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Abstract: Severe coronavirus disease 2019 (COVID-19) is associated with hyperinflammation leading
to organ injury, including respiratory failure. Galectin-3 was implicated in innate immunological
response to infections and in chronic fibrosis. The aim of our preliminary study was the assessment of
the diagnostic utility of serum galectin-3 in patients with COVID-19. The prospective observational
study included adult patients admitted with active COVID-19 and treated in tertiary hospital between
June and July 2020. The diagnosis was confirmed by the quantitative detection of nucleic acid of
severe acute respiratory syndrome coronavirus 2 in nasopharyngeal swabs. Galectin-3 was measured
by enzyme immunoassay in serum samples obtained during the first five days of hospital stay. We
included 70 patients aged 25 to 73 years; 90% had at least one comorbidity. During the hospital stay,
32.9% were diagnosed with COVID-19 pneumonia and 12.9% required treatment in the intensive
care unit (ICU). Serum galectin-3 was significantly increased in patients who developed pneumonia,
particularly those who required ICU admission. Positive correlations were found between galectin-3
and inflammatory markers (interleukin-6, C-reactive protein, ferritin, pentraxin-3), a marker of
endothelial injury (soluble fms-like tyrosine kinase-1), and a range of tissue injury markers. Serum
galectin-3 enabled the diagnosis of pneumonia with moderate diagnostic accuracy and the need for
ICU treatment with high diagnostic accuracy. Our findings strengthen the hypothesis that galectin-3
may be involved in severe COVID-19. Further studies are planned to confirm the preliminary results
and to verify possible associations of galectin-3 with long-term consequences of COVID-19, including
pulmonary fibrosis.

Keywords: galectin-3; soluble fms-like tyrosine kinase-1; SARS-CoV-2; COVID-19; inflammation

1. Introduction

A spectrum of complications observed in patients with coronavirus disease 2019
(COVID-19) is not restricted to the widely recognized severe acute respiratory syndrome.
The complications may include exacerbation of comorbidities, coagulopathies, bacterial
superinfections with increased risk of sepsis, and multiple organ failure (MOF) [1]. There-
fore, a prognosis and monitoring of patients’ state require a wide panel of laboratory
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tests. Although some work has been done to reach a consensus regarding the laboratory
panel in monitoring COVID-19 patients, there is currently no agreement on which tests
should be included. However, considering the pathophysiology of COVID-19 in adults,
the list usually includes complete blood count and hematological indices, acute phase
reactants, markers of tissue injury including cardiac biomarkers, renal and liver function
tests, coagulation profile, and arterial blood gases [2—4].

Considering the dynamic changes in clinical state of patients with severe COVID-19, there
is a need to optimize the list of laboratory tests balancing the time-relevant and potentially
time-limited parameters. An example of such an attempt is the recommendation for minimal
laboratory testing panels in patients with COVID-19 published by Favaloro et al. [5]. The
recent meta-analysis by Moutchia et al. [4] summarizes the current data on the diagnostic
utility of a range of laboratory tests in severe to critical COVID-19 patients. In patients with
severe to critical COVID-19, significant prognostic parameters include a decrease in serum
albumin in line with an increase in serum concentrations of acute phase proteins (C-reactive
protein, CRP, and ferritin), interleukin 6 (IL-6), and procalcitonin (PCT) [2]; an increase in
serum activity of lactate dehydrogenase; increased plasma fibrinogen and D-dimer; and
hypoxia [2,4,5].

Research continues regarding the laboratory markers related to the severity of COVID-19.
Recent studies evaluating the inflammatory markers indicate the prognostic value of long pen-
traxin, known as pentraxin-3 (PTX-3), produced by endothelial cells, monocytes, macrophages,
fibroblasts, and smooth muscle cells as a part of innate immunological response to infec-
tions [6,7]. As PTX-3 production is driven by other factors than IL-6, it may be a marker
complementary to IL-6 or CRP [6]. The high incidence of thromboembolic events in COVID-19
patients point to the endothelial injury developing in the course of the disease. This may be
caused by both the cytokine storm and the direct action of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) entering endothelial cells through the binding of viral spike
protein with the cell membrane angiotensin-converting enzyme 2 (ACE-2) [8,9]. Highly in-
creased D-dimer has been consistently associated with adverse prognosis in COVID-19 [10,11].
Angiopoietin-2, a marker of endothelial activation and injury observed in acute inflamma-
tory states, has been associated with the need for intensive care unit (ICU) admission in
COVID-19 [12]. In the present study, we included another laboratory marker associated
with endothelial dysfunction, the soluble fms-type tyrosine kinase 1 (sFlt-1), which we have
previously shown to correlate with serum angiopoietin-2 and to predict organ failure and
coagulopathy in acute pancreatitis [13,14].

Galectin-3 is a carbohydrate-binding protein (a lectin) associated with acute and
chronic inflammation, innate immunity, oxidative stress, and fibrosis [15,16]. Galectin-3 is
released by inflammatory cells, mainly macrophages, endothelial cells, and epithelial cells.
It is found in spleen, stomach, colon, liver, kidney, heart, uterus, ovary, pancreas, and lungs
(alveolar cells) [15,17]. Galectin-3 has been previously studied in relation to several viral
infections in human, including human immunodeficiency virus, herpesvirus-1 infection,
influenza, early herpes zoster neuralgia, and postherpetic neuralgia [15,17-20].

The proinflammatory action of galectin-3 is associated with the activation of the
transcription factor NF-kB and induction of tumor necrosis factor o« (TNF-o) and IL-6,
regulation of cell adhesion, promotion of cell activation and chemotaxis, and regulation of
cell growth and apoptosis [17,21,22]. In severe COVID-19, the systemic hyperinflammation
with the cytokine storm has been implicated as a cause of respiratory failure and other
organs’ injury [23,24]. Moreover, there is a structural similarity between human galectin-
3 and the N-terminal domain of the spike proteins of (3-coronaviruses [15,22,25,26]. It
has been hypothesized that the galectin’s inhibitors may also bind the S1-N-terminal
domain of 3-coronaviridae, which could partially inhibit the affinity of S1 to cell membrane
components [22]. Therefore, galectin-3 has been suggested as a significant mediator and
a potential drug target in COVID-19 [15,21,22]. However, we are only aware of a single
published report on serum concentrations of galectin-3 in relation to COVID-19 severity
(PubMed search on 5 May 2021) [27].
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The aim of our preliminary study was the assessment of the diagnostic utility of serum
galectin-3 concentrations in patients with COVID-19 of various severity, in comparison
to other relevant markers, including a wide panel of recommended laboratory tests, and
additionally serum concentrations of PTX-3 and sFlt-1.

2. Materials and Methods
2.1. Study Protocol and Patients

The prospective observational study included adult patients admitted with active
COVID-19 and treated in University Hospital in Krakéw, Poland, between June and
July 2020. The diagnosis was confirmed in each patient by the quantitative detection
of nucleic acid of SARS-CoV-2 in nasopharyngeal and oropharyngeal swabs collected
during infection. Detection of SARS-CoV-2 RNA was carried out with a real-time RT PCR
test on the Cobas 6800/8800 Systems (Roche Diagnostics, Mannheim, Germany) in the
Microbiology Department of the University Hospital in Krakow, Poland. For monitoring
the entire sample’s preparation and PCR amplification process, the RNA Internal Control
was used. The results of laboratory tests described below were compared with the clinical
data collected as a part of routine care during the patients” hospital stay. The clinical
data included patients” age, BMI, the signs and symptoms observed at admission, the
comorbidities, the occurrence of pneumonia, the need for treatment in the ICU during the
hospital stay, the length of ICU stay, the time from admission to hospital to the transfer to
ICU, and the total length of the hospital stay. The data on comorbidities were summarized
using the Charlson comorbidity index [28].

The study protocol was approved by the Jagiellonian University Bioethics Commit-
tee (approval number KBET 1072.6120.157.2020 issued on 25 June 2020). All the study
participants gave written informed consent to participate in the study.

2.2. Laboratory Tests

The blood was collected from patients as a part of routine hospital care. The laboratory
tests were performed in KEDTA blood (complete blood count), serum (biochemistry and
immunochemistry), and citrate-anticoagulated plasma (coagulation tests). The routine lab-
oratory tests included complete blood counts with leukocyte differential (Sysmex XN-2000
hematology analyzer, Sysmex Corporation, Cobe, Japan), biochemistry (serum glucose,
bilirubin, urea, creatinine, total protein, albumin, sodium, potassium, iron, lipid profile,
alanine aminotransferase, aspartate aminotransferase, lactate dehydrogenase, alkaline
phosphatase, creatine kinase, gamma glutamyl-transpeptidase) and immunochemistry
(troponin, myoglobin, N-terminal pro-B-type natriuretic peptide, NT-proBNP, ferritin, CRP,
IL-6; Cobas PRO 6000 analyzer, Roche Diagnostics, Mannheim, Germany), and coagulation
tests (prothrombin time, fibrinogen, D-dimer; BCS XP analyzer, Siemens Healthcare, Erlan-
gen, Germany). All the routine laboratory tests were done in the Diagnostic Department of
University Hospital, Krakow, Poland, on the day of blood collection.

Additional tests were performed using the excess of serum that remained after routine
testing. For these tests, we used samples collected from patients with confirmed SARS-CoV-
2 infection who gave their consent to be included into the study. The samples were collected
between day 0 and day 5 after admission to hospital. A single sample was analyzed per
patient. The samples were aliquoted and kept frozen at —80 °C for maximum of 1 month
until the measurements were performed in series. Soluble fms-like tyrosine kinase-1 (sFlt-1)
was measured in serum using a Cobas PRO 6000 analyzer (Roche Diagnostics, Mannheim,
Germany); the serum concentrations of sFlt-1 in healthy subjects were 63-108 pg/mL.
Serum concentrations of pentaxin-3 (PTX-3) and galectin-3 were measured by enzyme
immunoassays (ELISA) using commercially available kits (Pentraxin 3 Human ELISA,
BioVendor, Brno, Czech Republic; and Quantikine ELISA Human Galectin-3 Immunoassay;,
R&D Systems, McKinley Place, MN, USA, respectively). The minimum detectable dose of
human galectin-3 ranged from 0.003 to 0.085 ng/mL; for PTX-3, the limit of detection was
0.022 ng/mL. The reference values determined by the manufacturers of the kits were 0.721-
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1.558 ng/mL (men) and 0.733-2.519 (women) for PTX-3 and 2.40-15.7 ng/mL for galectin-3,
respectively. Patients’ samples were tested in series, according to the manufacturer’s
instructions. The readings were made with an automatic microplate reader (Automatic
Micro ELISA Reader ELX 808, BIO-TEK Instruments Inc., Winooski, VT, USA).

Serum sFlt-1, PTX-3, and galectin-3 were also measured in serum samples collected
from a total of 31 healthy volunteers in order to obtain the control values: sFlt-1 concen-
trations were measured in 21 samples, while galectin-3 and PTX-3 concentrations were
measured in 10 samples. Adult individuals in the age range (34-71 years) matched with the
age range of patients, and 16 women and 15 men were recruited. The healthy volunteers
did not show and signs or symptoms of disease at sample collection, and had no history of
chronic diseases (including diabetes, gastrointestinal, renal, or systemic diseases or chronic
infections).

2.3. Statistical Analysis

The statistical analysis was performed with the use of Statistica v13.3 (Tibco Soft-
ware Inc., Tulsa, OK, USA). The categorical data were summarized as the number of
patients (percentage of the specified group). The contingency tables were analyzed using
Pearson chi-squared test. Quantitative data with normal or non-normal distribution were
presented as mean and standard deviation (SD) or median and interquartile range (IQR),
respectively. The selected subgroups were compared with t-test or Mann—-Whitney test
according to distribution of the dependent variable. The Kruskal-Wallis test was used to
compare serum galecin-3 concentrations (non-normally distributed variable) between mul-
tiple categories. The Spearman rank correlation coefficient was used to assess correlations
between serum galectin-3 and the studied variables. The receiver operating characteristics
(ROC) curves were analyzed to assess the diagnostic accuracy of studied tests. The area
under the ROC curve (AUC) with a 95% confidence interval served as the measure enabling
the comparison of studied tests. The diagnostic cut-off values for serum galectin-3 were
calculated by maximizing the Youden index. Multiple logistic regression was used to
verify the association between galectin-3 and the severity of COVID-19 after adjustment for
predefined covariates (age and comorbidities); the alternative model described in the text
of results included diabetes, which was significantly associated with the outcome in simple
analysis. The statistical tests were two-tailed, and the results were considered significant at
a p-value below 0.05.

3. Results
3.1. Characteristics of Patients

We included 70 patients (43 women and 27 men) admitted to hospital with confirmed
COVID-19 (Table 1). The age of the patients ranged from 25 to 73 years; 34 patients (48.6%)
were above 60 years of age. Among 40 patients with available data on body mass index
(BMI), 19 (47.5%) were overweight and 13 (32.5%) were obese. The majority of patients
(n = 63, 90%) had at least one preexisting comorbidity, most commonly hypertension,
diabetes, and thyroid diseases (Table 1). There was one patient with type 1 diabetes, 13 had
type 2 diabetes, and 2 had post-steroid diabetes mellitus.

On admission, hemoglobin oxygen saturation was < 95% in 17 (24.3%) patients,
while 29 (41.4%) displayed dyspnea. Cough and weakness were the most commonly
reported initial symptoms (Table 1). The average results of most laboratory tests performed
on the first days of hospital stay fell within the reference ranges (Table 2). The serum
concentrations of sFlt-1 was significantly higher in COVID-19 patients as compared to
healthy individuals (Table 2); however, we did not observe significant differences in serum
galectin-3 and PTX-3. No significant differences were observed in sex and age between
patients and healthy controls.
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Table 1. Demographic and clinical characteristics of the studied patients on admission. Quantitative
data are shown as median (IQR) or mean (SD).

Characteristic Values (n = 70)
Age, years 58 (49; 67)
Male sex, n (%) 27 (38.6)
BMI, kg/m? * 28.4 (4.2)
Body temperature, °C 37.8 (36.4; 38.6)
Systolic blood pressure, mmHg 135 (20)
Diastolic blood pressure, mmHg 85 (12)
Heart rate, beats/min 89 (15)
Hemoglobin oxygen saturation, % 97 (94; 98)
Symptoms:
Cough, n (%) 41 (58.6)
Weakness, n (%) 40 (57.1)
Dyspnea, n (%) 29 (41.4)
Muscle pain, n (%) 19 (27.1)
Headache or dizziness, n (%) 15 (21.4)
Loss of taste, n (%) 15 (21.4)
Loss of smell, n (%) 14 (20.0)
Sore throat, n (%) 13 (18.6)
Shivers, n (%) 12 (17.1)
Diarrhea, n (%) 12 (17.1)
Nausea or vomiting, n (%) 8(11.4)
Abdominal pain, n (%) 4(5.7)
Comorbidities:
Hypertension, n (%) 44 (62.9)
Diabetes mellitus, n (%) 17 (24.3)
Thyroid disease, n (%) 15 (21.4)
COPD or asthma, n (%) 8 (11.4)
Charlson comorbidity index, points 2(1;4)

* BMI values were available in a subgroup of 40 patients. Abbreviations: BMI, body mass index; COPD, chronic
obstructive pulmonary disease; n, number of patients.

Table 2. Laboratory results. Data are shown as median (IQR) or mean (SD).

Laboratory Test nl! Values Reference Range
RBC, x 10°/uL 66 4.31 (4.07;4.52) F:4.0-5.0; M: 4.5-5.9
Blood hemoglobin, g/dL 66 12.7 (12.3; 13.5) F: 12-16; M: 14-18
Hematocrit, % 66 38.0 (36.4; 40.5) F: 37-47; M: 40-54
WBC, x 10%/uL 66 5.96 (4.70; 6.69) 4.5-10.0
Neutrophils, x 103 /uL 62 3.49 (2.62;4.11) 1.8-7.7
Lymphocytes, x 10%/uL 62 1.50 (1.25; 1.87) 1.0-4.5
Neutrophil /lymphocyte ratio 62 2.16 (1.55; 3.55) Not available
Monocytes, x 10%/uL 62 0.51 (0.41; 0.64) 0.1-0.8
Platelet count, x 10%/uL 66 246 (202; 333) 140-440
Alanine aminotransferase, U/L 68 37 (20; 62) F: 10-35; M: 10-50
Aspartate aminotransferase, U/L 66 26 (18; 47) F: 10-35; M: 10-50
Gamma-glutamyl transpeptidase, U/L 64 40 (22; 80) F: 5-36; M: 8-61
Alkaline phosphatase, U/L 65 64 (55; 88) F: 35-104; M: 40-129
Lactate dehydrogenase, U/L 63 179 (130; 244) F: 135-214; M: 135-225
Total bilirubin, umol/L 65 6.40 (4.70; 8.56) <21.0
Glucose, mmol/L 61 5.37 (4.75; 6.38) 3.30-5.60
Urea, mmol/L 69 5.40 (4.24; 6.81) 2.76-8.07
Creatinine, pmol/L 68 67.6 (60.0; 88.8) F: 44-80; M: 62-106
Lactate, mmol/L 6 1.20 (0.90; 1.50) 0.5-2.2
Albumin, g/L 63 38.8 (5.6) 35-52
Total protein, g/L 63 65.9 (6.1) 66-87

Sodium, mmol/L 63 140 (139; 142) 136-145
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Table 2. Cont.
Laboratory Test nl! Values Reference Range
Potassium, mmol/L 68 4.53 (0.60) 3.50-5.10
Total cholesterol, mmol/L 62 4.78 (1.23) 3.2-5.2
HDL-cholesterol, mmol /L 62 1.04 (0.27) F:>12,M:>1.0
LDL-cholesterol, mmol/L 62 2.61 (1.03) <34
Triglycerides, mmol/L 62 1.63 (1.33; 1.94) <2.26
Creatinine kinase, U/L 64 42 (29; 70) F: 26-192; M: 39-308
Cardiac troponin I, ng/L 10 2.95 (2.00; 4.98) <473
Myoglobin, ug/L 7 46.2 (36.4; 103.8) <110.0
NT-proBNP, pg/mL 9 119 (80; 507) <125 (< 75 years); < 450 (> 75 years)
Iron, pmol/L 64 17.0 (11.6; 22.1) 5.83-34.5
Ferritin, pug/L 64 216 (123; 526) 13-400
Prothrombin time, s 24 10.9 (10.5; 11.4) 10.4-13.0
D-dimer, mg/L 37 0.48 (0.28; 1.15) <0.55
C-reactive protein, mg/L 69 4.79 (1.48; 23.90) <05
Procalcitonin, ng/mL 20 ND (ND; 0.08) <0.10
Interleukin-6, pg/mL 62 3.77 (1.50; 16.71) <70
Pentraxin-3, ng/mL 70 2.37 (2.02; 3.48) 1.47-4.252
sFlt-1, pg/mL 64 128 (111; 148) 63.3-108.3 >3
Galectin-3, ng/mL 70 9.41 (7.74; 14.22) 5.49-12.77 2

! Number of patients with available test results; % range in a group of 10 (pentraxin-3 and galectin-3) or 21 (sFlt-1) healthy subjects;
3 statistically significant difference between patients and healthy subjects. Abbreviations: RBC, red blood cell count; WBC, white blood cell
count; ND, non-detectable; HDL, high-density lipoprotein; LDL, low-density lipoprotein; NT-proBNP, N-terminal pro-B-type natriuretic
peptide; sFlt-1, soluble fms-like tyrosine kinase-1; F, females; M, males.

3.2. Association of Galectin-3 with the Severity of COVID-19

The length of hospital stay in the studied group ranged from 4 to 111 days (median: 27;
Q1: 16; Q3: 39 days). During the hospital stay, 23 (32.9%) patients were diagnosed with
COVID-19 pneumonia confirmed by computed tomography imaging. Among the patients
with pneumonia, nine (39.1% of those with pneumonia; 12.9% of the whole studied group)
required treatment in the ICU. The diagnosis of pneumonia was confirmed during the first
five days of hospital stay in all patients. In the nine patients who required intensive care, the
time from admission to the transfer to ICU ranged between 1 and 29 days (median 2 days),
and the time of stay in ICU ranged between 4 and 55 days (median 18 days). The patients
who developed pneumonia were characterized by higher baseline body temperature and
lower hemoglobin oxygen saturation (Table 3). Moreover, the patients with pneumonia had
higher platelet counts; higher serum activities of gamma-glutamyl transpeptidase (GGT)
and lactate dehydrogenase (LDH); longer prothrombin times; higher serum concentrations
of IL-6, ferritin, PTX-3, and galectin-3; and lower serum albumin, total protein, and high-
density lipoprotein (HDL) cholesterol (Table 3). Although serum galectin-3 in the whole
studied group of patients with COVID-19 did not differ as compared to healthy subjects
(Table 2), a significant difference was observed between the patients with pneumonia and
the healthy persons (p = 0.009; Figure 1). No significant difference in serum sFlt-1 was
observed between COVID-19 patients who developed pneumonia and those who did not
(median 132 and 114 pg/mL, respectively; p = 0.4).

The patients who required ICU treatment during the hospital stay were characterized
by lower diastolic blood pressure and hemoglobin oxygen saturation, as well as a range of
laboratory abnormalities, including anemia; increased white blood cell (WBC), neutrophil,
and monocyte counts; increased platelet counts; increased serum concentrations of CRP,
IL-6, ferritin, D-dimer, PTX-3, sFlt-1, and galectin-3; high serum activities of GGT and LDH;
and low concentrations of albumin and HDL-cholesterol (Table 4; Figure 1). Among co-
morbidities, diabetes was significantly associated with the need for intensive care (diabetes
was diagnosed in 66.7% of patients treated in the ICU and 18.0% of patients who did not
require intensive care; p = 0.002).
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Table 3. Statistically significant differences between patients who developed and did not develop COVID-19 pneumonia.
Data are shown as median (IQR) or mean (SD).

Characteristic Pneumonia (n = 23) No Pneumonia (n = 47) 4
Body temperature, °C 38.5 (37.8; 39.0) 36.8 (36.3; 38.5) 0.007
Hemoglobin saturation, % 94 (88; 96) 97 (96; 98) <0.001
Platelet count, x 103/uL 301 (223; 403) 232 (190; 300) 0.029
Gamma-glutamyl transpeptidase, U/L 66 (42; 198) 34 (21;73) 0.035
Lactate dehydrogenase, U/L 221 (175; 316) 158 (124; 209) 0.005
Prothrombin time, s 11.4 (10.8; 12.1) 10.8 (10.5; 11.2) 0.047
Ferritin, ug/L 327 (197; 712) 176 (103; 351) 0.026
Interleukin-6, pg/mL 7.01 (2.54; 55.64) 2.86 (1.50; 10.45) 0.037
HDL-cholesterol, mmol /L 0.89 (0.78; 1.01) 1.04 (0.89; 1.26) 0.014
Total protein, g/L 63.3 (5.5) 67.1 (6.0) 0.031
Albumin, g/L 35.5(5.9) 40.2 (4.9) 0.005
Galectin-3, ng/mL 13.30 (8.93; 17.38) 8.55 (6.73; 10.98) 0.001
Pentraxin-3, ng/mL 2.92(2.19;4.77) 2.28 (1.84; 3.21) 0.032
A 20 B 300 C 14000
P*vs. Ctrl: p =0.009 280 4 P*vs. Ctrl: p<0.001 P*vs. Ctrl: p= 0.063 .
35 1 ICU* vs Ctrl: p = 0.004 . 260 { ICU* vs Ctrl: p< 0.001 12000 { ICU* vs Ctrl: p=0.016
2 307 _ 5‘2‘8 10000 | i
23] ' = I S 8000
0 20 A 1 280 <o =
c < 160 o
g ¢ & | ¥ . S 6000 1 "
@ 151 o u 140 E - .
) : 1201 | g : 40001 ° ) o
4T LRI PO Y
5 42 . 80 1 Fe& 8 2000 { = @ @ ’
. 60 J » .
0 T T T T 40 T T T T 0 T T T T
Ctrl P P*ICU” P*ICU* Ctrl P P*ICU” P*ICU* Ctrl P P*ICU” P*ICU*

Figure 1. Serum concentrations of galectin-3 (A), soluble fms-like tyrosine kinase-1 (sFlt-1; B), and pentraxin-3 (PTX-3; C)
among studied patients with COVID-19 of various severity in comparison to healthy controls (Ctrl). P~ denotes COVID-19
patients without pneumonia; P* indicates those with pneumonia, including patients not requiring (ICU™) and those
requiring treatment in the intensive care unit (ICU*). Data are shown as median (line), interquartile range (box), and raw
data (points); p-values from the Mann-Whitney test are reported.

Table 4. Statistically significant differences between patients who required and did not require treatment in intensive care
unit (ICU) during hospital stay. Data are shown as median (IQR) or mean (SD).

ICU Treatment (n = 9) No ICU Treatment (n = 61) r
Diastolic blood pressure, mmHg 74 (8) 86 (12) 0.002
Hemoglobin saturation, % 92 (81, 95) 97 (95; 98) 0.003
Hematocrit, % 33.4(29.5; 38.4) 38.2 (36.5; 40.7) 0.021
Hemoglobin, g/dL 11.3(9.9; 12.6) 12.9 (12.3; 13.8) 0.014
RBC, x 10°/pL 3.66 (3.41; 4.27) 4.31 (4.08; 4.70) 0.007
WBC, x 103/uL 10.60 (6.24; 11.46) 5.84 (4.45; 6.61) 0.002
Neutrophil count, x 10%/uL 5.73 (3.55; 8.53) 3.32 (2.56; 3.94) 0.044
Monocyte count, x 103 /uL 0.93 (0.81; 1.10) 0.50 (0.40; 0.58) 0.004
Platelet count, x 103 /uL 403 (272; 478) 232 (189; 308) 0.010
C-reactive protein, mg/L 18.2(5.9;71.1) 3.6 (1.2;17.5) 0.009
Gamma-glutamyl transpeptidase, U/L 253 (117; 308) 35 (21;74) 0.006
Lactate dehydrogenase, U/L 322 (225; 548) 164 (129; 221) 0.001
D-dimer, mg/L 1.62 (0.90; 2.14) 0.32 (0.25; 0.78) 0.003
Ferritin, ug/L 766 (526; 1235) 209 (111; 474) 0.007
Interleukin-6, pg/mL 16.98 (6.46; 99.90) 3.42 (1.50; 15.92) 0.006
HDL-cholesterol, mmol /L 0.82 (0.69; 0.90) 1.03 (0.88; 1.20) 0.009
Albumin, g/L 32 (6) 40 (5) 0.006
SFlt-1, pg /mL 183 (131; 260) 124 (107; 143) 0.006
Galectin-3, ng/mL 23.46 (15.51; 27.80) 8.93 (7.58;12.97) 0.001
Pentraxin-3, ng/mL 4.77 (2.92; 8.17) 2.30 (1.88; 3.21) 0.001
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Both serum galectin-3 and PTX-3 (but not sFlt-1) concentrations positively correlated
with the length of hospital stay (R = 0.28; p = 0.023 and R = 0.29; p = 0.017, respectively).
Moreover, in patients who required intensive care, PTX-3 concentrations significantly
correlated with time in ICU (R = 0.70; p = 0.035).

3.3. Correlations of Galectin-3 with Clinical Characteristics of Patients and Laboratory Test Results

We did not observe significant association between serum galectin-3 and sex (p = 0.6)
or age of the studied patients with COVID-19 (R = 0.18; p = 0.1). Higher serum galectin-3
was observed among patients with hypertension and diabetes, as well as among over-
weight or obese subjects (Figure 2). We did not observe significant difference in serum
galectin-3 concentrations between patients with or without liver abnormalities (defined as
ALT, GGT, or total bilirubin above the upper reference limit) (median concentrations 9.90
and 8.86 ng/mL, respectively; p = 0.064). We observed significant correlations between
galectin-3 and hemoglobin oxygen saturation and diastolic blood pressure on admission
(Table 5). Higher Charlson comorbidity index, higher BMI, lower HDL-cholesterol, and
higher triglycerides were associated with higher galectin-3 (Table 5). Galectin-3 was
positively correlated with most studied inflammatory markers (CRP, IL-6, PTX3, WBC,
ferritin), and negatively correlated with serum albumin (Table 5); however, it did not
correlate with neutrophil, lymphocyte, monocyte count, or neutrophil/lymphocyte ra-
tio (NLR). Patients with lower RBC, hemoglobin, and hematocrit had higher galectin-3
(Table 5). We observed no correlations between galectin-3 and platelet count, prothrombin
time, and D-dimer concentrations. However, serum galectin-3 was strongly positively
correlated with sFlt-1 (Table 5). In addition, sFlt-1 was positively correlated with PTX-3
(R =0.49; p <0.001). Although galectin-3 correlated significantly with serum urea, the
correlation with serum creatinine was non-significant (R = 0.13; p = 0.3). Weak negative
correlation was observed with serum sodium. There was strong positive correlation with
LDH, and weak correlations with aspartate aminotransferase and GGT (Table 5).

Table 5. Statistically significant correlations between galectin-3 and the selected variables. We report
the Spearman rank correlation coefficients (R) and p-values.

Variable Galectin-3
R p
Diastolic blood pressure —0.30 0.012
Hemoglobin saturation —0.36 0.002
BMI 0.43 0.006
Charlson comorbidity index 0.27 0.021
Hematocrit -0.33 0.007
Hemoglobin —0.28 0.022
RBC —0.42 < 0.001
Aspartate aminotransferase 0.25 0.040
Gamma-glutamyl transpeptidase 0.26 0.036
Lactate dehydrogenase 0.55 <0.001
Sodium —0.25 0.049
Urea 0.33 0.006
HDL-cholesterol —0.38 0.003
Triglycerides 0.27 0.031
Total protein —0.29 0.022
Albumin —0.41 0.001
Ferritin 0.51 <0.001
C-reactive protein 0.28 0.018
Interleukin-6 0.57 <0.001
Pentraxin-3 0.54 <0.001

sFlt-1 0.48 <0.001
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Figure 2. Serum galectin-3 concentrations according to age categories (A), the status of hypertension (B), overweight/obesity
(©), and diabetes mellitus (D). Medians are represented by the central lines; interquartile ranges are represented by the
boxes; raw data are shown as points; p-values were calculated using Kruskal-Wallis ANOVA or Mann-Whitney test.

3.4. Diagnostic Usefulness of Galectin-3 in Moderate to Severe COVID-19

The analysis of the ROC curves confirmed that serum galectin-3 measured in hospital-
ized patients with COVID-19 had moderate diagnostic accuracy for COVID-19 pneumonia
and high diagnostic accuracy for the need for ICU treatment (Figure 3). However, we
did not find statistically significant differences between the AUC values calculated for
the studied diagnostic markers (presented in Figure 3). Serum galectin-3 above 13.51
ng/mL was associated with COVID-19 pneumonia with a diagnostic sensitivity of 52% and
specificity of 86%, while concentrations above 15.51 ng/mL were associated with the need
for ICU admission with a diagnostic sensitivity of 78% and specificity of 90% (Figure 2). In
multiple logistic regression, galectin-3 was significantly associated with pneumonia and
ICU treatment independently of age and Charlson comorbidity index (Table 6). In addition,
galectin-3 was associated with the need for ICU treatment independently of diabetes (odds
ratio: 1.26; 95% confidence interval: 1.07-1.48; p = 0.004).
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pneumonia (A) and the need for of ICU admission (C) together with the cut-off values selected using the maximum Youden
index. The comparison of area under the ROC curve values (AUC) of the tests with the diagnostic usefulness in the diagnosis
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Table 6. Multiple logistic regression models showing the associations between galectin-3 and COVID-19
pneumonia and the need for intensive care. Odds ratios (OR) with 95% confidence intervals (95% CI)
are reported per 1 unit increase in the value of each independent variable.

Dependent Variable
Independent Variable Pneumonia Treatment in ICU
OR (95% CI) r OR (95% CI) y
Galectin-3 1.19 (1.06-1.34) 0.002 1.31 (1.11-1.53) 0.001
Age 1.01 (0.95-1.07) 0.7 1.00 (0.91-1.11) 0.9
Charlson comorbidity index  0.86 (0.59-1.24) 0.4 0.94 (0.54-1.65) 0.8

Abbreviations: OR, odds ratio; CI, confidence interval.

In the ROC analysis, serum PTX-3 proved a significant diagnostic marker of COVID-19
pneumonia and the need for ICU admission, while serum sFlt-1 showed some value in the
diagnosis of the need for ICU treatment (Figure 2).

4. Discussion

To the best of our knowledge, this is the second report showing the positive association
between serum galectin-3 concentrations and more severe courses of COVID-19. We found
significantly higher serum galectin-3 in patients with COVID-19 pneumonia and in those
requiring treatment in the ICU as compared to the cases with less severe disease and to the
healthy population. Highly significant positive correlations were shown between serum
galectin-3 concentrations and the studied inflammatory markers, including IL-6, PTX-3,
and ferritin, and the endothelial dysfunction marker, sFlt-1. A negative correlation was ob-
served between galectin-3 and albumin, the negative acute phase protein. We have shown
that the diagnostic accuracy of serum galectin-3 for severe COVID-19 (pneumonia and the
need for ICU admission) is high and comparable with other relevant diagnostic markers.

In October 2020, De Biasi et al. [29] reported a detailed analysis of immune alterations
in lymphopenic patients with COVID-19 pneumonia recruited in Italy between March and
May 2020. The report included the observation of significantly higher plasma galectin-3
concentrations in 23 COVID-19 patients as compared to 15 healthy controls. Our study
confirmed the increased serum galectin-3 in patients with COVID-19 pneumonia, especially
those requiring intensive care. However, in our study, serum galectin-3 did not differ
significantly between the whole group of patients and the controls. This discrepancy
between our results and those of De Biasi et al. [29] may be most likely explained by the
difference in disease severity between our patients and those recruited by De Biasi et al. (all
of whom were diagnosed with COVID-19 pneumonia). Additionally, the two studies used
different laboratory methods to measure galectin-3 concentrations (De Biasi et al. measured
plasma concentrations with a Luminex assay, while we used a serum and enzyme-linked
immunosorbent assay). In the study of De Biasi et al. [29], patients were not stratified
according to COVID-19 severity.

The report of Kazancioglu et al. [27] was published online on 31 March 2021. The
authors measured serum galectin-1, galectin-3, and prostaglandin E in the samples of 84 pa-
tients with confirmed COVID-19, treated in a tertiary hospital in Turkey, and 58 healthy
controls. Treatment in ICU was necessary in 22% of their patients. Galectin-3 was mea-
sured with ELISA; however, using a different kit (i.e., Bioassay Technology Laboratory,
Shanghai, China) than in our study. The patients with severe disease (defined based on
respiratory function: breath rate > 30/min, hemoglobin oxygen saturation < 94%, or arterial
to inspired oxygen ratio < 300, or pulmonary infiltrates > 50%) had higher serum galectin-3
than those with milder disease, and both groups showed higher concentrations compared
to controls (median concentrations: 415, 326, and 243 pg/mL, respectively). The authors did
not observe significant correlations between serum galectin-3 and inflammatory markers
(CRP, IL-6, ferritin, procalcitonin), anemia, coagulation abnormalities, or serum enzymes
(alanine or aspartate transaminases, LDH, creatinine kinase), even though the results of
these tests differed significantly between severe and non-severe patients [27]. The authors
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did not report data on kidney function. Moreover, Kazancioglu et al. [27] did not assess the
diagnostic accuracy of serum galectin-3, and did not compare it with other laboratory tests.
Our study was consistent with Kazancioglu et al. [27] in the main finding; i.e., both showed
significantly increased serum galectin-3 in more severe COVID-19. However, the significant
correlations of galectin-3 with other markers of severity were only detected in our study.
This may be associated with different timeframes of blood collection with respect to the
beginning of the disease, or with different patients’ characteristics, both depending on the
specificity of local organization of hospital care of patients with COVID-19. Alternatively,
there may be significant differences in the performance characteristics of ELISA kits used
to measure galectin-3.

Galectin-3 is involved in innate immunological reactions to infections, serving as
a pattern-recognition receptor, a danger-associated molecular pattern molecule, and an
immunomodulator [30]. It has been shown to induce cytokine release in human cells,
including IL-1$3, IL-6, and tumor necrosis factor-o [22,31,32]. There are numerous reports
linking galectin-3 with the course of various viral infections. The genetic polymorphisms
of the galectin-3-encoding gene affected the course of enterovirus 71 infection in children,
which was partially associated with diverse viral replication according to the gene vari-
ant [33]. Increased serum galectin-3 has been observed in patients with varicella-zoster
virus infection and patients with herpes zoster neuralgia and post-herpetic neuralgia
presented with higher concentrations [17]. In human immunodeficiency virus infection,
galectin-3 has been shown to support the attachment of the virus to macrophages and CD4+
T cells [19,34]. Galectin-3 was induced in hepatitis B and C infections [35-37]. Human
herpesvirus 1 infection increased the secretion of galectin-3 from cells [20]. Moreover, in
herpesvirus infection, galectin-3 was involved in the regulation of adaptive immunity (it
constrained the activation of CD8+ T-cells) [38]. The increased serum galectin-3 concentra-
tions in severe SARS-CoV2 infection was consistent with the reports showing the induction
or increased secretion of galectin-3 in response to infections. Of note, the serum concentra-
tions of galectin-3 in the patients with moderate COVID-19 (without pneumonia and not
requiring intensive care) did not differ as compared to healthy subjects. Increased serum
galectin-3 in severe cases in correlation with increased concentrations of IL-6 and acute
phase proteins was consistent with the cytokine storm observed in severe COVID-19 [39].

An interesting finding of the present study was the significant positive correlation
between serum galectin-3 and the marker of endothelial dysfunction, sFlt-1. Although sFlt-1
is most studied as the laboratory marker of preeclampsia [40], we observed increased serum
concentrations of sFlt-1 (together with angiopoietin-2) in acute systemic inflammation
associated with severe acute pancreatitis [14]. Increased serum sFlt-1 may reflect the
endothelial dysfunction induced by the hyperinflammation. This is in line with thrombotic
complication and consumptive coagulopathy observed in severe COVID-19 [10]. Of interest,
recent publications suggest that SARS-CoV-2 may also directly damage the endothelial
cells, as they express ACE-2, and thus may be infected by the virus [8-10]. The damage
of the cells expressing ACE-2 and the resulting ACE-2 deficiency lead to diminished anti-
inflammatory signaling of angiotensin 1-7 [8,41]. In our patients with COVID-19, serum
sFlt-1 was higher compared to controls, and the highest concentrations were associated
with most severe disease course (i.e., the need for ICU admission). Although there are not
many studies assessing the markers of endotheliopathy in COVID-19, the existing ones
show the associations of such markers with disease severity [12,42,43]. However, to our
knowledge, sFlt-1 has not been previously studied in COVID-19.

In our study, serum galectin-3, PTX-3, and sFlt-1 were interrelated. While increased
CRP, produced by hepatocytes, reflects the systemic inflammatory response, the long
pentraxin PTX-3 is instead produced locally in the sites of inflammation by the endothelial
cells or macrophages [7]. In the experiments of Brunetta et al. [7], SARS-CoV-2 strongly
induced PTX-3 expression in respiratory tract epithelial cells. Schirinzi et al. [6] observed
increased PTX-3 early in the course of COVID-19 in patients admitted to the emergency
department. The chronic endothelial dysfunction observed in patients with atherosclerosis
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and cardiovascular disease is associated with increased circulating PTX-3 [44—46]. Of note,
atherosclerosis and cardiovascular disease are among the risk factors of severe COVID-19,
and the chronic endothelial dysfunction predisposing to increased endothelial injury is
suggested as the pathophysiologic link [8].

Serum galectin-3 has been proposed as an early marker of chronic inflammatory states
associated with fibrosis, and of metabolic diseases and neoplasms [47,48]. It has been
extensively studied as a marker of cardiac fibrosis, and in large cohorts, predicted incident
heart failure and all-cause mortality [49,50]. The experimental data links galectin-3 to
micro- and macrovascular complications of diabetes and to atherosclerosis [48,51]. In our
study, serum galectin-3 was higher in overweight or obese patients and in those with
diabetes. In addition, it was positively correlated with the Charlson comorbidity index.
Still, serum galectin-3 predicted more severe COVID-19 independently of age and Charlson
comorbidity index.

We found positive correlations between serum galectin-3 and the markers of tissue
injury, including hemoglobin oxygen saturation, enzymes (LDH, GGT, aspartate amino-
transferase), and urea. Galectin-3 negatively correlated with blood hemoglobin, hematocrit,
and erythrocyte count. We may hypothesize that these correlations reflect the simultaneous
association of galectin-3 and the mentioned markers with COVID-19 severity. However,
we cannot exclude the possibility that galectin-3 is directly involved in tissue damage.

The main limitation of our preliminary study was the relatively small sample size
and the fact that some laboratory tests were not performed in every patient (we used the
data obtained during the first five days of routine hospital care). Nevertheless, our study
showed that serum levels of galectin-3 were increased in severe COVID-19 in association
with acute phase reactants, the marker of endothelial injury (sFlt-1), and the markers of
tissue damage. This strengthens the hypothesis that galectin-3 may be involved in the
pathomechanism of severe COVID-19. The emergence of multiple SARS-CoV-2 variants
and the impact of vaccination both modify the course of COVID-19. Further studies are
planned to confirm our preliminary findings and to verify the possible associations of
galectin-3 with long-term consequences of COVID-19, including pulmonary fibrosis.

Author Contributions: Conceptualization, B.K.-C., B.M., PD., and M.K. (Michat Kukla); method-
ology, B.M., B.K.-C., and M.K. (Maria Kapusta); validation, B.K.-C., P.D., and M.K. (Michat Kukla);
formal analysis, P.D., M.D., and B.K.-C.; investigation, B.K.-C., B.M., and M.K. (Maria Kapusta);
resources, M.D., M.K. (Michat Kukla), and B.K.-C.; data curation, M.D., P.D., M.W,, and B.K.-C.;
writing—original draft preparation, B.K.-C., PD., B.M., and M.Ku; writing—review and editing,
B.K.-C., BM., M.B.-]., M.K. (Michat Kukla), A.G., and T.G.; supervision, P.D. and B.K.-C.; project
administration, M.K. (Michat Kukla), B.K.-C., and T.G.; funding acquisition, M.K. (Michat Kukla) and
T.G. Both B.K.-C. and B.M. contributed equally to this work. All authors have read and approved the
contest of the manuscript.

Funding: The University Hospital in Cracow and the Jagiellonian University Medical College are
supported by the National Center for Research and Development CRACoV-HHS project (“Model
of multi-specialist hospital and non-hospital care for patients with SARS-CoV-2 infection”) through
the initiative “Support for specialist hospitals in fighting the spread of SARS-CoV-2 infection and in
treating COVID-19” (contract number: SZPITALE-JEDNOIMIENNE/18/2020).

Institutional Review Board Statement: The study protocol was approved by the Jagiellonian Uni-
versity Bioethics Committee (approval number: KBET 1072.6120.157.2020, issued on 25 June 2020).

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

Data Availability Statement: Data supporting the results are available from the corresponding
author upon reasonable request.

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



Biomolecules 2021, 11, 1136 14 of 15

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Flisiak, R.; Parczewski, M.; Horban, A.; Jaroszewicz, J.; Kozielewicz, D.; Pawlowska, M.; Piekarska, A.; Simon, K.; Tomasiewicz,
K.; Zarebska-Michaluk, D. Management of SARS-CoV-2 infection: Recommendations of the polish association of epidemiologists
and infectiologists. Annex no. 2 as of October 13, 2020. Pol. Arch. Intern. Med. 2020, 130, 915-918. [CrossRef]

Skevaki, C.; Fragkou, P.C.; Cheng, C.; Xie, M.; Renz, H. Laboratory characteristics of patients infected with the novel SARS-CoV-2
virus. J. Infect. 2020, 81, 205-212. [CrossRef]

Pourbagheri-Sigaroodi, A.; Bashash, D.; Fateh, E.; Abolghasemi, H. Laboratory findings in COVID-19 diagnosis and prognosis.
Clin. Chim. Acta 2020, 510, 475-482. [CrossRef]

Moutchia, J.; Pokharel, P.; Kerri, A.; McGaw, K.; Uchai, S.; Nji, M.; Goodman, M. Clinical laboratory parameters associated
with severe or critical novel coronavirus disease 2019 (COVID-19): A systematic review and meta-analysis. PLoS ONE 2020, 15,
€0239802. [CrossRef]

Favaloro, E.J.; Lippi, G. Recommendations for Minimal Laboratory Testing Panels in Patients with COVID-19: Potential for
Prognostic Monitoring. Semin. Thromb. Hemost. 2020, 46, 379-382. [CrossRef]

Schirinzi, A.; Pesce, F.; Laterza, R.; D"Alise, M.G.; Lovero, R.; Fontana, A.; Contino, R.; Di Serio, F. Pentraxin 3: Potential prognostic
role in SARS-CoV-2 patients admitted to the emergency department. J. Infect. 2021, 82, 84-123. [CrossRef]

Brunetta, E.; Folci, M.; Bottazzi, B.; De Santis, M.; Gritti, G.; Protti, A.; Mapelli, S.N.; Bonovas, S.; Piovani, D.; Leone, R ; et al.
Macrophage expression and prognostic significance of the long pentraxin PTX3 in COVID-19. Nat. Immunol. 2021, 22, 19-24.
[CrossRef] [PubMed]

Yamaoka-Tojo, M. Vascular endothelial glycocalyx damage in COVID-19. Int. ]. Mol. Sci. 2020, 21, 9712. [CrossRef] [PubMed]
Yamaoka-Tojo, M. Endothelial glycocalyx damage as a systemic inflammatory microvascular endotheliopathy in COVID-19.
Biomed. ]. 2020, 43, 399-413. [CrossRef]

Iba, T.; Levy, J.H.; Levi, M,; Thachil, J. Coagulopathy in COVID-19. J. Thromb. Haemost. 2020, 18, 2103-2109. [CrossRef] [PubMed]
Thachil, J.; Longstaff, C.; Favaloro, E.J.; Lippi, G.; Urano, T.; Kim, PY. The need for accurate D-dimer reporting in COVID-19:
Communication from the ISTH SSC on fibrinolysis. J. Thromb. Haemost. 2020, 18, 2408-2411. [CrossRef]

Smadja, D.M.; Guerin, C.L.; Chocron, R.; Yatim, N.; Boussier, J.; Gendron, N.; Khider, L.; Hadjadj, J.; Goudot, G.; Debuc, B.; et al.
Angiopoietin-2 as a marker of endothelial activation is a good predictor factor for intensive care unit admission of COVID-19
patients. Angiogenesis 2020, 23, 611-620. [CrossRef]

Dumnicka, P; Sporek, M.; Mazur-Laskowska, M.; Ceranowicz, P.; Kuzniewski, M.; Drozdz, R.; Ambrozy, T.; Olszanecki, R.;
Kusnierz-Cabala, B. Serum soluble fms-Like tyrosine kinase 1 (sFlt-1) predicts the severity of acute pancreatitis. Int. J. Mol. Sci.
2016, 17, 2038. [CrossRef]

Dumnicka, P.; Kuénierz-Cabala, B.; Sporek, M.; Mazur-Laskowska, M.; Gil, K.; Kuzniewski, M.; Ceranowicz, P.; Warzecha,
Z.; Dembinski, A.; Bonior, J.; et al. Serum concentrations of angiopoietin-2 and soluble fms-like tyrosine kinase 1 (sFlt-1) are
associated with coagulopathy among patients with acute pancreatitis. Int. J. Mol. Sci. 2017, 18, 753. [CrossRef] [PubMed]
Garcia-Revilla, J.; Deierborg, T.; Venero, J.L.; Boza-Serrano, A. Hyperinflammation and Fibrosis in Severe COVID-19 Patients:
Galectin-3, a Target Molecule to Consider. Front. Immunol. 2020, 11, 1-6. [CrossRef] [PubMed]

Madrigal-Matute, J.; Lindholt, J.S.; Fernandez-Garcia, C.E.; Benito-Martin, A.; Burillo, E.; Zalba, G.; Beloqui, O.; Llamas-Granda,
P; Ortiz, A.; Egido, ].; et al. Galectin-3, a biomarker linking oxidative stress and inflammation with the clinical outcomes of
patients with atherothrombosis. J. Am. Heart Assoc. 2014, 3, 1-13. [CrossRef]

Wang, T.; Fei, Y.; Yao, M,; Tao, J.; Deng, J.; Huang, B. Correlation between Galectin-3 and Early Herpes Zoster Neuralgia and
Postherpetic Neuralgia: A Retrospective Clinical Observation. Pain Res. Manag. 2020, 2020, 8730918. [CrossRef] [PubMed]

Xue, J.; Fu, C.; Cong, Z.; Peng, L.; Peng, Z.; Chen, T.; Wang, W.; Jiang, H.; Wei, Q.; Qin, C. Galectin-3 promotes caspase-independent
cell death of HIV-1-infected macrophages. FEBS |. 2017, 284, 97-113. [CrossRef]

Lin, C.Y;; Wang, W.H.; Huang, SW.; Yeh, C.S,; Yuan, R.Y,; Yang, Z.S.; Urbina, A.N.; Tseng, S.P; Lu, P.L.; Chen, Y.H,; et al. The
examination of viral characteristics of HIV-1 CRF07_BC and its potential interaction with extracellular galectin-3. Pathogens 2020,
9, 425. [CrossRef] [PubMed]

King, R.D.; Lubinski, ].M.; Friedman, H.M. Herpes simplex virus type 1 infection increases the carbohydrate binding activity and
the secretion of cellular galectin-3. Arch. Virol. 2009, 154, 609-618. [CrossRef]

Caniglia, J.L.; Asuthkar, S.; Tsung, A.].; Guda, M.R.; Velpula, K. K. Immunopathology of galectin-3: An increasingly promising
target in COVID-19. F1000Research 2020, 9, 1078. [CrossRef]

Caniglia, ].L.; Guda, M.R,; Asuthkar, S.; Tsung, A.J.; Velpula, K.K. A potential role for Galectin-3 inhibitors in the treatment of
COVID-19. Peer] 2020, 8, €9392. [CrossRef] [PubMed]

Buszko, M.; Park, J.H.; Verthelyi, D.; Sen, R.; Young, H.A.; Rosenberg, A.S. The dynamic changes in cytokine responses in
COVID-19: A snapshot of the current state of knowledge. Nat. Immunol. 2020, 21, 1146-1151. [CrossRef] [PubMed]

Kim, J.S.; Lee, ].Y.; Yang, ] W.; Lee, K.H.; Effenberger, M.; Szpirt, W.; Kronbichler, A.; Shin, J., II. Immunopathogenesis and
treatment of cytokine storm in COVID-19. Theranostics 2020, 11, 316-329. [CrossRef] [PubMed]

Behloul, N.; Baha, S.; Shi, R.; Meng, J. Role of the GTNGTKR motif in the N-terminal receptor-binding domain of the SARS-CoV-2
spike protein. Virus Res. 2020, 286, 198058. [CrossRef] [PubMed]

Pirone, L.; Del Gatto, A.; Di Gaetano, S.; Saviano, M.; Capasso, D.; Zaccaro, L.; Pedone, E. A multi-targeting approach to fight
sars-cov-2 attachment. Front. Mol. Biosci. 2020, 7, 186. [CrossRef] [PubMed]


http://doi.org/10.20452/pamw.15658
http://doi.org/10.1016/j.jinf.2020.06.039
http://doi.org/10.1016/j.cca.2020.08.019
http://doi.org/10.1371/journal.pone.0239802
http://doi.org/10.1055/s-0040-1709498
http://doi.org/10.1016/j.jinf.2020.10.027
http://doi.org/10.1038/s41590-020-00832-x
http://www.ncbi.nlm.nih.gov/pubmed/33208929
http://doi.org/10.3390/ijms21249712
http://www.ncbi.nlm.nih.gov/pubmed/33352699
http://doi.org/10.1016/j.bj.2020.08.007
http://doi.org/10.1111/jth.14975
http://www.ncbi.nlm.nih.gov/pubmed/32558075
http://doi.org/10.1111/jth.14956
http://doi.org/10.1007/s10456-020-09730-0
http://doi.org/10.3390/ijms17122038
http://doi.org/10.3390/ijms18040753
http://www.ncbi.nlm.nih.gov/pubmed/28368336
http://doi.org/10.3389/fimmu.2020.02069
http://www.ncbi.nlm.nih.gov/pubmed/32973815
http://doi.org/10.1161/JAHA.114.000785
http://doi.org/10.1155/2020/8730918
http://www.ncbi.nlm.nih.gov/pubmed/32351643
http://doi.org/10.1111/febs.13955
http://doi.org/10.3390/pathogens9060425
http://www.ncbi.nlm.nih.gov/pubmed/32485969
http://doi.org/10.1007/s00705-009-0351-7
http://doi.org/10.12688/f1000research.25979.2
http://doi.org/10.7717/peerj.9392
http://www.ncbi.nlm.nih.gov/pubmed/32587806
http://doi.org/10.1038/s41590-020-0779-1
http://www.ncbi.nlm.nih.gov/pubmed/32855555
http://doi.org/10.7150/thno.49713
http://www.ncbi.nlm.nih.gov/pubmed/33391477
http://doi.org/10.1016/j.virusres.2020.198058
http://www.ncbi.nlm.nih.gov/pubmed/32531235
http://doi.org/10.3389/fmolb.2020.00186
http://www.ncbi.nlm.nih.gov/pubmed/32850973

Biomolecules 2021, 11, 1136 15 of 15

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kazancioglu, S.; Yilmaz, FM.; Bastug, A.; Ozbay, B.O.; Aydos, O.; Yiicel, C.; Bodur, H.; Yilmaz, G. Assessment of Galectin-1,
Galectin-3, and PGE2 Levels in Patients with COVID-19. Jpn. |. Infect. Dis. 2021. [CrossRef] [PubMed]

Charlson, M.E.; Pompei, P.; Ales, K.L.; MacKenzie, C.R. A new method of classifying prognostic comorbidity in longitudinal
studies: Development and validation. J. Chronic Dis. 1987, 40, 373-383. [CrossRef]

De Biasi, S.; Meschiari, M.; Gibellini, L.; Bellinazzi, C.; Borella, R.; Fidanza, L.; Gozzi, L.; Ilannone, A.; Lo Tartaro, D.; Mattioli, M.;
et al. Marked T cell activation, senescence, exhaustion and skewing towards TH17 in patients with COVID-19 pneumonia. Nat.
Commun. 2020, 11, 1-17. [CrossRef]

Diaz-Alvarez, L.; Ortega, E. The Many Roles of Galectin-3, a Multifaceted Molecule, in Innate Immune Responses against
Pathogens. Mediators Inflamm. 2017, 2017, 9-12. [CrossRef]

Filer, A.; Bik, M,; Parsonage, G.N.; Fitton, J.; Trebilcock, E.; Howlett, K.; Cook, M.; Raza, K.; Simmons, D.L.; Thomas, AM.C.; et al.
Galectin 3 induces a distinctive pattern of cytokine and chemokine production in theumatoid synovial fibroblasts via selective
signaling pathways. Arthritis Rheum. 2009, 60, 1604-1614. [CrossRef]

Uchino, Y.; Woodward, A.M.; Mauris, J.; Peterson, K.; Verma, P; Nilsson, U J.; Rajaiya, J.; Argtieso, P. Galectin-3 is an amplifier
of the interleukin-1p-mediated inflammatory response in corneal keratinocytes. Immunology 2018, 154, 490-499. [CrossRef]
[PubMed]

Huang, W.C; Chen, H.L.; Chen, H.Y,; Peng, K.P; Lee, Y.; Huang, L.M.; Chang, L.Y.; Liu, ET. Galectin-3 and Its genetic variation
rs4644 modulate enterovirus 71 infection. PLoS ONE 2016, 11, 1-11. [CrossRef]

Kulkarni, R.; Prasad, A. Exosomes Derived from HIV-1 Infected DCs Mediate Viral trans-Infection via Fibronectin and Galectin-3.
Sci. Rep. 2017, 7, 1-14. [CrossRef] [PubMed]

Hsu, D.K.; Dowling, C.A ; Jeng, K.C.G.; Chen, ].T.; Yang, R.Y.; Liu, ET. Galectin-3 expression is induced in cirrhotic liver and
hepatocellular carcinoma. Int. J. Cancer 1999, 81, 519-526. [CrossRef]

Biéche, I.; Asselah, T.; Laurendeau, I.; Vidaud, D.; Degot, C.; Paradis, V.; Bedossa, P.; Valla, D.C.; Marcellin, P.; Vidaud, M.
Molecular profiling of early stage liver fibrosis in patients with chronic hepatitis C virus infection. Virology 2005, 332, 130-144.
[CrossRef] [PubMed]

Uluca, U,; Sen, V.; Ece, A.; Tan, I.; Karabel, D.; Aktar, F; Karabel, M.; Balik, H.; Giines, A. Serum galectin-3 levels in children with
chronic hepatitis B infection and inactive hepatitis B carriers. Med. Sci. Monit. 2015, 21, 1376-1380. [CrossRef] [PubMed]

Kaur, M.; Kumar, D.; Butty, V.; Singh, S.; Esteban, A.; Fink, G.R.; Ploegh, H.L.; Sehrawat, S. Galectin-3 Regulates y-Herpesvirus
Specific CD8 T Cell Immunity. iScience 2018, 9, 101-119. [CrossRef]

Qin, C.; Zhou, L.; Hu, Z;; Zhang, S.; Yang, S.; Tao, Y.; Xie, C.; Ma, K,; Shang, K.; Wang, W.; et al. Dysregulation of immune
response in patients with coronavirus 2019 (COVID-19) in Wuhan, China. Clin. Infect. Dis. 2020, 71, 762-768. [CrossRef]
Maynard, S.E.; Min, J.; Merchan, J.; Lim, K.; Li, ].; Mondal, S.; Libermann, T.A.; Morgan, ].P.; Sellke, EW.; Stillman, LE.; et al. Excess
placental soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial dysfunction, hypertension, and proteinuria in
preeclampsia. . Clin. Investig. 2003, 111, 649-658. [CrossRef]

Wang, J.; Kaplan, N.; Wysocki, J.; Yang, W.; Lu, K.; Peng, H.; Batlle, D.; Lavker, R M. The ACE2-deficient mouse: A model for a
cytokine storm-driven inflammation. FASEB J. 2020, 34, 10505-10515. [CrossRef]

Pine, A.B.; Meizlish, M.L.; Goshua, G.; Chang, C.H.; Zhang, H.; Bishali, J.; Bahel, P; Patel, A.; Gbyli, R.; Kwan, ].M.; et al.
Circulating markers of angiogenesis and endotheliopathy in COVID-19. Pulm. Circ. 2020, 10. [CrossRef]

Villa, E.; Critelli, R.; Lasagni, S.; Melegari, A.; Curatolo, A.; Celsa, C.; Romagnoli, D.; Melegari, G.; Pivetti, A.; Di Marco, L.; et al.
Dynamic angiopoietin-2 assessment predicts survival and chronic course in hospitalized patients with COVID-19. Blood Adv.
2021, 5, 662-673. [CrossRef]

Norata, G.D.; Garlanda, C.; Catapano, A.L. The Long Pentraxin PTX3: A Modulator of the Immunoinflammatory Response in
Atherosclerosis and Cardiovascular Diseases. Trends Cardiovasc. Med. 2010, 20, 35-40. [CrossRef] [PubMed]

Fornai, F,; Carrizzo, A.; Forte, M.; Ambrosio, M.; Damato, A.; Ferrucci, M.; Biagioni, F.; Busceti, C.; Puca, A.A.; Vecchione, C. The
inflammatory protein Pentraxin 3 in cardiovascular disease. Immun. Ageing 2016, 13, 1-9. [CrossRef]

Ristagno, G.; Fumagalli, F; Bottazzi, B.; Mantovani, A.; Olivari, D.; Novelli, D.; Latini, R. Pentraxin 3 in cardiovascular disease.
Front. Immunol. 2019, 10, 1-11. [CrossRef] [PubMed]

Hara, A.; Niwa, M.; Noguchi, K.; Kanayama, T.; Niwa, A.; Matsuo, M.; Hatano, Y.; Tomita, H. Galectin-3 as a next-generation
biomarker for detecting early stage of various diseases. Biomolecules 2020, 10, 389. [CrossRef] [PubMed]

Pugliese, G.; Iacobini, C.; Pesce, C.M.; Menini, S. Galectin-3: An emerging all-out player in metabolic disorders and their
complications. Glycobiology 2015, 25, 136-150. [CrossRef]

Ho, J.E,; Liu, C; Lyass, A.; Courchesne, P; Pencina, M.]J.; Vasan, R.S.; Larson, M.G.; Levy, D. Galectin-3, a marker of cardiac
fibrosis, predicts incident heart failure in the community. J. Am. Coll. Cardiol. 2012, 60, 1249-1256. [CrossRef] [PubMed]

De Boer, R.A.; van Veldhuisen, D.J.; Gansevoort, R.T.; Muller Kobold, A.C.; van Gilst, W.H.; Hillege, H.L.; Bakker, S.J.L.; van
der Harst, P. The fibrosis marker galectin-3 and outcome in the general population. J. Intern. Med. 2012, 272, 55-64. [CrossRef]
[PubMed]

Pugliese, G.; Iacobini, C.; Ricci, C.; Blasetti Fantauzzi, C.; Menini, S. Galectin-3 in diabetic patients. Clin. Chem. Lab. Med. 2014, 52,
1413-1423. [CrossRef] [PubMed]


http://doi.org/10.7883/yoken.JJID.2021.020
http://www.ncbi.nlm.nih.gov/pubmed/33790073
http://doi.org/10.1016/0021-9681(87)90171-8
http://doi.org/10.1038/s41467-020-17292-4
http://doi.org/10.1155/2017/9247574
http://doi.org/10.1002/art.24574
http://doi.org/10.1111/imm.12899
http://www.ncbi.nlm.nih.gov/pubmed/29359328
http://doi.org/10.1371/journal.pone.0168627
http://doi.org/10.1038/s41598-017-14817-8
http://www.ncbi.nlm.nih.gov/pubmed/29093555
http://doi.org/10.1002/(SICI)1097-0215(19990517)81:4&lt;519::AID-IJC3&gt;3.0.CO;2-0
http://doi.org/10.1016/j.virol.2004.11.009
http://www.ncbi.nlm.nih.gov/pubmed/15661146
http://doi.org/10.12659/MSM.894035
http://www.ncbi.nlm.nih.gov/pubmed/25968249
http://doi.org/10.1016/j.isci.2018.10.013
http://doi.org/10.1093/cid/ciaa248
http://doi.org/10.1172/JCI17189
http://doi.org/10.1096/fj.202001020R
http://doi.org/10.1177/2045894020966547
http://doi.org/10.1182/bloodadvances.2020003736
http://doi.org/10.1016/j.tcm.2010.03.005
http://www.ncbi.nlm.nih.gov/pubmed/20656213
http://doi.org/10.1186/s12979-016-0080-1
http://doi.org/10.3389/fimmu.2019.00823
http://www.ncbi.nlm.nih.gov/pubmed/31057548
http://doi.org/10.3390/biom10030389
http://www.ncbi.nlm.nih.gov/pubmed/32138174
http://doi.org/10.1093/glycob/cwu111
http://doi.org/10.1016/j.jacc.2012.04.053
http://www.ncbi.nlm.nih.gov/pubmed/22939561
http://doi.org/10.1111/j.1365-2796.2011.02476.x
http://www.ncbi.nlm.nih.gov/pubmed/22026577
http://doi.org/10.1515/cclm-2014-0187
http://www.ncbi.nlm.nih.gov/pubmed/24940712

	Introduction 
	Materials and Methods 
	Study Protocol and Patients 
	Laboratory Tests 
	Statistical Analysis 

	Results 
	Characteristics of Patients 
	Association of Galectin-3 with the Severity of COVID-19 
	Correlations of Galectin-3 with Clinical Characteristics of Patients and Laboratory Test Results 
	Diagnostic Usefulness of Galectin-3 in Moderate to Severe COVID-19 

	Discussion 
	References

