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A B S T R A C T   

COVID-19 manifestation is associated with a strong immune system activation leading to inflam-
mation and subsequently affecting the cardiovascular system. The objective of the study was to reveal 
possible interconnection between prolongated inflammation and the development or exacerbation of 
long-term cardiovascular complications after COVID-19. We investigated correlations between hu-
moral and cellular immune system markers together with markers of cardiovascular inflammation/ 
dysfunction during COVID-19 onset and subsequent recovery. We analyzed 22 hospitalized patients 
with severe COVID-19 within three timepoints (acute, 1 and 6 months after COVID-19) in order to 
track the impact of COVID-19 on the long-term decline of the cardiovascular system fitness and 
eventual development of CVDs. Among the cytokines dysregulated during COVID-19 changes, we 
showed significant correlations of IL-18 as a key driver of several pathophysiological changes with 
markers of cardiovascular inflammation/dysfunction. Our findings established novel immune-related 
markers, which can be used for the stratification of patients at high risk of CVDs for further therapy.  

Abbreviations: BMI, body mass index; CVDs, cardiovascular diseases; FDR, False discovery rate; GFR, glomerular filtration rate; HF, heart failure; 
ICAM, intracellular adhesion molecule; IFN, interferon; IGFBP, insulin-like growth factor-binding protein; IQR, interquartile range; IL, interleukin; 
IRF, interferon regulatory factor; LIGHT, tumor necrosis factor superfamily member 14; LOS, length of stay; MCP, monocyte chemoattractant 
protein; MMP, matrix metalloproteinase; MPO, myeloperoxidase; NF-кB, nuclear factor кB; NGAL, lipocalin A; OPN, osteopontin; PlGF, placental 
growth factor; RT, room temperature; sRAGE, soluble receptor for advanced glycation end-products; sST2, soluble Suppression of Tumorigenicity 2 
protein; TIE, tyrosine-protein kinase receptor; TNF, tumor necrosis factor; TP, timepoint; VCAM, vascular cell adhesion molecule. 
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1. Introduction 

Cardiovascular diseases (CVDs) together with obesity and diabetes have been associated with the more severe course of the COVID- 
19 progression and even increased mortality, almost since the very beginning of the pandemic. Furthermore, numerous reports showed 
that the development of CVDs during the course of disease was frequently associated with unfavorable prognosis [1–3]. Cardiovascular 
complications including acute myocardial injury during acute COVID-19 have been reported among recovered COVID-19 patients [4, 
5]. Currently a large number of prospective studies provided evidence for the rising number of new cardiac diagnoses related to 
post-acute COVID-19, employing tools such as echocardiography [6,7] or cardiac magnetic resonance [8,9]. 

Inflammation plays a crucial role in the pathogenesis of CVDs and the progression to acute and chronic heart failure (HF) [10–12]. 
Profound changes in the immune system are an inseparable part of COVID-19 pathophysiology, including dysregulated cytokine and 
cellular response. These changes can persist for an extensive amount of time, being an important component of COVID-19 long-term 
consequences. Although CVDs have been associated with chronic inflammation for a long time [13], the interconnection of CVDs and 
inflammation during COVID-19 and subsequent recovery is not sufficiently described. 

Immune cells such as monocytes and macrophages are activated directly through infection [14,15] as well as indirectly in response 
to COVID-19 induced inflammation. The immunopathological manifestations of severe COVID-19 include lymphopenia [16], neu-
trophilia [17], cytokine dysregulation and disrupted type I IFN response [18]. The profound changes in cellular immunity have been 
reported in COVID-19, including the depletion of non-classical monocytes and higher frequencies of classical monocytes with reduced 
HLA-DR expression, as reported in severe COVID-19 cases [19–22]. Neutrophils in COVID-19 patients display upregulation of acti-
vation markers including CD11b and CD66b [23,24] and increased neutrophil counts is likely attributed to expansion of immature 
neutrophils reflecting disease severity [25]. 

Hyperinflammatory response results in vascular damage, metabolic dysregulation and endothelial dysfunction, hence damage in 
multiple organ systems [26]. Changes in cytokine networks can lead to development of CVDs [27,28]. Interleukin-1β (IL-1β) and 
interleukin-18 (IL-18) are IL-1 family members, both activated by caspase-1 following inflammasome formation. High serum levels of 
IL-18 [29] and IL-1β are associated with an increased risk of CVDs [30,31]. Interleukin-12 (IL-12) and interleukin-23 (IL-23), the two 
members of the IL-12 family, are important regulators of Th1 and Th17 cell responses [32]. Increased serum levels of IL-12 and IL-23 
have been associated with adverse outcomes in patients with CVDs [33,34]. Induction of early innate immune response activates 
several transcription factors including interferon regulatory factor (IRF)-3, IRF-7 and nuclear factor кB (NF-кB), that control the 
production of type I interferons (IFNs) and pro-inflammatory cytokines [35]. In this study, we aimed to reveal possible interconnection 
between persistent inflammation and the development and progression of long-term cardiovascular complications after COVID-19. 

2. Material and methods 

2.1. Cohort design 

Adult patients hospitalized in the St. Anne’s University Hospital in Brno, Czech Republic with moderate to critical COVID-19 
between October 2021 and January 2023 were recruited prospectively. All patients were treated according to The National Insti-
tute of Health Coronavirus Disease 2019 treatment guidelines [36]. Inclusion criteria were hospitalization due to COVID-19, labo-
ratory-confirmed SARS-CoV-2 infection and 1 or more of the following: peripheral oxygen saturation (SpO2) ≤ 94%, respiratory rate 
≥30 per minute, lung infiltrates according to X-rays, signs of respiratory failure and septic shock. Patients with previous pathologies 
were excluded from the study. Specific SARS-CoV-2 variants were not identified. Written informed consents were obtained from all 
enrolled patients, and all procedures and protocols were approved by the institutional ethics committee of St Anne’s University 
Hospital Brno (6G/2022). Blood samples from patients were collected in three timepoints (TPs): samples collected within 15 days from 
hospitalization were categorized as TP1 (acute phase of COVID-19), samples collected 1–2 months after hospital discharge as TP2 and 
6 months after hospital discharge as TP3. 

2.2. Blood sample processing and plasma preparation 

Blood samples were processed within the 2 h of collection. For stabilized blood sample collection, 0.2 mL of whole blood was 
incubated with an equal amount of Whole Blood Cell Stabilizer (Cytodelics AB, Sweden) at room temperature (RT) for 10 min and then 
stored at − 80 ◦C until further processing. Plasma samples were collected after 15-min centrifugation of the remaining whole blood at 
2500×g and 4 ◦C, and immediately stored at − 80 ◦C until usage. 

2.3. Cytokine and vascular inflammation marker profiling (multiplex assay) 

Measurement of the following human cytokines and chemokines was performed using LEGENDplex Human Inflammation panel 1 
(BioLegend): interferon (IFN)-α2, IFN-γ, interleukin (IL)-1β, IL-6, IL-8, IL-10, IL-12p70, IL-17, IL-18, IL-23, IL-33, monocyte chemo-
attractant protein (MCP)-1 and tumor necrosis factor (TNF)-α. Measurement of vascular inflammation markers was performed using 
the LEGENDplex Human Vascular Inflammation Panel 1 specific for proteins: Cystatin C, intracellular adhesion molecule (ICAM)-1, 
insulin-like growth factor-binding protein (IGFBP)-4, matrix metalloproteinase, (MMP)-9, myeloperoxidase (MPO), Myoglobin, lip-
ocalin A (NGAL), osteopontin (OPN) and vascular cell adhesion molecule (VCAM)-1; and LEGENDplex Human Vascular Inflammation 
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Panel 2 specific for proteins: soluble CD40 Ligand (sCD40L), tumor necrosis factor superfamily member 14 (LIGHT), placental growth 
factor (PlGF), soluble receptor for advanced glycation end-products (sRAGE), soluble Suppression of Tumorigenicity 2 protein (sST2), 
tyrosine kinase with immunoglobulin-like and EGF-like domains 1 (TIE-1) and tyrosine-protein kinase receptor (TIE-2). All experi-
ments and plasma dilutions were performed according to the manufacturers’ guidelines. Samples were acquired on a FACSCanto (BD 
Biosciences) and the data were analyzed using the LEGENDplex software. 

2.4. Immunophenotyping of stabilized whole blood 

All stabilized blood samples were processed according to the manufacturer’s instructions. Briefly, stabilized blood samples were 
thawed at 37 ◦C followed by dilution 1:10 in Fixation buffer (Cytodelics AB, Sweden) and incubated at RT for 10 min. To lyse the red 
blood cells, samples were diluted 1:4 in Lysis buffer (Cytodelics AB, Sweden) and incubated at RT for up to 15 min. Cells were washed 
with Wash buffer (Cytodelics AB, Sweden) followed by washing in staining buffer (PBS with 2% FBS and 2 mM EDTA). 

To obtain the phenotype of monocytes and neutrophils, cells were labeled using fluorophore-labeled antibodies against CD45 
(PerCP/Cy5.5, clone HI30, BD Biosciences, Franklin Lakes, NJ, USA), CD11b (R718, clone M1/70, BD Biosciences, Franklin Lakes, NJ, 
USA), CD14 (FITC, clone M5E2, BD Biosciences, Franklin Lakes, NJ, USA), CD16 (PE/Cy5, clone 3G8, BioLegend, Inc, San Diego, CA, 
USA), CD66b (PE, clone G10F5, Thermo Fisher Scientific, Inc, Waltham, MA, USA), CD36 (PE/Cy7, clone 5–271, BioLegend, Inc, San 
Diego, CA, USA), CD39 (BV605, clone A1, BD Biosciences, Franklin Lakes, NJ, USA), HLA-DR (BV421, clone L243, Sony Biotechnology, 
Inc, San Jose, CA, USA), CD86 (BV785, clone IT2.2, BioLegend, Inc, San Diego, CA, USA) and CD33 (BV711, clone WM53, Sony 
Biotechnology, Inc, San Jose, CA, USA). 

For phenotypic analysis of the T cells, NK cells and Treg cells, the following anti-human monoclonal antibodies were used: CD3 
(BV650, clone UCHT1, Sony Biotechnology, Inc, San Jose, CA, USA), CD8 (PE/Cy5.5, clone 3B5, Thermo Fisher Scientific, Inc, 
Waltham, MA, USA), CD4 (BV510, clone SK3, BD Biosciences, Franklin Lakes, NJ, USA), CD25 (APC, clone BC96, BD Biosciences, 
Franklin Lakes, NJ, USA), CD56 (PE Dazzle 594, clone 5.1H11, BioLegend, Inc, San Diego, CA, USA) and CD127 (APC/eFluor 780, 
clone eBioRDR5, Thermo Fisher Scientific, Inc, Waltham, MA, USA). 

Sample acquisition was performed using BD FACSymphony™ A1 (BD Biosciences) and the data were analyzed using FlowJo® 
software (FlowJo, LLC Ltd, Ashland, OR, USA). 

2.5. Flow cytometry analysis of NF-кB (p65) nuclear translocation in monocytes 

Cells were labeled using lineage antibodies against CD66b (biotin, clone G10F5, BioLegend, Inc, San Diego, CA, USA), CD56 
(biotin, clone CMSSB, Thermo Fisher Scientific, Inc, Waltham, MA, USA), CD3 (biotin, clone UCHT1, Thermo Fisher Scientific, Inc, 
Waltham, MA, USA), CD19 (biotin, clone HIB19, Thermo Fisher Scientific, Inc, Waltham, MA, USA), CD235α (biotin, clone HIR2, 
Thermo Fisher Scientific, Inc, Waltham, MA, USA), CD20 (biotin, clone 2HL, Thermo Fisher Scientific, Inc, Waltham, MA, USA), 
followed by streptavidin (eFluor450, Thermo Fisher Scientific, Inc, Waltham, MA, USA), CD14 (BV510, M5E2, Sony Biotechnology, 
Inc, San Jose, CA, USA), CD16 (APC, clone eBioCB16, Thermo Fisher Scientific, Inc, Waltham, MA, USA) and CD45 (PerCP/Cy5.5, 
clone HI30, BD Biosciences, Franklin Lakes, NJ, USA) staining. 

For cytosolic staining, cells were washed twice in BD Cytofix/Cytoperm buffer (BD Biosciences, Franklin Lakes, NJ, USA) and 
incubated for 30 min at 4 ◦C with anti–NF–кB p65 antibody (PE, clone D14E12, Cell Signaling Technology, Danvers, MA, USA) or IgG 
Isotype Control antibody (PE, clone DA1E, Cell Signaling Technology, Danvers, MA, USA). For nuclear staining, cells were washed 
twice in BD Cytofix/Cytoperm buffer (BD Biosciences, Franklin Lakes, NJ, USA) and incubated for 1 h at RT with anti–NF–кB p65 
antibody (AF488, clone D14E12, Cell Signaling Technology, Danvers, MA, USA) or IgG Isotype Control antibody (AF488, clone DA1E, 
Cell Signaling Technology, Danvers, MA, USA). Sample acquisition was performed using BD FACSymphony™ A1 (BD Biosciences, 
Franklin Lakes, NJ, USA) and the data were analyzed using FlowJo® software (FlowJo, LLC Ltd, Ashland, OR, USA) 

2.6. Statistical analysis 

Statistical analysis was performed using Prism® (GraphPad Software, LLC, Ltd, La Jolla, CA, USA) software (version 9.0.0) and the 
programming language R (version 4.2.1) in R studio. Continuous variables were presented as median (interquartile range). Categorical 
variables were presented as numbers with percentages. Data were tested for normality using Shapiro-Wilk test and graphically by Q-Q 
plots and histograms. Changes in parameters across the three timepoints were tested using the Friedman test and Dunn’s post-hoc test. 
The Benjamini-Hochberg method was employed to correct for multiple testing errors. False discovery rate (FDR)-adjusted P values 
smaller than 0.05 were considered statistically significant. The level of statistical significance was determined: *(P < 0.05), **(P <
0.01) and ***(P < 0.001). Spearman correlation coefficients were used to identify correlations between variables and the visualization 
was done in R studio by corrplot package. 

3. Results 

Thirty-four adult patients with moderate to critical COVID-19 were initially eligible for the study. Ten patients did not participate in 
the study due to loss to follow-up or withdrawal of consent. One patient was excluded from the analysis due to incomplete data. As a 
result, 23 patient samples were processed in the study. We were able to perform cytokine and vascular inflammation marker profiling 
(Multiplex assay) for 22 patients. The immunophenotyping analysis of the whole blood was performed on 19 patients of whom 
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stabilized blood was also collected during acute COVID-19 (Immunophenotype). Demographic and clinical characteristics of enrolled 
patients are summarized in Table 1. Demographic data of one patient were not available. 

Cytokine and chemokine levels measured across all three TPs are summarized in Table 2. From 13 measured cytokines, we found a 
significant decrease in IL-6 and IL-18 levels between TP1 and TP3. IL-18 also showed significant decrease between TP1 and TP2. Other 
cytokines did not show any changes in their levels during COVID-19 progression. Similarly, we measured the plasma levels of markers 
associated with cardiovascular inflammation/dysfunction (Table 3). We observed a significant decrease in the plasma levels of 
myoglobin and OPN in TP2 compared to TP1. OPN and MPO levels were continuously reduced also in TP3 compared to TP1. Plasma 
levels of ICAM-1 were decreased 6 months after COVID-19 onset (TP2 vs TP3). sST2 showed a significant decrease in TP3 compared to 
TP1. On the contrary, we observed increased levels of TIE-1 in TP2 and TP3 compared to TP1. 

In order to investigate changes in the immune cells’ frequency and functionality, we performed immunophenotyping of the whole 
blood samples from 19 patients of whom stabilized blood was also collected during acute COVID-19. The study design is depicted in 
Fig. 1A. We analyzed the most frequent leukocytes with possible role in COVID-19 based on their surface markers - neutrophils 
(CD45+, CD66b+, CD16+), monocytes (CD45+, CD56− , CD3− , CD14+/low, CD16+/− ), T cells (CD45+, CD3+, CD4+, CD8+) and NK cells 
(CD45+, CD3− , CD56+, CD16+/− ) (Supplementary Fig. S1). We observed changes in the frequency of neutrophils, T cells and NK cells 
within all TPs (Fig. 1B). Neutrophil frequency was reduced in the TP2. On the other hand, we observed an increase in the T cells and NK 
cell frequency in TP2 and TP3 compared to TP1. Contrary, the frequency of monocytes did not change during COVID-19 recovery 
(Fig. 1B). Next, we focused on the detailed profiling of leukocyte subsets. T cells (Fig. 1C) showed significant reduction of CD4+ T cell 
frequency in TP2 compared to TP1. On the other hand, CD8+ T cell frequency showed only increasing trends during COVID-19 res-
olution. We did not observe any changes in the frequency of CD127- CD39+ Treg cells during COVID-19 resolution. We also did not see 
any changes in the NK cell subset frequency (CD56brightCD16- nor CD56dimCD16+) (Fig. 1D). Although the total frequency of 
monocytes did not change (Fig. 1B), we observed significant decrease in the classical monocytes (CD14+CD16− ) following acute 
COVID-19 (TP2) (Fig. 1E), whereas the frequency of non-classical monocytes (CD14dim/- CD16+) increased in both TP2 and TP3 
compared to TP1. 

We also focused on the evaluation of functional abilities of selected leukocytes. Neutrophil CD11b expression increased in TP2 and 
TP3 compared to TP1, while CD66b expression levels did not change (Fig. 2A). Similarly, neither the expression of CD16 on NK cells 
(Fig. 2B) nor CD39 on Treg cells (Fig. 2C) were affected by COVID-19. Conversely, COVID-19 caused changes in monocyte func-
tionality (Fig. 2D), represented by significant increase of HLA-DR in TP3. In addition, we observed trends in increasing CD36 surface 
expression on monocytes in TP2 and TP3 compared to TP1. Expression of CD86 on monocytes was not affected by COVID-19. In order 
to evaluate the monocyte’s inflammatory activation ability, we then focused on NF-кB, since it is the most prominent pro-inflammatory 
transcription factor. We evaluated NF-кB activity in monocytes by measuring cytosolic and total levels of p65 during COVID-19 and its 
resolution (Fig. 2E). Calculation of relative cytosolic NF-кB levels (presented as the percentage of total) was feasible for 18 patients. NF- 
кB showed significant reduction in total p65 levels between TP2 and TP3, while cytosolic levels remained unchanged. However, some 
patients had increased levels of total NF-кB in TP3. We analyzed correlations between the total NF-кB p65 levels and markers of 
cardiovascular inflammation (Fig. 2F). We found negative correlations between NF-кB levels and markers OPN, IGFBP-4, VCAM-1 and 
Cystatin C in both TP2 and TP3. Strong positive correlations were found between total NF-кB levels and markers LIGHT and sCD40L in 
T2 and TP3, respectively. 

To further elaborate on possible stratification potential of some markers as well as their biological relevance for development of 
CVDs, we focused in detail on several candidates. CRP levels, creatinine levels and leukocyte counts decreased significantly in TP2 
compared to TP1, indicating resolution of acute inflammation. IL-6 levels were significantly reduced in TP3 compared to TP1. On the 
other hand, creatinine levels increased in TP3 compared to TP2 (Fig. 3A). Glomerular filtration rate (GFR) represents one of the 
markers with promising potential to distinguish patients developing CVDs with cut-off values for patient risk stratification established 

Table 1 
Demographic and clinical characterization of patients.  

Characteristic Total (Multiplex assay) Total (Immunophenotype) 

Recruited patients, n 22 19 

Sex, n (%) Female 14 (63.6%) 11 (57.9%)  
Male 8 (36.4%) 8 (42.1%) 

Age Median (IQR) 55.50 (39.00–64.00) 56.00 (39.00–67.00) 
BMI Median (IQR) 29.93 (26.67–33.21) 29.00 (26.00–33.00) 
Hospital LOS, days Median (IQR) 7.5 (6.00–15.00) 7.0 (6.00–10.00) 
COVID-19 vaccination, n (%)   
number of doses   
0 15 (68.18%) 11 (57.89%) 
2 5 (22.73%) 5 (26.32%) 
3 1 (4.55%) 1 (5.26%) 
4 1 (4.55%) 2 (10.53%) 
Pneumonia, n (%) 17 (80.95%)* 13 (72.22%)# 

Oxygen therapy, n (%) 15 (71.43%)* 12 (66.67%)# 

Mechanical ventilation, n (%) 4 (19.05%)* 0 (0%)# 

Abbreviations: BMI, body mass index; IQR, interquartile range; LOS, length of stay. Asterisks and hashes indicate out of 21 and 18 patients, 
respectively (demographic data were not available for one patient). 
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by previous studies. We observed an increase in GFR between TP1 and TP2, followed by a decrease in TP3 (Fig. 3B). Moreover, ac-
cording to the cut-off values retrieved from the literature, we observed possible stratification potential of GFR. Cardiovascular 
inflammation marker IGFBP-4 showed persisting high levels during COVID-19 recovery (Fig. 3C). On the other hand, OPN and MPO 
showed gradual reduction in their levels without any stratification potential (Fig. 3D). Although most cytokines did not change during 
the progression of COVID-19, IL-18 showed significant reduction in TP2 and TP3 compared to TP1. However, in some patients IL-18 
seems to persist in elevated levels even 6 months after COVID-19 (Fig. 3E). Levels of vascular inflammation marker TIE-1 increased in 
TP2 and TP3 compared to TP1. We observed similar trends in TIE-2 levels (Fig. 3F). 

To investigate the possible interconnections between clinical, immunological, and cardiovascular inflammation markers, we 
performed correlation analyses across all TPs (Fig. 4). During acute COVID-19 (Fig. 4A), we observed positive correlations between 
most cytokines together with MPO, NGAL, MMP-9 and LIGHT. Majority of cytokines did not correlate with immune cells markers in 
TP1. Interestingly, in TP2 (Fig. 4B) some cardiovascular inflammation markers correlated with CRP levels and leukocyte counts. 
Several cardiovascular inflammation markers positively correlated with each other. We found several significant correlations between 

Table 2 
Plasma cytokine levels during COVID-19 resolution.  

Marker TP1 TP2 TP3 

IL-1β pg/mL Median (IQR) 2.20 (0.13–16.20) 0.87 (0–7.77) 1.70 (0.15–8.22) 
IFN-α pg/mL Median (IQR) 2.56 (1.12–8.23) 2.26 (0.43–5.28) 3.66 (1.46–4.99) 
IFN-γ pg/mL Median (IQR) 3.21 (1.07–5.64) 2.26 (0.00–4.69) 2.35 (0.00–7.37) 
TNF-α pg/mL Median (IQR) 24.59 (6.44–75.21) 39.8 (0.00–95.29) 28.39 (0.00–85.00) 
MCP-1 pg/mL Median (IQR) 425.56 (256.69–594.74) 567.80 (236.10–907.99) 430.41 (315.27–647.47) 
IL-6 pg/mL Median (IQR) 22.03 (4.17–53.16) 10.18 (4.14–23.22) 9.04 $$ (2.68–25.48) 
IL-8 pg/mL Median (IQR) 52.51 (19.66–134.10) 29.32 (6.59–102.52) 33.00 (2.86–88.15) 
IL-10 pg/mL Median (IQR) 17.09 (6.38–29.61) 8.57 (1.45–36.00) 15.98 (0.71–24.22) 
IL-12p70 pg/mL Median (IQR) 6.74 (1.23–21.08) 4.45 (1.56–18.61) 5.95 (1.50–19.47) 
IL-17 pg/mL Median (IQR) 0.43 (0.21–1.07) 0.42 (0.19–0.98) 0.22 (0.07–0.84) 
IL-18 pg/mL Median (IQR) 611.29 * (431.40-1192.22) 479.89 (295.18–782.03) 369.88 $$$ (177.42–614.73) 
IL-23 pg/mL Median (IQR) 20.48 (4.60–40.09) 16.21 (1.14–57.23) 12.10 (2.78–54.25) 
IL-33 pg/mL Median (IQR) 89.45 (27.30–327.30) 64.88 (13.10–171.00) 90.03 (25.25–136.20) 

TP1 – within the first 15 days post admission (acute phase), TP2 – 1 to 2 months after hospital discharge, TP3 – 6 months after hospital discharge. Data 
were tested using the Friedman test and Dunn’s post-hoc test. The Benjamini-Hochberg method was employed to correct for multiple testing errors. 
Bold text indicates significant difference among the three TPs (P < 0.05). Symbols denote FDR-adjusted P values: asterisks and dollars indicate level of 
significance for comparisons between TP1 and TP2 (*P < 0.05), and between TP1 and TP3 ($$P < 0.01, $$$P < 0.001), respectively. Abbreviations: 
FDR, False Discovery Rate; IFN, interferon; IL, interleukin; IQR, interquartile range; MCP, monocyte chemoattractant protein; TNF, tumor necrosis 
factor; TP, timepoint. 

Table 3 
Cardiovascular inflammation/dysfunction marker levels during COVID-19 resolution.  

Marker TP1 TP2 TP3 

Myoglobin ng/mL Median (IQR) 115.93 ** (81.26–237.69) 63.63 (42.68–98.93) 96.89 (65.91–130.48) 
OPN ng/mL Median (IQR) 164.57 *** (101.68–250.99) 59.80 (32.89–119.46) 57.21 $$$ (28.35–76.96) 
MPO ng/mL Median (IQR) 332.42 (147.26–492.72) 188.49 (101.71–322.04) 129.63 $$$ (87.24–172.02) 
NGAL ng/mL Median (IQR) 231.72 (136.77–359.23) 222.17 (157.96–328.24) 186.61 (127.58–263.03) 
IGFBP-4 ng/mL Median (IQR) 240.27 (121.12–340.25) 169.88 (141.00–303.40) 202.14 (110.22–305.49) 
ICAM-1 ng/mL Median (IQR) 71.42 (58.56–105.31) 73.27# (58.03–88.49) 49.59 (39.57–85.23) 
VCAM-1 ng/mL Median (IQR) 3501.27 (2800.25-4759.64) 3154.62 (2493.47-4577.22) 3178.28 (2206.09-3501.11) 
MMP-9 ng/mL Median (IQR) 255.92 (109.80–482.22) 173.26 (93.20–224.67) 120.92 (91.42–189.89) 
Cystatin C ng/mL Median (IQR) 374.24 (213.21–695.17) 285.11 (129.74–529.06) 312.57 (141.69–530.15) 
sST2 pg/mL Median (IQR) 1828.25 (1320.60-2943.05) 1505.18 (1248.20-2202.10) 1565.65 $ (1071.65-2225.95) 
sRAGE pg/mL Median (IQR) 2309.09 (1055.92-9087.70) 2594.03 (1671.60-4625.54) 1996.69 (1535.54-2945.45) 
TIE-2 ng/mL Median (IQR) 10.40 (8.20–13.42) 12.17 (10.16–15.37) 12.92 (10.43–15.72) 
sCD40 L pg/mL Median (IQR) 602.19 (166.62-1054.45) 287.84 (196.39–392.10) 333.26 (172.54–410.06) 
TIE-1 ng/mL Median (IQR) 13.30 * (9.89–18.99) 16.03 (10.56–20.47) 17.95 $ (11.59–21.75) 
LIGHT pg/mL Median (IQR) 249.36 (88.62–546.26) 298.76 (104.42–609.91) 301.27 (85.19–639.55) 
PlGF pg/mL Median (IQR) 28.89 (17.58–48.93) 31.12 (23.50–47.46) 28.41 (19.65–45.37) 

TP1 – within the first 15 days post admission (acute phase), TP2 – 1 to 2 months after hospital discharge, TP3 – 6 months after hospital discharge. Data 
were tested using the Friedman test and Dunn’s post-hoc test. The Benjamini-Hochberg method was employed to correct for multiple testing errors. 
Bold text indicates significant difference among the three TPs (P < 0.05). Symbols denote FDR-adjusted P values: asterisks, hashes and dollars indicate 
level of significance for comparisons between TP1 and TP2 (*P < 0.05, **P < 0.01, ***P < 0.001), TP2 and TP3 (#P < 0.05), and between TP1 and TP3 
($P < 0.05, $$$P < 0.001), respectively. Abbreviations: FDR, False Discovery rate; ICAM, intracellular adhesion molecule; IGFBP, insulin-like growth 
factor-binding protein; IQR, interquartile range; LIGHT, tumor necrosis factor superfamily member 14; MMP, matrix metalloproteinase; MPO, 
myeloperoxidase; NGAL, Neutrophil gelatinase-associated lipocalin; OPN, osteopontin; PlGF, placental growth factor; sCD40L, soluble CD40 Ligand; 
sRAGE, soluble receptor for advanced glycation end-products; sST, soluble Suppression of Tumorigenicity; TIE, tyrosine kinase with immunoglobulin- 
like and EGF-like domains; TP, timepoint; VCAM, vascular cell adhesion molecule. 
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IL-18 and cardiovascular inflammation markers, including TIE-1. IL-18 levels also correlated with the frequency of monocyte and T cell 
subsets. In TP3 (Fig. 4C), IL-18 showed strong positive correlation with IL-10 and TNF-⍺. Additionally, IL-18 showed negative cor-
relations with monocytic CD36. Our results indicate a potential link between IL-18 and increased risk of CVDs development. 

4. Discussion 

Profound changes of the immune system have been associated with COVID-19 since the early days of the pandemic. COVID-19 has 
been linked with long-term consequences including worsening of ongoing comorbidities and development of new ones [4,37]. In this 
study we addressed the interconnection of long-term changes in the inflammatory profile of COVID-19 survivors with possible 
development of new or exacerbation of pre-existing CVDs. 

COVID-19 is associated with much lower levels of circulating cytokines than in other infection-induced inflammatory conditions, 
such as sepsis [38]. In our cohort, we observed increased IL-6 and IL-18 levels in acute COVID-19 compared to the normal ranges (IL-18 
[37–215 pg/mL]; IL-6 [0–43.5 pg/ml]) reported in previous studies [39,40]. While the levels of IL-6 decreased during recovery, 
elevated IL-18 levels persisted in many patients. Interestingly, plasma levels of most measured inflammatory cytokines were not 
affected in acute COVID-19 and their levels remained unchanged during recovery. IL-18, a member of the IL-1 family of cytokines, is a 

Fig. 1. Changes in the frequency of immune cell types and their subsets during progression of COVID-19 and subsequent recovery. A. 
Graphical representation of study design. B. Changes in frequency of various leukocytes were associated with COVID-19 progression. C. COVID-19 
induced decrease of CD4+ T cells. D. Frequency of NK cell subsets were not affected by COVID-19. E. Frequency of classical and non-classical 
monocytes was significantly altered during COVID-19 and subsequent recovery. Data were tested using the Friedman test and Dunn’s post-hoc 
test. The Benjamini-Hochberg method was employed to correct for multiple testing errors. FDR-adjusted P values are indicated as follows: *P <
0.05, **P < 0.01, ***P < 0.001. 
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Fig. 2. Alterations of immune cell functionality during progression of COVID-19 and subsequent recovery. A. Expression levels of neutrophil 
activation markers - CD11b and CD66b during COVID-19 and subsequent recovery. B. Expression levels of NK-cell CD16 was not affected during 
COVID-19 resolution. C. COVID-19 did not affect expression of CD39 on T cells. D. COVID-19 induced changes in monocyte activation status 
represented by altered expression of HLA-DR and CD36. There were no changes in CD86 expression on monocytes. E. Alteration of monocyte 
functionality was also reflected by changes in NF-кB (p65) activity. We observed decrease in NF-кB (p65) activity in TP3. Percentages of cytosolic 
NF-кB (p65) were not affected. F. Correlation between NF-кB (p65) activity and markers of cardiovascular inflammation showed strong correlations 
with OPN, IGFBP-4, VCAM-1, MMP-9, Cystatin C, sST2, sCD40L, LIGHT and PIGF. Data were tested using the Friedman test and Dunn’s post-hoc 
test. The Benjamini-Hochberg method was employed to correct for multiple testing errors. FDR-adjusted P values are indicated as follows: *P < 0.05, 
**P < 0.01, ***P < 0.001. 
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proinflammatory cytokine implicated in a number of pulmonary infections and inflammatory diseases including chronic obstructive 
pulmonary disease [41], acute respiratory distress syndrome [42] and COVID-19 [43] but also various CVDs [31,44,45]. Increased 
serum levels of IL-18 have been associated with worse outcomes in patients with documented CVDs [44,46,47]. Some studies have 
demonstrated the prognostic potential of IL-18 in COVID-19 outcomes [43,48]. 

Fig. 3. Mutual interconnection between systemic and cardiovascular inflammation and dysfunction markers during COVID-19 recovery. 
A. Markers of acute inflammation were diminished during recovery from COVD-19. B. Glomerular filtration rate (GFR) is frequently used marker of 
CVDs, with defined cut-off values for risk stratification (a.) Korhonen et al. 2016, (b.) Gao et al. 2022C. IGFBP-4 showed persisting levels during 
COVID-19 recovery - determined cut-off value by Hjortebjerg et al. 2015 (c.). D. Some markers of cardiovascular inflammation – OPN and MPO were 
significantly reduced during COVID-19 progression. E. IL-18 was reduced during COVID-19 recovery, however in some patients we observed 
persisting levels of IL-18. F. Circulating levels of TIE-1 were increased and TIE-2 showed increasing trends during recovery. Data were tested using 
the Friedman test and Dunn’s post-hoc test. The Benjamini-Hochberg method was employed to correct for multiple testing errors. FDR-adjusted P 
values are indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001. 
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Fig. 4. Multi-parameters correlations within all TPs. Positive correlations are displayed in red and negative correlations in blue. The color 
intensity and size of the squares is proportional to the Spearman correlation coefficients A. IL-18 levels positively correlated with some vascular 
inflammation markers – OPN, sRAGE and sCD40L in acute COVID-19 (TP1). Decreased frequency of T cells and CD56brightCD16- NK cells negatively 
correlated with IL-18. Contrary, positive correlation was found between CD11b expression on neutrophils and IL-18 levels. B. Cardiovascular 
inflammation markers OPN, MPO, IGFBP-4, ICAM-1, VCAM-1, MMP-9 and Cystatin C positively correlated with IL-18 levels 1–2 months after 
COVID-19 (TP2). Vascular inflammation markers TIE-1 and TIE-2 also positively correlated with IL-18. Contrary, negative correlation was found 
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The acute phase of COVID-19 was accompanied by early increase in myoglobin, myeloperoxidase (MPO) and osteopontin (OPN). 
MPO and OPN have been associated with atherosclerosis development and increased risk of coronary artery disease (CAD) [49–51]. 
While the levels of OPN and myoglobin decreased, elevated MPO persisted during the first recall. Interestingly, our data showed an 
increase in the circulating receptor tyrosine kinase TIE-1 during recovery. TIE-1 is essential in regulating angiogenesis and vascular 
remodeling similarly to matrix metalloproteinases [52]. When an inflammation occurs, endothelial TIE-1 is rapidly cleaved, (reflected 
by increased serum levels) leading to vessel destabilization and subsequent vascular leakage [53,54]. 

COVID-19 also affects immune cell numbers and their functions. Severe COVID-19 cases display reduction in lymphocyte counts 
and increased neutrophil counts in the acute phase [55]. In our cohort, the frequency of neutrophils decreased, while the frequency of 
T cells and NK cells increased, reflecting recovery. During the first recall, we observed decreased frequency of CD4+ T cells, shifting 
towards increase in the numbers of CD8+ T cells. We and others have already reported that decreased CD8+ T cell frequencies have 
been associated with increased mortality of severe COVID-19 cases [56,57] indicating the vital role of CD8+ T cells in COVID-19 
resolution. The frequency of monocyte subsets also changed: classical monocytes (CD14+CD16− ) were reduced, whereas the 
numbers of non-classical monocytes (CD14lowCD16+) increased during recovery. Reduction in non-classical (CD14lowCD16+) and 
intermediate monocytes (CD14+CD16+) reported in acute COVID-19 [20,21] has been associated with selective recruitment to the 
lungs, possibly contributing to in situ differentiation of macrophages [58]. Importantly, macrophage infiltration had been reported as a 
pathological feature of COVID-19-associated CVDs [59]. Interestingly, macrophage-derived IL-18 can promote NF-κB activation in 
vascular smooth muscle cells and cardiomyocytes, contributing to the development of CVDs [29,60]. Monocytes of severe COVID-19 
cases have been reported to express low levels of HLA-DR [22]. Our data show an increase in HLA-DR expression in the second recall 
during recovery, suggesting prolonged dysfunction. We also reported that some patients displayed increased monocyte-specific 
activation of NF-кB. Moreover, we observed increasing trends of CD36 surface expression during recovery, indicating changes in 
monocyte metabolism [61]. Other studies have reported that neutrophils display upregulation of neutrophil activation markers in 
acute COVID-19, including CD11b and CD66b [23,24]. In our cohort, expression of CD11b on neutrophils increased, while CD66b 
expression did not change during recovery. 

The perturbation of the immune system is well documented during COVID-19, furthermore the profound changes in the immune 
function often persist for several months or even years after the recovery from the acute disease, leaving the patient vulnerable to 
develop or exacerbate other disorders and complications, as documented for e.g. during sepsis [62,63]. Observation of cardiovascular 
effects was among the first non-immune consequences of the disease during the pandemic’s onset [37]. The cardiovascular comor-
bidities are among the most severe risk factors affecting the patient’s survival and long-term health related quality of life [64]. It 
remains unclear whether the cardiovascular comorbidities after COVID-19 are due to the fact that the heart and vessel cells are the 
major SARS-CoV-2 virus entry sites [65] or the consequences of inflammation, which induce cardiovascular dysfunction. In the context 
of COVID-19-induced long-term cardiovascular consequences, we focused on clinically relevant markers reporting health decline with 
known cut-off value for cardiovascular complications. We observed significant changes in GFR. Interestingly, the detailed analysis of 
data distribution in our cohort showed part of the levels above the cut-off values suggesting potential diagnostic value in the context of 
COVID-19 driven CVDs. Some patients were above the cut-off limit established by Gao (2022), suggesting possible development of 
delayed CVD-related adverse events [66]. In addition to clinically used markers, we reported persisting increased levels of insulin-like 
growth factor-binding protein (IGFBP)-4 in some patients, indicating stratification potential of this marker. Some patients in our cohort 
were above the defined cut-off value established by Hjortebjerg (2017) for increased risk of cardiovascular mortality [67]. 

In conclusion, we believe that this study, albeit exploratory, hinted at the potential link between long-term systemic IL-18 
elevation, profound changes in the frequencies and functionality of leukocytes and potential risk of CVDs development or progres-
sion in patients who have been hospitalized with moderate to critical COVID-19. Levels of IL-18 correlated with many cardiovascular 
inflammation/dysfunction markers, especially during COVID-19 recovery. Further research is needed to evaluate the predictive po-
tential of IL-18 in the context of newly developed or worsened CVDs in post-COVID-19 patients. 

4.1. Limitations 

This single-center, observational study has also some limitations. The major limitation of our study is a relatively small sample size. 
The limited number of patients did not allow us to stratify our cohort based on the disease severity, nor generalize our findings to a 
broader range of patients who had recovered from COVID-19. Furthermore, the inclusion/exclusion criteria, low willingness to 
participate in the study and the drop-out of patients during follow-up contributed to the limited number of subjects in the cohort and 
may have introduced a selection bias. Patients experiencing CVD symptoms, albeit without any CVD outcome, may have been more 
likely to attend the follow-up appointments. Second, the longitudinal nature of our study with pre-defined timeframes for patient 
recalls did not allow us to investigate CVD outcomes that may be occurring in patients later, nor stratify our cohort based on a long- 
term clinical outcome. Third, the timeframe of patient recruitment, corresponding to the fifth and sixth COVID-19 pandemic wave in 

between LIGHT and IL-18. Importantly, the decreased frequency of classical monocytes and CD4+ T cells negatively correlated with IL-18 levels. On 
the contrary, increased frequency of intermediate monocytes and CD8+ T cells positively correlated with IL-18. C. Correlations between markers 
OPN, IGFBP-4, ICAM-1, VCAM-1, Cystatin C, TIE-1 and LIGHT and IL-18 levels were still present 6 months after COVID-19 (TP3). Increased CD36 
expression on monocytes negatively correlated with IL-18 levels. Visualization was done in R studio using corrplot package. *P < 0.05, **P < 0.01, 
***P < 0.001. 
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the Czech Republic, may have had an impact on the heterogeneity of the cohort. Further studies evaluating the predictive potential of 
proposed biomarkers on larger sample sizes are needed. 
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curation. Gabriela Blažková: Writing – review & editing, Investigation, Data curation. Ioanna Papatheodorou: Writing – review & 
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