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Introduction

1 INTRODUCTION

1.1 SARS-CoV2
1.1.1 Epidemiology

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), an emergent
enveloped RNA B coronavirus, was identified in December 2019 in Wuhan, China,
leading to the global outbreak of coronavirus disease 2019 (COVID-19) (Merad &
Martin, 2020). As of early 2023, the World Health Organization reported over 762
million confirmed infections and nearly 7 million deaths due to COVID-19 complications,
underscoring the pandemic's devastating impact (https://covid19.who.int/). A
comprehensive analysis of closed cases by April 13, 2023, revealed a recovery rate of
99% among patients, highlighting the variable outcomes of the disease
(https://www.worldometers.info/coronavirus/) (Li et al., 2020). Research indicates that
the mean incubation period for COVID-19 is approximately 6.57 days, with a range
from 1.8 to 18.87 days, suggesting significant variability in disease onset (Wu et al.,
2022). Transmission primarily occurs via respiratory droplets during close contact
activities, such as talking, coughing, or sneezing (Wiersinga et al., 2020). Individuals
over 60 years of age, particularly those with pre-existing health conditions, are at an
elevated risk of severe respiratory complications necessitating hospitalization (Hu,
Guo, et al., 2021; Wu & McGoogan, 2020).

1.1.2 Symptoms

It had been confirmed that most of the infected patients (80%) had a mild disease
(with either no or only mild pneumonia). Meanwhile, 14% developed severe disease
(with dyspnea, hypoxia or greater than 50% lung involvement on imaging tests) and 5%
developed the critical disease (marked by respiratory failure, systemic shock or multi-
organ failure) (Merad & Martin, 2020; Wu et al., 2020). Initial symptoms commonly
include fever, cough, shortness of breath, fatigue, body pain, headache, disturbance
of smell or taste, sore throat, runny nose, nausea, vomiting and diarrhea (Huang et al.,
2020; Marshall, 2021; Vetter et al., 2020).

Although SARS-COV-2 is considered a respiratory pathogen, neurological
symptoms and conditions may precede typical respiratory symptoms by several days
(Harapan & Yoo, 2021; Spudich & Nath, 2022). Furthermore, neurological symptoms-
including fatigue, headache, and neurocognitive difficulties can persist for months after
infection as part of Long COVID symptoms have been reported in 31%-69% of
recovery individuals, which has become an emerging health crisis (Peluso & Deeks,
2022; Ryan et al., 2022; Spudich & Nath, 2022). Earlier hypotheses suggested that the
virus might directly infect the central nervous system. However, it is rarely detected in
cerebrospinal fluid of patients with neurological symptoms (Spudich & Nath, 2022).
Current studies showed that aberrant neuroimmune responses (Franke et al., 2021,
Groff et al., 2021) and widespread vascular dysfunction(Merkler et al., 2020) could be
the main contribution to nervous system complications of COVID-19 (de Paula et al.,
2023; Spudich & Nath, 2022).
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1.1.3 Long- COVID

Despite the fact that over 99% of patients with SARS-COV-2 infection are able to
survive acute COVID, a significant portion of survivors may experience persistent
health issues, which is termed as long COVID (Lai et al., 2023). The incidence of long
COVID is estimated at 10-30% of non-hospitalized cases, 50-70% of hospitalized
cases (Davis et al., 2023; Lai et al., 2023). Long COVID is associated with all ages and
a severity of the acute phase, with the highest percentage of diagnoses between the
ages of 36 and 50 years. Notably, the majority of long COVID cases are in non-
hospitalized patients with a mild acute illness(Davis et al., 2023). Consistent fatigue is
the most common symptoms, followed by consistent breathlessness, cough and
muscle ache (Brightling & Evans, 2022; Davis et al., 2023; Evans et al., 2021; Huang
et al., 2022; Whitaker et al., 2022). It is still unclear what causes long COVID. Several
hypotheses for its pathogenesis have been suggested, including persistent reservoirs
of SARS-CQOV 2 in tissues(Proal & VanElzakker, 2021; Swank et al., 2023); immune
dysregulation with or without reactivation of underlying pathogens(Proal &
VanElzakker, 2021; Zubchenko et al., 2022); impacts of SARS-COV-2 on
microbiota(Liu et al., 2022; Su et al., 2022; Yeoh et al., 2021); macrovascular blood
clotting with endothelial dysfunction(Charfeddine et al., 2021; Haffke et al., 2022;
Pretorius et al., 2022; Proal & VanElzakker, 2021); and dysfunction signaling in the
brain stem and/or vagus nerve(Proal & VanElzakker, 2021; Spudich & Nath, 2022). It
is still uncertain whether unforeseen consequences may develop years after the initial
infection. Considering the millions of individuals infected with COVID-19, long-term
infection poses a public health challenge for rehabilitation and recovery, as well as
disruptions in the workplace due to reduced functional abilities(Spudich & Nath, 2022).
Understanding the pathophysiology of these disorders is urgent to develop therapies
that can modify their course.

1.2 Monocyte and macrophages in COVID-19
1.2.1 COVID-19 and innate immunity

SARS-CoV-2 infection and the destruction of lung cells trigger a local immune
response, recruiting macrophages and monocytes. These cells respond to the infection,
release cytokines and prime adaptive T and B cell immune responses (Tay et al., 2020).
Serving as the human immune system's first line of defense, innate immunity plays a
pivotal role in combating this novel virus (Schultze & Aschenbrenner, 2021). However,
COVID-19 can provoke severe disease marked by an overly vigorous yet
uncoordinated innate immune response, alongside an insufficient adaptive response,
leading to significant immunopathology (Lowery et al., 2021). Infection with SARS-
COV-2 and the pathogenesis of COVID-19 activate diverse innate immune cells,
including macrophages (Schultze & Aschenbrenner, 2021). The innate immune
response to SARS-CoV-2 is mediated by multiple pattern recognition receptors (PRR)
that recognize pathogen-associated molecular patterns (PAMPs) and release
cytokines, such as interferons (IFNs) and chemokines. (Karki & Kanneganti, 2022).
Despite the importance of early inflammatory responses in limiting viral replication
(Park & Iwasaki, 2020), escaping from immune sensing (Vabret et al., 2020) and
excessive inflammatory response in both lungs and bloodstream (Karki & Kanneganti,
2021; Karki et al., 2021) can lead to cytokine storm which will cause the tissue damage
and organ failure (Karki & Kanneganti, 2022; Karki et al., 2022).
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Monocyte- derived macrophages (MDM), as an important part of innate immunity,
play an important role in driving inflammatory response to SARS-COV-2 (Bohnacker
et al., 2022a). It has been reported that, compared to mild COVID-19 convalescent
individuals, the increase monocyte activation marker can be seen in severe one
(Rajamanickam et al., 2021). This observation underscores the importance of
understanding the nuanced roles of immune cells in COVID-19's pathology and the
potential for targeted interventions to mitigate severe outcomes.

1.2.2 Trained innate immunity in virus infections.

Changes in innate immunity, especially the monocyte-macrophages system, are
crucial during the recovery period after a virus infection. A growing body of literature
indicates that innate immune cells can show immunological memory in certain
infections, a process termed 'immune training.' Previously, this was thought to be an
exclusive hallmark of the adaptive immune response. (Netea et al., 2020). After brief
stimulation, innate immune cells can develop a persistent hyperresponsive phenotype
(Netea et al., 2011). Maintained by distinct epigenetic (Arts et al., 2016) and metabolic
mechanisms (Bekkering et al., 2018). Recent studies showed this can persist for at
least several months due to reprogramming of myeloid progenitor cells (Kleinnijenhuis,
Quintin, Preijers, Benn, et al., 2014; Kleinnijenhuis, Quintin, Preijers, Joosten, et al.,
2014).

Monocytes, key players in innate immunity with a typical lifespan of 3 to 5 days in
circulation (Auffray et al., 2009) , have demonstrated the capacity for memory formation
in response to pathogenic stimuli (Kleinnijenhuis et al., 2012; Tercan et al., 2021).
Remarkably, trained monocytes remain detectable in the bloodstream a year after
Bacillus Calmette-Guérin (BCG) vaccination (Kleinnijenhuis, Quintin, Preijers, Benn, et
al., 2014), suggesting that monocyte reprogramming may occur on the level of
hematopoietic stem and progenitor cells in the bone marrow (Brueggeman et al., 2022;
Netea et al., 2020).

The potential of COVID-19 to initiate this process is still being explored. Notably,
severe COVID-19 convalescent individuals exhibit increased monocyte activation
markers compared to those with mild cases (Rajamanickam et al., 2021). Furthermore,
patients after recovery displayed enhanced monocyte polyfunctionality compared to
the healthy controls, hinting at various degrees of sustained, primed immune activation
during convalescence (Su et al., 2022). Given that previous infections can alter
epigenomic programming in monocytes (Netea et al., 2016) , such epigenetic
modifications in circulating monocytes and a lasting inflammatory signature in
monocyte-derived macrophages (MDM) could be crucial to understanding long-COVID
(Bohnacker et al., 2022b). Single-cell transposase-accessible chromatin sequencing
showed that, compared with healthy donors, COVID-19 convalescent individuals
contained abundant TBET-enriched CD16+ and IRF1-enriched CD14+ monocytes
with sequential trained and activated epigenomic states (M. You et al., 2021).

1.2.3 Macrophage—derived mediators of inflammation and cytokine storm

The severity of COVID-19 is influenced by multiple factors, and growing clinical
evidence indicates that patients with severe COVID-19 exhibit elevated levels of pro-
inflammatory cytokines (Carlos et al., 2020; Remuzzi & Remuzzi, 2020; B. Wang et al.,
2020), such as IL-1B3, IL-7, IL-8, TNF-a, and CXCL10 (IP10). The rapid increase in
inflammatory molecules observed in COVID-19 is commonly known as the "cytokine
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storm (Hu, Huang, et al., 2021; Mehta et al., 2020; Ramasamy & Subbian, 2021). The
sudden increase in inflammatory factors can cause widespread microvascular clotting,
potentially leading to conditions such as myocarditis, heart failure, arrhythmias, acute
coronary syndrome, rapid health decline, and in some cases, sudden death. (Chen et
al., 2021; Liu et al., 2020).

Impaired acquired immune response and uncontrolled inflammatory innate
response to SARS-COV-2 may be the cause of the cytokine storm of COVID-19 (Hu,
Huang, et al., 2021). After entering the respiratory epithelial cells by binding cell surface
receptor ACE2 (Hoffmann et al., 2020; Soy et al., 2020), SARS-CoV-2 initiates an
immune reaction that includes the production of inflammatory cytokines (Table 1)
accompanied by a weak IFN response. The proinflammatory immune responses of
pathogenic Th1 cells and intermediate CD14+CD16+monocytes are mediated by
membrane - bound immune receptors and downstream signaling pathways. The
sequence of events leads to macrophages and neutrophils being drawn into the lung
tissue, causing a cytokine storm (Hu, Huang, et al., 2021; Hussman, 2020).

In humans, both monocyte and macrophages express ACEZ2, rendering them
susceptible to infection by SARS-CoV-2 (Y. Zhou et al., 2020). This infection leads to
the activation and subsequent transcription of genes associated with proinflammatory
responses (J. Wang et al., 2020). Single-cell sequencing of PBMC from COVID-19
patients showed that classical monocytes were the main source of major COVID-19-
mediating cytokines (Vanderbeke et al., 2021). SARS-COV-2 can rapidly activate
pathogenic Th1 cells to secrete proinflammatory cytokines, such as GM-CSF, IL-6.
GM-CSF further activates CD14+CD16+ inflammatory monocyte to produce large
quantities of IL-6, TNF-a and other cytokines (Hussman, 2020). Notably, these
inflammatory monocytes have been found to secrete significantly higher levels of IL-6,
particularly in ICU patients, exacerbating the severity of the inflammatory storm (Y.
Zhou et al., 2020). Additionally, monocytes from COVID-19 patients have also been
shown to have the ability to secrete GM-CSF (Y. Zhou et al., 2020). The rapid increase
in GM-CSF+ and IL-6+ monocytes indicates a potentially high risk of monocyte-driven
inflammatory cytokine storms (Y. Zhou et al., 2020).

Table 1. Role of monocytes and macrophages in cytokine storm.

Monocyte/ Produ | Mechanism | Target cells, response Refs
macrophage ced of
type cytoki | induction
ne
Circulating CCL2 STATS, Chemotactic agent of (Attiq et al.,
monocytes NFkB, IL-6; | monocytes. 2021; Murakami
TLR2, IFNy, | Chemotactic agent of DCs. et al, 2019)
TNFa Chemotactic agent of basophils. | (Qudus et al.,
Chemotactic agent of Th2 cells. | 2023; Zhang et
al., 2021)
Circulating CCL3 IFNy, TNFa | Chemotactic agent of (Attig et al,
monocytes; macrophages. 2021; Gibaldi et
bronchoalveolar Chemotactic agent of DCs. al., 2020; Park
macrophages Chemotactic agent of et al., 2023;
eosinophils. Ramasamy &
Chemotactic agent of NK. Subbian, 2021)
Chemotactic agent of Th1-cell.
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Circulating CCL4 | LPS, IL-7 Recruitment of macrophages; (Attig et al.,
monocytes; Recruitment of DCs; 2021;
bronchoalveolar Recruitment of NK; Ramasamy &
macrophages Recruitment of Th1 cells. Subbian, 2021)
Circulating CXCL1 | TLR2, IFNy, | Recruitment of macrophages; (Attiq et al.,
monocyte; 0 TNFa Recruitment of NK; 2021;
bronchoalveolar Recruitment of Th1 cells. Ramasamy &
macrophages Subbian, 2021;
Zhang et al.,
2021)
Circulating GM- B cells, NK cells, CD8+ T cells, | (Ramasamy &
monocyte CSF and CD4+ T cells Subbian, 2021)
Circulating IFNy IL-18 Stimulate macrophages (Gu et al., 2021;
monocyte; Chemotactic agent of Th1-cell. | Han et al.,
bronchoalveolar 2020; Ombirello
macrophages & Schulert,
2021; Pandolfi
et al., 2020;
Qudus et al.,
2023)
IL-18 IFNy, LPS, | increases the transport of (Attig et al,
Circulating TLR2, neutrophils to the site of 2021; Fawzy et
monocyte; lung NLRP3 infection, activates al., 2022; Gu et
and liver macrophage. al., 2021,
macrophages activates Th17 cell. Omobrello &
induces epithelial and Schulert, 2021;
endothelial cells to produce a Pandolfi et al.,
second wave of cytokines. 2020; Qudus et
al., 2023; Zhu &
Kanneganti,
2017)
Circulating IL-2 NFkB, Effector T-cell and regulatory (Fawzy et al.,
monocytes; T-cell growth factor 2022; Han et
bronchoalveolar al., 2020; Hu,
macrophages Huang, et al.,
2021; Zhu &
Kanneganti,
2017)
Circulating IL-6 GM-CSF, Monocytes, ECs. (Attig et al.,
monocytes; IL-1B; Pyrogenic cytokine with pro- 2021; Hirano &
lung, liver, and TLR2, inflammatory activity, Murakami,
kidney stimulates acute-phase 2020; Hu,
macrophages reactions and antibody Huang, et al.,
production. 2021;
Hussman,
2020; Ombirello
& Schulert,
2021; Qudus et
al., 2023)
PMID:
34866574
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Circulating IL-8 STATS, Chemotactic agent of (Attiq et al.,
monocytes, lung NFkB, IL-6 neutrophils 2021; Fawzy et
macrophages, al., 2022;
Murakami et al.,
2019; Pandolfi
et al., 2020;
Qudus et al.,
2023)
Circulating IL-10 NFkB, Promote M2 macrophage (Han et al.,
monocytes; lung polarization. 2020; Qudus et
liver inhibit Th1 and cytokine al., 2023)
macrophages release
Lung IL-18 NFkB, Th1, Th2, neutrophils (Attig et al.,
macrophages, activation of Th1 pathway, 2021; Gu et al.,
liver exhibit synergism with IL-12 2021; Qudus et
macrophages mediates IFN-y production in T | al., 2023)
and NK cells
Lung IL-33 NFkB, potentiates Th1 and Th2 cells, | (Attiq et al.,
macrophages NK cells, CTLs, and mast cells | 2021)
Circulating TNF-a | GM-CSF, Monocyte. (Gu et al., 2021;
monocyte, Lung IL6, IL-16; increase vascular permeability | Hirano &
macrophages, TLR2 Murakami,
liver 2020;
macrophages Hussman,
2020; Ombrello
& Schulert,
2021) PMID:
34866574
Lung VEGF | STATS3, Promotes angiogenesis (Attig et al.,
macrophages NFkB, IL-6 2021; Murakami
et al., 2019)
Lung YKL- IFNy Regulating Th1 and Th2 (Attiq et al.,
macrophages 40 differentiation; 2021; Julia
Chemotactic effect on vascular | Kzhyshkowska
endothelium and smooth- et al., 2006)

muscle cells

1.3 Chitinase-like proteins and COVID-19

1.3.1 Family of chitinases and chitinase-like proteins

Glycoside hydrolase family 18 includes chitinases and non-enzymatic chitinase-
like proteins (CLPs)(J. Kzhyshkowska et al., 2006), both of which bind chitin, a
polysaccharide chain composed of N-acetylglucosamine repeats and present in
arthropods and other taxa as a major structural polymer(Ting Zhao et al., 2020). The
production of chitinase is a necessary component of chitin-containing fungi and
parasites; however, mammals do not produce this substance. Chitinases are
evolutionary conserved functions in lower life forms that protect organisms containing
chitin (Kzhyshkowska et al., 2007). While chitinases cleave chitin, CLPs do not

possess this enzymatic activity(Ting Zhao et al,

2020).

In humans, six

Glyco_18domain-containing proteins are identified as follows: chitotriosidase, acidic
mammalian chitinase (AMCase), oviductin specific glycoprotein, YKL-40 (CHI3L1),
YKL-39 (CHI3L2) and stabilin-1-interacting chitinase-like protein (SI-CLP). Additionally,
two proteins closely related to the Glyco_18 domain, known as YM1 and YM2, have
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been identified in rodents but are not present in humans. (Jin et al., 1998)(Ting Zhao
et al., 2020).

Commonly, CLPs possess an enzymatically silent Glyco_18 domain due to the
substitution of glutamic acid for leucine, isoleucine, or tryptophan at the end of the
conserved motif (DxxDxDxE) (Kzhyshkowska et al., 2006; Ranok et al., 2015). While
CLP's Glyco_18 domain lacks enzymatic activity, it exhibits lectin properties with
specific sugar binding preferences (Fusetti et al., 2003). In the extracellular
compartments, mammalian CLPs may bind carbohydrates polymer components (e.g.
extracellular matrix and cell surface glycoproteins) (Jin et al., 1998). In glioblastoma,
YKL-40's ability to bind heparan sulfates results in its interaction with syndecan-1,
resulting in VEGF production and enhanced angiogenesis (Francescone et al., 2011).
(Francescone et al., 2011).

CLPs are produced by multiple cell types and combine properties of cytokines and
growth factors. The major cell types which produce CLPs includes macrophages,
neutrophils, fibroblast-like cells, endothelial cells, and cancer cells (Kzhyshkowska et
al.,, 2016; Ting Zhao et al., 2020). These CLPs can bind chitin by inducing
conformational changes that depend on the length of the oligosaccharides in a similar
fashion as catalytically active family 18 chitinases (Fusetti et al., 2003; Lee et al., 2011).
However, due to mutations in their active domains, CLPs do not have chitinolytic
enzyme activity. (Kzhyshkowska et al., 2016; Lee et al., 2011). Our outstanding of the
roles CLPs in human disease is still quite limited (Lee et al., 2011). However, several
articles have demonstrated the importance of CLPs in regulating innate(Reese et al.,
2007) and adaptive Th2 inflammatory(Lee et al., 2009; Zhu et al., 2004) and
remodeling responses(Lee et al., 2012; Matsuura et al., 2011).

1.3.2 Chitinase-like proteins as biomarkers

Several studies have examined the role of CLPs as biomarkers of pathology or
disease severity in recent years (Chen et al., 2014; Sutherland, 2018; Zhu et al., 2012)
(Table 2). Higher expression of YKL-39 was found in osteoarthritic joint (Knorr et al.,
2003). As the most investigated CLPs, elevated serum levels of YKL-40 have been
found to be associated with the severity of asthma, liver fibrosis, COVID-19 infection
and poor prognosis in patients with cancer. At the same time, genetic variation in YKL-
40 is closely associated with the incidence and prognosis of multiple inflammatory and
neoplastic diseases (Berres et al., 2009; Kruit et al., 2007; T. Zhao et al., 2020).

Table 2. YKL-40 in pathology.

Disease Concentration | Genetic Correlation with Refs
Cohort (number in serum variants symptoms

of patients, (ng/ml),

source)

Renal cell cancer. | 103.7(59.3— N/A Shorter overall (Vaananen
(222 patients vs 35 | 242.0, with survival etal., 2017;
controls, the relapse) Vom Dorp et
departments of al., 2016)
urology of

University Essen

and the Charité in

Berlin, Germany)
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Renal cell cancer.
(82 patients
followed up in 2
years, Tampere
University
Hospital, Finland)

50.6 (33.8-97.1,
without relapse)

N/A

Shorter overall
survival

(Vaananen
et al., 2017;
Vom Dorp et
al., 2016)

juvenile idiopathic
arthritis (96
patients vs 45
healthy controls,
The John Paul Il
Pediatric Center in
Sosnowiec,
Poland)

169.16 £ 41.25
(patients),
82.57 + 19.41
(Healthy
controls)

N/A

disease activity

(Winsz-
Szczotka et
al., 2020)

Stable coronary
artery disease (87
poor collateral
patients vs. 78
good collateral
patients, Turkiye
Yuksek Ihtisas
Training and
Research Hospital,
Department of
Cardiology,
Ankara, Turkey)

177 + 39 (poor
collateral group);
151 + 41 (good
collateral group)

N/A

Poor collateral
developments

(Akboga et
al., 2016)

Idiopathic
pulmonary arterial
hypertension (82
patients vs. 54
healthy controls,
Chinese Academy
of Medical
Sciences and
Peking Union
Medical College,
China)

24.90 (17.68—
39.78, IPAH),
16.58 (14.20—
19.64, HC)

N/A

greater PAH severity;

(Chen et al.,
2014)

Cardiovascular
complications in
patients with type
2 diabetes mellitus
(119 patients, 21
reported
cardiovascular
events, Medical
School, University
of loannina,
loannina, Greece)

105.1 (13.5t0
285.0, with
event reported);
69.8 (5.0 to
301.0, no event
reported)

N/A

subclinical
atherosclerosis

(arterial stiffness) and

adverse clinical
prognosis.

(Naka et al.,
2018)

Acute myocardial
infarction (47
patients with first
AMI, 16 patients
with CAD,
Hvidovre Hospital,
Denmark)

156 (40—-3000,
AMI); 106 (54—
300, CAD)

N/A

increased in AMI
patients

(Ngjgaard et
al., 2008)
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Myocardial 42.0 (median, N/A lower risk of incident | (Ueland et
infarction (5526 cases), 43.3 Ml, al., 2020)
people without Ml | (median,

were followed, controls)

1587 were

reported Ml in

mean time 11.3

years, Norway)

Chronic 43 (patients), 28 | N/A disease activity and (Bjern et al.,
myeloproliferative | (controls) the inflammatory 2014)
neoplasms (48 state

patients vs. 30

healthy controls,

Copenhagen

University

Hospital,

Denmark)

Cystic fibrosis (188 | N/A CHI3L1 potential biomarker of | (Coriati et
patients, Institut de rs4950928 | CF disease severity al., 2021)
Recherches SNP

Cliniques de

Montréal, Canada)

Cerebrovascular ischemic stroke | N/A diagnostic/prognostic | (Akboga &
disease (123 (178.58 biomarker for Sahinarslan,
patients with acute | 127.78), cerebrovascular 2017; Xu et
cerebral vascular hemorrhagic disease al., 2014)
disease, First stroke (105.32 +

Affiliated Hospital, | 87.35) and TIA

Sun Yat-sen (148.09 + 108

University, China) | ng/ml)

Asthma (39 19.2 (therapy- rs4950928 | YKL-40 levels are (Konradsen
therapy-resistant resistant), 16.3 increased in children | et al., 2013)
asthma patients, (controlled with severe, therapy-

39 patients with patients), 13.8 resistant asthma

controlled (healthy control) compared to healthy

persistent asthma children

vs. 27 healthy

controls,

Karolinska

University

Hospital,

Karolinska

Institutet, Sweden)

COPD (52 patients | 243.1 £ 129.2 N/A severity of COPD (Gumus et
with COPD, Recep al., 2013;
Tayyip Erdogan James et al.,
University School 2016)

of Medicine,

Turkey)

COPD (61 patients | 33.3 (22.9-43.5, | N/A increased in asthma | (Gumus et
with mild to mild to and more so in al., 2013;
moderate asthma, | moderate) COPD. James et al.,
76 patients with 43.3 (31.1-75.9, 2016)

severe asthma, 45
patients with
COPD, 48 healthy

severe asthma),
64.0 (37.4—
142.20, COPD).

18




Introduction

controls, 23.0 (17.1-26.5,
Karolinska healthy control)
Institute, Sweden)
Endometriosis (33 | 106.0 £ N/A a novel biomarker for | (Ural et al.,
patients vs 30 5.9 (patients), diagnosis and follow- | 2015)
healthy control, 522+7.0 up of endometriosis.
University of (Healthy control)
Recep Tayyip
Erdogan School of
Medicine Rize,
Turkey)
Hepatic fibrosis 118 (105-165, N/A increased in patients | (Johansen
(129 patients with | Normal); 195 with chronic liver et al., 2000)
suspicion of liver (50408, fatty disease.
disease, liver); 174 (111—
Department of 380, m viral
Medicine, Hvidovre | hepatitis); 330
Hospital, (115-967, non-
University of cirrhotic
Copenhagen, fibrosis); 425
Denmark) (145-2070,

post- hepatitic

cirrhosis); 532

(82—4850,

Alcoholic

cirrhosis)
Cirrhosis (21646 N/A genotype: | rs4950928 maker for | (Kjaergaard
individuals for rs4950928 | alcoholic liver | et al., 2014)
plasma, 84738 for cirrhosis.
genotype, Herlev
University
Hospital,
Denmark)
COVID-19 (103 186 (84-384, N/A 1. COVID-19 patients | (Schoneveld
patients, 58 patients without had higher levels of et al., 2021)
healthy controls, ICU admission); YKL-40
University of Liege, | 241 (172-827, 2. Within the COVID-
Belgium) patients with 19 population, YKL-

ICU admission); 40 was an indicator of

the seriousness of
infection

1.3.3 YKL40 as a marker of macrophage differentiation and activation

YKL-40 is an evolutionarily conversed member of 18 glycoside hydrolase gene
family that is produced by a spectrum of cells in response to various injury and cytokine
stimulation (Lee, 2009; Lee & Elias, 2010). YKL-40 is named based on its three N-
terminal amino acids, which are tyrosine (Y), lysine (K), and leucine (L), and its
molecular weight is 40 kDa (Mazur et al., 2021). YKL-40 are expressed in a variety of
cells, including innate immune cells (activated macrophages and neutrophils), stromal
cells (fibroblasts; vascular smooth muscle cells; endothelial cells; hepatic stellate cells)
and epithelial cells (Hakala et al., 1993; Kzhyshkowska et al., 2016; Lee et al., 2009).
YKL-40 is not produced in monocytes and is only minimally expressed in monocyte-
derived dendritic cells. However, its expression is significantly induced during the late
stages of human monocyte differentiation (Rehli et al., 1997; Rehli et al., 2003). Our
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group's former studies illustrated that YKL-40, induced by IFN-y, is expressed in
human macrophages (Julia Kzhyshkowska et al., 2006). Thus, YKL-40 can be
regarded as a macrophage differentiation marker (Lee et al., 2011; Rehli et al., 1997).
Moreover, YKL-40 is overexpressed in many human cancer types and animal tumor
modes, including glioblastoma(Pelloski et al., 2005), acute myeloid
leukemia(Bergmann et al., 2005), prostate cancer(Bergmann et al., 2005),
osteosarcoma, and malignant melanoma (Mazur et al., 2021).

To date, factors such as changes in the extracellular matrix (ECM), microRNAs
(miRNAs), growth factors, cytokines, stress, and drugs have been identified as
significant regulators of the synthesis and secretion of YKL-40.(Johansen et al., 2001;
J. Kzhyshkowska et al., 2006; Millis et al., 1985; T. Zhao et al.,, 2020). The
dysregulation of YKL-40 can be seen in acute and chronic inflammation and tissue
remodeling (Lee et al., 2011). It is believed that YKL-40 plays a key role in activating
critical pathway during injury and inflammation, regulating innate and adaptive
immunity, and heals and protects (Dela Cruz et al., 2012; Lee & Elias, 2010; Sohn et
al., 2010; Zhou et al., 2014). The level of YKL-40 in circulation is increased by
inflammation, injury, remodeling and repair (Dela Cruz et al., 2012; Lee, 2009; Lee et
al., 2011; Lee & Elias, 2010).

1.3.4 YKL-40 roles in virus infection

YKL-40 played a critical role in the pathogenesis of non- cancerous disease. A
recent study of 94,665 individuals from the Danish general population found that
baseline elevated plasma CHI3L1 is a strong indicator of future infection disease risk
(Kjaergaard et al., 2020). In acute virus infection, such as COVID-19, levels of YKL-
40 in serum correlated to the severity of the disease (Ge et al., 2023) and could be a
prognostic biomarker (Ebihara et al., 2023). In chronic infections, such as HBV, the
serum level of YKL-40 was reported to be a non- invasive biomarker for liver fibrosis
which is associated with severity (Jin et al., 2020). In HIV-induced encephalitis, YKL-
40 could play a critical role in neuroinflammation symptoms (Bonneh-Barkay et al.,
2008).

Elevation of the YKL-40 level is induced by inflammations in the lungs. The causes
include cigarette smoke (Bara et al., 2012), viruses (Kim et al., 2019), and bacterial
infection (Dela Cruz et al., 2012). During RSV infection, YKL-40 was reported to be a
biomarker of systemic inflammation in children (Sawatzky et al., 2019). In the airway,
YKL-40 regulates M2 macrophage activation and Th2 immune response, which are
key components of the body's defense mechanism (Kim et al., 2019). Knock- down
YKL-40 in bronchial epithelial cells in vitro, RSV-induced production of IL-8 was
inhibited (Lee et al., 2022). During SARS- Cov-2 infection, patients suffering from more
severe disease had significantly higher YKL-40 expression levels in serum (De
Lorenzo et al., 2022; Hawerkamp et al., 2023; Schoneveld et al., 2021). It suggested
it could be a promising prognostic marker of severity in COVID-19 infection
(Schoneveld et al., 2021). Kamle et al proved that YKL-40 could be a potent stimulator
of SARS-COV-2 receptor angiotensin-converting enzyme 2 (ACE2) and viral spike
protein priming proteases (Kamle et al., 2021).

Table 3. YKL40 in virus infection.
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Virus | Cohorts, animal Sample | Correlation | Role of YKL40 in | Refs.
model, cell model with pathology

symptoms

HBV | 97 patients with liver | serum severity of N/A. (Bao et
fibrosis (Third liver fibrosis al.,
Affiliated Hospital of 2022)
Zhejiang Chinese
Medical University,

China)

HBV | 50 patients with liver | serum severity of N/A . (Das et
fibrosis (Sylhet MAG liver fibrosis al.,
Osmani Medical 2021)
College Hospital,

Bangladesh)

HBV | 98 chronic HBV liver stage of N/A (Huang
patients (Zhejiang biopsies | hepatic et al.,
Provincial People's fibrosis 2015)
Hospital, China)

HBV 134 chronic HBV serum Biomarker N/A (Jin et
patients (Zhejiang of liver al.,
Provincial People's fibrosis 2020)
Hospital, China)

HBV, | 64 chronic liver Serum, increased CHI3L1 promotes (Nishimu

HCV | patients, 54 HC liver susceptibilit | the proliferation raetal.,
(Rancho Los Amigos | speciem |y of the and activation of 2021)
Hospital, University | nts aging liver primary human
of Southern to fibrosis HSCs, major
California, USA) progression | drivers of liver
Stimulate HepG2 fibrosis.
and Huh7 cell line
with rhYKL40
(National Institute of
Allergy and
Infectious Diseases,

NIH, USA)

HCV | 102 patients with Serum monitor N/A (Kang et
liver fibrosis (eking changes in al.,
University First fibrosis in 2021)
Hospital, China) patients

with chronic
HCV
patients.

HCV | 105 chronic patients | Serum sensitive N/A (Kang et
(46 sofosbuvir- marker to al.,
based regimens monitor 2020)
treated patients, 34 fibrosis
pegylated variations in
interferon/ribavirin - weeks
experienced during
patients, and 25 treatments
untreated patients. and after
Peking University achieving
First Hospital, SVR.

China)
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HCV | 10 chronic HCV Liver Upregulated | TNFa mediated (Sarma
patients, 10 biopsies | in HCV YKL40 expression | etal.,
alcoholic hepatitis Patients is regulated by 2012)
patients, 10 non- with miRNA-449a and
alcoholic Fibrosis its target NOTCH1
steatohepatitis in human
patients and 10 hepatocytes.
normal donor livers
(Washington
University Medical
Center/Barnes-

Jewish Hospital,
USA)

HCV | 222 patients with serum associated | N/A (Esmat
HCV infection. with liver et al.,
(National steatosis 2007)
Hepatology and
Tropical Medicine
Egypt.)

HCV | 149 patients, who Genomic | acute N/A (Eurich
underwent liver DNA cellular et al.,
transplantation for from rejection - 2013)
HCV-induced liver peripher | occurrence
disease (Charité, al blood | was
Campus leukocyt | associated
Virchow, Germany) | es with YKL-

40-
genotypes
(rs4950928;
G/C)

HIV 105 Perinatally Serum associated | N/A (Bernard
infected children with poor et al.,
living with HIV virologic 2022)
(University of control,

Alberta, Canada) immune
dysregulatio
n, and
microbial
translocatio
nin CLWH
on
antiretrovira
l.

HIV 19 Macaca CSF a specific N/A (Bissel et
nemestrina and al.,
(University of sensitive 2016)
Pittsburgh School of biomarker
Medicine, USA) for the

presence of
encephalitis
and were
highly
correlated
with CSF
viral load
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HIV 1. Macaca CSF correlated YKL-40 expression | (Bonneh-
nemestriny infected with an and secretion by Barkay
with SIVDeltaB670 increase in | macrophages and | et al.,
viral. CSF viral microglia. YKL-40 | 2008)
2. CD14+ cells from load can bind to the
buffy-coat cultured ECM and is
with presence of M- capable of
CSF for Macrophage displacing ECM-
differentiation. bound bFGF as
Astrocyte purified well as blocking
from Primary human biological activities
embryonic mixed of this growth
glial-neuronal factor in neurons.
cultures were
obtained from
human fetal tissue.

(University of
Pittsburgh, USA)

IAV 1.S. pneumoniae N/A Promotes IAV pre- infection (Karwela
infected BEAS-2B the decreases YKL-40 | tetal,
YKL-40 knocked- pneumococ | levels to promote 2020)
down cell line cal infection | pneumococcal
2.Co- infection of infection.

IAV and S.
pneumoniae in
BEAS-2B cell line
and ALl cultured
hBECs
(Universities of
Giessen and
Marburg Lung
Center,Germany)

PUUV | 79 hemorrhagic Plasma elevated N/A (Outinen
fever ith renal during et al.,
syndrome patients acute 2019)
(Tampere University PUUV
Hospital, Finland) infection

and
correlated
with the
overall
severity of
the disease

RSV | 43 children with RSV | nasopha | Promote the | YKL-40 regulated (Kim et
infection, 12 patients | ryngeal airway M2 macrophage al.,
with mild respiratory | aspirate | infection activation in RSV 2019)
symptoms induced by | infection.

(Severance RSV
Children's Hospital, infection
Seoul Korea)

RSV RSV infected BEAS- | N/A contributes | Infection with RSV | (Lee et
2B cells line with or to airway increased CHI3L1 al.,
without YKL-40 inflammatio | and IL-8 2022)
knocked down n expression.

(Yonsei University
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College of Medicine,
South Korea)

RSV 58 children (37 with | plasma biomarkers | N/A (Sawatzk
RSV, 10 with of Systemic y etal.,
rhinovirus, 11 Inflammatio 2019)
control, Jinja n
Regional Referral
Hospital and
Kambuga District
Hospital. Canada)

RSV | YKL-40 knockdown | N/A N/A promotes RSV (Ge et
BALA/c mice induced immune al.,
infected RSV virus. imbalance and 2023)
(Zhongnan Hospital airway
of Wuhan University, hyperresponsivene
China) ss by regulating the

functional
transformation of
DCs.

SARS | 103 patients with Serum prognostic | N/A (Schone

-Cov- | infection of COVID- marker of veld et

2 19 (CHU de Liege, severity al.,
Domaine 2021)
Universitaire du
Sart-Tilman,

Belgium)

SARS | 191 COVID-19 Plasma predicts N/A (De

-Cov- | patients, 80 COVID-19 Lorenzo

2 survivors, and 40 outcome et al.,
control (IRCCS San 2022)
Raffaele Scientific
Institute, Italy.)

SARS | First discovery Plasma | associated | N/A (Ebihara

-Cov- | cohorts, n= 306. with et al.,

2 (Massachusetts mortality 2023)
General Hospital, and clinical
USA) Second n=53, outcome
validation cohorts,
n=113 (Osaka
University Hospital,

Japan)

SARS | 60 COVID-19 Plasma Correlation | N/A (Parlak &

-Cov- | patients, 40 control with Laloglu,

2 (Faculty of Medicine, disease 2022)
Atatlrk University, severity
Turkey.)

SARS | 15 children Plasma | Associated | N/A

-Cov- | hospitalized for and CSF | with (Tso et

2 Omicron-related patients' al.,
neurological length of 2023)
manifestations hospitalizati
((Queen Mary on
Hospital, Princess
Margaret Hospital,
and Pamela Youde
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Nethersole Eastern
Hospital, China))

SARS
-Cov-

18 COVID-19, 10
pre-pandemic
patients who died of
acute respiratory
distress syndrome
(ARDS), and 7-8
control patients with
no ARDS or COVID-
19 (Columbia
University Irving
Medical Center,
USA))

medulla
oblongat
a

Contribute
to the
neuroinflam
mation

N/A

(Madden
et al.,
2023)

SARS
-Cov-

1.COVID-19+
(Rhode Island
Hospital, Brown
University, USA.)
2.Calu-3 cell, A549,
HSAECs, stimulated
by rhYKL-40, was
infected by SC2
pseudovirus.
3.CHI3L1-
overexpressing Tg
mice and CHI3L1-
null mutant mice.
(Rhode Island
Hospital, Brown
University, USA.)

serum

Associated
with age
and patients
with
comorbid
diseases

potent stimulator of
ACE2 and SPP

(Kamle
et al.,
2021)

SARS
-Cov-

uptake of
pseudovirus with
ancestral and
mutated S proteins
by untreated and
CHI3L1-treated
Calu-3 cells. (Rhode
Island Hospital,
Brown University,
USA.)

N/A

N/A

augments epithelial
cell infection by
pseudoviruses

(Kamle
et al.,
2022)

TBEV

16 patients with
menigoencephalitis,
17 with meningitis,
17 control (Medical
University in
Biatystok, Poland)

CSF

higher in
meningitis
than in
meningoenc
ephalitis

N/A

(Czupryn
aetal.,
2022)

HBV: Hepatitis B; HCV: Hepatitis C; HIV: Human Immunodeficiency Virus; IAV: Influenza A virus; PUUV:
Puumala orthohantavirus; ALI: air-liquid interface; hBECs: human bronchial epithelial cells; HSAECs:
primary human small airway epithelial cells; RSV: Respiratory Syncytial Virus; TBEV: Tick-borne
encephalitis virus. N/A: Not applicable.
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1.4 Aim and objectives.

The aim of this study is to investigate the long- term changes of trained immunity
after recovery from moderate SARS-Cov-2 infection.

The specific objectives were:

1. To compare the YKL-40 expression in MDM from both COVID-19
convalescent and healthy donors.

2. To investigate whether YKL-40 could be a potential marker for long-term
changes in innate immunity after COVID-19 onset.

3. To find the correlation of YKL-40 expression in MDM from convalescent
individuals with the clinical symptoms in the acute phase.
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2 MATERIALS AND METHODS

This work was written under the operating system Windows 10 with the text
processing program Microsoft Office Word 2021. The presented pictures, as well as
numerous reports, have been processed by t GraphPad Prism 9 and Biorender
(https://www.biorender.com/).

2.1 Chemicals, reagents and kits

Table 4. Chemicals and reagents.

Product Company Cat. No

Bovine Serum Albumin (BSA) Sigma Aldrich 1193003

CD14 MicroBeads Miltenyi Biotec 130-050-201

DEPC water Thermo Scientific

Dulbecco’s PBS, sterile 1x, without Gibco 14190094

CaCly, MgCls

Ethanol Roth

Ficoll Paque Premium Cytiva GE17-1441-02

LPS Sigma Aldrich L4391

Recombinant Human IFN-y Peprotech 300-02

Recombinant Human IL-4 Peprotech 200-04

Substrate reagent R&D systems DY999

Tween20 Sigma Aldrich 91271

UltraPure™ 0.5M EDTA Invitrogen

X-VIVO™ 10 Lonza BE04-380Q
Table 5. Kits.

Product Company catalogue N

E.Z.N.A. total RNA kit | Omega bio-tek

Human Chitinase 3-like 1 DuoSet ELISA | . . - Cat#DY2599

kit Bioline meridian

SensiFAST cDNA synthesis kit Fermentas BIO-65054

RNeasy mini kit Qiagen

2.2 Consumables

Table 6. Consumables.

Product Company

22um filters Fisherbrand
CASYcups Omni Life Sciences
Cell culture 12 wells plates Thermofisher

Elisa Plates R&D systems

LS columns Miltenyi Biotec
PCR tubes Star Labs

Pipette tips (10/20uL, 200uL, 1000uL) Starlab

gPCR plate sealers Axon Labortechnik
gPCR plates Axon Labortechnik
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Product Company
Safe-Lock Eppendorf Tubes, 1.5ml Eppendorf
Falcon tubes (15ml, 50ml) Greiner

LS column

Miltenyi Biotec

2.3 Equipment

Table 7. Equipment.

Product

Company

Autoclave VX-95

Systec

BD FACSCanto Il

BD Biosciences

CASY Cell counter

Scharfe System

Centrifuge 5415C Eppendorf
Centrifuge 5415R Eppendorf
Deep freezer (-80°C) Thermo
Freezer (-20°C) Liebherr
HydroFlex ELISA microplate washer Tecan

Ice machine AF 100 Scotsman

Incubator (37°C)

Edmund Bihler GmbH

Light cycler LC480

Roche

Mini plate centrifuge

Nippon genetics

NanoQuant Plate Tecan

Roller shaker IDL

Shaker Neolab

Tecan Infinite 200 Pro Tecan

Vortex Scientific industries

2.4 Buffers and solutions

Table 8 Buffers

Wash buffer for | 10% Tween 20 was prepared by adding 50 ml of Tween 20 to 450 ml of
ELISA PBS. 1000 ml of 10x PBS was mixed with 9 | of ddH20.

MACS buffer 500 ml of PBS, 2.5g of BSA and 2 ml of 0.5M EDTA

2.5 Patients and healthy donors

Patients who had recovered from COVID-19 were recruited as donors for
convalescent plasma and invited to participate in the CORE (COVID-19 convalescent)
trial as an accompanying research program (CORE study). Non-infected healthy
donors were recruited as control donors at their regular plasma donation appointment.
All donors had a negative SARS-CoV-2 antigen test at the time of blood donation. The
CORE study was approved by the Ethical Committee of the Medical Faculty Mannheim
(Ref: 2020-643N). All donors gave written informed consent to participate in the CORE
study (Mdller et al., 2022). The inclusion criteria for the convalescent donors were: 1)
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SARS-CoV-2 infection documented by a positive RT-PCR (from nasal or pharyngeal
swap) or a positive anti-SARS-CoV-2 antibody test; 2) at least two weeks since the
end of symptoms; 3) no residual severe organ dysfunction; 4) no fever at the time of
blood sampling; 5) age 18-68 years (Muller et al., 2022). The convalescent donors
suffered from COVID-19 without disease or mild or moderate symptoms without
hospitalization (Figure 1).

4 )

COVID-19 Convalescent
Individuals:
(1) SARS-CoV-2 infection;
(2) atleast 2 weeks since

; 7 N
the end Aof symptoms; Questionare
(3) no residual severe
; for the
organ dysfungtlon symtpoms in
(4) no fever at the t!me of acute phase
blood sampling
(5) age 18-68
T1 \ 4 .
| Healthy Individuals DNA/RNA
isolation for
29 sequencing
(median)
days
Plasma or
COVID-19 Convalescent Blood
Individuals Donation
T2 I
Healthy Individuals
28
e
days for the Long —
COVID
COVID-19 Convalescent symtpoms
Individuals
T3 —
[ Healthy Individuals }
N/

Figure 1. Schematic presentation of the cohort’s collection

2.6 Molecular biology techniques
2.6.1 Primers

Table 9 List of primers designed in the lab

Target gene Sequence (5'-3' direction)
18s CATTCGAACGTCTGCCCTAT
18s TCACCCGTGGTCACCATG

29



Materials and Methods

18s ACTTTCGATGGTAGTCGCCGTGCCT
IL-1ra GAAGATGTGCCTGTCCTGTGT

IL-1ra CGCTCAGGTCAGTGATGTTAA

IL-1ra TGGTGATGAGACCAGACTCCAGCTG
IL18 ACAGATGAAGTGCTCCTTCCA

IL18 GTCGGAGATTCGTAGCTGGAT

IL18 CTCTGCCCTCTGGATGGCGG

F: forward, R: reverse, Pr: probe. All primers and probes were ordered from Eurofins MWG
Operon.

List of ready-made mixes.
All ready-made mixes were ordered from Life Technologies.

Table 10. list of primer

Assay code Target Gene
Hs00609691_m1 CHI3L1
Hs00961622_m1 IL-10

2.6.2 Isolation of total RNA

E.Z.N.A. total RNA kit | used for RNA isolation. The lysis buffer was prepared by
adding 20ul of B-mercaptoethanol to each 1ml of the TRK buffer. RNA isolation
performed according to the manufacturer’s instructions.

1. For cells: 350ul of lysis buffer was added to 3-5x108 cells, which were
completely disrupted by passing through a needle fitted to a syringe for 10-15
times.

2. 350yl of 70% ethanol were added to the lysate and vortexed briefly. The
sample was added to a HiBind RNA spin column placed into a 2ml collection tube.

3. After centrifuging for 1min at 10000g the flow-through was discarded. The
column was washed once with 500ul wash buffer I.

4. The column was centrifuged at 10000g followed by washing twice in 500l
wash buffer Il (each wash was followed by a centrifugation step at 10000g).

5. The final flow-through was discarded and a new 2ml collection tube was
placed under the column which was centrifuged for 2 min at maximum speed.

6. The column was placed in a fresh 1.5ml RNase free Eppendorf tube and RNA
was eluted with 45ul of DEPC-treated water and incubated for 5Smin in room
temperature. Samples were centrifuged at maximum speed for 1min.

7. The RNA concentration was determined by measuring the absorption peak at
260nm wavelength with Tecan Infinite 200 PRO.

8. RNA samples were stored at —80°C for later application.
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2.6.3 cDNA synthesis

For cDNA synthesis Kit from Meridian Bioscience was used. The experiment
performed according to the manufacturer’s instructions.

1. For this the following components were used:

Total RNA 5ul (up to 1ug)
5x TransAmp Buffer 4ul

Reverse Transscriptase 1ul

RNase- free water Up to 20 ul

2. Mix gently by pipetting.

3. The samples were incubated at 37°C for 10 minutes and 42°C for 10 minutes
and 95°C for 5 minutes.

4. The cDNA samples were stored at -20°C for later use.

2.6.4 Real-time PCR with Tagman probe

Genes were amplified from cDNA templates using primers specific to the gene of
interest.

1. A master mix for all the samples was prepared in a 1.5ml Eppendorf tube
containing:

Reagent Amount (pl) / sample

Sensimix Il 5
Reference Primer 0.5
Target Primer 0.5

ddH20 3

2. The master mix was divided among 1.5ml Eppendorf tubes. As each sample
was run in triplicates, 3ul of cDNA template was added to each tube and mixed

by pipetting.

3. Amplification was performed using LightCycler 480 from Roche and the
following program was used:

95°C 10min

95°C 158
60°C_1min } 50 cycles
37°C 2min

Dual-labeled probes for target genes contained FAM on 5 end and BHQ1
quencher at 3’ end of sequence. In all experiments 18s was used as the reference
gene.
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2.7 Cell culture techniques
2.7.1 lsolation of CD14+ monocytes from human peripheral blood treated with EDTA

1. Each EDTA tube contained 9 ml of blood. EDTA tubes were centrifuged at
420g, for 10 minutes with break.

2. Plasma was placed to 1.5 ml tubes and stored at -80°C.

3. Blood was transferred from a 50 ml Falcon tube and filled up to 35 ml with
PBS 1x in case of 2 EDTA tubes. When the EDTA tubes were 5, fill up to 50 mi
with PBS 1x.

4. For each 35 ml of diluted blood, a 50 ml Falcon tube with 15 ml Ficoll-Paque
separating solution was prepared.

5. 35 ml of diluted blood (from step 3) was carefully layered (against the tube
wall) on top of Fiocoll. The tubes were centrifuged at 420g, at RT, for 30 min
without brakes.

6. PBMC (the second layer, white ring) were collected and transferred into a new
50 ml Falcon tube.

7. The PBMC suspension was adjusted up to 50 ml with PBS, cell was
sedimented by centrifugation at 420g for 10 min.

8. The supernatant was discarded and the cell pellets from each donor were
resuspended with 5ml PBS and collected in a new 15 ml Falcon tube for each
donor.

9. The cells were washed with 10 ml PBS and centrifuged at 420g for 10min.

10. After discarding the supernatant, the cells were resuspended in 750 yl MACS
buffer with 75 ul of CD14+ microbeads, and incubated for 30 minutes on a roller
shaker at 4°C.

11. The tubes were filled up to 10 ml with MACS buffer and centrifuged at 420g,
for 10min.

12. During this time, LS columns were attached to the magnetic stand, and 15 ml
Falcon tubes were placed under columns. The columns were calibrated with 3 mi
of MACS buffer.

13. The cell pellet (from step 8) was resuspended in 1 ml MACS buffer and then
added to each column. The column was washed 3 times with MACS buffer, each
time 3 ml.

14. The column was removed from the magnetic separation unit and placed on
top of a fresh 15 ml Falcon tube. CD14+ monocytes were eluted from the column
with 10 ml MACS buffer.
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15. Cells were counted and centrifuged at 420g, for 10min. The cell pellet was
resuspended in 1 ml of X-VIVO medium and cultured according to the
experimental plan. The purity was examined by FACS.

2.7.2 lsolation of CD14+ monocytes from human peripheral blood using filters of
plasma isolation kits

To minimize additional blood uptake from the convalescent plasma donors, we
used filters of plasma isolation kits to harvest monocytes in parallel with the isolation
out of blood samples.

1. Blood in the plasma set was collected in 50 ml Falcon tubes. It was centrifuged
at 1400 rcf, for 20 minutes, at RT.

2. Supernatants were discarded and the pellets were resuspended with PBS. All
pellets from the same donor were gathered in one 50 ml Falcon tubes, and the
tubes were filled up to 35 ml with PBS.

3. Cell pellets were resuspended in 5 ml of PBS and 20x10° PBMC were taken
out and placed on ice until cultured.

4. The remaining cells were washed with 50 ml PBS and centrifuged at 420g for
10min.

5. The cell pellet was resuspended in CD14+ microbeads and MACS buffer
according to the formula: 10 yl CD14 beads and 90 ul MACS buffer per 1x107 cells.

6. The cells were incubated for 20min on a rotator at 4°C.

7. The tubes were filled up to 10ml with MACS buffer and centrifuged at 420g,
for 10min.

8. During this time, LS columns were attached to the magnetic stand (One
column is maximal for 1x108 cells) and 15 ml Falcon tubes were placed under
columns. The columns were washed with 3 ml of MACS buffer.

9. The cell pellet was resuspended in 1ml MACS buffer and then added to each
column. The column was washed 3 times with MACS buffer, each time 3ml.

10. The column was removed from the magnetic separation unit and placed on
top of a fresh 15 ml Falcon tube. CD14+ monocytes were eluted from the column
with 10ml MACS buffer.

11. Cells were counted and centrifuged at 420g, for 10 minutes. The cell pellet
was resuspended in 1ml of X-VIVO medium and cultured according to the
experimental plan. The purity was checked by FACS.

2.7.3 Cell counting

Monocyte and PBMC cell counting was performed on a CASY cell counter.

1. 10ul of sample was added to 10ml of CASYton solution in a CASYcup.
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2. The CASYcup was placed under the CASY capillary and the appropriate
program for PBMC was chosen.

3. After each measurement 3 cycles of cleaning procedure were performed.
4. Only the viable cell number was used for further calculations.

2.7.4 Cultivation conditions used for primary human monocytes.

Isolated monocytes were seeded into 12-well plates in serum-free medium (X-
VIVO, Gibco) at a concentration of 1x108 cells/mL. Monocytes were stimulated with M-
CSF at 5 ng/ml for all phenotypes. IFN-y, at a concentration of 100 ng/ml, was used
for polarizing monocytes towards M1 phenotype; IL-4 at a concentration of 10 ng/ml
was used for polarizing monocytes towards M2 phenotype. No cytokines were added
for MO differentiation. Cells were cultivated at 37°C with 5% carbon dioxide. After 24 h
of cultivation, stimulation with LPS was performed.

2.8 Immunological methods

2.8.1 Antibodies

Table 11. List of primary antibodies.

Antibody Company | Catalog number | Species Application
Anti human CD14, .

FITC-labelled Invitrogen | 11-0149-42 Mouse FACS

IgG1 isotype control, .

FITC-labelled Invitrogen 11-4714-41 Mouse FACS

2.8.2 Flow cytometry.

Flow cytometry was used to verify the purity of CD14+ monocytes after isolation
(data not shown). All procedures were performed in FACS tubes and according to the
manufacturer’s instructions

After monocyte or PBMC isolation 1x10° cells were taken for FACS staining.

1. The cells were divided into two fractions (0.5x106 cells) and possible
contamination with erythrocytes was removed with addition of 2ml of RBC-lysis
buffer. Cells were incubated for 10min at RT.

2. Cells were centrifuged for 4min at 400g with break, at RT.
3. Cells were resuspended in 100ul FACS buffer.

4. 10pl of FcR Blocking Reagent was added and incubated with cells for 5min at
4°C.

5. Antibodies (conjugated with fluorochrome) were added (0,2-1ug per tube
according to manufacturer instructions) to each sample. The cells were briefly
vortexed and incubated for 30min at 4°C.
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6. Cells were washed 2 times with 500ul FACS buffer. Each wash was followed
by a centrifugation step (4min at 400g with break, at RT)

7. Cells were resuspended in 200ul FACS buffer before measurement. Staining
was analyzed using BD FACS Canto Il.

2.8.3 Enzyme-linked Immunosorbent Assay (ELISA)

Protocol for ELISA kits from R&D systems.

All procedures were performed at RT unless stated otherwise. ELISA was
performed according to the manufacturer’s instructions.

1. After 48 hours cultured, the supernatant of monocyte-derived macrophages
from both COVID-19 convalescent and healthy individuals was collected. Each sample
was diluted at a ratio of 1:25.

First day:

2. The Capture Antibody was diluted to working concentration according to
manufacturer instruction in PBS without carrier protein.

3. A 96-well micro plate was immediately coated with 100ul per well of Capture
Antibody. The plate was sealed and incubated overnight.

Second day:

4. The plate was washed with HydroFlex ELISA microplate washer (350ul wash
buffer 3 times).

5. Each well was filled with 300ul of Reagent Diluent (1% BSA in PBS) to block
unspecific binding sites. Incubate 1 hour.

6. The Reagent Diluent was aspirated from the wells and 100pl of fresh Reagent
Diluent was added to the wells designated for standards and 50ul of Reagent
Diluent was added to the wells designated for samples.

7. 100ul of standards and samples diluted in Reagent Diluent was added per
well. The plate was covered with an adhesive strip and incubated for 2 hours.

8. The plate was washed with HydroFlex ELISA microplate washer (350ul wash
buffer 4 times).

9. The Detection Antibody was diluted to working concentration according to
manufacturer instruction in Reagent Diluent. 100ul of Detection Antibodies were
pipetted into each well and the plate was incubated for 2 hours.

10. The plate was washed with HydroFlex ELISA microplate washer (350ul wash
buffer 4 times).

11. Streptavidin-HRP was diluted to working concentration according to
manufacturer instruction in Reagent Diluent. 100ul of Streptavidin-HRP was
added to each well and the plate was incubated for 20 minutes in the dark.
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12. The plate was washed with HydroFlex ELISA microplate washer (350l wash
buffer 4 times).

13. Substrate Solution was prepared by mixing 5ml of Reagent A with 5ml of
Reagent B. 100yl of Substrate Solution was added to each well and the plate was
incubated for 20 minutes in the dark.

14. 50yl of Stop Solution (2N H2SO4) was added to each well. The absorbance at
450nm was read on a Tecan Infinite 200 PRO reader.

15. To determine each sample’s concentration a standard curve was drawn by
plotting the mean absorbance for each standard on the y-axis against the
concentration on the x-axis. Individual sample absorbance values were then
compared to the standards values and the concentration was calculated according
to the polynomial equation that describes the curve. In diluted samples, the
concentration read from the standard curve was multiplied by the dilution factor.
The sample’s concentration was extrapolated if the absorbance values were
below the lowest standard and above blank.

2.9 Statistical analysis

The significance of the differential expression data was analyzed using ratio paired
Student’s t-test for normal distribution or Mann-Whitney test for non-normal distribution.
The significance of the data of correlation was analyzed using the ratio paired Pearson
test for normal distribution or spearman test for non-normal distribution. We considered
a two-tailed p-value of less than 0.05 to indicate statistical significance (confidence
level 95%). ns = non-significant, *P < 0.05, **P < 0.01, ***P <0.001 and * P < 0.001.
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3 RESULTS

3.1 Clinical characteristics of the study cohorts and experiments design
3.1.1 Clinical characteristics of the study cohorts

In total, 39 COVID-19 convalescent individuals (19 females, 20 males, average
age +SD, 40.4+14.1) and 36 healthy individuals (16 females, 20 males, average age
1+SD, 33.4+12.8) at T1 were included in the cohort. General information for healthy
and COVID-19 convalescent individuals is summarized in Table 12. The healthy
population was statistically significantly (P=0.0354) younger (33.4+12.8 years) than the
COVID-19 convalescent populations (40.4+14.1).

Table. 12 General Information about the donors

Healthy COVID-19 P value
individuals convalescent
(n=36) individuals
(n=39)
Age (average +SD 33.4+12.8 40.4+14 .1 0.0354(*)
years)
BMI (average +SD) 26.78+15.39 26.73+5.04 0.9403
Gender 0.6496
Male 20 (55.56%) 19(50.00%)
Female 16 (44.44%) 19(50.00%)
Medical History
High Blood Pressure >0.9999
- 33(91.67%) 35(89.74%)
+ 3(8.33%) 4(10.26%)
Allergy 0.7418
- 28 (77.78%) 28 (71.79%)
+ 8 (22.22%) 11 (28.21%)
Medicine Take 0.0498(*)

+

32 (88.89%)
4 (11.11%)

27 (69.23%)
12(30.77%)

The routine clinical blood cell quantification test demonstrated a normal
physiological range for all parameters for both groups and no statistically significant
differences were identified for the cellular fractions in blood (Table 13). Donors from
COVID-19 convalescent cohorts had a statistically significant higher concentration of
anti -Spike 1gG.
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Table 13 Clinical Parameter for Healthy and COVID-19 Convalescent Individuals (T1)

Parameter Healthy individuals COVID-19 P value
(average +SD)' (n=36) Convalescent
individuals
(n=39)
Hct 0.410+0.0376 0.412+0.0328 0.9749

Hb (g/L) 140.2+14.58
WBC (*103/uL) 6.722+1.784
RBC (*106/L) 4.814+0.5270

141.9+12.18 0.6046
5.959+1.026 0.0651
4.875+0.4355 0.7499

MCV 85.57+3.726 85.34+3.821 0.9693
PLT (*103/pL) 264.1+11.72 252.949.358 0.5889
Anti- Spike 1gG 892.3+342.0 2160+616.0 0.0002 (***)

'Blood counts at T1: Hct, hematocrit (normal range: 0.37—0.54); Hb, hemoglobin (normal range:
120-180 g/L); WBC, white blood cells (normal range: 4—11X10%/uL); RBC, red blood cells (normal
range: 4.2-6.3 X108/uL); PLT, platelets (normal range: 150-400X10%/uL).

In convalescent cohorts, all donors were graded 2 or less on the 8-point WHO
severity scale for COVID-19 acute disease (World Health Organization. COVID-19
Therapeutic  Trial  Synopsis.  https://www.who.int/publications/i/item/covid-19-
therapeutic-trial-synopsis Updated February 18, 2020. Accessed August 31, 2021).
Furthermore, no comorbidities were reported among the donors. Clinical parameters
in the acute phase of the COVID-19 convalescent cohort are summarized in the Table
14. The most reported symptoms in the acute phase were exhaustion (76.9%),
disturbance of smell or taste (74.4%), headache (71.8%), body pain (64.1%) and fever
(59.0%). Among all convalescent plasma donors, 28.2% of individuals reported Long-
COVID symptoms.

Table 14. Clinical symptoms for COVID-19 convalescent individuals in phase
COVID-19 Convalescent

Nausea

Limb/ joint/ back pain

30 (76.9%)
14 (16.5%)

Symptoms individuals (r=39)
- +1
Cough 17 (43.6%) 22 (56.4%)
Sniff 18 (46.2%) 21 (53.8%)
Respiratory symptoms  Sore throat 18 (46.2%) 21(53.8%)
Difficult in breath 21 (53.8%) 18 (46.2%)
Pneumonia 32 (82.1%) 7 (17.9%)
Eye inflammation 33 (84.6%) 6 (15.4%)
Fever 16 (41.0 %) 23 (59.0%)
Systemic symptoms Skin rash 37 (94.9%) 2 (5.1%)
earache 35(89.7%) 4 (10.3%)
Exhaustion 2 8 (20.5%) 31 (79.5%)
Headache 2 12 (30.8%)  27(69.2%)
Exhaustion2 8 (20.5%) 31 (79.5%)
Headache2 12 (30.8%) 27(69.2%)
Neurological symptoms Disturbance of smell or taste 9 (23.1%) 30 (76.9%)

9 (23.1%)
25 (64.1%)

1 - without event. + with event; 2 The symptoms of exhaustion and headache belong to systemic
and neurological system.
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3.1.2 Experiments design

To determine the imprint of monocytes in COVID-19 convalescent individuals,
monocytes were isolated from the EDTA-treated whole blood or plasmaset donated by
COVID-19 convalescent or healthy individuals. Monocytes were stimulated with M-
CSF at all phenotypes. IFN-y was used for polarizing monocytes towards M(IFNy)
phenotype; IL-4 was used for polarizing monocytes towards M(IL-4) phenotype. No
cytokines were added for M(NS) differentiation. To analyze whether YKL-40
expression induced in monocytes-derived macrophages by strong pathogen-derived
pro-inflammatory stimulation will also differ between COVID-19 convalescent and
healthy plasma donors, monocytes differentiated towards M(NS), M(IFN-y) and M(IL4)
macrophage phenotypes for 24 hours were challenged with or without LPS for next 24
hours (Figure 2).

each well
---1x10° cells/mL, +/-LPS cell pellet for
---M-CSF(5 ng/mL ) 7 RNA isolation
‘ and RT-PCR
1 2 3 ) 1 2 3 [
Al Mo MuFN-V)' M(IL-4) A f MO MUFN-Y) | || M(IL-4) ;
\ — —
' N
B Mo | MOFN)| MOL4) g Mo MOFN-Y) || MOL-4) !
\ ) +LPS +LPS +LPS W
CD14+ o ' . | supernatant for
monocyte ) 24h ) ) 24h ) Elisa

Figure 2. Schematic presentation of macrophage differentiation. Peripheral blood
monocytes were isolated using CD14+ MACS sorting and cultivated in a serum-free medium
at a concentration of 1x10° cells/mL in the presence of M-CSF. IFN-y was used for polarizing
macrophages towards M(IFN-y) phenotype; IL-4 was used for polarizing macrophages towards
M(IL4) phenotype. No cytokines were added for MO differentiation. After 24 h of cultivation,
stimulation with LPS was performed for next 24 h. Cell pellets for RNA isolation and conditioned
medium for ELSA were harvested after total 48 h in ex vivo conditions.

3.2 Expression of YKL-40 was statistically significantly increased in homeostatic
and healing macrophages differentiated out of monocytes of COVID-19
convalescent plasma donors compared to healthy donors

To analyze the imprint of monocytes following SARS-CoV-2 infection, changes in
4 cytokines at T1 across all six macrophage types were selected: IL-1B for activation
of M(IFNy) macrophages, IL-10 and IL-1ra for activation of M(IL4) macrophages, and
YKL-40 for macrophage differentiation (Fig. 3). There were 39 COVID-19 convalescent
donors and 37 healthy donors for M(NS), M(NS)+LPS, M(IFNy) + LPS and M(IL4) +
LPS, 35 COVID-19 convalescent donors and 34 healthy donors for macrophages of
M(IFN-y) and 31 COVID-19 convalescent donors and 34 healthy donors for
macrophages of M(IL4). RT-PCR was used to analyze the expression of the 4 genes.
As the result showed, there is no statistically significant differences was found in IL-113
and IL-1ra in all 6 types of macrophages. A statistically higher expression of YKL-40
was found in M(NS) (P=0.0257), M(NS) + LPS (P=0.0181), and M(IL4) (P=0.0008)
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from COVID-19 convalescents. Statistically significant higher expression of IL-10 can
be detected in M(NS)+LPS (P=0.0176) and M(IFNy) (P=0.0275, Fig.3).
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Figure 3. Expression of activation biomarkers in macrophages differentiated out of
monocytes of COVID-19 convalescent plasma donors (red) and healthy individuals
(blue). Macrophage stimulation was performed according to Fig. 2. Expression of YKL-40, IL-
18, IL-10, IL-1ra was analyzed by RT-PCR. Individual points present single donors n=39 for
COVID-19 convalescent donors and n=37 healthy donors for M(NS), M(NS)+LPS, M(IFNy)
+LPS and M(IL4)+LPS; n=35 for COVID-19 convalescent donors and n=34 healthy donors for
macrophages of M(IFN-y); n=31 for COVID-19 convalescent donors and n=34 healthy donors
for M(IL4). Mann-Whitney test was performed for statistical analysis. The diagram provides P
values that indicate statistical significance.

Following the discovery of elevated YKL-40 expression in monocyte-derived
macrophages from COVID-19 convalescent donors at T1, we extended our analysis to
include YKL-40 expression at T2 and T3 (Fig. 4). In the graphs of M(NS), M(NS)+LPS,
M(IFNy) + LPS and M(IL4) + LPS, each point presents a single donor of 39 COVID-19
convalescent donors and 37 healthy donors for macrophages at T1, 28 COVID-19
convalescent plasma donors and 29 healthy donors at T2, 20 COVID-19 convalescent
plasma donors and 16 healthy donors at T3. In the graph of M(IFN-y), each point
represents a single donor, 35 COVID-19 convalescent plasma donors and 34 healthy
donors for macrophages in T1, 23 COVID-19 convalescent plasma donors and 23
healthy donors in T2, 18 COVID-19 convalescent donors and 13 healthy donors in T3.
In the graph of M(IL4), each point represents a single donor of 35 COVID-19
convalescent donors and 34 healthy donors for macrophages in T1, 18 COVID-19
convalescent plasma donors and 19 healthy donors in T2, 15 COVID-19 convalescent
donors and 13 healthy donors in T3. Higher expression of YKL-40 can be seen in all
6 types of macrophages at all 3 time points. In M(NS), the statistically significant higher
YKL-40 expression can be found at T1 (P=0.0257) and T2 (P=0.0327). With LPS
stimulation, the statistical significance can be still found in T1 (P=0.0181). In M(IL4),
the statistically significant higher YKL-40 expression can be found at T1 (P=0.0008).
With LPS stimulation, the statistical significance can be still found in T3 (P=0.0154).
With or without LPS stimulation, M(IFN) does not show statistical significance. Both
COVID-19 convalescents and healthy donors did not exhibit any statistically significant
differences in YKL-40 expression of MDM at different time points.
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Figure 4. Comparison the expression of YKL-40 in MDM between COVID-19
convalescent plasma donors (red, C) and healthy individuals (blue, H) at time points T1,
T2 and T3. In the graphs of M(NS), M(NS)+LPS, M(IFN-y) + LPS and M(IL4) + LPS, each
point presents single donor of n (C)=39 COVID-19 and n(H)=37 at T1, n (C)=28 and n (H)= 29
healthy donors at T2, n (C)=20 and n (H)=16 at T3. In the graph of M(IFN-y), each point
represents n (C)=35 and n (H)=34 at T1, n(C)=23 and n (H)= 23 at T2, n(C)=18 and n(H)=13
at T3. In the graph of M(IL4), each point represents a single donor of n(C)=35 and n(H)=4 at
T1,n(C)=18 and n(H)=19 at T2, n(C)=15 and n(H)=13 at T3. Mann-Whitney test was performed
for statistical analysis. The diagram provides P values that indicate statistical significance.
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Since the expression of YKL-40 in M(NS) at T1 and T2 showed the statistical
significance, we further analysis the secreted level of YKL-40 by Elisa for the M(NS)
from both COVID-19 convalescent plasma donors and healthy donors. 39 COVID-19
convalescent donors and 37 healthy donors for macrophages at T1, 28 COVID-19
convalescent plasma donors and 29 healthy donors at T2, 20 COVID-19 convalescent
plasma donors and 16 healthy donors at T3 were included in this analysis. The
differential concentration of YKL-40 between 2 group was analyzed by Mann- Whitney
analysis. The higher concentration of secreted YKL-40 in M(NS) can be found in
COVID-19 convalescent plasma donors’ group, but no statistical significance was
found (Fig.5). We further analyzed the correlation between the relative expression and
secreted concentration level of YKL-40 by Spearman correlation test. The positive
significant statistical correlation between the relative expression and secreted
concentration level of YKL-40 can be found at T1 (P=0.0017, rs=-0.3565) and T3
(P=0.0007, rs=-0.6123). There is still a positive correlation at T2, but it did not reach
statistical significance (Figure 6).
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Figure 5 Concentration for secreted YKL-40 in M(NS) differentiated out of monocytes
from COVID-19 convalescent plasma donors (red) and healthy individuals (blue) at T1,
T2 and T3.ELISA was used to analyze the YKL40 concentration. The differential
concentration of secreted YKL-40 between the 2 groups in T1, T2, T3.
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Figure 6 The correlation between the level of concentration for secreted YKL-40 and
relative expression of YKL-40 in M(NS) differentiated out of monocytes from COVID-19
convalescent plasma donors and healthy individuals in T1 (A), T2 (B) and T3 (C). ELISA
was used to analyze the concentration of secreted YKL-40. P value and rs value are provided
in the diagram to indicate the statistical significance. There are 39 COVID-19 convalescent
donors and 37 healthy donors for macrophages in T1, 28 COVID-19 convalescent plasma
donors and 29 healthy donors in T2, and 20 COVID-19 convalescent plasma donors and 16
healthy donors in T3. The correlation was analyzed using Spearman correlation.
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To further analysis the long-term pro- inflammatory function changes for monocyte
differential macrophages in COVID-19 convalescent plasma donor, IL-138 changes in
all 6 types of macrophages at all 3 time points were further analysis by RT-PCR. In the
graphs of M(NS), M(NS)+LPS, M(IFNy) + LPS and M(IL4) +LPS, each point presents
single donors of 39 COVID-19 convalescent donors and 37 healthy donors for
macrophages in T1, 28 COVID-19 convalescent plasma donors and 29 healthy donors
in T2, 20 COVID-19 convalescent plasma donors and 16 healthy donors in T3. In the
graph of M(IFNy), each point represents a single donor, 35 COVID-19 convalescent
donors and 34 healthy donors for macrophages in T1, 23 COVID-19 convalescent
plasma donors and 23 healthy donors in T2, 18 COVID-19 convalescent donors and
13 healthy donors in T3. In the graph of M(IL4), each point represents a single donor
of 35 COVID-19 convalescent donors and 34 healthy donors for macrophages in T1,
18 COVID-19 convalescent plasma donors and 19 healthy donors in T2, 15 COVID-
19 convalescent donors and 13 healthy donors in T3. All data showed non- logical
distribution. Mann-Whitney test was used for statistical analysis. There is no statistical
significance found in all 6 types of macrophages at all 3-time point (Fig.7).
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Figure 7 The expression of IL-1B in macrophages differentiated out of monocytes from
COVID-19 convalescent plasma donors (red) and healthy individuals (blue) at time
points T1, T2 and T3. Macrophage stimulation was performed according to Fig. 2. IL-1
expression was analyzed by RT-PCR. In the graphs of M(NS), MO+LPS, M(IFN-y) + LPS and
M(IL4) + LPS, each point presents single donor of n=39 COVID-19 convalescent (n (C)), n=37
healthy donors (n(H)) at T1, n (C)=28 and n (H)= 29 healthy donors at T2, n (C)=20 and n
(H)=16 at T3. In the graph of M(IFN-y), each point represents n (C)=35 and n (H)=34 healthy
donors for at T1, n(C)=23 and n (H)= 23 healthy donors in T2, n(C)=18 and n(H)=13 at T3. In
the graph of M(IL4), each point represents a single donor of n(C)=35 and n(H)=4 at T1, n(C)=18
and n(H)=19 healthy donors at T2, n(C)=15 and n(H)=13 healthy donors at T3. Mann-Whitney
test was performed for statistical analysis. The diagram provides P values that indicate
statistical significance.
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3.3 Analysis the correlation between the clinical symptom in acute phase and YKL-
40 expression in monocyte- differentiation macrophage

3.3.1 The expression of YKL-40 negative correlated to the total amount of acute
symptoms in COVID-19 convalescent plasma donor.

Since the higher expression of YKL-40 in monocyte- differentiated macrophages
was found in COVID-19 convalescent, its correlation to the clinical feathers was further
analyzed. 14 symptoms information in acute phase was collected for each COVID-19
convalescent plasma donors. Due to characteristics of cohorts in this study, the
correlation between the total amount of symptoms and YKL-40 expression in all 6 types
macrophages at all 3 time points were analyzed.

In M(NS) and M(NS)+LPS, 39 donors in T1, 28 donors in T2, 20 donors in T3 were
included. The correlation was analyzed by Spearman correlation test. The negative
correlation was found in all 3 time points and showed statistical significance in T1
(P=0.0245, rs=-0.3597) and T2 (P=0.0396, rs=-0.373). With LPS stimulation, this
negative correlation can still be found, but showed no statistical significance (Fig.8).
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Figure 8. Correlation between the relative expression of YKL-40 M(NS) with or without
LPS stimulation, and total amount of symptoms in acute phase for all 3 time points. The
significant negative correlation between the total amount of COVID-19 symptoms in acute
phase and YKL-40 relative expression can be found in M(NS) in T1 and T2. P value and r;s
value are provided in the diagram to indicate the statistical significance. In the graphs of M(NS)
and M(NS)+LPS each point presents single donors of COVID-19 convalescent plasma donors
n=39in T1, n=28 in T2, n=20 in T3. The correlation was analyzed using Spearman correlation.

In M(IFNy), the correlation was analyzed among 35 COVID-19 convalescent
plasma donors in T1, 23 in T2, 18 in T3 by Spearman correlation test. As the result
shows, the negative correlation between the YKL-40 expression and the total amount
of symptoms can be found at time point T1 and T2. At T3, however, the positive
correlation was found (Fig. 9). With LPS stimulation, the correlation was analyzed
among 30 COVID-19 convalescent plasma donors in T1, 28 in T2, 20 in T3 by
Spearman correlation test. As the result shows, the negative correlation can be found
at all 3 time points. All correlation showed no statistical significance (Fig. 9).
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Figure 9. Correlation between the YKL-40 relative expression in M(IFNy) with or without
LPS stimulation and total amount of symptoms in acute phase. The negative correlation
between the total amount of COVID-19 symptoms in acute phase and YKL-40 relative
expression can be found in M(IFNy) in T1 and T2, and M(IFNy) in T1, T2 and T3. Positive
correlation was found in M(IFNy) in T3. P value and rs value are provided in the diagram to
indicate the statistical significance. In the graphs of M(IFN-y) each point presents single donors
of COVID-19 convalescent plasma donors for n=35 in T1(A), n=23 in T2 (B), n=18 in T3(C). In
the graphs of M(IFNy) +LPS each point presents single donors of COVID-19 convalescent
plasma donors which contains n=39 in T1(D), n=28 in T2 (E), n=20 in T3 (F). The correlation

was analyzed by Spearman correlation
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Figure 10. Correlation between the YKL-40 relative expression in M(IL4) with or without
LPS stimulation and total amount of symptoms in acute phase. The negative correlation
between the total amount of COVID-19 symptoms in acute phase and YKL-40 relative
expression can be found in M(IL4) in T2, and M(IL4) in T1, T2 and T3. The positive correlation
can be found in M(lIL4) in T1 and T3. In the graphs of M(IL4) each point presents single donors
n=35in T1 (A), n=18 in T2 (B), n=15 in T3 (C) of COVID-19 convalescent plasma donors. In
the graphs of M(IFN-y) +LPS each point presents single donors which contains n= 39 in T1(D),
n= 28 in T2 (E), n=20 in T3 (F) for COVID-19 convalescent plasma donors. The correlation
was analyzed by Spearman correlation.

In M(IL4), the correlation was analyzed among 35 COVID-19 convalescent plasma
donorsin T1, 18 in T2, 15 in T3 by Spearman correlation test. As the result shows, the
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negative correlation between the YKL-40 expression and the total amount of symptoms
can be found at time point T1 and T2. At T3, however, the statistically significant
positive correlation was found (P=0.0444, rs=0.5123, Fig. 10). With LPS stimulation,
the correlation was analyzed among 30 COVID-19 convalescent plasma donors in T1,
28 in T2, 20 in T3 by Spearman correlation test. As the result shows, the negative
correlation can be found at all 3 time points, but showed no statistical significance (Fig.
10).

3.3.2 The correlation of YKL-40 expression in monocyte- differential macrophages of
COVID-19 convalescent donors and the number of symptoms in the different
system symptom in acute phase

To further analysis the YKL-40 expression in monocyte- differential macrophages
correlation with the clinical symptoms in different system. We further classified 14
symptoms into 3 systems, respiratory, systemic and neurological system (Table 15).

Table 15. Clinical symptoms for COVID-19 convalescent individuals in acute phase

COVID-19 Convalescent
Symptoms individuals (n=3$‘3)
- +1
Cough 17 (43.6%) 22 (56.4%)
Respiratory Sniff 18 (46.2%) 21 (53.8%)
symptoms Sore throat 18 (46.2%) 21(53.8%)
Difficult in breath 21 (53.8%) 18 (46.2%)
Pneumonia 32 (82.1%) 7 (17.9%)
Eye inflammation 33 (84.6%) 6 (15.4%)
Fever 16 (41.0 %) 23 (59.0%)
Systemic Skin rash 37 (94.9%) 2 (5.1%)
symptoms earache 35 (89.7%) 4 (10.3%)
Exhaustion 2 8 (20.5%) 31 (79.5%)
Headache 2 12 (30.8%) 27(69.2%)
Exhaustion? 8 (20.5%) 31 (79.5%)
Neurological H_eadache2 12 (30.8%) 27(69.2%)
Symptoms Disturbance of smell or taste 9 (23.1%) 30 (76.9%)
ymp Nausea 30 (76.9%) 9 (23.1%)

Limb/ joint/ back pain

14 (16.5%)

25 (64.1%)

' - without event reported. + with event reported.
2 The symptoms of exhaustion and headache belong to the systemic and neurological system.

The correlation between the amount of symptoms in each system and YKL-40
expression in 6 types of macrophages at 3 time points were analyzed by the Spearman
correlation test (Fig.11). In the respiratory system, all negative correlations can be
found in all 6 types of macrophages at all 3 time points. In respiratory symptoms, the
statistically significant negative correlation can be found in M(NS) (P=0.0125, -0.424),
M(NS)+LPS (P=0.0392, rs=-0.355) and M(IFNy) (P=0.0419, rs=-0.351) at T1, in M(IL4)
+LPS (P=0.0075, rs=-0.457) at T2, M(IFNy)+ LPS (P=0.0080, rs=-0.454) and
M(IL4)+LPS (P=0.0375, rs=-0.364) at T3. In neurological symptoms, the statistically
significant negative correlation can be found in M(NS) (P=0.0176, rs=-0.378) and
M(IFNy)+LPS (P=0.0262, rs=-0.356) at T1, M(IFNy)+LPS (P=0.0194, rs=-0.373) at T2,
M(NS) (P=0.0378, rs=-0.375), M(IFNy) (P=0.0347, rs=-0.380) and M(IFNy)+LPS
(P=0.0108, rs=-0.409) at T3.
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Figure 11. Correlation between the expression of YKL-40 in macrophages
differentiated out of COVID-19 convalescent plasma donors and the amount of

systemic, respiratory and neurological COVID-19 symptoms at T1, T2 and T3. Blue
showed the negative correlation while red showed the positive correlation. Each value

presents the rs value, with * indicating statistical significance. The correlation was analyzed

by Spearman correlation test by cor_test R package. The graph was made by ggplot2 R

package.
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3.3.3 Lower expression level of YKL-40 in monocyte- differential macrophages can
be found in the COVID-19 convalescent donors reported the presence of
respiratory, neurological or systemic symptoms

We then further analysis the expression of YKL-40 in MDM for patients with
presence of certain system symptoms reported in acute phase. In respiratory system,
in total of 10 donors reported no presence of respiratory symptom, while 29 donors
reported the presence (Fig. 12). In the graphs of M(NS), M(NS)+LPS, M(IFNy) + LPS
and M(IL4) + LPS, each point presents single donor of 10 COVID-19 convalescent
donors without the presence of respiratory symptoms and 29 donors with the presence
of the symptoms for macrophages at T1, 9 without the presence of respiratory
symptoms and 25 donors with the presence of the symptoms at T2, 3 without the
presence of respiratory symptoms and 18 donors with the presence of the symptoms
at T3. In the graph of M(IFN-y), each point presents single donor of 8 COVID-19
convalescent donors without the presence of respiratory symptoms and 27 donors with
the presence of the symptoms for macrophages at T1, 9 without the presence of
respiratory symptoms and 20 donors with the presence of the symptoms at T2, 3
without the presence of respiratory symptoms and 16 donors with the presence of the
symptoms at T3. In M(IL4), each point presents single donors of 8 COVID-19
convalescent donors without respiratory symptoms and 29 donors with respiratory
symptoms in T1, 8 donors without respiratory symptoms and 16 with respiratory
symptoms in T2. There is not enough sample for M(IL4) in T3. Compared to the donors
without the symptoms, donors reported respiratory symptoms showed Ilower
expression level of YKL-40 trend in all 6 types of macrophages at all 3 time points. The
statistically significant lower level of expression in donors reported the presence of
respiratory symptoms can be found in M(NS) at T2 (P=0.04) and T3 (P=0.0166),
M(IFNy) at T3 (P=0.0155).
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Figure 12. The expression of YKL-40 in macrophages differentiated out of monocytes
from COVID-19 convalescent plasma donors reported the presence (orange) or absence
(green) of respiratory symptoms in acute phase at T1, T2 and T3. Macrophage stimulation
was performed according to Fig. 2. YKL-40 expression was analyzed by RT-PCR. In the
graphs of M(NS), M(NS)+LPS, M(IFN-y) + LPS and M(IL4) + LPS, each point represents a
single donor of n=10 COVID-19 convalescent donors without respiratory symptoms (n(CR-))
and 29 donors with respiratory symptoms(n(CR+)) at T1, n(CR-) = 9 and n(CR+) = 25 with
symptoms at T2, n(CR-) = 3 and n(CR+) = 18 at T3. In the graphs of M(IFNy), n(CR-)= 8 and
n(CR+) = 27 at T1, n(CR-)= 9 and n(CR+) = 20 at T2, n(CR-)= 3 and n(CR+)= 16 at T3. In
M(IL4), n(CR-)=8 and n(CR+) =29 at T1, n(CR-)=8 and n(CR+) =16 at T2. There is not enough
sample for M(IL4) at T3. The diagram provides P values that indicate statistical significance.
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In neurological system, in total of 3 donors reported no the absence of neurological
symptom, while 36 donors reported the presence (Fig. 13). In the graphs of M(NS),
M(NS)+LPS, M(IFN-y) + LPS and M(IL4) + LPS, each point represents a single donor
of 3 COVID-19 convalescent donors without neurological symptoms and 36 donors
with neurological symptoms at T1. Donors with the presence of neurological symptoms
in acute phase showed lower expression level of YKL-40 trend in all 4 types of
macrophages at all but there is no statistically significant was found.
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Figure 13. The expression of YKL-40 in macrophages differentiated out of
monocytes from COVID-19 convalescent plasma donors reported the presence (orange)
or absence (green) neurological symptoms in T1. Macrophage stimulation was performed
according to Fig. 2. YKL-40 expression was analyzed by RT-PCR. In the graphs of M(NS),
M(NS)+LPS, M(IFN-y) + LPS and M(IL4) + LPS, each point represents a single donor of n=3
COVID-19 Convalescent donors without neurological symptoms and n=36 donors with
neurological symptoms in T1.
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Figure 14. The expression of YKL-40 in macrophages differentiated out of monocytes
from COVID-19 convalescent plasma donors reported the presence (orange) or absence
(green) of systemic symptoms in acute phase at T1, T2 and T3. Macrophage stimulation
was performed according to Fig. 2. YKL-40 expression was analyzed by RT-PCR. In the
graphs of M(NS), M(NS)+LPS, M(IFN-y) + LPS and M(IL4) + LPS, each point represents a
single donor of n=5 COVID-19 convalescent donors without systemic symptoms (n(CS-)) and
n=34 donors with systemic symptoms(n(CS+)) at T1, n(CS-) =4 and n(CS+) = 30 at T2. In the
graphs of M(IFNy), n(CS-)= 3 and n(CS+) = 32 at T1, n(CS-)= 3 and n(CS+) = 20 at T2. In
M(IL4), n(CS-)=4 and n(CS+) =27 at T1, n(CS-)=4 and n(CS+) =21 at T2. There is not enough
sample for analysis at T3. The diagram provides P values that indicate statistical significance.

3.4 The correlation of expression of YKL-40 in monocyte differentiated
macrophages in COVID-19 convalescent plasma donors and long-COVID
symptoms

As millions of individuals are infected with COVID, long- COVID symptoms has
been consider as a public health challenge. In our cohorts, among 39 COVID-19
convalescent donors, 11 reported at least one persistence symptoms for at least 100
days after documented SC2 infection. The most reported long- COVID symptoms was
persistent difficulty in concentrating (63.6%), persistent smell and/or taste disorders
(54.5%), persistent fatigue or reduced performance (45.5%), persistent headache
(27.3%) and persistent body pain (27.3%, Table 16).

Table 16. Long-COVID symptoms for COVID-19 Convalescent Individuals

Long- COVID symptom (n=11)

+1

Persistent difficulty concentrating 4 (36.4%) 7 (63.6%)
Persistent smell and/or taste disorders 5 (45.5%) 6 (54.5%)
Persistent fatigue or reduced performance 6 (54.5%) 5 (45.5%)
Persistent cough and/or breathing 7 (63.6%) 4 (36.4%)
Persistent headaches 8 (72.7%) 3 (27.3%)
Persistent limb/joint pain 8 (72.7%) 3 (27.3%)
Constant tachycardia or cardiac arrhythmias? 9 (81.8%) 2 (18.2%)
Persistent chest tightness 10 (90.9%) 1(9.1%)
Persistent depression 10 (90.9%) 1(9.1%)

- without event. + with event

The differential expression of YKL-40 in monocyte-differentiated macrophages in
COVID-19 convalescent patients with the presence and absence of long- COVID
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symptoms was then analyzed (Fig. 15). In the graphs of M(NS), M(NS)+LPS, M(IFNy)
+ LPS and M(IL4) + LPS, each point represents a single donor of 28 COVID-19
convalescent donors without long-COVID symptoms and 11 donors with long-COVID
symptoms in T1, 24 donors without long-COVID symptoms and 10 with symptoms in
T2, 16 without long-COVID symptoms and 5 without long-COVID symptoms in T3. In
the graphs of M(IFNy), each point presents single donors of 23 COVID-19
convalescent donors without long-COVID symptoms and 8 donors with long-COVID
symptoms in T1, 17 donors without long-COVID symptoms and 8 with long-COVID
symptoms in T2, 12 donors without long-COVID symptoms and 3 donors without long-
COVID symptoms in T3. In M(IL4), each point presents single donors of 22 COVID-19
convalescent donors without long-COVID symptoms and 9 donors with long-COVID
symptoms in T1, 17 donors without long-COVID symptoms and 7 with long-COVID
symptoms in T2, 12 donors without long-COVID symptoms and 4 with long-COVID
symptoms in T3. Except for M(IFNy) + LPS at T2 and M(IL4) at T2, donors reported
long-COVID symptom showed higher expression level of YKL-40 trend in 6 types of
macrophages at all 3 time points. The statistically significant higher expression in
donors reported the presence of long- COVID symptoms can be found in M(NS) at T3
(P=0.0167).
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Figure 15. The expression of YKL-40 in macrophages differentiated out of monocytes from
COVID-19 convalescent plasma donors with (red) or without (blue) long -COVID symptoms
in T1, T2 and T3. Macrophage stimulation was performed according to Fig. 2. YKL-40 expression
was analyzed by RT-PCR. In the graphs of M(NS), M(NS)+LPS, M(IFN-y) + LPS and M(IL4) + LPS,
each point represents a single donor of n=28 COVID-19 convalescent donors without long- COVID
symptoms (n(CL-)) and 11 donors with long- COVID symptoms(n(CL+)) at T1, n(CL-) = 24 and
n(CL+) = 10 with symptoms at T2, n(CL-) = 16 and n(CL+) = 5 at T3. In the graphs of M(IFNy),
n(CL-)=23 and n(CL+) =8 at T1, n(CL-)= 17 and n(CL+) = 8 at T2, n(CL-)= 12 and n(CL+) = 3 at
T3. In M(IL4), n(CL-)= 22 and n(CL+) =9 at T1, n(CL-)= 17 and (CL+) =7 at T2, n(CL-)= 12 and
n(CL+) = 4 at T3. The diagram provides P values that indicate statistical significance.
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Since the higher expression of YKL-40 in COVID-19 convalescent who reported
the presence of long- COVID symptoms, we further analysis its role in each long-
COVID symptoms at T1 (Table 17). The differential expression of YKL-40 of monocyte-
differential macrophage was analysis by un-paired t-test for equal variance and welch
correction t- test for unequal variance. There is no enough sample for differential
expression analysis in MDM of donors who reported persistent or absence of chest
tightness, cardiac arrhythmias or depression. There is no statistical difference can be
found in the MDM of donors who reported persistent body pain or not. Donors with the
presence of smell or (and) taste disturbance, cough or breath difficulties, and fatigue
or reduced performance showed higher YKL-40 expression in all 6 types of
macrophages respectively, but no statistical significance. Donors who reported
persistent headache or persistent difficulty concentrating showed a lower expression
of YKL-40 in all 6 types of monocytes- differentiated macrophages. The statistically
significant lower expression of YKL-40 can be found in M(NS)+ LPS of donors with the
presence of persistent difficult concentrating (P=0.034).

Table 17 The expression of YKL-40 in MDM of COVID-19 convalescent plasma donors
and clinical parameter (Long- COVID symptoms)

Clinical Types of MDM - +1 P value
parameter n | Mean value n | Mean value
Persist smell M(NS) 5 0.008 6 0.012 0.202
or (and) taste M(NS)+LPS 5 0.010 6 0.013 0.353
disturbance M(IFNy) 4 0.013 5 0.015 0.659
M(IFNy) +LPS 5 0.009 6 0.015 0.204
M(IL4) 4 0.010 5 0.008 0.478
M(IL4) +LPS 5 0.011 6 0.016 0.190
Persist M(NS) 7 0.009 4 0.012 0.436
cough or M(NS)+LPS 7 0.010 4 0.014 0.220
(and) breath M(IFNy) 5 0.016 4 0.011 0.273
difficulties M(IFNy) +LPS 7 0.012 4 0.013 0.883
M(IL4) 5 0.008 4 0.009 0.743
M(IL4) +LPS 7 0.013 4 0.014 0.865
Persistent M(NS) 6 0.010 5 0.011 0.640
fatigue or M(NS)+LPS 6 0.011 5 0.012 0.898
reduced M(IFNy) 4 0.014 5 0.014 0.961
performance M(IFNy) +LPS 6 0.012 5 0.013 0.791
M(IL4) 4 0.007 5 0.010 0.322
M(IL4) +LPS 6 0.012 5 0.015 0.514
Persistent M(NS) 7 0.011 4 0.010 0.873
headaches M(NS)+LPS 7 0.011 4 0.012 0.816
M(IFNy) 6 0.014 3 0.013 0.824
M(IFNy) +LPS 7 0.013 4 0.011 0.581
M(IL4) 6 0.009 3 0.008 0.660
M(IL4) +LPS 7 0.015 4 0.011 0.294
Persistent M(NS) 8 0.011 3 0.009 0.663
body pain M(NS)+LPS 8 0.013 3 0.008 0.301
M(IFNy) 6 0.013 3 0.016 0.675
M(IFNy) +LPS 8 0.012 3 0.012 0.963
M(IL4) 6 0.008 3 0.011 0.214
M(IL4) +LPS 8 0.013 3 0.015 0.726
Persistent M(NS) 4 0.013 7 0.009 0.212
difficulty M(NS)+LPS 4 0.016 7 0.009 0.034(*)
concentrating M(IFNy) 3 0.015 6 0.013 0.724
M(IFNy) +LPS 4 0.015 7 0.016 0.292
M(IL4) 3 0.009 6 0.009 0.943
M(IL4) +LPS 4 0.017 7 0.012 0.236

1= Without event. + with event
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4 DISCUSSION
4.1 Monocyte holds an immunological imprint after COVID-19 infection.

COVID-19, a highly infectious disease that causes devastating global disease,
continues to be a worldwide public health problem due to inflammatory pathology
caused by acute disease and persistent immune dysfunction during convalescence
(Scott et al., 2023). There is now widespread recognition that SARS-CoV-2 infections
cause long-term chronic symptoms in many patients, which may be related to a
deranged immune response (Syed et al., 2023).

As the host defender, the role of the innate immune system in determining disease
severity and outcome is supported by recent studies (Schultze & Aschenbrenner,
2021). In the event of a respiratory infection, monocytes from the bone marrow are
rapidly released into the circulation and recruited to the lungs by heightened systemic
levels of MCP-1 and enhanced Ki67 on monocytes in COVID-19 patients (Mann et al.,
2020; Scott et al., 2023). Several studies suggested that an increase in circulating
monocytes is correlated to COVID-19 severity (Giamarellos-Bourboulis et al., 2020; Z.
Zhou et al., 2020). Early studies during the first wave of COVID-19 showed enhanced
monocyte infiltrates in the lung, kidney, heart, spleen and muscle from deceased
COVID-19 patients (Carsana et al., 2020; Deshmukh et al., 2021), supporting a role
for the abnormal monocytes in severity of COIVD-19 infection (Scott et al., 2023). In
vitro models suggested that monocyte-derived macrophages might be a major source
of cytokine storm, which is associated with the severity of the disease, especially in
severe disease courses (Yang et al., 2020) (Mulchandani et al., 2021). COVID-19
patients with different severity courses showed different circulating monocyte types
through single-cell sequencing. Mild to moderate COVID-19 patients were marked by
elevated circulating inflammatory monocytes with an IFN-stimulated gene signature
(Schulte-Schrepping et al., 2020).

Immunological imprinting in monocytes determines the function fate of
macrophages and susceptibility to secondary infection (Saeed et al., 2014). Whether
COVID-19 can also trigger this process remains unclear. A number of studies have
demonstrated that COVID-19 convalescent individuals have more CD14+ monocytes
in both population and function than healthy individuals. Training immunity requires the
reprogramming of epigenetic and transcriptional changes in innate cells, as opposed
to adaptive immunity, which reverses antigen receptor rearrangements. (Mitroulis et
al.,, 2018). In the post-infection period, persistent epigenetic reprogramming of
monocytes in COVID-19 convalescent donors is up to 1 year (Cheong et al., 2023).

4.1.1 Monocyte holds immunity memory after SARS-Cov2 infection

Secreted by activation monocyte-derived macrophages, evaluated circulating
levels of IL-1p, IL-1ra IL-10 and YKL-40 were reported during the SARS-Cov2 infection
acute phase and correlated with the severity of disease (Hawerkamp et al., 2023). In
this study, these 4 macrophages activation biomarkers in monocyte-derived
macrophages from COVID-19 convalescent and healthy donors were first analyzed.
As the result showed, compared to healthy donors, monocyte-derived macrophages
from COVID-19 convalescent donors showed higher expression of YKL-40 in types of
M(NS), M(NS)+LPS, and M(IL4) macrophages. IL-10 is also expressed higher in both
M(NS)+LPS and M(IFNy) macrophages. In terms of expression, there is no significant
difference between IL-1B and IL-1ra. Monocyte- derived macrophages are able to
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secret both pro (IL-1B, etc.) and anti- inflammatory (IL-1ra, IL-10, etc.) depending on
their activation inducers (Kzhyshkowska et al., 2015). YKL-40 is described as a marker
for macrophage differentiation (Kzhyshkowska et al., 2007). According to our results,
after at least 40 days of recovery from COVID-19 infection, monocytes retain
immunological memory and are still susceptible to induced macrophage differentiation.
When challenged with LPS, macrophages are more likely to polarize into M2.

Several studies have shown, in the post-infection period, compared to healthy
individuals, post-COVID-19 individuals showed a greater abundance of CD14+
monocytes in both populations and functions(Zhang et al., 2022). Compared the
moderate patients, monocyte display less diversity of in patient with severity disease.
Immune system dysregulation are believed to be associated with the severity of
COVID-19 progress (Wen et al., 2020). A longitudinal analysis suggested the major
differences in both immune type and cytokines between moderate and severe disease
were apparent after day 10 of the infection, while CRS related cytokines declined
steady in 10 days infection in moderate patients, patients with severe COVID
maintained elevated levels (Lucas et al., 2020). Single cell sequencing suggested that
compared to the moderate one, patients with severe disease showed a more prominent
immune imbalance which declines of some classic immune-negative signals (Zhou et
al., 2021). From patients with mild disease to severe disease, the immune imbalance
developed to CRS (Zhang et al., 2022). Studies have demonstrated that, compared to
a severe infection, the monocytes in patients with moderate COVID-19 infection may
exhibit a pro-inflammatory response in the early acute phase, and an anti-inflammatory
response in the late acute phase.

Although the immune balance was restored in the convalescent period (Zhang et
al., 2022), studies showed this dysregulated monocyte can persist even to 9 months
(Scott et al., 2023). After 42 days of recovery from infection, peripheral monocytes from
moderate COVID-19 convalescent donors showed an IFN response signature
compared to healthy donors (Li et al., 2022). After 3 months from recovery, peripheral
CXCR3+ monocyte was significant increased compared to the healthy donors (Ryan
et al., 2022). Recent research showed that, unlike it from acute phase, monocyte from
convalescent donors was distinct and characterized by increased chromatin
accessibility at AP1 and MAF loci (Brauns et al., 2022), which are the key regulator
involved in the functional programming of macrophages (Hannemann et al., 2019;
Lavin et al., 2014). Single- cell epigenomic landscape suggested that monocytes could
maintain chromatin reprogramming in the COVID-19 convalescent period, enabling a
rapid inflammatory response against subsequent infection (Maojun You et al., 2021).
In this study, we showed that monocytes from COVID-19 convalescent donors showed
a rapid response to stimulation compared to healthy donors. COVID-19 convalescent
donors exhibited a tendency toward tissue-repaired macrophages derived from
monocytes.

4.1.2 YKL-40 could be a biomarker for long- term memory of monocyte- macrophages
system after COVID-19 moderate infection

It has been demonstrated in our lab and others that YKL-40 regulates inflammation,
innate immunity, fibroproliferative repair, and angiogenesis (Kamle et al., 2021;
Kzhyshkowska et al., 2007; J. Kzhyshkowska et al., 2006). As a result of these studies,
YKL-40 appears to be dysregulated in a variety of diseases that are characterized by
injury, inflammation, or tissue remodeling (Dela Cruz et al., 2012; Kamle et al., 2021;
Lee, 2009). In COVID-19, YKL-40 was reported to be the potent stimulator of ACE2
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(Kamle et al., 2021), which is a cell binding receptor for SARS- Co- 2 (Hoffmann et al.,
2020; P. Zhou et al., 2020). Serum YKI-40 level was reported to have a strong
correlation with disease severity of COVID-19 (Parlak & Laloglu, 2022; Schoneveld et
al., 2021). This higher serum YKL-40 level could persist after one month of recovery
(De Lorenzo et al., 2022).

As it is already known that macrophages are the main source of serum YKL-40 in
inflammation (Guo et al.,, 2016; Kumagai et al., 2016; Yoshio & Kanto, 2021), we
focused on the long-term changes in YKL-40 levels from monocyte-differentiated
macrophages from COVID-19 convalescent plasma donors. For all 3 donations up to
495 days after infection, higher YKL-40 levels were found in all 6 types of monocytes-
differentiated macrophages in COVID-19 convalescent plasma donors compared to
the healthy ones. This suggested that the dysregulation of monocytes could be longer
than one year. YKL-40 was reported to be a marker for late macrophage differentiation
(Julia Kzhyshkowska et al., 2006). Recent studies hold the view that the cells are
considered to have undergone trained immunity if restimulation of these innate immune
cells at a later time point results in enhanced responsiveness compared with the initial
stimulation (Ochando et al., 2023). In this study, YKL-40 expression is significantly
higher in the M (IL4) +LPS macrophages at T3. This might suggest that after the
dysregulation of immunity returned to normal, monocytes from COVID-19
convalescent plasma donors might still hold the memory, and YKL-40 could be a
biomarker for the long-term memory for the innate immunity system after COVID-19
infection.

4.2 Functional changes monocyte plays an important role in long-term infection
status of COVID-19

Long COVID is an often-debilitating iliness that occurs in at least 10% of SARS-
CoV-2 infections. A global estimate of 65 million people suffers from long COVID, and
the number continues to rise. In spite the face that long COVID occurs of all ages and
acute phase disease severities, the most long COVID cases are non- hospitalized
patients with mild acute illness (Davis et al., 2023). Although the cause of long COVID
remains unclear, hypotheses for its pathogenesis include immune dysregulation
(Phetsouphanh et al., 2022; Proal & VanElzakker, 2021), impacts of SARS-CoV-2 on
the microbiota (Proal & VanElzakker, 2021; Yeoh et al., 2021), autoimmunity
microvascular blood clotting with endothelial dysfunction(Wallukat et al., 2021) and
dysfunctional signaling in the brainstem and/or vagus nerve(Haffke et al., 2022; Proal
& VanElzakker, 2021).

A comprehensive study showed that donors with long COVID showed an increase
population of non- classical monocyte compared the donors without long COVID (Klein
et al., 2023). This functional reprograming of monocytes in patients with convalescing
COVID-19 could have both beneficial and detrimental consequences (Brauns et al.,
2022). In this study, we found that higher expression of YKL-40 in M(NS) at T3 was
found in COVID-19 plasma donors with the presence of long COVID. As the marker
for late macrophage differentiation, higher expression of YKL-40 suggested monocyte
could improve the response to the infection after COVID-19 infection. On the also hand,
YKL-40 is also the marker for the neuroinflammation (Baldacci et al., 2017),
autoinflammation(Aomatsu et al., 2011), endothelial dysfunction(Jafari & Mohsenin,
2016) and fibrogenesis in liver(Kumagai et al., 2016) and bladder (Richter et al., 2010).
Function epigenetic changes of YKL-40 in monocyte could plays an important role in
long COVID symptoms.
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4.3 The homeostatic regulation of YKL-40 plays in the biology of healing, repair,
and disease.

YKL-40 was reported could be a prognostic marker of severity in COVID-19
infection (Parlak & Laloglu, 2022; Schoneveld et al., 2021). In this study, negative
correlations were found between the total amount of symptoms in acute phase and
YKL-40 level from M(NS) at T1 and T2. This negative correlation can also be found in
the amount of respiratory symptoms and YKL-40 expression in M(NS), M(IFNy) at T1.
With the LPS stimulation, the negative correlation in respiratory system can be seen in
M(IL4)+LPS, at T2 and T3. As this study is focused on convalescent donors from mild
to moderate COVID-19 infection, the amount of symptoms was seen as the symbol of
severity during acute infection phase. According to this, the memory of YKL-40 from
monocyte could negatively be related to the severity of respiratory symptoms in
moderate acute infection.

YKL-40 plays a crucial role in inflammation, angiogenesis and abnormal ECM
remodeling (Murphy et al., 2023). However, YKL-40 can have protective and
pathologic effects (Kamle et al., 2021). In respiratory diseases, the level of circulating
YKL-40 has been considered a promising biomarker for assessing disease severity
and forecasting patient prognosis (Hozumi et al., 2017; Jiang et al., 2019). YKL-40
inhibits hyperoxia-induced acute lung injury (Sohn et al., 2010; Syed & Bhandari, 2013),
is a powerful inhibitor of cellular apoptosis (Lee et al., 2009), and controls bacterial
infection via the regulation of inflammasome activation(Dela Cruz et al., 2012). Recent
research emphasizes the role of YKL-40 as an activator of ACE2 and SPP, showing
that these induction events contribute to increased tissue inflammation and damage in
COVID-19 (Kamle et al., 2021). These discoveries emphasize the vital importance of
maintaining regulatory control over YKL-40 during healing, repair, and disease
management (Kamle et al., 2021). Recent study showed that controlled the expression
of YKL-40 can decrease the augmented AEC2 expression and diminish the
consequences of SC2 infection(Kamle et al., 2021).As former studies suggested,
unlike severe infection develop to the CRS, cytokines declined steady in 10 days
moderate infection (Lucas et al., 2020). After moderate infection, monocyte holds the
immunological memory for quick differential for macrophages, they may also hold the
imprint of the homeostatic regulation of YKL-40.

4.4 Macrophage- derived YKL-40 plays an important role in mitigate
neuroinflammation after COVID-19 infection, related to long-term difficulty in
concentration symptoms.

YKI-40 is a well-described human biomarker of neuroinflammation (Craig-Schapiro
et al., 2010). In this study, negative correlations were found between the total amount
of symptoms in acute phase and YKL-40 level from M(IFNy) +LPS at all 3 donations.
Among donors with reported long-COVID symptoms, significantly higher expression of
YKL-40 can be found in donors who reported difficulty in concentration symptoms.

SARS-CoV-2 is primarily recognized as a respiratory virus, but neurological
symptoms may develop several days before respiratory symptoms (Harapan & Yoo,
2021; Spudich & Nath, 2022). Further, long-term effects of COVID, including
headaches, sensory abnormalities, depression, and even psychosis, can persist for
months after infection (Spudich & Nath, 2022). Neurological complications extend
beyond the central nervous system (CNS) to include the peripheral nervous system
(PNS) (Mao et al., 2020). Nevertheless, our understanding of peripheral neurological
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manifestations remains incomplete (Ellul et al., 2020; Harapan & Yoo; Sampaio Rocha-
Filho et al.).

Available evidence does not indicate that SARS-CoV-2 or related coronaviruses
possess significant neurovirulence (Ellul et al., 2020). A histopathological analysis of
deceased acute COVID-19 patients found only sparse evidence of the virus' nucleic
acids or proteins (Matschke et al.; Spudich & Nath, 2022). Damage to the nervous
system may be primarily caused by the body's own immune response (Ellul et al.,
2020). Activation of microglia and release of proinflammatory cytokines are symptoms
of a secondary neuroinflammatory response caused by cytokines from the peripheral
immune system. Several upregulated plasma neuroinflammation biomarkers can be
detected in convalescent COVID-19 individuals(de Paula et al., 2023). YKI-40 is a well-
described human biomarker of neuroinflammation(Craig-Schapiro et al., 2010), which
is elevated in neurological diseases, including Alzheimer's Disease(Craig-Schapiro et
al., 2010), ALS(Alcolea et al., 2017), and frontotemporal dementia(Craig-Schapiro et
al., 2010). During neuroinflammation, YKL-40 may suppress glial phagocytic activation
in Alzheimer's disease(Lananna et al., 2020). Following traumatic brain injury, YKL-40
expression appears to moderate aspects of neuroinflammation related to astrocytes
and microglia/macrophages (Wiley et al., 2015). In the context of stroke, the deletion
of YKL-40 has been shown to hasten stroke development by significantly reducing M2
macrophage polarization and thereby exacerbating neuroinflammation (Im et al., 2020).
During the acute phase of COVID-19, YKL-40 has been identified as a potential
severity biomarker (Parlak & Laloglu, 2022; Pilotto et al.), yet no studies have yet
demonstrated a direct correlation between YKL-40 levels and neurological symptoms
in both the acute and post-infection phases of COVID-19.
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5 SUMMARY

In the complex landscape of COVID-19 research, a particular area of interest is
the study of individuals who have recovered from the virus, known as COVID-19
convalescents. Changes in trained innate immunity, especially within the monocyte-
macrophage system, play a crucial role in the convalescent period following virus
infection. As a differentiation and activation marker of macrophages, YKL-40 can be
involved in innate immune reactions during virus infection. YKL-40 has been identified
as a biomarker for the severity of COVID-19 in the acute infection period. In this study,
we explore the potential biomarker role of YKL-40 in monocyte-differentiated
macrophages from COVID-19 convalescent individuals. 39 COVID-19 convalescent
plasma donors and 36 healthy plasma donors were included in the study as part of the
CORE project. The donation at time point 1 (T1) occurred 44-447 days after COVID-
19 diagnosis, donation at time point 2 (T2) was conducted 21-60 days after T1,
followed by a third donation (T3) 25-62 days after T2. Donors' baseline characteristics,
including COVID-19 symptoms, were documented through a questionnaire. For the
study CD14+ selection of monocytes has been performed, and monocytes were
differentiated towards homeostatic M(NS), inflammatory M(IFN-y), and healing M(IL4)
macrophages for 2 days. Challenge with LPS has been applied after 24 h of cultivation
for next 24 hours. Expression of IL-1, IL-1ra, IL-10 and YKL-40 was analyzed by RT-
PCR. Compared to healthy individuals, a statistically significantly higher expression of
YKL-40 was found in M(NS) (T1), M(NS)+LPS (T1), M(IL4) (T1). YKL-40 expression
was further analyzed in monocyte-derived macrophages obtained at T2 and T3. The
statistically significant higher expression of YKL-40 in COVID-19 convalescent donors
was found in M(NS) (T2) and M(IL4)+LPS (T3). Correlation of YKL-40 expression level
with clinical parameters of acute and post/long-COVID was further analyzed. A
statistically significant negative correlation was found between the expression of YKL-
40 and the total amount of acute symptoms in M(NS) (T1, T2). To explore the
correlation between YKL-40 expression and specific symptoms, all symptoms were
classified into respiratory, systemic and neurology symptoms. Donors who reported
the presence of respiratory symptoms showed statistically lower expression of YKL-40
in M(NS) (T2, T3) and in M(IFNy) (T3). The negative correlation with YKL-40
expression was also evident with the amount of respiratory symptoms in M(NS) (T1),
M(NS)+LPS (T1), M(IFNy) (T1), M(IFNy)+LPS (T3), and M(IL4)+LPS (T2). Donors who
reported the presence of the systemic symptoms showed statistically lower expression
of YKL-40 in M(NS) (T2) and M(IL4) (T3), although the YKL-40 expression had no
statistical significant correlation with the amount of systemic symptoms. For
neurological symptoms, no statistically significant differences in the YKL-40 expression
was found between donors who reported the presence or absence of the symptoms.
The statistically significant negative correlation was found with neurological symptoms
in M(NS) (T1, T3), M(IFNy) (T3), and M(IFNy)+LPS (T1, T2, T3). As post/long COVID
is consider as a public health challenge, correlation with YKL-40 with post/long COVID
was analyzed. Donors who reported the post/long COVID symptoms showed a
statistically significantly higher expression of YKL-40 in M(NS) (T3). Among all donors
with post/long COVID symptoms, people reporting the persistent difficulty in
concentration showed statistically significant lower expression of YKL-40 in
M(NS)+LPS (T1). In summary, our study reveals a long-term change in YKL-40
expression in monocyte-derived macrophages in COVID-19 convalescent individuals,
where the strongest correlation is detected for neurological symptoms. Given the
importance of monocytes/macrophages system, YKL-40 may become a potential
marker for the long-term dysregulation of the innate immune system.
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