” outcome exhibited a selective high-density
chemokine cluster, contrasting with the balanced pattern described for “discharge”
subgroups. A set of serum immune mediators (CXCL8, CCL2, CXCL10, IL-6, and IFN-
g) emerged as relevant predictors of disease outcome (AUC  0.8). Decision tree
stepwise algorithms pointed out the hierarchical power (accuracy = 83%) of IL-6,
CCL2, and CXCLS to sort out patients according to disease outcome.
Conclusions: Overall, these ndings support clinical applicability of measuring
serum immune mediators as complementary prognostic biomarkers for early
classi cation and prediction of disease outcome in COVID-19 patients.
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Introduction

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2), which causes coronavirus disease 2019 (COVID-19), has
triggered a major global health crisis due to its rapid global spread,
high transmissibility and potential for progression to severe disease.
Although many individuals remain asymptomatic or exhibit
moderate illness, some may progress to respiratory failure
accompanied by systemic hyperin ammation, frequently requiring
intensive care and presenting a higher risk for poor prognosis (1, 2).
In COVID-19, progression toward severe complications associated
with increased mortality risk is frequently accompanied by
dysregulated immune responses characterized by a cytokine storm,
condition de ned by elevated circulating levels of pro-in ammatory
mediators, including chemokines (e.g., CXCL8, CCL2, and CXCL10)
and cytokines (e.g., IL-1b, IL-6, IL-10, TNF-a, and IFN-g), which
contribute to leukocyte activation, endothelial dysfunction, and tissue
injury (3-6). Therefore, the disruption of regulatory mechanisms
promotes uncontrolled in ammation, which is frequently linked to
poor prognosis (7, 8).

Multidimensional analytical strategies are required to elucidate
the temporal evolution and systemic interplay of soluble immune
mediators in COVID-19. A combination of timeline Kkinetics,
signature pro ling, integrative networks and decision-tree
algorithms provide a comprehensive framework for investigating
coordinated immune responses and identifying prognostic
biomarkers. Therefore, the present study was designed to explore
the timeline and network interplay of immune circulating mediators
in COVID-19 patients further categorized according to disease
outcome. By pro ling coordinated immune signatures across
timeline Kinetics, this investigation sought to characterize the
immunological landscape of COVID-19 and reinforce the clinical
applicability of serum immune mediators as complementary tools for
early classi cation and prediction of disease outcomes.

Population, materials, and methods
Study population, design, and methods

This is an observational descriptive follow-up investigation
conducted during the rst wave of the COVID-19 pandemic in
Brazil, from April 1° to August 31%* 2020, during the circulation of
SARS-CoV-2B.1.1.28 and B.1.1.33 strains. A total of 92 hospitalized
patients with RT-qPCR-con rmed SARS-CoV-2 infection
(COVID-19) were enrolled at the Hospital Universitario Antonio
Pedro (HUAP-UFF/EBSERH), which is a tertiary-to-quaternary
referral center af liated to the Universidade Federal Fluminense
(UFF), located in Niteroi, Rio de Janeiro, Brazil.

Demographic and clinical data of COVID-19 patients were
obtained at enrollment from medical records, including symptoms,
comorbidities, complications during hospitalization (Intensive care
unit requirement and progression to critical cases) and the length of
hospitalization. The COVID-19 group comprised 52 males and 40
females, aged 18 to 93 years (mean age: 59 + 18 years), and was
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further categorized according to disease outcome into two
subgroups: “discharge” (n = 51) and “death” (n = 41). All patients
included in the study were hospitalized, and subgroup classi cation
was based on in-hospital clinical outcome, with the “discharge”
subgroup comprising patients who clinically recovered and were
discharged alive from the hospital, and the “death” subgroup
comprising patients who died during hospitalization. This cohort
represents a subset of hospitalized COVID-19 patients with serum
samples available for longitudinal immune mediator analyses and
should not be interpreted as re ecting overall hospital admission
mortality during the study period. A reference group of healthy
individuals collected during the pre-pandemic period between
February and April 2018 (HC, n = 50), matched by age and sex,
was included as a reference control for comparative analysis of
serum immune mediators. The HC group comprised 25 males and
25 females, aged from 19 to 80 years (median = 64 years), and all
participants presented a minimum interval of at least 30 days
between sample collection and any vaccination scheme. This
control group was selected as a non-probabilistic convenience
sampling from a biorepository maintained at Grupo Integrado de
Pesquisas em Biomarcadores, Instituto RRashou Fundacdo
Oswaldo Cruz (FIOCRUZ-Minas), Belo Horizonte, Brazil.

Peripheral blood samples were collected from COVID-19
patients at hospital admission (Day 0) and at consecutive time-
point intervals, referred to as: Day 3-7, Day 8-14 and Day 15-40. The
de nition of these temporal windows was based on a real-life hospital
setting during the rst pandemic wave and aimed to capture early,
intermediate, and late phases of disease progression rather than xed
daily intervals. Sample collection beyond admission depended on
patient availability, clinical stability, and hospitalization dynamics.
Blood samples were obtained by venipuncture using vacuum system
in tubes without anticoagulant as well as in tubes containing EDTA
for quanti cation of immune mediators (chemokines, cytokines, and
growth factors) and analyses of hematological/biochemical
parameters. Serum aliquots from all timepoints were stored at -80 °
C until processing for quanti cation of immune mediators. All pre-
analytical steps were carried out according to standardized operating
procedures and good laboratory practices. A compendium of study
population, design and methods is presented in Figure 1.

This study was approved by the Research Ethics Committee of
Universidade Federal Fluminense (CAAE: 30623520.5.0000.5243)
and by the Ethics Committee of Instituto Rene Rachou/FIOCRUZ-
MG (CAAE: 82357718.5.0000.5091). All participants enrolled in
this investigation signed an informed consent form in accordance
with the Declaration of Helsinki and Resolution 466/2012 of the
Brazilian National Health Council for research involving
human subjects.

Laboratory records — hematological/
biochemical parameters

Hematological parameters were obtained from an automated
hematological analyzer (Sysmex CA-1500® System; Sysmex
America Inc., IL, USA). Biochemical parameters (ferritin and C-
reactive protein) were measured using commercially available kits
for automated platforms (Coulter LH 750®: Beckman Coulter, CA,
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Compendium of Study Population, Design and Methods
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Compendium of study population, design, and methods. This is an observational descriptive follow-up investigation conducted during the rst wave
of COVID-19 pandemic in Brazil, designed to characterize the serum immune mediator pro le in COVID-19 patients according to disease outcomes.
As a control group, pre-pandemic healthy subjects (green, HC, n = 50) with no prior exposure were included to establish baseline immune pro les.
A total of 92 hospitalized individuals with con rmed SARS-CoV-2 infection (purple, COVID-19, n = 92) were enrolled and further categorized
according to disease outcome into two subgroups: those who recovered and were discharged (blue, Discharge, n = 51) and those who died during
hospitalization (red, Death, n = 41). Peripheral blood samples were collected from COVID-19 patients at hospital admission (Day 0) and at
consecutive timepoint intervals, referred as: Day 3—7, Day 8—14 and Day 15—40. Blood samples were obtained by venipuncture using vacuum
system in tubes without anticoagulant as well as in tubes containing EDTA. Serum aliquots from all timepoints were stored at -80 °C until processing
for quanti cation of immune mediators (chemokines, cytokines, and growth factors). The quanti cation of serum immune mediators was performed
using a high-throughput multiplex assay, following the manufacturer instructions. Laboratory records including hematological/biochemical
parameters were performed only at hospital admission. Nasopharyngeal viral load data were obtained from archives of medical records. A
combination of analytical strategies was employed, including overall pro le, fold change magnitude and signi cance, timeline kinetics, signatures,
integrative networks, colormaps, ROC analysis, and decision tree. The gure summarized all steps of the work as the study population & grouping
strategies, clinical & laboratorial follow-up, timeline kinetics, sample storage, experimental procedures, and data mining.

USA and Dimension RxL Max®: Siemens, DE, USA). All routine
laboratory tests were performed at the Clinical Pathology Unit
(UACAP/HUAP-UFF/EBSERH). Laboratory records comprise
hemoglobin, hematocrit, red cell distribution width (RDW), white
blood cells (WBC), red blood cells (RBC), platelets, lymphocytes,
neutrophils, band cells, monocytes, neutrophil-to-lymphocyte ratio
(NLR), monocyte-to-lymphocyte ratio (MLR), D-dimer, C-reactive
protein (CRP) and ferritin.

Viral load records

Viral load data were obtained from archives of medical records.
The SARS-CoV-2 viral load was quanti ed in nasopharyngeal
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swabs by RT-qPCR assay at the Multiuser Laboratory for
Research Support in Nephrology and Medical Sciences (LAMAP-
UFF), certi ed for SARS-CoV-2 testing by the Central Public
Health Laboratory Noel Nutels (LACEN-RJ). Brie v,
nasopharyngeal swabs were collected from patients upon hospital
admission and total viral RNA was extracted using the QlAamp
Viral RNA Mini Kit, following the manufacturer instructions
(QIAGEN, Hilden, Germany). Ampli cation and detection of
SARS-CoV-2 target genes were carried out using the 2019-nCoV
RUO Kit (Catalog #10006770, Integrated DNA Technologies, IDT,
USA), in combination with the GoTaq® Probe 1-Step RT-gPCR
System (Catalog #A6121, Promega Corporation, USA). Reactions
were run on the 7500 Real-Time PCR System (Applied Biosystems,
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Thermo Fisher Scienti ¢, USA). Cycle threshold (Ct) values below
38 for N1 and N2 targets, and below 35 for the internal control
(human RNase P), were considered positive in accordance with
CDC (USA) recommendations. The results were expressed as 1og10
copies/mL.

Quanti cation of serum immune mediators

The quanti cation of serum immune mediators was performed
using a high-throughput multiplex assay (Bio-Plex Pro™ Human
Cytokine 27-plex Panel, Bio-Rad Laboratories, CA, USA), following
the manufacturer instructions. The concentrations of chemokines
(CCL11, CXCL8, CCL3, CCL4, CCL2, CCL5, CXCL10), pro-
in ammatory cytokines (IL-1b, IL-6, TNF-a, IL-12, IFN-g, IL-15,
IL-17), regulatory cytokines (IL-1Ra, IL-4, IL-5, IL-9, IL-10, IL-13)
and growth factors (FGF-basic, PDGF, VEGF, G-CSF, GM-CSF, IL-
2, IL-7) were determined using the Bio-Plex® 200 system (Bio-Rad)
and expressed as picograms per milliliter (pg/mL).

Data mining and analysis

The statistical analyses were performed using a combination of
software platforms to ensure robust and comprehensive data
interpretation. Descriptive statistical analyses were performed,
and the data normality test was assessed by the Shapiro-Wilk test
using the Prism 8.0 software (GraphPad software, San Diego, USA).
Analyses of serum immune mediator concentrations between
groups were carried out by the Mann-Whitney U test at each
timepoint (DO, D3-7, D8-14 and D15-40). In all cases, a threshold
of p-value<0.05 was considered statistically signi cant.

Fold-change (FC) analyses were conducted to quantify the
magnitude of changes in serum levels of immune mediators across
all groups. FC values were calculated as the ratio between the median
values of each immune mediator in the reported group divided by the
median values reported for the counterpart comparative group
(COVID-19 vs. HC; Discharge vs. HC; Death vs. HC; and Death
vs. Discharge). The magnitude of changes in the serum levels of
immune mediators was determined considering: decrease (<1x) and
increase (>1x) levels relative to the ratio between the median values of
each group. Orbital graphs were generated using Microsoft Excel
version 2012. FC values were computed as log10 ratios between group
medians and visualized using colormap matrices with gradient scales,
allowing the identi cation of mediators with distinct modulation
patterns across clinical groups and timepoints.

Correlation analysis (Pearson and Spearman correlation tests)
was used to construct integrative networks. Only moderate and
strong (“r” scores > |0.67|) signi cant correlations (p<0.05) were
considered. The Cytoscape software (available at https://
cytoscape.org) was used to build circular layouts to display ve
biomarker clusters, comprising 43 nodes representing: laboratory
records (LRec, 1-16), chemokines (C, 17-23), pro-in ammatory
cytokines (Pro, 24-30), regulatory cytokines (Reg, 31-36), and
growth factors (GF, 37-43). Venn diagram analysis (available at
http://bioinformatics.psb.ugent.be/webtools/Venn/) was carried out
to identify the common and selective correlation axes observed in
“discharge” and “death” subgroups.
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Single-parameter and combined stepwise analyses of serum
immune mediators were evaluated to identify the most accurate
approach for classifying COVID-19 patients according to disease
outcome. Receiver Operating Characteristic (ROC) curve analyses
were constructed using GraphPad Prism 8.0 software (San Diego,
CA, USA) to estimate the performance indices of single-step
analysis of serum immune mediators. Performance metrics (area
under the ROC curve = AUC; Sensitivity = Se; Speci city = Sp, and
optimal cutoff values = Cut-off) were calculated to assess the ability
of single immune mediators to classify “discharge” and “death”
subgroups at hospital admission. In addition to the single-
parameter analysis, a stepwise decision tree algorithm was
constructed to assess the accuracy of serum immune mediators,
preselected in the ROC analysis, for classifying COVID-19 patients
according to disease outcome. Leave-one-out cross-validation
(LOOCV) was employed as an additional performance index to
generalize the ndings of the statistical model to an independent
dataset. These analyses were performed using WEKA software,
version 3.6.11 (University of Waikato, New Zealand, Australia).

Results

Overall pro le of COVID-19 patients at
hospital admission

At admission, demographic and clinical data analysis
demonstrated that the most frequent symptoms in the COVID
group included fever, cough, dyspnea and fatigue, and
cardiovascular disease was the most common comorbidity, as
shown in Table 1. When patients were strati ed by disease
outcome, those who progressed to death were older than those
discharged. In addition, among the symptoms reported at
admission, myalgia was less frequent in the “death” subgroup.
Regarding comorbidities and clinical complications, acute kidney
injury, diabetes mellitus and in-hospital complications were more
frequent in the “death” subgroup. Moreover, the length of
hospitalization was longer among patients who progressed to
death. Furthermore, laboratory records including hematological
and biochemical parameters obtained at admission showed
alterations indicative of an in ammatory response in COVID-19
patients, with more pronounced changes observed in the “death”
subgroup as compared to “discharge” subgroup. Comparative
laboratory data analysis according to disease outcome are
summarized in Supplementary Table S1.

Overall pro le of serum immune mediators
in COVID-19 patients at hospital admission

Fold-change analysis demonstrated that the COVID group
presented increased FC for 15 out of 27 (55%) immune mediators,
ranging from 9.4x to 1.1x, with ranked pro le as follows: IFN-g (9.4x),
IL-6 (8.9x), CXCL10 (7.9x), IL-1Ra (4.9x), CXCL8 (4.8x), CCL3 (3.6x),
G-CSF (2.6x), IL-1b (2.5x), CCL5 (2.2x), CCL2 (2.2x), TNF-a (2.0x),
IL-9 (1.9x), CCL4 (1.6x), IL-12 (1.4x), and VEGF (1.1x). Conversely,
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TABLE 1 Demographic and clinical parameters of COVID-19 patients at hospital admission classi ed according to disease outcome.

Parameters

COVID subgroups

Death
(n=41)

Discharge
(n=51)

P-Value

Age, years (mean * SD) 59 + 18 56 + 18 64 + 16 0.02
Male gender, n (%) 52 (56) 26 (50) 26 (63) 0.2
Symptoms at admission, n (%)
Fever 62 (67) 38 (74) 24 (58) 0.1
Cough 58 (63) 32 (63) 26 (63) 0.9
Sore throat 5 (5) 4.(7) 1(2) 0.3
Headache 16 (17) 9 (18) 7(17) 0.9
Fatigue 34 (37) 23 (46) 11 (27) 0.08
Myalgia 14 (15) 12 (23) 2 (5) 0.01
Anosmia/ageusia 15 (16) 11 (22) 4 (10) 0.1
Diarrhea 14 (15) 8 (15) 6 (15) 0.9
Dyspnea 52 (56) 27 (53) 25 (60) 05
Hypoxia (O, sat. < 95%) 39 (42) 21 (41) 18 (44) 0.6
Comorbidities, n (%)
Cancer 31 (34) 14 (28) 17 (41) 0.1
CVD 58 (63) 32 (63) 26 (63) 0.9
CKD 12 (13) 6 (11) 6 (15) 0.7
AKI 40 (44) 12 (24) 28 (68) 0.0001
Diabetes 29 (31) 11 (22) 18 (36) 0.02
Obesity 18 (19) 9 (18) 9 (21) 0.6
Immunosuppression 20 (22) 11 (22) 9(21) 0.9
Complications during hospitalization, n (%)
ICU Requirement 56 (60) 21 (41) 35 (86) 0.0001
Critical Cases 44 (48) 9 (17) 35 (86) 0.0001
Length of hospitalization (days, mean + SD) 25+21 30+25 19+ 13 0.01

Data are presented as n (%) or mean = SD. CKD, chronic kidney disease; CVD, cardiovascular disease; AKI, acute kidney injury; ICU, intensive care unit. Critical cases were de ned as the
requirement of invasive mechanical ventilation and hemodynamic instability. Comparative analysis between Death vs Discharge was performed by t-student, Mann-Whitney test or Fisher’s exact

test. Signi cant differences at p<0.05 are underscored by bold format.

the COVID group exhibited decreased FC magnitude for 9 out of 27
(33%) immune mediators, ranging from 0.3x to 0.6x, with ranked
pro le as follows: GM-CSF (0.3x), IL-5 (0.3x), IL-4 (0.4x), CCL11
(0.5x), IL-17 (0.5x), IL-13 (0.5x), PDGF (0.5x), IL-15 (0.6x), and IL-10
(0.6x). No signi cant differences were observed in the serum levels of
FGF-basic, IL-2, and IL-7. Of note, volcano-like plot analysis pointed
out a set of eight immune mediators (CXCL8, CCL3, CCL5, CXCL10,
IL-1b, IL-6, IFN-g, and IL-1Ra) with higher signi cance of change in
COVID group as compared to HC (Figure 2). These ndings are
supported by the distribution of serum immune mediator levels
shown in Supplementary Figure S1, which provides an additional
overview of the overall pro le of COVID-19 patients compared to
healthy controls.

Further, to identify the immunological pro le associated with
disease outcome, serum immune mediators were compared between
groups. The results are shown in Figure 3. Data analysis demonstrated
that both COVID subgroups exhibited elevated levels of almost all
serum immune mediators, except for IL-2, as compared to HC. Of
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note, the “death” subgroup presented higher levels of CXCL8, CCL3,
CCL4, CCL2, CXCL10, IL-6, TNF-a, IFN-g, IL-10, G-CSF, and IL-7 as
compared to “discharge” subgroup, exemplifying an exacerbated
storm of immune mediators (Figure 3).

Comparative data analysis further demonstrated that the
“discharge” group presented increased FC for 14 out of 27 (52%)
immune mediators according to HC, ranging from 5.3x to 1.2x.
Volcano-like plot analysis identi ed a set of eight immune
mediators [CXCL10 (5.3x), IFN-g (4.7x), IL-6 (4.4x), IL-1Ra
(3.8x), CXCL8 (2.9x), CCL3 (2.8x), CCL5 (2.1x), and IL-1b
(2.9x)] with higher increase signi cance in “discharge” subgroup
as compared to HC, as shown in Figure 4. On the other hand, the
same group also showed decreased FC for 11 out of 27 (40%)
immune mediators according to HC, ranging from 0.2x to 0.7x.
Volcano-like plot analysis identi ed a set of three immune
mediators [IL-5 (0.2x), GM-CSF (0.3x), and IL-4 (0.4x)] with
higher decrease signi cance in “discharge” subgroup as compared
to HC. The analysis of “death” subgroup showed increased fold
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Fold Change in Serum Immune Mediators From COVID-19 Patients at Hospital Admission According to Healthy Controls

Fold Changes in COVID-19 According to HC
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Fold Change Magnitude

Fold change in serum immune mediators from COVID-19 patients at hospital admission according to healthy controls. The panoramic pro le of
changes on chemokines, pro-in ammatory cytokines, regulatory cytokines, and growth factors was assessed in serum samples from COVID-19

patients (

, COVID-19, n = 92) at hospital admission according to Healthy Controls (HC, n = 50). Measurements of serum soluble mediators were

carried out by Luminex Bio-plex platform as described in Material and methods section. The fold change value was calculated for each immune
mediator as the ratio between the median concentration of COVID group according to the median values reported for HC. The results are shown in
lollipop charts representing the median fold changes in serum immune mediators observed for COVID group at hospital admission according to HC.
Signi cant fold change values at p <0.05, referred as decreased (FC < 1.0) or increased levels (FC > 1.0), were underscored by pink symbols. Non-
signi cant FC values are represented by gray symbols. The volcano-like plot was constructed based on fold change magnitude (Log10 Fold Change)
versus signi cance (-Logl0 p-value) to identify the set of serum immune mediators with more prominent changes in COVID group as compared to

HC, underscored by pink background.

changes for 15 out of 27 (56%) immune mediators according to HC,
ranging from 48.3x to 1.1x, with a set of eight immune mediators
[IL-6 (48.3x), CXCL10 (15.5x), IFN-g (12.7x), CXCL8 (8.9x), IL-
1Ra (6.3x), CCL3 (4.0x), CCL5 (2.7x), and IL-1b (2.5x)] presenting
higher increase signi cance as compared to HC. Conversely,
decreased FC were observed for 9 out of 27 (33%) immune
mediators in “death” subgroup according to HC, ranging from
0.2x to 0.7x. Volcano-like plot analysis demonstrated a set of three
immune mediators [GM-CSF (0.2x), IL-5 (0.3x), and IL-4 (0.5x)]
with higher signi cance of decrease in “death” subgroup as
compared to HC. Further comparative analysis between the
“death” and “discharge” subgroups demonstrated increased FC
magnitude for 9 out of 27 (33%) immune mediators, ranging
from 10.9x to 1.5x. Volcano-like plot analysis pointed out a set of
ve immune mediators [IL-6 (10.9x), CCL2 (4.5x), CXCL8 (3.1x),
CXCL10 (2.9x), and IFN-g (2.7x)] with higher increase signi cance
in “death” as compared to “discharge” subgroup. Colormap
constructs were assembled to illustrate the overall fold change
magnitude with higher signi cance (-logio p values) in
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“discharge” and “death” subgroups according to HC (Discharge/
HC; Death/HC) as well as “death” subgroup as compared to
“discharge” subgroup (Death/Discharge) (Figure 4).

To explore the interplay between laboratory parameters and
serum immune mediators in COVID-19 patients according to
disease outcome at admission, integrative networks were
constructed employing the concept of systems biology and the
results are shown in Figure 5. Correlation analysis was used to
identify moderate and strong signi cant correlations to assemble
integrative networks. Circular layouts, comprising ve biomarker
clusters (LRec, C, Pro, Reg, and GF) and 43 nodes representing each
network attribute. Data analysis demonstrated that, overall, the
“death” subgroup exhibited a higher number of connectivity axes
(n =373) as compared to “discharge” (n = 319). The same subgroup
exhibited higher numbers of axes within LRec (n = 85), C (n = 70),
Pro (n = 84), and Reg clusters (n = 64) (vs. LRec =74, C =51, Pro =
75 and Reg = 55). No differences were observed for the GF cluster
(Discharge = 64; Death = 70). The analysis of common axes
revealed a higher number of shared axes between COVID
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FIGURE 3

Overall pro le of serum immune mediators in COVID-19 patients according to disease outcome. The overall pro le of chemokines, pro-
in ammatory cytokines, regulatory cytokines, and growth factors was evaluated in serum samples from COVID-19 patients at hospital admission,

further categorized according to disease outcome [Discharge (

, Discharge, n = 51) and Death (

, Death, n = 41)] as compared to Healthy

Controls (green-shaded zone representing the 25"-75™ interquartile range, n = 50). Measurements of serum mediators were carried out by Luminex
Bio-plex platform as described in Material and methods section. The results are presented as the scattering distribution of individual values over bars
underscoring the median values of serum immune mediators. Comparative analysis between Discharge and Death subgroups and HC reference
values was performed by the Mann-Whitney test. Signi cant differences for comparative analysis with HC are represented by *, **, *** gr **** tg
denote the p-values <0.05, <0.01, <0.001 or <0.0001, respectively. Signi cant differences between Discharge vs Death are identi ed by connecting
lines. The red background was used to underscore the serum immune mediators with increased levels in patients evolving to Death as compared to

Discharge outcome.

subgroups (n = 222). However, outcomes were associated with a
distinct pattern of selective axes (n = 97 and 150, respectively), with
most differences characterized by higher connectivity within the C
cluster (Discharge = 11 and Death = 36). Colormap constructs
further illustrate these ndings, pointing out the most prominent
color gradient observed between subgroups (Figure 5).

Timeline kinetics of serum immune
mediators in COVID-19 patients according
to disease outcome

Sample availability varied over follow-up, with the following
number of participants contributing samples at each time window:
Day 0 (n=92), Day 3-7 (n = 32), Day 8-14 (n = 34), and Day 15-40
(n = 19), with corresponding distributions by disease outcome
indicated in the gure legends. To further characterize the pro le of
serum immune mediators along the follow-up, overall signatures
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were constructed for COVID group throughout consecutive
timepoints. The results, expressed as the proportion of subjects
with serum levels above the median, are presented in Figure 6.
Comparative analysis demonstrated that most immune mediators
differ in COVID-19 subgroups as compared to HC. The analysis of
ascendant delta signature pro les (% COVID - % HC)
demonstrated a common increase of CXCL8, CCL3, CCL4, CCL2,
CCL5, CXCL10, IL-1b, IL-6, IFN-g, TNF-a, IL-1Ra, IL-9, and G-
CSF throughout the timeline kinetics, with selective increases of IL-
12 and VEGF at D15-40. Conversely, a decrease of CCL11, IL-15,
IL-17, IL-4, IL-5, IL-10, IL-13, FGF-basic, PDGF, and GM-CSF
were observed in COVID subgroups as compared to HC
throughout all timepoints, with selective decrease of IL-7
observed at DO and D8-14 and IL-2 at D15-40 (Figure 6).

The temporal kinetics of serum immune mediators were further
characterized in COVID-19 patients according to disease outcome,
as shown in Figure 7. Data analysis demonstrated four overall
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Fold change in serum immune mediators from COVID-19 patients at hospital admission according to disease outcome. The panoramic pro le of

changes on chemokines, pro-in ammatory cytokines, regulatory cytokines, and growth factors was assessed in serum samples from COVID-19
patients, further categorized according to disease outcome [Discharge (n = 51), and Death (n = 41)] and compared to HC (n = 50). Measurements of
serum mediators were carried out by Luminex Bio-plex platform as described in Material and methods section. The fold change value was calculated
for each immune mediator as the ratio between the median concentration of COVID subgroups according to the median values reported for HC,
referred as: Discharge/HC (@) and Death/HC (@) as well as Death/Discharge ({3). The results are shown in orbital plots over lines representing the
median fold changes in serum immune mediators observed for Discharge vs HC, Death vs HC, and Death vs Discharge. Signi cant fold change
values [decreased (FC < 1.0) or increased levels (FC > 1.0)] were underscored by colored symbols. Non-signi cant FC values are represented by gray
symbols. The volcano-like plots were constructed based on fold change magnitude (Log10 Fold Change) vs signi cance (-Logl0 p-value) to identify
the set of serum immune mediators with more prominent changes in COVID subgroups. A color key was applied to represent the biomarker
gradient of log10 FC.
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Integrative Networks of Immune Mediators in COVID-19 Patients at Hospital Admission

According to Disease Outcome

Total Selective

Death
Common

E=)
®©
o}

[s]

" Discharge

o
2
«

<
]
pd
a
*

1
Hematocrit (2)
3)

WBC (4)

RBC (5)
Platelets (6)
Lymphocytes (7)
Neutrophils (8)
Band Cells (9)
Monocytes (10)
NLR (11)
Common & Selective Axes MLR (12)
D-dimer (13)
CRP (14)
)

)

)

)

)

)

)

)

)

QOverall Profile

LRec= 74; C = 51; Pro= 75; Reg= 55; GF= 64 LRec= 85*; C =70*; Pro= 84*; Reg= 64*; GF= 70

I
*
\

B

\
||

IL-10 (35 * .

IL-13 (36) [ | * |

T e )
: )
)
FGF-b (37) [ |
PDGF (38)
] VEGF (39)
Py S G-CSF (40)
¢ / GM-CSF (41) [
| 2o AP IL-2 (42) \
N § IL-7 (43) ||
- LRec -
c
Pro
Reg
GF
Death

/Selective Axes Tota! [ T [ |

n =150

Ferritin (15
Viral Load (16
CCL11 (17
CCL3 (19
CCL4 (20
CCL2 (21

CCL5 (22
CXCL10 (23
IL-1p (24
IL-6 (25
TNF-o (26
IL-12 (27
IFN-y (28
IL-15 (2!
IL-17 (30
IL-1Ra (31
IL-4 (32
IL-5 (33)
IL-9 (34

i B

)
)
)
)
)

©

)
)
)
)

Common Axes

*

Selective Axes

‘@ Discharge
® Selective Axes
n =97

Color Key
LRec= 39 ; C = 17; Pro= 11; Reg= 12 ; GF= 19 LRec= 50 ; C = 36*; Pro= 20; Reg= 21; GF= 25

16‘" 50t 9ot
Correlation Number
Percentiles
FIGURE 5
Integrative networks of immune mediators in COVID-19 patients according to disease outcome. Integrative networks were constructed for
Discharge (n = 51) and Death (n = 41) subgroups at the hospital admission (DO). based on Pearson and Spearman rank correlation tests. Circular
cluster layouts to display ve biomarker clusters, comprising 43 nodes representing: laboratory records (= LRec, 1-16), chemokines ( = C, 17-23),
pro-in ammatory cytokines (@= Pro, 24-30), regulatory cytokines (@= Reg, 31-36), and growth factors ({3= GF, 37-43). Node sizes are proportional
to the number of correlations with continuous and dashed lines indicating positive and negative correlations between nodes, respectively. Venn
Diagram analysis was performed to identify common and selective axes between Discharge and Death outcomes. Descriptive analysis of network
connectivity including total axes and number of axes by biomarker categories (LRec, C, P, R, and GF) is provided in the gure. The Chi-square test
was employed for comparative analysis between Discharge and Death subgroups. Signi cant differences between Discharge and Death subgroups
are represented by * symbol. Colormap construct illustrates the connectivity patterns comprising total, common, and selective axes observed for
Discharge and Death subgroups. A color key representing the correlation number gradient is provided in the Figure. Most prominent color gradient
observed in Discharge or Death subgroups are underscored by *.
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patterns of differences between subgroups along the timeline
kinetics, including: i) sustained increase; ii) early increase; iii)
early/intermediate rising and iv) transient peak. Based on these
patterns, the results pointed out a cluster of three serum immune
mediators (CXCL8, CXCL10, and IL-6) with sustained increase in
the “death” subgroup. While an early increase was observed for
CCL2, IFN-g, IL-10, and G-CSF, early/intermediate rising was
identi ed for CCL3, and CCL4. A transient peak was observed for
TNF-a, IL-15, VEGF, and IL-7 (Figure 7).

Furthermore, the landscape of changes in serum immune
mediator signatures was investigated in COVID subgroups during
the follow-up. The results are presented as delta signatures (% in
Disease outcome — % in HC) in Figure 8. Data analysis demonstrated
a divergent balance between increase and decrease of soluble
mediators throughout the timeline kinetics associated with distinct
disease outcome. Descriptive analysis of altered immune mediators
showed that while progression to discharge exhibited a more
balanced temporal pro le (balance ~ 1.0x), with a minor peak at
D3-7, the “death” outcome was associated with a sustained imbalance
(balance > 1.0x) of immune mediators across all timepoints, with
pronounced peak at D8-14. The overall pro le underscored that
major differences between subgroups occurred at D8-14, with an
increase of CCL2, and G-CSF in the “death” subgroup, contrasting
with the decrease of IL-7, VEGF, IL-2, PDGF, FGF-basic, IL-17, and
IL-10 observed in the “discharge” outcome (Figure 8). Additional
details on the distribution of altered immune mediators at each
timepoint are provided in Supplementary Figure S2.

Overall performance of serum immune
mediators to categorize COVID-19 patients
according to disease outcome

ROC curve analysis demonstrated that 5 out of 27 immune
mediators (CXCL8, CCL2, CXCL10, IL-6, and IFN-g) presented
useful global accuracy performance (AUC = 0.8) to classify “death”
from “discharge” outcome (Table 2). These immune mediators were
further analyzed employing likelihood ratio scores (LR). Data
demonstrated that IL-6 was the parameter with outstanding ability
to differentiate groups with LR(+) = 10.2 (Figure 9). Stepwise
decision-tree algorithm was further employed to estimate the
accuracy of immune mediators to classify subgroups. Data pointed
out a hierarchical algorithm comprising: IL-6 (cut-off = 8.0 pg/mL) as
the root attribute, followed by CCL2 (cut-off = 27 pg/mL) and CXCL8
(cut-off = 17 pg/mL) as branch parameters to correctly classify 94%
(48/51) of patients from the “discharge” subgroup and 68% (28/41)
from “death” subgroup, reaching an overall accuracy of 83% (76/92).
Together, these data support the applicability of measuring the serum
levels of IL-6, CCL2, and CXCL8 as complementary prognostic
biomarkers for early classi cation and prediction of disease
outcome in COVID-19 patients.

Discussion
This study was designed as an exploratory follow-up

investigation to characterize the timeline Kinetics and network
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interplay of serum immune mediators in COVID-19 patients,
further categorized according to disease outcome.

At hospital admission, COVID-19 patients exhibited a broad
in ammatory response characterized by a classical immune
mediator storm, with prominent increases of chemokines and
pro-in ammatory cytokines. In this study, we identi ed a set of
eight mediators (CXCL8, CCL3, CCL5, CXCL10, IL-1b, IL-6, IFN-g,
and IL-1Ra) showing the most pronounced differences in COVID-
19 patients as compared to healthy controls. These ndings align
with previous studies demonstrating that COVID-19 induces an
exacerbated production of soluble immune mediators, recognized
as central drivers of immunopathogenesis and adverse clinical
outcomes (9-11). It is well established that the hyperactivation of
pro-in ammatory pathways is a hallmark of COVID-19 and
contributes to multiorgan dysfunction and increased mortality in
a subset of patients (12, 13).

Extending these observations over time, our ndings revealed
distinct patterns throughout the timeline kinetics. While elevated
levels of serum mediators were observed in COVID-19 patients,
those who progressed to death showed higher concentrations at
hospital admission and during follow-up. Longitudinal follow-up
analysis further revealed that the “death” subgroup exhibited a
persistent elevation of immune mediators across all timepoints,
with higher imbalance at D8-14. This persistent in ammatory state
reinforces the concept that sustained immune activation underlies
unfavorable clinical evolution in COVID-19 (8, 14).

Overall, our data analysis demonstrated that a set of ve
immune mediators (CXCL8, CCL2, CXCL10, IL-6, and IFN-g)
showed consistently higher levels in the “death” subgroup. This
chemokine pro le aligns with previous studies showing that single-
cell RNA sequencing analyses of bronchoalveolar lavage uid
(BALF) from COVID-19 patients revealed expansion of
in ammatory macrophage subsets expressing high levels of CCL2
and CXCL10, underscoring their pivotal role in sustaining systemic
in ammation and contributing to disease severity (15, 16).
Similarly, neutrophils have emerged as major effector cells in
COVID-19 immunopathology, particularly through CXCLS8-
mediated recruitment and activation. Moreover, single-cell
transcriptomic analyses of BALF revealed elevated CXCL8
expression in both epithelial and myeloid compartments of
critically ill patients, a key chemoattractant driving massive
neutrophil in Itration into in amed pulmonary tissues (17, 18).
Furthermore, activated neutrophils display impaired phagocytic
function and a hyperactivated phenotype, releasing neutrophil
extracellular traps, reactive oxygen species, and proteolytic
enzymes that synergistically amplify tissue injury and endothelial
dysfunction in COVID-19 (17-20). In this study, elevated
serum CXCL8 levels observed in patients who progressed to
death reinforce the concept that CXCL8-driven neutrophil
hyperactivation represents a key mechanism contributing to the
ampli ed storm of immune mediators associated with COVID-19
outcomes. Altogether, these ndings highlight a chemokine axis
linking CXCL8, CCL2, and CXCL10, sustaining a self-perpetuating
in ammatory loop that promotes adverse clinical outcomes.

Beyond chemokine-driven pathways, cytokine-mediated
mechanisms also play a pivotal role in shaping disease
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FIGURE 6
Timeline signatures of serum immune mediators in COVID-19 patients. The overall signatures and ascendant delta of chemokines, pro-in ammatory
cytokines, regulatory cytokines, and growth factors were evaluated in serum samples from COVID-19 patients ( , COVID, n = 92) throughout

consecutive timepoints following hospital admission (DO), referred as D3-7, D8—14, and D15-40, as compared to Healthy Controls (, HC, n = 50).
Sample availability varied across time windows, with the following number of COVID-19 patients contributing samples: DO (n = 92), D3-7 (n = 32),
D8-14 (n = 34), and D15-40 (n = 19). Measurements of serum mediators were carried out by Luminex Bio-plex platform as described in Material and
methods section. Data are shown in radar charts representing the proportion of subjects with serum levels above the global median cut-off (%),
calculated for each immune mediator. Comparative analysis amongst COVID-19 timeline subgroups and HC was carried out by Fisher test.

Signi cant differences at p < 0.05 in comparison to HC are underscored by pink bars. Non-signi cant data are represented by gray bars. Ascendant
delta signatures (% COVID — % HC) are presented in color gradient bar charts underscoring signi cant increase or decrease in serum immune
mediators between COVID vs HC along the timeline kinetics. Common and selective serum immune mediators identi ed along the timeline kinetics
are underscored by # and * symbols, respectively.
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