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In this study, abnormal levels of myeloid activation, endothelial
damage, and innate immune markers were associated with
severe coronavirus disease 2019 (COVID-19), while higher
levels of metabolic biomarkers (irisin, leptin) demonstrated a
protective effect. These data support a model for COVID-19
immunopathogenesis linking robust inflammation and
endothelial damage in metabolically predisposed individuals.
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Coronavirus disease 2019 (COVID-19) is a heterogeneous clin-
ical disease ranging from asymptomatic infection to life-
threatening acute respiratory distress syndrome that continues
to cause significant morbidity and mortality worldwide [1-5].
Despite significant progress in understanding the role of innate
immune signaling and robust inflammation in the pathogenesis
of COVID-19, disease heterogeneity and variability in host fac-
tors hamper identification of predictors with translational clin-
ical implications. We sought to expand the understanding of
COVID-19 pathophysiology by integrating clinical data and
soluble biomarkers of innate immunity, myeloid cell activation,
vascular injury, control of energy metabolism, and coagulation
from a cohort covering a broad range of disease severity.
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METHODS

De-identified clinical blood samples from 128 patients with
molecularly confirmed severe acute respiratory syndrome co-
ronavirus 2 (SARS-CoV-2) infection were collected near the
time of hospital admission and before any medical treatment
including corticosteroids or tocilizumab at 2 Southern Italian
medical centers (Bari and Foggia) between February and
September 2020. At the time of this study, antivirals such as re-
mdesivir and monoclonal antibodies were unavailable. Clinical
characteristics and outcomes including disease severity and in-
hospital mortality were recorded. Disease severity was catego-
rized as mild-moderate or severe-critical based on the greatest
disease severity experienced throughout admission. Briefly,
cases were designated: mild (n =24)—minimal symptoms, no
imaging findings; moderate (n = 36)—fever, respiratory symp-
toms, and radiographic pneumonia; severe (n=49)—respira-
tory distress (>30 breaths/min) OR oxygen saturation <93%
at rest; critical (n = 19)—shock, respiratory failure, or other or-
gan failure requiring intensive care [6]. This study was ap-
proved by local internal review boards and performed in
accordance with the Declaration of Helsinki.

Plasma levels of interleukin (IL)-1B, IL-2, IL-4, IL-6, IL-8,
IL-10, IL-12p70, IL-13, IL-27, interferon (IFN)-y, tumor
necrosis factor (TNF)-a, C-reactive protein (CRP), serum am-
yloid A (SAA), thrombopoietin (TPO), soluble thrombomo-
dulin (sTM), intercellular adhesion molecule-1 (SICAM-1),
sSICAM-3, sVCAM-1, E-selectin, P-selectin, pentraxin-3
(PTX3), tissue factor pathway inhibitor (TFPI), antithrombin
III (AT3), elastase, peptidylarginine deaminase-4 (PAD-4),
serum levels of IL-7, C3a, and C5a, circulating immune com-
plexes-Clq (CIC-Clq), CIC-C3d, Clgq, irisin, and leptin were
quantified using electrochemiluminescence from Meso-Scale
Discovery (MSD; Gaithersburg, MD, USA), while sCD14 and
sIL-6Ra were quantified by enzyme-linked immunosorbent
assay (R&D Systems, Minneapolis, MN, USA).

To investigate the impact of clinical characteristics and bio-
markers on COVID-19 severity and in-hospital mortality, lo-
gistic regression modeling was performed while controlling
for time from symptom onset to sample collection for all vari-
ables. Significant biomarkers were fed into a multivariate step-
wise selection process (Supplementary Methods). Spearman's
correlation was used to assess associations between biomarkers,
and a decision tree model was performed to identify which
markers were most predictive of severe—critical COVID-19.

RESULTS

In this retrospective cohort study, we collected data from
128 consecutive patients with COVID-19 admitted to
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2 Southern Italian hospitals (60 patients with mild-moderate
and 68 with severe-critical disease) (Table 1). The median
age (interquartile range) was 59 (50-79) years, and 66 patients
(51.6%) were women. Ten total deaths were recorded in the co-
hort; all other patients survived to hospital discharge. As the
time from symptom onset to sample collection differed be-
tween patients with mild-moderate and severe-critical disease,
this variable was adjusted for in all our regression analyses.
Clinical characteristics associated with severe—critical disease
by adjusted logistic regression included age (OR, 1.06 per
year; 95% CI, 1.04-1.10), hypertension (OR, 3.91; 95% CI,
1.67-9.7), and chronic obstructive pulmonary disease
(COPD; OR, 17.51; 95% CI, 3.17-329.05). COPD was the
only clinical factor that remained significant in the multivariate
regression analysis (OR, 12.9; 95% CI, 1.53-294.1). Among
clinical laboratory values, D-dimer (OR, 4.48; 95% CI, 1.77-
12.76) was associated with severe-critical disease, whereas a
higher absolute lymphocyte count was protective (OR, 0.11;
95% CI, 0.02-0.54).

Severe—critical disease was strongly associated with innate
inflammatory biomarkers including IL-6 (OR, 3.70; 95% CI,
1.79-8.53), TNF-a (OR, 9.38; 95% CI, 1.57-69.97), pentraxin-3
(PTX3; OR, 9.78, 95% CI, 3.48-32.78), C1q (OR, 18.43; 95% ClI,
2.68-151.11), and soluble CD14 (sCD14; OR, 24.21; 95% CI,
1.47-497.9). Multiple markers of endothelial activation were

Table 1. Patient Characteristics of the Mild-Moderate and Severe—
Critical COVID-19 Cohorts

Mild-Moderate

Severe—Critical

Characteristic (n=60) (n=68)
Age, y 53 (43-62) 67 (56.8-84.2)
Female, No. (%) 32 (53.3) 34 (50)
Race, No. (%)
Caucasian 57 (100) 65 (97)
Other 0 (0) 2(3)
BMI, kg/m? 24.3(22.2-26.0) 25.6 (23.1-27.3
Symptoms to specimen collection, d 9.0 (7.0-13.5) 15.0 (10.0-30.2

)

)

Total neutrophil count, cells/uL 3.48 (2.71-4.57) 3.64 (2.36-5.55)
)

Total lymphocyte count, cells/ul 1.39(0.86-1.89) 1.10 (0.66-1.61

Comorbidities, No. (%)

Hypertension 13 (21.7) 35 (51.5)
Chronic kidney disease 2(3.3) 9(13.2)
Diabetes mellitus 10(16.7) 17 (25)
COPD/asthma 2(3.3) 15 (22.1)
Cancer/autoimmunity 7 (11.7) 12 (17.6)
Treatment, No. (%)
Antibiotics 2 (3.3 17 (25)
Tocilizumab 2(3.3) 11(16.2)
Steroids 0 (0) 5 (7.5)

Continuous variables are represented as median with interquartile range, and categorical
variables as number with percentage. All samples included in this cohort were collected
before the administration of corticosteroids or tocilizumab. No patients received
monoclonal antibodies or remdesivir, as these treatments were unavailable at the time of
this study.

Abbreviations: BMI, body mass index; COPD, chronic obstructive pulmonary disease;
COVID-19, coronavirus disease 2019.

also associated with severe—critical disease, specifically soluble
thrombomodulin (sTM; OR, 15.76; 95% CI, 2.12-145.5),
sICAM-1 (OR, 42.1; 95% CI, 3.22-828.0), and sVCAM-1
(OR, 92.0; 95% CI, 7.62-1696.7) (Figure 1A). Stepwise multi-
variate logistic regression identified PTX3 (OR, 10.5; 95% CI,
1.84-79.1), IL-6 (OR, 7.37; 95% CI, 1.82-40.3), and Clq (OR,
48.3; 95% CI, 2.29-1663) as the most important biomarkers as-
sociated with severe—critical disease (Supplementary Table 1).
Consistent with these findings, a decision tree analysis identi-
fied PTX3 >8.68 ng/mL as the most robust predictor of severe
disease, with a second node at age >62 years (Supplementary
Figure 1).

Interestingly, irisin, a myokine produced during exercise and
with anti-inflammatory properties in different clinical settings
[7-9], was strongly correlated with protection against severe-
critical disease (OR, 0.03; 95% CI, 0.0-0.68). Logistic regression
analysis for in-hospital mortality also demonstrated that leptin,
an adipokine, was associated with lower mortality (OR, 0.23;
95% CI, 0.06-0.76), highlighting the importance of metabolism
in innate and adaptive immunological functions [10] impacting
the severity of COVID-19.

Logistic regression for in-hospital mortality also identified a
greater risk of death with increased D-dimer (OR, 3.82; 95%
CL 1.11-13.95) and CRP (OR, 7.12; 95% CI, 1.52-50.34),
with a similar cytokine profile as found in those with se-
vere-critical disease (TNF-a, PTX3, IL-6, sCD14, sTM, and
sVCAM-1) (Figure 1B). Unique biomarkers associated with
increased mortality included IL-10 and IL-27. Because of
the small total number of deaths in our cohort, multivariate
analysis for mortality was not performed due to low statistical
power. Overall, the biomarker patterns in both analyses were
overlapping and consisted primarily of markers involved in
innate immune signaling, monocyte activation, and endothe-
lial injury. Due to the inherent subjectivity of reported symp-
tom onset, a sensitivity analysis was performed by excluding
outlier individuals with sample collection >30 days from re-
ported symptom onset. No notable differences in the logistic
regression for severe—critical COVID-19 and in-hospital mor-
tality were identified in this subset analysis (Supplementary
Tables 2 and 3), further corroborating the lack of confounders
due to the variability in time from symptom onset to sample
collection in the observed differences in COVID-19 clinical
severity.

Heat maps comparing biomarker correlations in the mild-
moderate vs severe—critical cohorts revealed a network of sig-
nificant links between markers of innate immunity, endothelial
activation, and complement in the mild-moderate cohort
(Figure 1C). However, in severe disease a unique pattern
emerged with a reduced number of overall correlations and
stronger associations between innate immune and endothelial
markers consistent with a more rigid and dysregulated cytokine
network (Figure 1D).
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Figure 1. Logistic regression of clinical characteristics and biomarkers associated with severe—critical disease (A) and death (B) from COVID-19, adjusted for time from
symptom onset to specimen collection. Multiparameter Spearman’s correlation analysis was used to generate heat maps demonstrating correlations between biomarkers in
those with mild—-moderate COVID-19 (C) and severe—critical disease (D) (statistically significant [P < .05] correlations are highlighted by colored circles, with red indicating
positive and yellow highlighting negative assocations). The total number of positive correlations (r> 0.30) was notably different between those with mild-moderate disease
compared with severe—critical. No negative correlations with r < —0.30 were identified. Abbreviations: ALC, absolute lymphocyte count; ANC, absolute neutrophil count; AT3,
antithrombin Ill; BMI, body mass index; CIC-C1q, circulating immune complexes—C1qg; COPD, chronic obstructive pulmonary disease; COVID-19, coronavirus disease 2019;
CRP, C-reactive protein; IFNy, interferon-y; IL-6Ra, interleukin-6 receptor-o; PAD-4, peptidylarginine deaminase—4; PTX3, pentraxin-3; SAA, serum amyloid A; sICAM-1, solu-
ble intercellular adhesion molecule—1; sVCAM-1, soluble vascular cell adhesion molecule-1; TFPI, tissue factor pathway inhibitor; TM, thrombomodulin; TNFa, tumor necrosis

factor-a; TPO, thrombopoietin.

DISCUSSION

The pathogenesis of hyperinflammation in COVID-19 contin-
ues to be refined. As type I interferon signaling is involved in
early sensing of SARS-CoV-2, as well as other respiratory virus-
es [11], the downstream inflammatory cascade converges on in-
nate immune cytokines including IL-6, IL-10, and TNF-aq,
which are consistently increased in those progressing to severe
COVID-19 [12-15]. Innate immune cytokines correlate with

SARS-CoV-2 viral load when assessed longitudinally, and per-
sistent stimulation through Toll-like receptors (TLRs) has been
identified as a potential mechanism to explain this innate hy-
percytokinemia [12, 14].

We found a similar pattern with increases in IL-6 and TNF-a
associating with severe—critical disease and death by regression
analyses, with IL-6 remaining associated with severe disease in

the multivariate stepwise model. In addition, a high level of
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PTX3, a key component of innate immune signaling, was also
significantly increased in severe COVID-19 by multivariate re-
gression. These findings suggest that PTX3 may be more ro-
bustly associated with severe disease than CRP, as previously
proposed [16, 17]. This was validated in our decision tree mod-
el, which identified elevated PTX3 as the strongest predictor of
severe COVID-19.

Multiple studies have highlighted the role of inflammatory
monocytes in severe COVID-19, and pathologic cytokine pro-
duction is implicated in driving monocyte expansion [18-20].
Consistent with these reports, we found increased sCD14 and
IL-27 levels in patients progressing to severe—critical disease.
Increased IL-27 was also associated with greater in-hospital
mortality in our analysis. Interestingly, IL-27 plays a crucial
regulatory role in limiting inflammatory responses [21].
Therefore, increased IL-27 may represent failure of a negative
feedback mechanism to suppress the pathologic inflammation
driven by SARS-CoV-2. As a prior study found increased
IL-27 in those requiring prolonged hospitalizations in an age-
dependent manner [22], pathogenic signaling through IL-27
pathways may represent an intriguing area for future
studies [21].

Therefore, we found that early damage responses in the re-
spiratory tract, converging on the IL-6 axis, facilitate the re-
cruitment of inflammatory monocytes, and such early innate
events may result in a concomitant endothelial injury. We iden-
tified a strong connection between increased levels of D-dimer
and markers of endothelial activation such as sICAM-1,
sVCAM-1, sTM, and TFPI in both severe disease and mortality.
Increases in endothelial markers are found in severe
COVID-19 [23-25]. SARS-CoV-2 can infect endothelial cells
and causes substantial endotheliitis leading to diffuse micro-
thrombi [26, 27], contributing to our understanding of the re-
lationship between endothelial activation, coagulation, and
severe infection. Future studies should evaluate the utility of
endothelial activation markers as clinical predictors of severe
disease and cardiovascular complications.

The protective effect of metabolic biomarkers, such as the
adipo-myokines irisin and leptin, implicates these pathways
in modulating inflammation at the systemic or local level [7-
10, 28]. In our Southern Italian cohort, with a low prevalence
of obesity, the relation of metabolic biomarkers to protection
from severe disease may have been revealed due to increased
muscle mass or nutritional patterns [29]. This association could
be different in obese populations, where irisin production is
driven more by adipocytes.

Our study has limitations. It was retrospective, with a variable
time interval between symptom onset and sample collection. All
logistic regression models adjusted for this important variable,
controlling its impact on our findings, as documented also by
a sensitivity analysis. Our cohort only included patients with
COVID-19, and this unique immunometabolic profile may not

be exclusive to those with SARS-Cov-2 infections. Although
this study includes a population with a broad range of disease se-
verity, which facilitated the identification of predictors of severe
COVID-19 in a specific Mediterranean population, there were
only 10 total deaths, which limits the precision of our mortality
analysis. This study was conducted early in the pandemic, offer-
ing a perspective at the first appearance of SARS-CoV-2 in such a
population. This provided valuable data for disease pathogenesis
in a naive host with all samples collected before any immunosup-
pressive treatments such as steroids or tocilizumab. However, in
the current COVID-19 epidemiological environment, it is possi-
ble that newer variants and underlying active and passive adap-
tive immune responses could affect the relative contribution of
the pathogenic mechanisms identified herein. Future prospective
studies should evaluate the role of this unique immunometabolic
signature in individuals who progress to severe—critical disease in
the current epidemiological context and vaccine- and/or prior
infection-associated SARS-CoV-2 immunity.

Despite these limitations, we provide an articulate analysis of
a broad range of soluble biomarkers and their prognostic value
for COVID-19 severity. We identified increased levels of mye-
loid activation markers supporting the role of inflammatory
monocytes in COVID-19 hyperinflammation. The association
of IL-27 with mortality and the potential protective effects of
novel immunometabolic markers in severe disease could aid
in identifying new mechanistic pathways. Finally, markers of
coagulopathy and endothelial activation were significantly as-
sociated with severe disease and death. These markers and their
link with immunometabolic characteristics of patients may
have clinical utility in risk-stratifying hospitalized patients early
in their disease course. The COVID-19 pandemic remains a
worldwide challenge, and continued study of its pathogenesis
is essential to improve treatment options and decrease adverse

outcomes.
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