
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Clinical Immunology 238 (2022) 109024

Available online 27 April 2022
1521-6616/© 2022 Elsevier Inc. All rights reserved.

Review Article 

Myeloid-derived suppressor cells in COVID-19: A review 

Yuliya V. Perfilyeva a,b,*, Yekaterina O. Ostapchuk a,b, Raikhan Tleulieva a, Aykin Kali a,c, 
Nurshat Abdolla a,b,c, Vladimir K. Krasnoshtanov d, Anastassiya V. Perfilyeva e, 
Nikolai N. Belyaev f 

a M.A. Aitkhozhin Institute of Molecular Biology and Biochemistry, 86 Dosmukhamedov St., Almaty 050012, Kazakhstan 
b Almaty Branch of the National Center for Biotechnology, 14 Zhahanger St., Almaty 050054, Kazakhstan 
c Al-Farabi Kazakh National University, 71 Al-Farabi Ave., Almaty 050040, Kazakhstan 
d Kazakh Research Institute of Oncology and Radiology, 91 Abay Ave., Almaty 050000, Kazakhstan 
e Institute of Genetics and Physiology, 93 Al-Farabi Ave., Almaty 050060, Kazakhstan 
f Saint-Petersburg Pasteur Institute, 14 Mira St., St. Petersburg 197101, Russia   

A R T I C L E  I N F O   

Keywords: 
Myeloid-derived suppressor cell 
SARS-CoV-2 
COVID-19 
Immunopathology 

A B S T R A C T   

Coronavirus disease 2019 (COVID-19) is a potentially life-threatening infection characterized by excessive 
inflammation, coagulation disorders and organ damage. A dysregulated myeloid cell compartment is one of the 
most striking immunopathologic signatures of this newly emerged infection. A growing number of studies are 
reporting on the expansion of myeloid cells with immunoregulatory activities in the periphery and airways of 
COVID-19 patients. These cells share phenotypic and functional similarities with myeloid-derived suppressor 
cells (MDSCs), which were first described in cancer patients. MDSCs are a heterogeneous population of patho-
logically activated myeloid cells that exert immunosuppressive activities against mainly effector T cells. The 
increased frequency of these cells in COVID-19 patients suggests that they are involved in immune regulation 
during this infection. In this article, we review the current findings on MDSCs in COVID-19 and discuss the 
complex role of these cells in the immunopathology of COVID-19.   

1. Introduction 

Massive expansion of the myeloid cell compartment and a decrease 
in the leukocyte compartment have been repeatedly observed in patients 
with severe COVID-19, emphasizing an important role of myeloid cells 
in the pathogenesis of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) infection [1–3]. Myeloid cells in COVID-19 are charac-
terized by diminished antigen-presenting and increased immunosup-
pressive characteristics, both of which are consistent with the MDSC 
profile [4,5]. MDSCs are pathologically activated monocytes and gran-
ulocytes with unique metabolic and gene expression profiles that attract 
special attention due to their ability to induce systemic and local 
immunosuppression and promote accumulation of other immunosup-
pressive cells, such as T-regulatory cells [6]. The negative role of this cell 
population was first established in tumor immunology. In cancer set-
tings, these cells have been shown to exhibit strong antigen-specific and 
antigen-nonspecific suppression of CD4+ and CD8+ T cells, as well as 
some populations of innate immune cells, promoting tumor growth and 

exacerbating disease [6]. 
Later, MDSCs were described in a number of viral diseases, including 

some respiratory viral infections [7]. An accumulation of MDSCs was 
detected in the lungs of mice with influenza A virus (IAV) infection and 
in the peripheral blood of patients with IAV [8,9]. These cells have been 
shown to suppress T cells via production of inducible NO synthase 
(iNOS) and arginase 1(Arg1) [8]. The role of these cells in the patho-
genesis of infectious diseases remains obscure. On one hand, MDSCs 
suppress functions of effector immune cells, which may result in the 
inability of the organism to develop an efficient immune response 
against microbes and hinder the elimination of pathogens from the 
bloodstream and the site of infection. On the other hand, MDSCs can 
limit the hyperinflammation and “cytokine storm” triggered by infection 
and protect host organs from fatal dysfunction [10]. In this article, we 
provide a comprehensive compilation of the current knowledge about 
MDSCs in COVID-19 and discuss a possible role of these cells in the 
immunopathogenesis of SARS-CoV-2 infection. 
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2. Overview of COVID-19 pathogenesis 

SARS-CoV-2 is a new coronavirus that emerged in China in December 
2019 and spread rapidly across the world causing more than 5 million 
reported deaths worldwide within two years [11]. SARS-CoV-2 utilizes 
the host angiotensin-converting enzyme 2 (ACE2) receptor for cell entry 
into a number of organs [12]. Infection begins with recognition of the 
receptor-binding domain (RBD) of the S protein of SARS-CoV-2 by the 
ACE2 receptor on epithelial cells of the upper respiratory tract and 
subsequent intracellular protease–mediated proteolytic cleavage of the S 
protein, which allows entry of the virus [13]. The respiratory system is a 
major target of the virus, but single-cell RNA sequence studies of ACE2 
receptor expression and necropsy studies indicate that the virus is also 
capable of invading the kidneys, pancreas, small intestine, heart, and 
blood vessels, which may explain a wide range of non-respiratory 
complications observed in COVID-19 patients [14,15]. 

Replication of SARS-CoV-2 in host cells leads to an accumulation of 
virus-derived pathogen-associated molecular patterns (PAMPs), which 
in turn are recognized by a number of host membrane or cytosolic 
pattern recognition receptors (PRRs), such as Toll-like receptor 3 
(TLR3), TLR4, TLR7, TLR8, NOD-like receptor family porin domain 
containing 3 (NLRP3), retinoic acid–inducible gene 1 (RIG1), melanoma 
differentiation-associated protein 5 (MDA5), and LGP2 [16–18]. TLR7 
and TLR8 recognize the single-stranded RNA of SARS-CoV-2, while 
TLR3, RIG1, LGP2, and MDA5 bind double-stranded RNA intermediates 
generated during viral replication [17–20]. TLR4 and NLRP3 recognize 
SARS-CoV-2 proteins [21,22]. Viral replication also leads to the 
expression of host-derived danger-associated molecular patterns 
(DAMPs), which are then released extracellularly from injured or dying 
infected cells upon rupture of the plasma membrane to be recognized by 
PRR-bearing cells. Major DAMPs associated with COVID-19 include 
calprotectin S100A8/A9, high mobility group box 1 protein (HMGB1), 
mitochondrial DNA (MT-DNA), and extracellularly-secreted nicotin-
amide phosphoribosyl-transferase (eNAMPT) [23–25]. 

Recognition of PAMPs and DAMPs by PRRs and other innate re-
ceptors triggers complicated downstream signaling pathways leading to 
the first wave of pro-inflammatory mediators, chemokines and growth 
factors, including interleukin 1 (IL-1), IL-6, interferon α/β (IFNα/β), 
tumor necrosis factor α (TNFα), C-X-C motif chemokine ligand 8 
(CXCL8/IL-8), CXCL10, C–C motif chemokine ligand 5 (CCL5), gran-
ulocyte colony-stimulating factor (G-CSF), and granulocyte-macrophage 
colony-stimulating factor (GM-CSF), produced by type I and type II 
alveolar cells, alveolar macrophages, resident innate lymphoid, epithe-
lial, and endothelial cells [26–29]. Production of these pro- 
inflammatory mediators triggers an innate immune response that in-
creases vascular permeability and recruits PRR-expressing myeloid cells 
such as neutrophils, monocytes, dendritic cells, as well as platelets and 
NK cells to the lungs. Once in the lungs, these immune cells are in turn 
activated to produce a second wave of cytokines and chemokines as well 
as cytotoxic mediators such as reactive oxygen species, proteases, and 
granular enzymes, aimed at limiting viral amplification within infected 
cells [27]. The innate immune response also primes the adaptive im-
mune response, which gets activated over the course of several days 
[29]. The adaptive immune response is orchestrated by antigen-specific 
B cells, CD4+ T helper and CD8+ cytotoxic T cells. CD4+ T cell responses 
against SARS-CoV-2 have been reported more frequently than CD8+ T 
cell responses [30]. Seroconversion in individuals with SARS-CoV-2 
infection is usually observed 5–15 days after the onset of symptoms 
[31,32]. Therefore, first the innate and later the adaptive immune sys-
tem act synchronously to eliminate the virus and the cells damaged by 
the virus. After pathogen elimination, a number of immunoregulatory 
cell populations resolve the inflammatory response and restore tissue 
homeostasis. The major immunoregulatory cell subsets that contribute 
to the resolution of inflammation are M2 macrophages, regulatory 
dendritic cells, T-regulatory cells and MDSCs [10]. 

While the majority of patients recover within 2 weeks after symptom 

onset, approximately 14% of patients develop severe or critical illness, 
often requiring hospitalization and ventilation support [33]. Underlying 
medical conditions and advanced age increase the risk of hospitalization 
sixfold [33]. The medical conditions that increase the risk of severe 
manifestations and death from COVID-19 include hypertension, dia-
betes, cancer, and chronic respiratory, cerebrovascular, and renal dis-
eases [34]. This risk is multifactorial. On one hand, the above- 
mentioned comorbidities, as well as advanced age, are associated with 
an immunocompromised state characterized by dysregulated immune 
responses and thus a weakened ability to fight the virus [29,35–37]. On 
the other hand, the virus itself has evolved mechanisms to suppress 
antiviral immune responses. The type I and type III IFN systems are 
critical for early antiviral innate immune responses [38–40]. SARS-CoV- 
2 is able to successfully impede IFN responses by several mechanisms 
[40–43]. Disruption of IFN production allows rapid replication of the 
virus, resulting in high viral loads early in the disease. High viral loads 
and/or impaired immune responses can trigger an overproduction of 
pro-inflammatory cytokines known as the “cytokine storm”, leading to 
life-threatening systemic inflammation, thromboembolic disorders, and 
multiple organ failure [44]. Specifically in the respiratory tract, viral 
destruction of alveolar cells and bronchial epithelial cells, along with 
mass production of cytokines, leads to pneumonia and, in severe cases, 
acute respiratory distress syndrome (ARDS) [45,46]. Although the full 
picture of COVID-19 pathogenesis remains to be investigated, it is now 
clear that the cytokine and chemokine profile observed in COVID-19 
patients promotes profound changes in myeloid cells that appear to be 
able to determine the outcome of infection [5,47]. 

3. Main characteristics and functions of MDSCs 

The immunoregulatory role of MDSCs has been described in a 
number of pathological (cancer, sepsis, chronic inflammation, autoim-
mune diseases, infections, obesity) and physiological conditions (preg-
nancy, aging) [48]. Two main groups of MDSCs have been described in 
both humans and mice, namely granulocytic or polymorphonuclear 
MDSCs (PMN-MDSCs) and monocytic MDSCs (M-MDSCs). In humans, 
PMN-MDSCs are most commonly described as CD11b+CD14− CD15+/ 
CD66b+, whereas M-MDSCs are mainly defined as CD11b+HLA- 
DRdim/-CD14+CD15− . Both cell subpopulations also express the myeloid 
marker CD33 [49]. Another subpopulation of MDSCs that has been 
described in humans is called early-stage MDSCs (e-MDSCs). Early-stage 
MDSCs are immature myeloid progenitor cells with suppressive prop-
erties defined as Lin(including CD3, CD14, CD15, CD19, CD56) − HLA- 
DR− CD33+ [50]. Phenotypic identification of PMN-MDSCs, M-MDSCs 
and eMDSCs is challenging as they share similar cell surface phenotypes 
with classical neutrophils, monocytes and basophils, correspondingly 
[50,51]. A number of approaches have been described to differentiate 
MDSC subpopulations from the effector immune cell subpopulations. 
PMN-MDSCs from peripheral blood are enriched on lower density gra-
dients of 1.077 g/ml, whereas classical neutrophils are separated on 
higher density gradients [50]. Using whole-genome analysis and single- 
cell RNA sequencing, several cell surface markers expressed by human 
MDSCs in cancer patients have been identified, including lectin-type 
oxidized LDL receptor 1 (LOX1), programmed death ligand 1 (PDL1), 
CD84, and CXCR1 [52–54]. MDSC subpopulations share similar 
biochemical and molecular parameters that warrant their immunosup-
pressive potential, including upregulation of signal transducer and 
activator of transcription 3 (STAT3) expression and genes responsible 
for Arg1 and S100A8/A9 expression [6]. 

Phenotypic identification of MDSCs should be followed by an 
assessment of their ability to inhibit activity of effector immune cells. 
Although MDSCs can suppress various cells of the immune system, 
including NK cells and B cells, their main function is to induce T cell 
tolerance [55–57]. PMN-MDSCs mainly induce antigen-specific T cell 
tolerance via the production of reactive oxygen species (ROS), perox-
ynitrite (PNT), Arg1, and prostaglandin E2 (PGE2), whereas M-MDSCs 
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induce antigen-specific and nonspecific T cell tolerance via the pro-
duction of nitric oxide (NO), indoleamine 2,3-dioxygenase (IDO), 
immunosuppressive cytokines such as IL-10 and tumor growth factor β 
(TGFβ), and expression of PDL1 [48]. MDSC-derived ROS and PNT, 
which is the product of the reaction of ROS and NO, induce nitration of 
the T cell receptor on CD8+ cells during cell-to-cell contacts [58]. This 
modification causes T cells to lose their ability to bind the phosphory-
lated major histocompatibility complex (MHC) and therefore fail to 
respond to specific antigens, resulting in antigen-specific T cell tolerance 
[59]. Arg1 is responsible for degradation of the non-essential amino acid 
L-arginine. The degradation of L-arginine blocks the proliferation of T 
cells and leads to molecular changes in T cells, including low expression 
of the CD3ζ chain and decreased production of IFNγ [60]. IL-10 and 
TGFβ produced by MDSCs inhibit T cell activation and recruit T regu-
latory cells [61]. Moreover, MDSCs can induce apoptosis of T cells 
through cell-to-cell contacts by binding PD1 molecules on T cells with 
their ligand PDL1 [62]. 

According to an experimental algorithm for reporting MDSCs pro-
posed by Bronte et al. in 2016, biochemical and molecular characteris-
tics of myeloid cells should be assessed in case of inability to 
demonstrate their direct antigen-specific or antigen-nonspecific sup-
pressive activity towards T cells [50]. Up-regulated immunosuppressive 
molecules and alterations in MDSC transcription factors and regulators 
(such as interferon regulatory factor 8, STAT3, and S100A8/A9) allows 
characterization of myeloid cells as MDSC-like cells (MDSC-LC). How-
ever, considering that functional and molecular assays on human MDSCs 
are complicated to perform in routine laboratory practice due to the 
difficulties in MDSC isolation and that this may lead to substantial 
underreporting of MDSCs in COVID-19, we discuss here not only studies 
that identified MDSCs and MDSC-LCs but also studies that identified 
myeloid cell subsets with the MDSC phenotype without further func-
tional, molecular, or biochemical characterization. Therefore, caution 
should be exercised in further interpretation of these data. 

4. MDSCs in COVID-19 

4.1. Phenotype and sites of detection 

MDSCs have been analyzed mainly in the peripheral blood of COVID- 
19 patients. Several studies have reported the frequency of MDSCs in the 
airways of COVID-19 patients. A study by Falck-Jones et al. analyzed the 
distribution of M-MDSCs in nasopharyngeal (NPA) and endotracheal 
(ETA) aspirates from mild, moderate, and severe patients [63]. They 
showed that the frequency of M-MDSCs was not increased in either NPA 
or ETA in COVID-19 patients compared with healthy donors. A study by 
Dean et al. reported large aggregations of Arg1-expressing PMN-MDSCs 
in the lungs of patients who died from COVID-19 [64]. These data 
suggest that although SARS-CoV-2 infection starts in the upper respi-
ratory tract, it progresses in the lower parts of airways, where local 
recruitment of MDSCs is observed. 

All studies we identified reported an increase in either the pro-
portions or counts of myeloid cells with the MDSC phenotype in the 
peripheral blood of COVID-19 patients, particularly with moderate and 
severe infection compared with healthy donors (Table 1). A few studies 
used LOX1 as a specific marker for PMN-MDSCs [63,65,66]. Most 
importantly, several studies reported the direct suppressive activity of 
these cells as estimated in in vitro experiments (Table 1). The frequency 
of MDSCs was reported as high as 90% of the total circulating mono-
nuclear cells in patients with severe disease and up to 25% in patients 
with mild or moderate disease [67]. Moreover, MDSCs levels have been 
shown to remain elevated after recovery from mild and even asymp-
tomatic COVID-19 [68], likely contributing to the recently described 
post-COVID-19 immunodepression [69]. 

Intriguingly, while some studies reported a substantial increase in 
both circulating M-MDSC and PMN-MDSC subpopulations [2,63,64,70], 
other studies failed to identify M-MDSCs in either mild, moderate, or 

severe COVID-19 patients at different observation time points [67,71]. 
Takano et al. found an elevated frequency of PMN-MDSCs but no M- 
MDSCs in severe COVID-19 [72]. In contrast, a study by Jiménez-Cor-
tegana et al. found a fourfold increase in myeloid cells with the M-MDSC 
phenotype in COVID-19 patients, but not in myeloid cells with the PMN- 
MDSC phenotype [73]. Overall, increased numbers of PMN-MDSCs in 
COVID-19 patients have been reported more frequently than M-MDSCs 
(Table 1). These variations may be explained by differences in experi-
mental design, including different approaches to sample handling (use 
of whole blood samples versus peripheral blood mononuclear cell frac-
tions, use of thawed versus freshly isolated samples) and phenotypic 
identification of MDSC subpopulations, which varied across studies 
(Table 1), as well as immunomodulatory effects of drugs received by 
patients. However, it is tempting to speculate that another reason could 
be different cytokine or chemokine profiles favoring the development 
and expansion of specific MDSC subpopulations in COVID-19 patients 
due to different clinical courses of the disease. For example, it was 
recently suggested that recruitment of M-MDSC and PMN-MDSC sub-
populations might be driven by different chemokines [74]. 

There was no evidence of increased numbers of e-MDSCs in the pe-
ripheral blood of COVID-19 patients [2,68,72,75,76]. 

Single-cell RNA sequencing studies identified molecular and meta-
bolic signatures of MDSCs in COVID-19 patients [65]. Monocytic cells 
from patients with severe SARS-CoV-2 infection repeatedly show 
increased expression of genes encoding calprotectin (S100A8/A9) and 
calgranulin C (S100A12), in parallel with reduced expression of genes 
encoding the class II MHC (MHC-II) [4,5,65,77–80]. PMN-MDSCs from 
severe COVID-19 patients are characterized by upregulated expression 
of genes associated with immunosuppressive functions, including Arg1 
and iNOS, genes encoding S100A8/A9 and S100A12, and genes involved 
in the IL-1 signaling and NF-κB activation pathways [4,5,64]. A single- 
cell RNA sequencing study by Thompson et al. identified a unique 
population of PMN-MDSCs that expresses both voltage-dependent anion 
channel 1 (VDAC1) and the initial enzyme of glycolysis, hexokinase II 
(HKII), in acute COVID-19 patients but not in recovered patients or 
patients with other viral diseases (influenza, hepatitis C). They also 
found that M-MDSCs from COVID-19 patients expressed high levels of 
the VDAC1 and carnitine palmitoyltransferase 1a (CPT1a) genes. Inter-
estingly, the frequency of CPT1a+VDAC1+ M-MDSCs correlated posi-
tively with the severity of COVID-19 disease [65]. The significance of 
these findings is not clear. The upregulated expression of HKII and 
CPT1a genes suggests a distinct metabolic profile of MDSCs in COVID-19 
characterized by activated glycolysis and fatty acid oxidation programs. 
VDAC1 is a mitochondrial membrane protein that functions as a major 
transporter of nucleotides and metabolites across the mitochondrial 
membrane [81]. Oligomerization of VDAC1 is involved in mitochondria- 
mediated apoptosis, leading to the release of mitochondrial DNA into 
the cytosol and subsequent induction of the type I IFN response [82,83]. 
Bone marrow-derived MDSCs and tumor-induced MDSCs have been 
shown to be able to produce type I IFN, which can participate in an 
autocrine loop of regulating PDL1 expression likely representing one of 
the ways to maintain their suppressive potential [83]. 

In conclusion, a considerable number of studies involving COVID-19 
patients have reported the emergence of an immunosuppressive myeloid 
cell population with surface and molecular profiles similar to MDSCs in 
cancer patients. The number of these cells is increased in the lungs and 
bloodstream of COVID-19 patients, suggesting that they are involved in 
the regulating the local but also the systemic inflammatory immune 
response to SARS-CoV-2 infection. 

4.2. MDSCs as correlates of the SARS-CoV-2 infection 

Several studies have demonstrated that MDSC accumulation corre-
lates with COVID-19 severity. For example, Sacchi et al. showed a higher 
percentage of PMN-MDSCs in patients who required intensive care unit 
(ICU) treatment compared to patients who did not require ICU treatment 
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Table 1 
Summary of current studies on MDSCs in COVID-19 patients.  

# Study size 
(COVID-19 
patients +
Healthy donors 
(HD)) 

Source of MDSC Density 
gradient 
centrifugation 

Fresh/ 
cryopreserved 
samples 

Markers of MDSCs MDSC frequency Functional 
assay in vitro 

Reference 

1 N = 180 (COVID- 
19: 19 mild, 58 
moderate, 58 
severe, 12 fatal; 
HD: 33) 

Peripheral blood 
(PB), 
nasopharyngeal 
(NPA) and 
endotracheal 
(ETA)aspirates 

Yes Fresh M-MDSC: Lin− HLA-DR− CD14+

PMN-MDSC: Lin− HLA- 
DR− CD66abce+LOX1+

Increase in M- 
MDSC and PMN- 
MDSC in PB 
(proportion, in 
COVID-19 patients 
as compared to HD, 
in severe patients 
as compared to 
mild and moderate 
patients) 
No change in M- 
MDSC and PMN- 
MDSC in NPA and 
ETA (proportion) 

Inhibition of 
antigen- 
nonspecific T 
cell 
proliferation 
and IFNγ 
production 

[63] 

2 N = 40 (COVID- 
19: 20 mild; HD: 
20) 

PB No Fresh M-MDSC: CD11b+HLA-DR− CD33+

CD14+CD15−

PMN-MDSC: CD11b+HLA- 
DR− CD33+CD14− CD15+

Increase in M- 
MDSC (counts, in 
COVID-19 patients 
as compared to 
HD) 
No change in PMN- 
MDSC (counts, in 
COVID-19 patients 
as compared to 
HD) 

None [73] 

3 N = 59 (COVID- 
19: 38 acute, 10 
recovered; HD: 
11) 

PB Yes Cryopreserved M-MDSC: Lin− HLA- 
DR− CD33+CD14+CD15−

PMN-MDSC: CD15+CD16+LOX1+

Increase in M- 
MDSC and PMN- 
MDSC (proportion, 
in acute COVID-19 
patients as 
compared to HD) 

None [65] 

4 N = 70 (COVID- 
19: 
5 asymptomatic, 
24 severe, 10 
deceased, 26 
convalescent; 
HD: 15) 

PB, lungs Yes Fresh M-MDSC: HLA-DR-/dimCD14+

PMN-MDSC: CD66b+HLA- 
DR− CD14−

Increase in M- 
MDSC and PMN- 
MDSC in PB 
(proportion, in 
severe patients as 
compared to 
convalescent, 
asymptomatic and 
HD) 
PMN-MDSC 
infiltrates in the 
lungs 

None [64] 

5 N = 158 (COVID- 
19: 32 non-ICU, 
96 ICU; HD: 30) 

PB Yes Fresh PMN-MDSC: Lin− HLA- 
DR− CD11b+CD33+CD15+CD14−

Increase in PMN- 
MDSC (proportion, 
in COVID-19 
patients as 
compared to HD, in 
ICU patients as 
compared to non- 
ICU) 

Inhibition of 
antigen- 
nonspecific 
proliferation 
and antigen- 
specific IFNγ 
production by T 
cells 

[71] 

6 N = 68 (COVID- 
19: 41 non-ICU; 
7 ICU; 
HD: 20) 

PB Yes Fresh Customized Duraclon tubes Increase in MDSC 
(proportion, in 
COVID-19 patients 
as compared to 
HD) 

None [85] 

7 N = 26 (COVID- 
19: 9 mild, 9 
severe; HD: 8) 

PB Yes Fresh PMN-MDSC: Lin− HLA-DRdim/ 

− CD11b+CD33+CD15+CD14−

Increase in PMN- 
MDSC (proportion, 
in COVID-19 
patients as 
compared to HD, in 
severe patients as 
compared to mild 
patients) 

Inhibition of 
antigen- 
nonspecific 
T cell 
proliferation 
and IFNγ and 
TNFα 
production 

[67] 

8 N = 39 (COVID- 
19: 13 moderate, 
13 severe; HD: 
13) 

PB Yes Fresh M-MDSC: HLA-DRdimCD14+; 
PMN-MDSC: Lin− HLA- 
DRdimCD16+CD15+

e-MDSC: Lin− HLA- 
DRdimCD33+CD15+

Increase in M- 
MDSC and PMN- 
MDSC (count, in 
COVID-19 patients 
as compared to HD, 
in severe patients 

No [75] 

(continued on next page) 
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Table 1 (continued ) 

# Study size 
(COVID-19 
patients +
Healthy donors 
(HD)) 

Source of MDSC Density 
gradient 
centrifugation 

Fresh/ 
cryopreserved 
samples 

Markers of MDSCs MDSC frequency Functional 
assay in vitro 

Reference 

as compared to 
moderate patients) 

9 N = 57 (COVID- 
19: 21 mild, 20 
severe; HD: 16) 

PB Yes Fresh M-MDSC: Lin− HLA-DRdim 

CD11b+CD14+; 
PMN-MDSC: Lin− HLA- 
DRdimCD11b+CD15/CD66b+

e-MDSC: Lin− HLA-DRdimCD66b/ 
CD15− CD14−

Increase in M- 
MDSC and PMN- 
MDSC (proportion 
and count, in 
severe COVID-19 
patients as 
compared to HD 
and mild patients) 

Inhibition of 
antigen- 
nonspecific T 
cell 
proliferation 

[76] 

10 N = 47 (COVID- 
19: 12 mild,15 
moderate, 13 
severe; HD: 7) 

PB Yes Cryopreserved M-MDSC: Lin− HLA- 
DR− CD11b+CD33+CD14+CD15− ; 
PMN-MDSC: Lin− HLA- 
DR− CD11b+CD33+CD14− CD15+

e-MDSC: Lin− HLA- 
DR− CD11b+CD33+CD14− CD15−

Increase in PMN- 
MDSC (proportion, 
in severe 
discharged patients 
as compared to HD, 
mild, moderate, 
and severe 
deceased patients). 
No change in M- 
MDSc and e-MDSC 
(proportion, in 
patients as 
compared to HD) 

No [72] 

11 N = 61 (COVID- 
19: 39 ICU; HD: 
22) 

PB No Fresh PMN-MDSC: CRTH2− CD15+LOX- 
1+CD10dimCD16dim 

Increase in PMN- 
MDSC (proportion, 
in ICU patients as 
compared to HD) 

Inhibition of 
antigen- 
nonspecific 
T cell 
production of 
IFN-g 

[66] 

12 N = 27 (COVID- 
19: 19 non-ICU; 
8 ICU; HD: 11) 

PB No Fresh M-MDSC: HLA-DR-/dimCD14+ Increase in M- 
MDSC (proportion, 
in ICU patients as 
compared to non- 
ICU and HD, in 
non-ICU as 
compared to HD) 

No [86] 

13 N = 57 (COVID- 
19: 21 mild, 15 
severe, 9 
convalescent; 
HD: 12) 

PB Yes Fresh M-MDSC: Lin− HLA-DR-/ 

dimCD11b+CD33+CD14+CD15−

PMN-MDSC: Lin− HLA-DR-/ 

dimCD11b+CD33+CD14− CD15+

e-MDSC: Lin− HLA- 
DR− CD11b+CD33+CD14− CD15−

Increase in M- 
MDSC and PMN- 
MDSC (proportion, 
in severe patients 
as compared to 
mild, convalescent 
patients and HD). 
No change in e- 
MDSC (proportion) 

No [2] 

14 N = 58 (COVID- 
19: 13 moderate, 
37 severe; HD: 8) 

PB No Fresh M-MDSC: HLA-DR-/ 

dimCD11b+CD14+CD15−

PMN-MDSC: HLA-DR-/ 

dimCD11b+CD14− CD15+

Increase in M- 
MDSC and PMN- 
MDSC (proportion, 
in patients as 
compared to HD) 

No [84] 

15 N = 26 (COVID- 
19: 13 
convalescent; 
HD: 13) 

PB Yes Fresh M-MDSC: Lin− HLA-DR-/ 

dimCD11b+CD14+CD15−

PMN-MDSC: Lin− HLA-DR-/ 

dimCD11b+CD14− CD15+

e-MDSC: Lin− HLA-DR− CD11b+

CD14− CD15−

Increase in PMN- 
MDSC (proportion, 
in convalescent 
patients as 
compared to HD). 
No change in M- 
MDSC and e-MDSC 
(proportion) 

Inhibition of 
antigen- 
nonspecific T 
cell 
proliferation 

[68] 

16 N = 67 (COVID- 
19: 26 mild, 15 
severe; HD: 26) 

PB Yes Fresh M-MDSC: HLA- 
DR− CD11b+CD66b− CD14+CD15−

PMN-MDSC: HLA- 
DR− CD11b+CD66b+CD14− CD15+

Increase in M- 
MDSC and PMN- 
MDSC (proportion, 
in patients as 
compared to HD; 
increase in PMN- 
MDSC in mild 
patients as 
compared to severe 
patients) 

No [70] 

17 N = 120 (COVID- 
19: 27 mild, 47 
severe, 46 
deceased) 

PB No Fresh M-MDSC: HLA-DR− CD14+ Increase in M- 
MDSC (proportion, 
in deceased 
patients as 

No [3] 

(continued on next page) 
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[71]. The same study also showed that high PMN-MDSC frequency at the 
admission could discriminate between survivors and non-survivors, 
further implicating MDSCs as indicators of COVID-19 severity [71]. A 
higher percentage of PMN-MDSCs and M-MDSCs was found in patients 
with ARDS as compared to patients with moderate disease [75]. Simi-
larly, COVID-19 patients who developed ARDS showed a significant 
increase in PMN-MDSC values during hospitalization, whereas PMN- 
MDSCs did not rise in patients without ARDS [66]. Frequencies of 
PMN-MDSCs were significantly associated with disease severity in a 
study of 26 mild and 15 severe patients [70]. Falck-Jones et al. 
demonstrated that an early increase in M-MDSC frequency was associ-
ated with later disease severity [63]. A study by Tang et al., which 
enrolled 27 mild, 47 severe and 46 deceased COVID-19 patients, 
demonstrated that an M-MDSC cutoff value of ≥10%, as estimated in the 
CD14+ gate, predicted COVID-19 mortality [3]. On the other hand, a 
study by Mortaz et al. of 37 severe and 13 moderate COVID-19 patients 
showed that neither the frequency of M-MDSC nor PMN-MDSCs in pe-
ripheral blood predicted either the survival of patients or severity of 
infection [84]. In this study, no difference in PMN-MDSC frequency was 
found between ventilated and nonventilated patients, which is in 
contrast to the findings of Sacchi et al. [71,84]. The authors suggested 
that the observed discrepancies could be explained by differences in 
treatment and/or ethnicity between subjects of these two studies or 
possibly by the number of subjects analyzed [84]. Another possible 
explanation is differences in experimental design. In the study by Mortaz 
et al., PMN-MDSCs were analyzed in whole blood samples without 
density gradient centrifugation, which could lead to contamination with 
granulocytes, resulting in the identification of both MDSCs and 
granulocytes. 

The literature is inconclusive regarding the correlation between the 
number of MDSCs and immunological parameters in COVID-19 patients. 
Several studies reported negative correlations between the frequencies 
of MDSCs and the absolute counts of T cells in COVID-19 patients 
[68,75,85,86]. There was also a negative correlation between the 
number of M-MDSCs and activated CD8+ T cells [73]. In another study 
of 147 COVID-19 patients, no correlation was found between blood 
MDSC frequencies and T cell counts in patients with COVID-19 either at 
the highest or lowest frequencies or at any of the longitudinal time 
points examined in each patient [63]. 

Some studies reported a negative correlation between MDSC fre-
quencies and NK cells in COVID-19 patients, suggesting that MDSCs may 
be involved in the inhibition of this innate immune cell population in 
COVID-19 [85,86]. Two studies investigated correlations between 
MDSCs and inflammatory markers in patients with COVID-19. Emsen 
et al. reported a positive correlation between MDSCs and C-reactive 
protein, ferritin, and lactate dehydrogenase levels [70]. Xue et al. found 
that the MDSCs frequency was positively correlated with C-reactive 

protein and D-dimer [86]. 
In summary, almost all reported studies agree that MDSCs can be 

indicators of COVID-19 severity and the degree of systemic inflamma-
tion and lymphocyte exhaustion in patients with SARS-CoV-2 infection. 

4.3. Factors involved in MDSC expansion and recruitment in COVID-19 

According to the two-stage model of MDSC development and 
expansion proposed by Gabrilovich et al, myelopoiesis of MDSCs in the 
bone marrow and their influx into the blood are driven by a number of 
inflammatory stimuli, such as IL-6, G-CSF, GM-CSF, vascular endothelial 
growth factor (VEGF) and possibly TNFα via activation of STAT3 and 
STAT5 signaling pathways. The establishment of the immunosuppres-
sive profile of myeloid cells is then induced by factors such as IL-1β, IL- 
10, IFNγ, PGE2 and TLR ligands that activate STAT1, STAT6 and NF-κB 
transcription factors and upregulate cyclooxygenase 2 (COX2) [87]. 
Karin argues that there is a third type of signals required for successful 
mobilization of myeloid cells from the bone marrow or secondary 
lymphoid organs into the blood [74]. He proposed that this mobilization 
under cancer settings is orchestrated by chemokine receptors: C–C 
motif chemokine receptor 2 (CCR2) for M-MDSCs via the key ligand 
CCL2 and CCR5 for PMN-MDSCs via the key ligands: CCL3, CCL4 and 
CCL5. The simultaneous presence of all three types of signals necessary 
for MDSC development and expansion has been reported in COVID-19 
patients. 

Reizine et al. found an increase in plasma levels of IL-6, IL-10, G-CSF, 
and CCL2 along with an increase in MDSCs in COVID-19 patients [75]. 
The frequency of PMN-MDSCs in the peripheral blood correlated posi-
tively with IL-1β, IL-6, IL-8, and TNFα plasma levels [71]. A study by 
Takano et al. also reported a significant increase in IL-8 in severe COVID- 
19 patients. In this study, plasma levels of IL-8 correlated positively with 
the frequency of PMN-MDSCs, suggesting that IL-8 may be a specific 
chemokine signal responsible for the recruitment of MDSCs into pe-
ripheral circulation in COVID-19 [72]. A significant increase in the 
chemokines CCL2, CCL3, CCL4, which recruit myeloid cells, along with 
IL-6, IL-10, IFNγ, and TNFα was detected in the peripheral blood of se-
vere COVID-19 patients compared to healthy controls [88]. Single-cell 
RNA sequencing revealed high expression of chemokines recruiting 
myeloid cells (CCL2, CCL3, CCL4, CCL7, CCL8, CXCL1, CXCL2, CXCL3 
and especially IL-8) and low expression of chemokines recruiting T cells 
(CXCL9 and CXCL16) in the bronchoalveolar lavage of severe COVID-19, 
indicating preferential recruitment of myeloid cells to the lungs in 
COVID-19 patients [79,89]. 

High plasma levels of IL-6 and IL-10 in parallel with increased fre-
quencies of M-MDSCs were reported in a study of 147 COVID-19 patients 
[63]. Consistent with this finding, cultivation of hematopoietic stem and 
progenitor cells isolated from human bone marrow with plasma from 

Table 1 (continued ) 

# Study size 
(COVID-19 
patients +
Healthy donors 
(HD)) 

Source of MDSC Density 
gradient 
centrifugation 

Fresh/ 
cryopreserved 
samples 

Markers of MDSCs MDSC frequency Functional 
assay in vitro 

Reference 

compared to mild 
and severe 
patients) 

18 N = 80 (COVID- 
19: 40 ICU 
discharged, 40 
ICU deceased) 

PB No Fresh M-MDSC: HLA-DR-/ 

dimCD11b+CD33+CD14+CD15−

PMN-MDSC: HLA-DR-/ 

dimCD11b+CD33+CD14− CD15+

Increase in PMN- 
MDSC (counts, in 
ICU deceased 
patients as 
compared to ICU 
discharged) 

No [103] 

19 N = 20 (COVID- 
19: 11 non-ICU, 
9 ICU) 

PB Yes Cryopreserved M-MDSC: Lin− HLA- 
DR− CD11b+CD33+CD14+CD15−

PMN-MDSC: Lin− HLA- 
DR− CD11b+CD33+CD14− CD15+

Increase in total 
MDSC (proportion, 
in ICU patients as 
compared to non- 
ICU) 

No [105]  
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patients with severe COVID-19 stimulated generation of immunosup-
pressive CD14+ cells with increased expression of MS1 genes and 
decreased expression of MHC-II genes via IL-6 and IL-10, suggesting a 
key role of these cytokines in the formation of MDSCs in COVID-19 [90]. 

Strong correlations between disease severity and levels of the main 
MDSC-promoting mediators IL-6 and GM-CSF were demonstrated in a 
study of 471 COVID-19 patients [91]. Interestingly enough, elevated 
levels of GM-CSF appeared to be a distinctive feature of severe COVID- 
19, distinguishing it from fatal influenza [91] and likely uniquely 
contributing to the drastic changes in the myeloid cell compartment 
observed in COVID-19. Elevated serum levels of GM-CSF along with an 
increased incidence of MDCSs have also been reported in COVID–19 
convalescents [68]. 

Not only host-derived mediators are involved in the development 
and expansion of MDSCs, but also some viral and bacterial antigens have 
been shown to trigger the generation of MDSCs. For example, hepatitis C 
virus core protein and hepatitis B virus surface antigen could induce 
generation of MDSCs from peripheral blood mononuclear cells via the 
phosphoinositide 3-kinase and ERK/IL-6/STAT3 pathways, respectively 
[92]. Xue et al. demonstrated a positive correlation between MDSC 
levels and SARS-CoV-2 viral load [86], suggesting that SARS-CoV-2 
antigens may be involved in MDSC expansion. However, we have not 
found further evidence to support this assumption, so this remains a 
topic of discussion. 

4.4. Functional characteristics of MDSCs in COVID-19 

Lymphocytopenia, which affects mostly T cells and to a lesser extent 
NK and NKT cells but not B cells, is the hallmark of COVID-19 [76]. As 
described above, MDSCs utilize a number of immunosuppressive 
mechanisms, with T cells being their main target. Decreased prolifera-
tive capacity of CD8+ and CD4+ T cells and increased levels of apoptotic 
T cells have been noted in COVID-19 patients [65,75], likely contrib-
uting to the observed lymphocytopenia [63,93]. Several MDSC- 
mediated factors may cause T cell exhaustion in COVID-19. Arg1 pro-
duction is one effector mechanism by which MDSCs suppress T cell 
proliferation via the degradation of L-arginine, which is critical for T cell 
proliferation and IFNγ production. Increased levels of Arg1 accompa-
nied by significant decreases in L-arginine levels have been consistently 
observed in the plasma of COVID-19 patients, especially in severe cases 
[63,64,75,76,94]. Addition of L-arginine to MDSC co-cultures obtained 
from COVID-19 patients restored IFNγ production and provided partial 
restoration of T cell proliferation in vitro [63]. Moreover, plasmatic L- 
arginine in COVID-19 patients correlated negatively with the frequency 
of PMN-MDSCs, suggesting that MDSCs contribute to L-arginine depri-
vation in COVID-19 [94]. 

Another suppressive factor that may contribute to the decreased 
numbers of T cells in COVID-19 is IDO. IDO is able to induce activation 
of the kinase GCN2, leading to cell-cycle arrest and subsequent inhibi-
tion of T cell proliferation [95]. In COVID-19 patients, enhanced IDO 
activity correlated with lymphocytopenia, especially in ARDS patients 
[75]. The production of IDO by MDSCs is mainly, but not uniquely 
regulated by PGE2, the level of which is markedly elevated in the blood 
of COVID-19 patients [96]. Exposure to PGE2 has been shown to induce 
expression of endogenous COX2 in differentiating monocytes, leading to 
the establishment of a PGE2-COX2-mediated positive feedback loop and 
IDO induction [97]. Accordingly, a study by Tomić et al. showed 
increased expression of IDO by M-MDSCs from severe COVID-19 pa-
tients compared to healthy donors or mild COVID-19 patients [76]. 

In addition, PMN-MDSC from COVID-19 patients inhibited IFNγ 
production by T cells upon stimulation with SARS-CoV-2 peptides via 
TGFβ and NO, as anti-TGFβ and anti-iNOS treatments restored the 
cytokine-producing capacity of T cells [71]. The study also demon-
strated a direct correlation between the PMN-MDSC frequencies and 
TGFβ in the plasma of COVID-19 patients, suggesting that PMN-MDSCs 
may contribute to TGFβ production. There is also evidence that 

increased expression of PDL1 and IL-10 in expanded MDSCs may 
contribute to T cell exhaustion in severe COVID-19 [76]. 

5. The role of MDSCs in COVID-19 

A recent proteomic study suggested that the unique reshaping of the 
myeloid cell compartment observed in COVID-19 can be attributed to 
the SARS-CoV-2 non-structural protein 10. This viral protein interacts 
with the NF-κB repressing factor and triggers massive production of IL-6 
and IL-8 by host cells, which simulate chemotaxis of myeloid cells [98]. 
Remodeling of the myeloid cell compartment in COVID-19 is marked not 
only by dramatic expansion of myeloid cells in the systemic circulation 
and airways of patients, but also by alterations in myeloid cell compo-
sition characterized by pronounced expansion of CD16+CD14+

nonclassical pro-inflammatory monocytes, dysfunctional mature neu-
trophils and MDSCs [5,99]. Infiltration with inflammatory monocytes 
and neutrophils is at least partially responsible for lung tissue damage in 
SARS-CoV-2 infection [89,100], whereas the role of MDSCs is not as 
clear. 

Similar to cancer, MDSCs in COVID-19 patients are shaped by the 
coordinated action of mediators required for the initiation of emergency 
myelopoiesis and the activation and expansion of MDSCs. Positive cor-
relations between the frequency of MDSCs and plasma levels of pro- 
inflammatory cytokines and other inflammatory markers suggest that 
MDSC expansion represents a systemic compensatory response to SARS- 
CoV-2 infection aimed at reducing excessive inflammation. On the other 
hand, assessment of the suppressive activity of MDSCs generated in 
response to SARS-CoV-2 infection showed that they are able to effi-
ciently inhibit effector T cells via the production of Arg1, IDO, TGFβ and 
iNOS, suggesting that MDSCs have the potential to interfere with the 
elimination of the virus by T cells. Moreover, along with monocytes, M- 
MDSC and PMN-MDSC were shown to be the major producers of IL-6 in 
severe COVID-19 patients suggesting that they can potentially 
contribute to the exaggerated pro-inflammatory response and cytokine 
storm in COVID-19 patients [76]. The answer to the question of whether 
MDSCs are protective or destructive in the context of SARS-CoV-2 
infection is complex and likely depends on the phase and severity of 
infection. 

Some valuable insights into the role of MDSCs in infection-related 
systemic inflammation can be derived from adoptive transfer studies 
of sepsis. The elegant studies by Brudecki et al. and Derive et al. 
demonstrated a heterogeneous role of MDSCs in sepsis due to a pheno-
typic shift during infection [101,102]. Brudecki et al. showed that 
adoptive transfer of early-sepsis MDSCs (day 3 after the onset of infec-
tion) into mice with induced infection increased levels of pro- 
inflammatory cytokines (TNFα, IL-6) and worsened mortality, possibly 
via a cytokine storm and multi-organ failure [101]. In contrast, adoptive 
transfer of late-sepsis MDSCs (day 12) resulted in elevated serum levels 
of anti-inflammatory cytokines (IL-10, TGFβ) and reduced mortality 
[101]. Similarly, Derive et al. showed that adoptive transfer of MDSCs 
harvested on day 10 after the onset of sepsis dramatically improved the 
survival rate of infected mice, whereas MDSCs harvested on day 3 
offered no protection [102]. In both studies, MDSCs were found to 
exhibit different phenotypes in terms of immunosuppressive factor 
production, responsiveness to stimuli, and the level of maturation 
depending on the stage of disease. However, both early- and late-stage 
MDSCs were able to effectively inhibit T cell proliferation [102]. 
These results suggest that the immunomodulatory activities of MDSCs 
are governed by the ongoing inflammatory process, and while early 
MDSCs are pro-inflammatory, late MDSCs may exert tolerogenic effects 
and contribute to the reduction of inflammation. 

Taken together, these data may explain the conflicting results of 
several studies that have estimated the prognostic significance of MDSCs 
in COVID-19. For example, a study by Sacchi et al. showed that high 
MDSC frequencies at the admission could discriminate between survi-
vors and non-survivors [71]. Whereas a study by Takano et al. showed 
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that severe COVID-19 patients benefited from a transient increase in 
MDSCs in later stages of the disease. This study followed 13 patients 
with severe COVID-19 from symptom onset to discharge/death. They 
observed a delayed increase in PMN-MDSC frequencies in 8 recovered 
severe patients, while PMN-MDSCs remained unchanged in 5 non- 
survivors throughout the course of infection [72]. Another study by 
Jiménez-Cortegana et al. followed 40 severe discharged and 40 deceased 
patients. The results of the follow-up demonstrated steadily elevated 
counts of MDSCs until death in the peripheral blood of patients who 
eventually died. Discharged patients experienced a transitory increase in 
the counts of MDSCs during the first two weeks after ICU admission with 
a subsequent decline to baseline levels at discharge [103]. Similarly, 
Trombetta et a. showed that recovery of severe COVID-19 patients was 
associated with timely acquisition of a myeloid cell immunoregulatory 
phenotype [104]. It appears, that in the early phase of COVID-19, which 
is characterized by high viral loads in the system and high levels of 
numerous inflammatory mediators, progressive MDSC expansion in-
hibits protective immunity by suppressing SARS-CoV-2-specific T cells 
and probably NK cells, and possibly contributes to self-amplification of 
the inflammatory process through the production of pro-inflammatory 
cytokines such as IL-6. Whereas the spread of MDSCs in later stages of 
the disease may help restore a balance in the host, favoring resolution of 
inflammation and protecting organs from the damage by hyperactivated 
cytotoxic T cells. Similar to the sepsis studies, which have demonstrated 
that the functions and phenotype of MDSCs are highly dependent on the 
inflammatory environment, we can speculate that MDSCs arising at 
different stages of COVID-19 infection have different phenotypes and 
functions. 

In conclusion, while the negative role of MDSCs in cancer is well 
documented and recognized, it is too early to draw the same conclusion 
about the role of MDSCs in COVID-19 patients, especially in patients 
with ARDS. Further studies using harmonized approaches to the iden-
tification of these cells are needed before the introduction of therapies 
targeting the activity of MDSCs. 
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B. Krämer, T. Krammer, S. Brumhard, L. Bonaguro, E. De Domenico, D. Wendisch, 
M. Grasshoff, T.S. Kapellos, M. Beckstette, T. Pecht, A. Saglam, O. Dietrich, H. 
E. Mei, A.R. Schulz, C. Conrad, D. Kunkel, E. Vafadarnejad, C.-J. Xu, A. Horne, 
M. Herbert, A. Drews, C. Thibeault, M. Pfeiffer, S. Hippenstiel, A. Hocke, 
H. Müller-Redetzky, K.-M. Heim, F. Machleidt, A. Uhrig, L. Bosquillon de Jarcy, 
L. Jürgens, M. Stegemann, C.R. Glösenkamp, H.-D. Volk, C. Goffinet, 
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V. Cerundolo, Invariant NKT cells reduce the immunosuppressive activity of 
influenza A virus-induced myeloid-derived suppressor cells in mice and humans, 
J. Clin. Invest. 2008 (2008), https://doi.org/10.1172/JCI36264. 

[9] V. Jeisy-Scott, W.G. Davis, J.R. Patel, J.B. Bowzard, W.J. Shieh, S.R. Zaki, J. 
M. Katz, S. Sambhara, Increased MDSC accumulation and Th2 biased response to 
influenza A virus infection in the absence of TLR7 in mice, PLoS One (2011), 
https://doi.org/10.1371/journal.pone.0025242. 

[10] J.N. Fullerton, A.J. O’Brien, D.W. Gilroy, Pathways mediating resolution of 
inflammation: when enough is too much, J. Pathol. 231 (2013) 8–20, https://doi. 
org/10.1002/path.4232. 

[11] COVID-19 mortality overview, Stat. Nat. Cent. Heal (n.d.), https://www.cdc. 
gov/nchs/covid19/mortality-overview.htm, 2022. Accessed on February 23. 

[12] P. Simmonds, Pervasive RNA secondary structure in the genomes of SARS-CoV-2 
and other coronaviruses, MBio. 11 (2020), https://doi.org/10.1128/mBio.01661- 
20. 

[13] M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Krüger, T. Herrler, S. Erichsen, T. 
S. Schiergens, G. Herrler, N.-H. Wu, A. Nitsche, M.A. Müller, C. Drosten, 
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B. Österberg, M.J. Lautenbach, E. Åhlberg, A. Lin, R. Lepzien, I. Szurgot, 
K. Lenart, F. Hellgren, H. Maecker, J. Sälde, J. Albert, N. Johansson, M. Bell, 
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