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Abstract: Although the number of cases and mortality of COVID-19 are seemingly declining, clini-
cians endeavor to establish indicators and predictors of such responses in order to optimize treatment
regimens for future outbreaks of SARS-CoV-2 or similar viruses. Considering the importance of aber-
rant immune response in severe COVID-19, in the present study, we aimed to explore the dynamic of
serum TNF-like weak inducer of apoptosis (TWEAK) levels in critically-ill COVID-19 patients and
establish whether these levels may predict in-hospital mortality and if TWEAK is associated with
impairment of testosterone levels observed in this population. The present single-center cohort study
involved 66 men between the ages of 18 and 65 who were suffering from a severe type of COVID-19.
Serum TWEAK was rising during the first week after admission to intensive care unit (ICU), whereas
decline to baseline values was observed in the second week post-ICU admission (p = 0.032) but not in
patients who died in hospital. Receiver-operator characteristics analysis demonstrated that serum
TWEAK at admission to ICU is a significant predictor of in-hospital mortality (AUC = 0.689, p = 0.019).
Finally, a negative correlation was found between serum TWEAK at admission and testosterone levels
(r = −0.310, p = 0.036). In summary, serum TWEAK predicts in-hospital mortality in severe COVID-19.
In addition, inflammatory pathways including TWEAK seem to be implicated in pathophysiology of
reproductive hormone axis disturbance in severe form of COVID-19.

Keywords: TWEAK; biomarker; COVID-19; inflammation; acute respiratory distress syndrome;
testosterone

1. Introduction

Ever since it emerged in late 2019, coronavirus disease 2019 (COVID-19) has rapidly
developed into the biggest global healthcare issue [1]. The reasons behind very poor
outcomes at the beginning of pandemic were multifactorial, yet what substantially con-
tributed was poor understanding of the pathophysiological pathways encompassing the
COVID-19 infection, especially with regards to aberrant immune response [2,3]. In fact,
clinical experience with the use of both immunomodulatory agents and research data
implies that immune response is a major culprit in severe respiratory insufficiency seen in
COVID-19 [4–7]. Although the pandemic now seems to fade, clinicians endeavor to estab-
lish indicators and predictors of such responses in order to optimize treatment regimens
for future outbreaks of SARS-CoV-2 and similar viruses.
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Specifically, it has been suggested that human coronaviruses, including COVID-19,
frequently lead to death via development of cytokine storm syndrome and consequent
acute respiratory distress [8,9]. Multiple data support these findings. For instance, serum
levels of pro-inflammatory cytokines, such as interleukin-6 (IL-6), tumor necrosis factor-
alpha (TNFα), and IL-10, are elevated in patients with COVID-19, especially in those treated
in the intensive care unit, correlating positively with disease severity [10–12].

TNF-like weak inducer of apoptosis (TWEAK), a member of the TNF ligand family, is a
multifunctional cytokine extensively distributed in cell types and tissues [13,14]. By binding
to its only known receptor, factor-inducible 14 (Fn14), TWEAK stimulates the release of the
above-noted pro-inflammatory cytokines [15]. Although initially described as an apoptosis
inducer, accumulating evidence has demonstrated that binding of TWEAK to the Fn14
contributes to the pathophysiology of diverse pathologic processes such as angiogenesis,
carcinogenesis, and inflammation [16–19]. Recently, it has been suggested that TWEAK is
closely associated with signaling pathways that cause alterations of intracellular signaling
cascades in the lungs and thus contributes to the development of respiratory diseases of
various etiologies (e.g., pulmonary artery hypertension, asthma, idiopathic pulmonary
fibrosis) [20]. Notably, regardless of the underlying etiology, inhibition of TWEAK/Fn14
axis seem to contribute to attenuation of disease progression, thus making it an interesting
therapeutic target for the aforementioned pathologies.

Studies suggest that disturbance of hypothalamic–pituitary–gonadal (HPG) axis is
a two-way street in COVID-19. Specifically, although testosterone is known to attenuate
oxidative stress and endothelial dysfunction, thus dampening the aberrant immune re-
sponse, high testosterone levels could also lead to increased susceptibility of SARS-CoV-2
and portend worse outcomes by up-regulating the expression of transmembrane protease
serine 2 (TMPRSS2) [21].

In the present study, we aimed to explore the dynamic of serum TWEAK levels in
critically ill COVID-19 male patients and establish whether these levels may predict in-
hospital mortality. Furthermore, we explored the association between circulating levels
of TWEAK and testosterone levels. Finally, we aimed to establish a correlation between
serum TWEAK and indices of myocardial injury and lung involvement in a severe form
of COVID-19.

2. Materials and Methods
2.1. Study Design and Ethical Considerations

The present single-center cohort study was conducted at the University Hospital of
Split Respiratory Intensivist Center (RIC) from December 2021 to May 2022. The study was
approved by the Ethics Committee of the University Hospital of Split and was conducted
in accordance with all ethical principles of the 2013 Declaration of Helsinki. Prior to
enrollment in the study, all participants were acquainted with the details of the study and
personally signed the informed consent.

2.2. Participants and Inclusion/Exclusion Criteria

The study involved 66 men between the ages of 18 and 65 who were suffering from
a severe type of COVID-19 at the RIC of the University Hospital of Split. All included
patients were intubated and placed on mechanical ventilation on the first day of admission
to RIC. In the time of participant enrollment, the dominant variant of SARS-CoV-2 in
Croatia was the SARS-CoV-2 B.1.617.2 (Delta) variant [22]. The standard references for
endotracheal intubation included the following: airway protection, severe decompensate
acidosis (pH < 7.2), and severe absolute hypoxemia (PaO2 < 50 mmHg or SpO2 < 90%)
despite maximal noninvasive respiratory support. Exclusion criteria were: previously
diagnosed malignant disease, previously diagnosed autoimmune disease, heart failure,
renal failure, liver failure, vitamin D supplementation, and uncooperative patients. The
study included male patients exclusively, as the principal aim was to establish the associa-
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tion between relevant inflammatory parameters, testosterone hormonal axis, and disease
severity/outcomes in patient with severe COVID-19.

2.3. Clinical and Laboratory Evaluations

Demographic characteristics and relevant data from past medical history (comorbidi-
ties, chronic therapy, current therapy, time from disease onset to hospital admission, time
from admission to ICU) were collected from the hospital records for each included patient.
Vital signs and SpO2 were continuously monitored upon admission to the RIC. Body weight
(kg) and height (cm) measurements were obtained from the medical record, and BMI was
calculated by the body weight (kg) being divided by height-squared (m2).

Arterial blood gas variables and standard laboratory panel (complete blood count,
white blood cells (WBCs), C-reactive protein (CRP), lactate dehydrogenase (LDH), and
D-dimer) were measured upon admission and henceforth on a daily basis. All laboratory
analyses were conducted using standard operating procedures at the Department for
Laboratory medicine of the University Hospital of Split.

For risk stratification, we used multiple risk scores. The Brixia scoring system, an
18-point chest X-ray (CXR) scoring system, was used for grading of CXR reports into five
different severity categories in hospitalized patients with COVID-19 infection [23]. Brixia
score was calculated based on chest X-ray that was performed as a standard of care at
admission to RIC. Simplified Acute Physiology Score (SAPS II), a score that consists of
12 physiological variables and 3 disease-related variables, was used to estimate in-hospital
mortality [24]. Horowitz index, calculated by the ratio of SpO2 and FiO2, was used to assess
lung function [25]. Both SAPS-II and the Horowitz index were calculated upon admission
to the RIC. Survival of Severely Ill COVID (SOSIC) scores and SOSIC-1, -7, and -14 were
used to predict the likelihood of 90-day mortality post-ICU admission [26], and calculations
were performed at admission to RIC, 7 days after that, and 14 days after admission.

Peripheral venous blood samples for TWEAK measurement were collected at 3 points
in time: upon admission to RIC, 7 days after, and 14 days after RIC admission unless patient
was discharged or deceased. The blood samples were centrifuged at 3000× g for 10 min,
aliquoted, and subsequently stored at −80 ◦C. On the evaluation day, serum was melted
at room temperature. The serum concentrations of TWEAK (Phoenix Pharmaceuticals
Inc., Burlingame, CA, USA) were determined using commercially available ELISA kits.
All assays were conducted by an experienced biochemist according to the instructions
of the manufacturers. Inter-assay and intra-assay reliability of the TWEAK ELISA were
CV < 15% and <10%, respectively. The minimum detectable concentration of TWEAK was
62.5 pg/mL.

The following standard therapeutic methods and up-to-date protocols were used in
patient treatment: corticosteroids, antiviral medications, anticoagulants, oxygen, and other
supportive therapies. All patients were followed until discharge from hospital or death
event during in-hospital stay, including both time spent in the RIC and time spent in other
hospital departments.

2.4. Statistical Analysis

Data were analyzed by using software MedCalc (MedCalc Software, Ostend, Belgium,
version 17.4.1) and Prism 6 for Windows® (version 6.01, GraphPad, La Jolla, CA, USA).
Categorical data are shown as absolute numbers (N) and percentages (%), while continuous
data are shown as mean ± standard deviation (SD) or median (interquartile range). The
normality of data was assessed with the Kolmogorov–Smirnov test. Chi-square (χ2) test
for or Fisher’s exact test were used for the analysis of categorical variables as appropriate.
Baseline data between principal groups of interest (patients who survived until discharge vs.
patients who deceased during in-hospital stay) were compared either with Student’s t-test
or Mann–Whitney U test as appropriate. Furthermore, the accuracy of TWEAK in predicting
in-hospital mortality was tested using ROC analysis with a calculation of area under the
curve (AUC). To compare whether there was statistically significant difference in TWEAK
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levels at different time points since admission, Friedman test with post hoc Conover test
was employed. Finally, to examine correlation between serum levels of TWEAK and hs-TnI
levels, CRP, Brixia score, SAPS-II score, SOSIC scores, Horowitz index, TSH levels, and
vitamin D, we employed Spearman’s rank-order correlation analysis. In this analysis, the r
correlation coefficient (rho), two-tailed significance (p) values, and respective correlation
graphs were generated. The p-value < 0.05 was considered statistically significant for
all analyses.

3. Results

The study population consisted of older adult male patients (average age of 55.1 years).
A mortality event occurred in 13 of the 66 individuals who were enrolled (19.7%). Patients
who died during in-hospital stay were older (p = 0.047), and more of them acquired
nosocomial infection (10 out of 13 vs. 18 out of 53, p < 0.001). These patients also had
greater prevalence of diabetes and hypertension (p < 0.001 and p = 0.004, respectively) and
lower levels of vitamin D. In addition, LDH levels and high-sensitivity troponin I (hs-TnI)
levels were lower in a subgroup of patients who survived until discharge, p = 0.024 and
p = 0.002, respectively. Other clinical features of interest, comorbidities, and laboratory
parameters showed no statistically significant differences (Table 1).

Table 1. Characteristics of patients at admission to the RIC.

Variables

Death Event
Total

(n = 66)
p *No

(n = 53)
Yes

(n = 13)

Age (years) 54.2 ± 7.9 58.9 ± 6.0 55.1 ± 7.7 0.047
BMI (kg/m2) 28.6 ± 3.9 28.2 ± 2.7 28.5 ± 3.7 0.771

Disease duration at admission to hospital (days) 9.0 ± 2.6 8.6 ± 3.4 8.9 ± 2.8 0.690
Disease duration at admission to ICU (days) 11.1 ± 3.2 10.5 ± 5.3 11.0 ± 3.7 0.607

Duration of hospitalization (days) 16 (14–20) 23 (15–35) 17 (14–23) 0.199
ICU length of stay (days) 11.5 ± 6.7 20.3 ± 8.5 13.2 ± 7.9 <0.001

Duration of mechanical ventilation (days) 7.0 ± 4.8 19.2 ± 8.6 9.4 ± 7.5 <0.001
Nosocomial infection (n, %) 18 (34%) 10 (77%) 28 (42%) <0.001

Fully vaccinated (n, %) 10 (19%) 2 (15%) 12 (18%) 0.772

Comorbidities

Active smoking (n, %) 4 (7.6%) 1 (7.7%) 5 (7.6%) 0.852
Arterial hypertension (n, %) 14 (26.4%) 5 (38.5%) 19 (28.8%) 0.004

Diabetes mellitus (n, %) 2 (3.8%) 2 (15.4%) 4 (6.1%) <0.001
Dyslipidemia (n, %) 33 (63%) 12 (54%) 45 (68%) 0.667

Hypothyroidism (n, %) 2 (3.8%) 1 (7.8%) 3 (4.5%) N/A

Laboratory parameters

SaO2 (%) 93.0 (90.4–96) 94.0 (86.6–96.0) 91.9 (90.3–96.0) 0.472
pH (units) 7.35 ± 0.07 7.34 ± 0.06 7.35 ± 0.07 0.475
pO2 (kPa) 5.8 ± 1.1 6.0 ± 0.7 5.8 ± 1.0 0.507

pCO2 (kPa) 9.8 ± 2.6 9.6 ± 2.1 9.8 ± 2.5 0.858
HCO3

− (mmol/L) 25.9 ± 2.4 25.5 ± 2.1 25.8 ± 2.3 0.629
Hemoglobin (g/L) 133.9 ± 12.0 131.9 ± 12.3 133.5 ± 12.0 0.591
Platelets (×109/L) 264.1 ± 84.6 217.3 ± 87.1 254.9 ± 86.7 0.081

WBC (×109/L) 10.0 ± 3.4 9.1 ± 4.6 9.8 ± 3.6 0.413
Neutrophiles (%) 88.9 ± 3.9 87.2 ± 5.0 88.6 ± 4.2 0.161
Lymphocytes (%) 6.8 ± 2.9 8.7 ± 4.4 7.2 ± 3.3 0.070

Monocytes (%) 3.51 ± 1.76 3.69 ± 1.72 3.5 ± 1.7 0.735
Eosinophiles (%) 0.37 ± 0.24 0.35 ± 0.22 0.36 ± 0.23 0.832
CRP (mmol/L) 87.2 ± 66.9 84.9 ± 35.2 86.5 ± 61.7 0.868
LDH (umol/L) 445.8 ± 221.8 605.1 ± 225.9 477.2 ± 222.9 0.024

D-dimers (mg/L) 2.17 (1.51–4.01) 3.08 (1.77–6.65) 2.34 (1.63–4.19) 0.305
Fibrinogen (g/L) 6.7 ± 1.3 6.5 ± 1.3 6.6 ± 1.4 0.507

INR 0.96 ± 0.06 0.99 ± 0.11 0.96 ± 0.07 0.199
aPTT (s) 22.2 ± 3.4 22.6 ± 3.2 22.3 ± 3.3 0.647

hsTnI (ng/L) 9.1 (5.9–13.7) 18.2 (9.9–32.8) 9.9 (6.2–16.3) 0.002
Blood glucose (mmol/L) 9.5 ± 2.6 10.8 ± 5.2 9.8 ± 3.3 0.206

Lactate (mmol/L) 1.5 (1.1–2.0) 1.4 (1.08–1.55) 1.5 (1.1–2.0) 0.235
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Table 1. Cont.

Variables

Death Event
Total

(n = 66)
p *No

(n = 53)
Yes

(n = 13)

Urea (mmol/L) 7.9 ± 2.1 8.8 ± 4.4 8.1 ± 2.7 0.289
Creatinine (mmol/L) 75.6 ± 15.4 84.2 ± 28.4 77.3 ± 18.7 0.142

Testosterone (nmol/L) 0.74 (0.44–1.49) 0.85 (0.60–1.50) 0.77 (0.44–1.49) 0.723
TSH (mIU/L) 0.34 (0.19–0.64) 0.25 (0.17–0.62) (0.18–0.63) 0.699
fT3 (pmol/L) 2.37 ± 0.42 2.53 ± 0.90 2.41 ± 0.54 0.353
fT4 (pmol/L) 15.69 ± 3.55 12.04 ± 3.11 15.52 3.33 0.478

Vitamin D (nmol/L) 40.0 ± 18.6 27.4 ± 17.0 37.7 ± 18.8 0.040

Data are expressed as mean ± SD, number (percent), or median (interquartile range). * Mann–Whitney U test,
chi-square test, or Student’s t-test. Abbreviations: CRP, C-reactive protein; HCO3

−, bicarbonate; LDH, lactate
dehydrogenase; pO2, partial pressure of oxygen in the blood; pCO2, partial pressure of carbon dioxide in the
blood; SpO2, oxygen saturation; WBC, white blood cells; hs-TnI, high-sensitivity troponin I; RIC: Respiratory
Intensivist Center; ICU: intensive care unit; TSH: thyroid stimulating hormone; BMI: Body mass index; INR:
International normalized ratio; aPTT: Activated Partial Thromboplastin Time.

A panel of clinical scores for severity of the disease and/or prognosis were calculated
and are presented in Table 2. All of the three SOSIC scores were higher in group that suffered
from fatal event (p = 0.013, p < 0.001, and p < 0.001, respectively). In addition, Brixia score
was also higher in group of patients who died during in-hospital stay (p = 0.004). Other
risk scores did not differ between patients who died as a result of a fatal event during
in-hospital stay and those who did not.

Table 2. Clinical scores of interest.

Variables

Death Event
Total

(n = 66)
pNo

(n = 53)
Yes

(n = 13)

Horowitz index 91.1 ± 30.9 84.1 ± 24.9 89.7 ± 29.7 0.449 †
SAPS II 29 (27–32.5) 32 (29–34) 29 (27–34) 0.168 *
SOSIC-1 27.6 (21.1–36.0) 35.4 (31.7–41.9) 30.3 (22.9–36.4) 0.013 *
SOSIC-7 6.4 (3.2–25.8) 38.5 (31.1–43.4) 12.9 (3.9–33.1) <0.001 *
SOSIC-14 4.4 (2.0–11.9) 48.9 (46.0–55.4) 27.6 (2.8–48.0) <0.001 *

Brixia score 11.5 ± 3.8 14.9 ± 2.7 12.2 ± 3.9 0.004 †
Data are expressed as mean ± SD, number (percent), or median (interquartile range). * Mann–Whitney U test; † Stu-
dent’s t-test. Abbreviations: SOSIC, Survival of Severely Ill COVID; SAPS II, Simplified Acute Physiology Score.

Serum levels of TWEAK rose during the first week after admission to ICU, whereas de-
cline to baseline values was observed in the second week post-ICU admission (181.85 pg/mL
(95.90–348.17) vs. 197.77 pg/mL (136.03–471.52) vs. 188.55 pg/mL (139.71–377.51), p = 0.032).
On the other hand, in the subgroup of patients who died in hospital, serum TWEAK
levels rose in the first 7 days but failed to decline in the subsequent week (247.2 pg/mL
(89.7–326.8) vs. 284.20 pg/mL (157.64–582.86) vs. 293.80 pg/mL (188.55–640.51), p = 0.016).

Serum levels of TWEAK at admission to ICU were lower in the subgroup of patients
who survived (179.3 pg/mL (86.6–375.5) vs. 247.2 pg/mL (89.7–326.8), p = 0.037) (Figure 1).

A significant positive correlation was found between Brixia score and serum levels
of TWEAK (r = 0.491, p < 0.001) (Figure 2) Likewise, a positive correlation was found
between serum levels of TWEAK at admission and CRP levels (r = 0.410, p = 0.002) as
well as between TWEAK and hs-TnI levels (r = 0.463, p = 0.001). On the other hand, weak
negative correlation was found between serum TWEAK at admission and testosterone
levels (r = −0.310, p = 0.036). SAPS-II score, SOSIC scores, Horowitz index, TSH levels, and
vitamin D levels did not correlate with TWEAK serum levels (Table 3).

Receiver-operator characteristics analysis demonstrated that serum TWEAK at ad-
mission to ICU is a significant predictor of in-hospital mortality (AUC = 0.689, p = 0.019)
(Figure 3).
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Table 3. Correlation between serum TWEAK levels at admission to ICU and variables of interest.

Variable r * p

CRP (mmol/L) 0.410 0.002
hs-TnI (ng/L) 0.463 0.001

Testosterone (nmol/L) −0.310 0.036
SAPS-II 0.233 0.064
SOSIC-1 −0.072 0.574
SOSIC-7 0.115 0.387

SOSIC-14 0.440 0.054
TSH (mIU/L) −0.125 0.326

Vitamin D (nmol/L) −0.012 0.928
Horowitz index −0.122 0.335

* Spearman rank correlation coefficient. Abbreviations: CRP, c-reactive protein; hs-TnI, high-sensitivity troponin I;
SOSIC, Survival of Severely Ill COVID; SAPS II, Simplified Acute Physiology Score; TSH, thyroid-stimulating hormone.
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4. Discussion

In the present study, for the first time, we showed that serum TWEAK upon admis-
sion to ICU in a severe form of COVID-19 may be a predictor of in-hospital mortality.
Furthermore, we demonstrated that TWEAK levels continue to rise the first 7 days from
admission to ICU, with subsequent reduction in values 14 days after admission to ICU but
only in patients who survive until discharge. Finally, we established correlations between
serum TWEAK and indices of both myocardial and lung injury as well as TWEAK and
testosterone levels. To the best of our knowledge, this is the first study in which dynamic
of serum TWEAK was analyzed in critically ill COVID-19 patients.

Association between TWEAK serum levels and in-hospital mortality is in line with the
available data concerning the pathophysiological background underlying COVID-19 fatal-
ity. Namely, it has so far been well-established that inappropriate inflammatory response is
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a crucial factor in the development and progression of severe COVID-19 [27]. Upon enter-
ing the host cell, viral RNA triggers pattern recognition receptors (PRR), activating multiple
mediators such as NFκβ and IRF3/7 that subsequently lead to the formation of Interferon I
(IFNI) and secretion of multiple pro-inflammatory cytokines and chemokines [28,29]. Al-
though in most cases, such response is coordinated by an array of regulatory pathways, in
susceptible patients, the expected protective host immune response converts to harmful
inflammation that further leads to end-organ damage and dampens the recovery from in-
fection [30]. Interleukin-6 (IL-6) is one of the most widely explored cytokines in COVID-19.
Multiple studies have demonstrated that IL-6 levels are elevated in patients who suffer
from a severe form of COVID-19 [31–33]. Moreover, a study demonstrated that IL-6 and
CRP in combination can predict the development of respiratory failure with substantial
sensitivity and specificity [34]. In line with this, tocilizumab, an IL-6R inhibitor, has been
associated with improved outcomes in critically ill COVID-19 patients [35–37]. As binding
of TWEAK to Fn14 triggers downstream signaling that contributes to IL-6 secretion (among
other pro-inflammatory cytokines), it is plausible that TWEAK-Fn14 axis might play a role
in the early development of cytokine storm syndrome.

The principal mechanism by which TWEAK-Fn14 axis contributes to secretion of
pro-inflammatory cytokines is activation of the NF-κB pathway, a central controlling unit
of gene transcription during inflammation [38,39]. These inferences were established upon
treatment of various cell types in vitro with TWEAK, which has been shown to induce the
expression of known NF-κB target genes, such as B-cell lymphoma-2 (BCL-2), BCL-XL,
matrix metalloproteinase-9 (MMP-9), and Fn14 itself [40–42]. Consistently, anti-TWEAK-
neutralizing monoclonal antibodies were shown to reduce inflammatory cell infiltration
in mice models of multiple sclerosis and rheumatoid arthritis, whereas Fn14-null mice
demonstrated a deficient inflammatory response upon tissue injury [41–45]. Thus far, only
one study addressed the role of serum TWEAK in patients with COVID-19 [46]. Kehribar
et al. compared serum TWEAK levels between healthy controls and patients with COVID-
19. The study showed that TWEAK levels were significantly higher in COVID-19 patients
in comparison to controls. Interestingly, patients with COVID-19 with lung involvement,
as demonstrated by computed tomography, had significantly higher TWEAK levels in
contrast to counterparts with COVID-19 but with no lung involvement.

An observation that TWEAK levels return to baseline levels in patients who recover
but not in those who die during in-hospital stay must be interpreted with caution. However,
we may hypothesize that these levels reflect inflammatory state of patients. In patients
who start to recover from severe COVID-19, inflammation begins to resolve, and therefore,
the serum levels of pro-inflammatory biomarkers also fade. On the contrary, in patients
who continue to deteriorate, multiorgan failure and nosocomial infections develop, thus
sustaining the detrimental inflammatory response. Similar fluctuations of IL-6 serum
levels were demonstrated in multiple populations [47–51]. For instance, Kergert et al.
demonstrated that IL-6 levels at admission and 5 days after were relatively higher in
patients who developed macrophage activation syndrome (MAS) or acute respiratory
distress syndrome (ARDS) in comparison to the patients who did not [52].

Positive correlation between TWEAK and Brixia score, a semi-quantitative scoring
system rating lung involvement, is consistent with the above-noted findings. Specifically,
Brixia score correlates strongly with disease severity and outcomes and may even support
the clinical decision making in patients with moderate-to-severe signs and symptoms of
COVID-19 [53]. On a separate note, hs-TnI, a sensitive biomarker of myocardial injury, has
been also shown to predict severity and mortality of COVID-19 infection [54–57].

Finally, we observed negative correlation between serum levels of testosterone and
TWEAK. These results may be explained in light of the existing evidence. Low levels of
serum testosterone have been associated with endothelial dysfunction and inflammation
and may also predispose men to less-effective immune response against infectious agents,
such as COVID-19. Notably, data suggest that male hypogonadism may trigger a detri-
mental cytokine dysfunction, including high circulating levels of IL-6, TNF-alpha, and
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IL-1beta, thus portending poor outcomes in critically ill COVID19 patients [58–61]. It is also
important to address that pro-inflammatory cytokines further dampen release and action
of testosterone, thus initiating a vicious cycle [62]. However, testosterone is a two-way
street in COVID-19 [21]. On one hand, testosterone inhibits the release of pro-inflammatory
cytokines, modulates the immune response, and attenuates oxidative stress and endothelial
dysfunction. On the other hand, high testosterone levels might increase susceptibility and
severity of COVID-19 through augmentation of TMPRSS2, which is crucial for cleaving
and activation of SARS-CoV-2 spike protein during acute SARS-CoV-2 infection [63].

The present study bears several limitations. Firstly, the study was conducted ex-
clusively on male population, thus rendering the conclusions on the female population
impossible. The rationale for choosing male population only was to focus on the relation-
ship between testosterone and both inflammation and outcomes. Secondly, this was a
single-center study performed on a limited number of participants. Thirdly, all patients
received standard-of-care corticosteroid treatment, which may have affected the serum
values of TWEAK. Finally, a group of healthy controls and patients with mild-to-moderate
COVID-19 were not included in the present study.

5. Conclusions

Despite the advent of variants that are highly infectious but cause less-severe disease,
we must not neglect further research of this disease. As previously noted, one of the main
reasons for high mortality during early COVID-19 pandemic was our lack of knowledge
with regards to treatment of the disease. In addition, timely identification of patients in
whom we expect clinical deterioration was also based on the knowledge from the pre-
COVID-19 era. Therefore, it is now crucial to establish valid conclusions that will help us
treat patients in future outbreaks of similar viruses. To accomplish this, the establishment
of the pathophysiologic background is the most important aspect because the observed
clinical data may lead to wrong inferences if we do not have this framework. Our results
indicate that TWEAK may be one of the missing pieces in the puzzle of aberrant immune
response in COVID-19. Specifically, the TWEAK/Fn14 axis has already been established as
stimulator for secretion of IL-6, perhaps the most important mediator of cytokine storm
syndrome, thus implying that TWEAK may have a role in pathogenesis of this syndrome.
The fact that serum TWEAK levels rise in critically ill patients and then subsequently fall
to baseline levels if clinical improvement occurs supports this hypothesis. Importantly, as
anti-TWEAK therapy has proven useful in preclinical models of autoimmune diseases, and
as lower serum levels of TWEAK are associated with better outcomes, it is possible that
TWEAK may also represent a viable therapeutic target in COVID-19 and similar infections.
Nevertheless, such conclusions still remain speculative. Finally, the observation that serum
TWEAK negatively correlates with testosterone levels represents yet another evidence of
complex, albeit undoubtedly negative, interaction between inflammation and reproductive
hormone axis in COVID-19.

Author Contributions: Conceptualization, M.M. and M.K.; methodology, M.M. and J.B.; validation,
S.S.S., T.T.K. and J.B.; formal analysis, M.K., I.C. and D.S.D.; investigation, M.M., D.T. and M.B.;
resources, M.M. and J.B.; writing—original draft preparation, M.M., M.K., M.B., D.T. and I.C.;
writing—review and editing, J.B., T.T.K., S.S.S. and D.S.D.; visualization, M.M.; supervision, J.B.;
project administration, J.B. and T.T.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of University Hospital of Split (Class 500-03/21-
01/185, Number: 2181-147/01/06-M.S.-21-02, 22 December 2021).

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



J. Clin. Med. 2022, 11, 3699 10 of 12

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available because some of the data set will be used
for further research.

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

References
1. Pak, A.; Adegboye, O.A.; Adekunle, A.I.; Rahman, K.M.; McBryde, E.S.; Eisen, D.P. Economic Consequences of the COVID-19

Outbreak: The Need for Epidemic Preparedness. Front. Public Health 2020, 8, 241. [CrossRef] [PubMed]
2. Singh, S.P.; Pritam, M.; Pandey, B.; Yadav, T.P. Microstructure, pathophysiology, and potential therapeutics of COVID-19: A

comprehensive review. J. Med. Virol. 2020, 93, 275–299. [CrossRef] [PubMed]
3. Malik, P.; Patel, U.; Mehta, D.; Patel, N.; Kelkar, R.; Akrmah, M.; Gabrilove, J.L.; Sacks, H. Biomarkers and outcomes of COVID-19

hospitalisations: Systematic review and meta-analysis. BMJ Evid. Based Med. 2020, 26, 107–108. [CrossRef]
4. Chauhan, A.J.; Wiffen, L.J.; Brown, T.P. COVID-19: A collision of complement, coagulation and inflammatory pathways. J. Thromb.

Haemost. 2020, 18, 2110–2117. [CrossRef]
5. Dorward, D.A.; Russell, C.D.; Um, I.H.; Elshani, M.; Armstrong, S.D.; Penrice-Randal, R.; Millar, T.; Lerpiniere, C.E.B.; Tagliavini,

G.; Hartley, C.S.; et al. Tissue-Specific Immunopathology in Fatal COVID-19. Am. J. Respir. Crit. Care Med. 2021, 203, 192–201.
[CrossRef] [PubMed]

6. Kumric, M.; Kurir, T.T.; Martinovic, D.; Zivkovic, P.M.; Bozic, J. Impact of the COVID-19 pandemic on inflammatory bowel
disease patients: A review of the current evidence. World J. Gastroenterol. 2021, 27, 3748–3761. [CrossRef]

7. The Writing Committee for the REMAP-CAP Investigators; Angus, D.C.; Derde, L.; Al-Beidh, F.; Annane, D.; Arabi, Y.; Beane, A.;
Van Bentum-Puijk, W.; Berry, L.; Bhimani, Z.; et al. Effect of Hydrocortisone on Mortality and Organ Support in Patients with
Severe COVID-19: The REMAP-CAP COVID-19 Corticosteroid Domain Randomized Clinical Trial. JAMA 2020, 324, 1317–1329.
[CrossRef]

8. Hu, B.; Huang, S.; Yin, L. The cytokine storm and COVID-19. J. Med. Virol. 2020, 93, 250–256. [CrossRef]
9. Ye, Q.; Wang, B.; Mao, J. The pathogenesis and treatment of the ‘Cytokine Storm’ in COVID-19. J. Infect. 2020, 80, 607–613.

[CrossRef]
10. Liu, F.; Li, L.; Xu, M.; Wu, J.; Luo, D.; Zhu, Y.; Li, B.; Song, X.; Zhou, X. Prognostic value of interleukin-6, C-reactive protein, and

procalcitonin in patients with COVID-19. J. Clin. Virol. 2020, 127, 104370. [CrossRef]
11. Gaspic, T.K.; Ivelja, M.P.; Kumric, M.; Matetic, A.; Delic, N.; Vrkic, I.; Bozic, J. In-Hospital Mortality of COVID-19 Patients Treated

with High-Flow Nasal Oxygen: Evaluation of Biomarkers and Development of the Novel Risk Score Model CROW-65. Life 2021,
11, 735. [CrossRef] [PubMed]

12. 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] [PubMed]

13. Locksley, R.M.; Killeen, N.; Lenardo, M.J. The TNF and TNF Receptor Superfamilies: Integrating Mammalian Biology. Cell 2001,
104, 487–501. [CrossRef]

14. Desplat-Jégo, S.; Varriale, S.; Creidy, R.; Terra, R.; Bernard, D.; Khrestchatisky, M.; Izui, S.; Chicheportiche, Y.; Boucraut, J. TWEAK
is expressed by glial cells, induces astrocyte proliferation and increases EAE severity. J. Neuroimmunol. 2002, 133, 116–123.
[CrossRef]

15. Zhu, L.X.; Zhang, H.H.; Mei, Y.F.; Zhao, Y.P.; Zhang, Z.Y. Role of tumor necrosis factor-like weak inducer of apoptosis
(TWEAK)/fibroblast growth factor-inducible 14 (Fn14) axis in rheumatic diseases. Chin. Med. J. 2012, 125, 3898–3904. [PubMed]

16. Lynch, C.N.; Wang, Y.C.; Lund, J.K.; Chen, Y.-W.; Leal, J.A.; Wiley, S.R. TWEAK Induces Angiogenesis and Proliferation of
Endothelial Cells. J. Biol. Chem. 1999, 274, 8455–8459. [CrossRef]

17. Tran, N.L.; McDonough, W.S.; Savitch, B.A.; Sawyer, T.F.; Winkles, J.A.; Berens, M.E. The Tumor Necrosis Factor-like Weak
Inducer of Apoptosis (TWEAK)-Fibroblast Growth Factor-inducible 14 (Fn14) Signaling System Regulates Glioma Cell Survival
via NFκB Pathway Activation and BCL-XL/BCL-W Expression. J. Biol. Chem. 2005, 280, 3483–3492. [CrossRef]

18. Dharmapatni, A.A.; Smith, M.D.; Crotti, T.N.; Holding, C.A.; Vincent, C.; Weedon, H.M.; Zannettino, A.C.; Zheng, T.S.; Findlay,
D.M.; Atkins, G.J.; et al. TWEAK and Fn14 expression in the pathogenesis of joint inflammation and bone erosion in rheumatoid
arthritis. Arthritis Res. Ther. 2011, 13, 1–10. [CrossRef]

19. Feng, S.-L.Y.; Guo, Y.; Factor, V.M.; Thorgeirsson, S.S.; Bell, D.W.; Testa, J.R.; Peifley, K.A.; Winkles, J.A. The Fn14 Immediate-
Early Response Gene Is Induced During Liver Regeneration and Highly Expressed in Both Human and Murine Hepatocellular
Carcinomas. Am. J. Pathol. 2000, 156, 1253–1261. [CrossRef]

20. Wang, M.; Xie, Z.; Xu, J.; Feng, Z. TWEAK/Fn14 axis in respiratory diseases. Clin. Chim. Acta 2020, 509, 139–148. [CrossRef]
21. Al-Kuraishy, H.M.; Al-Gareeb, A.I.; Faidah, H.; Alexiou, A.; Batiha, G.E.-S. Testosterone in COVID-19: An Adversary Bane or

Comrade Boon. Front. Cell. Infect. Microbiol. 2021, 11, 666987. [CrossRef] [PubMed]
22. Kissling, E.; Hooiveld, M.; Martínez-Baz, I.; Mazagatos, C.; William, N.; Vilcu, A.-M.; Kooijman, M.N.; Ilić, M.; Domegan, L.;
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