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Abstract: Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is an enveloped, positive
sense, single stranded RNA (+ssRNA) virus, belonging to the genus Betacoronavirus and family
Coronaviridae. It is primarily transmitted from infected persons to healthy ones through inhalation
of virus-laden respiratory droplets. After an average incubation period of 2–14 days, the majority
of infected individuals remain asymptomatic and/or mildly symptomatic, whereas the remaining
individuals manifest a myriad of clinical symptoms, including fever, sore throat, dry cough, fatigue,
chest pain, and breathlessness. SARS-CoV-2 exploits the angiotensin converting enzyme 2 (ACE-2)
receptor for cellular invasion, and lungs are amongst the most adversely affected organs in the body.
Thereupon, immune responses are elicited, which may devolve into a cytokine storm characterized
by enhanced secretion of multitude of inflammatory cytokines/chemokines and growth factors, such
as interleukin (IL)-2, IL-6, IL-7, IL-8, IL-9, tumor necrosis factor alpha (TNF-α), granulocyte colonystimulating factor (GCSF), basic fibroblast growth factor 2 (bFGF2), monocyte chemotactic protein-1
(MCP1), interferon-inducible protein 10 (IP10), macrophage inflammatory protein 1A (MIP1A),
platelet-derived growth factor subunit B (PDGFB), and vascular endothelial factor (VEGF)-A. The
systemic persistence of inflammatory molecules causes widespread histological injury, leading to
functional deterioration of the infected organ(s). Although multiple treatment modalities with varying
effectiveness are being employed, nevertheless, there is no curative COVID-19 therapy available to
date. In this regard, one plausible supportive therapeutic modality may involve administration of
mesenchymal stem cells (MSCs) and/or MSC-derived bioactive factors-based secretome to critically
ill COVID-19 patients with the intention of accomplishing better clinical outcome owing to their
empirically established beneficial effects. MSCs are well established adult stem cells (ASCs) with
respect to their immunomodulatory, anti-inflammatory, anti-oxidative, anti-apoptotic, pro-angiogenic,
and pro-regenerative properties. The immunomodulatory capabilities of MSCs are not constitutive
but rather are highly dependent on a holistic niche. Following intravenous infusion, MSCs are known
to undergo considerable histological trapping in the lungs and, therefore, become well positioned to
directly engage with lung infiltrating immune cells, and thereby mitigate excessive inflammation
and reverse/regenerate damaged alveolar epithelial cells and associated tissue post SARS-CoV-2
infection. Considering the myriad of abovementioned biologically beneficial properties and emerging
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translational insights, MSCs may be used as potential supportive therapy to counteract cytokine
storms and reduce disease severity, thereby facilitating speedy recovery and health restoration.
Keywords: Severe Acute Respiratory Syndrome Coronavirus-2; angiotensin converting enzyme 2;
cytokine storm; mesenchymal stem cells; immunomodulation

1. Introduction
Mesenchymal stem cells (MSCs), one of the prominent categories of adult stem cells
(ASCs), are heterogenous, multipotent progenitor cells capable of delaying aging and restoring organ homeostasis following occurrence of inflammation, injury, and disease [1–3].
MSCs are primarily located in specialized niches across the multiple vascularized tissues
and/or organs, such as bone marrow, adipose tissue, Wharton’s jelly, umbilical cord, dental
pulp, and the placenta [4–7], although it is originally isolated from the bone marrow of
the mammal [8]. Following isolation and characterization, MSCs are expanded through
in vitro culture for empirical research aimed at finding their fundamental biology and
potential therapeutic applications. MSCs show capabilities for in vitro tri-lineage differentiation, such as cartilage, bone, and adipocyte [9]—one amongst three important criteria for
characterization and validation of their stemness as set forth by International Society for
Cellular Therapy (ISCT). In particular, neuronal differentiation of MSCs—a type of ectodermal differentiation—is gaining much attention owing to its applicability for potential
treatment of neurodegenerative diseases [10–12]. Besides, they show plastic adherence,
and display positive expression of cell surface markers CD29, CD73, CD90, and CD105,
while being devoid of CD11b, CD14, CD34, CD45, CD79, and HLA (Human leukocyte
Antigen)-DR surface markers [13,14]. Nonetheless, the surface expression of MSC-positive
markers is highly variable and predominantly depends on their source of origin and
niche. Generally, MSCs are intricately involved in and contribute towards maintenance
and remodeling of histological architecture of various organs. They perform a myriad of
functions through complex cellular (cell-to-cell) interaction and molecular mechanisms of
action, thereby facilitating multilineage differentiation and immunomodulation, as well
as playing crucial reparative roles in bone diseases, degenerative disorders, myocardial
infarction, burns and chronic wounds, spinal cord injury, neurodegeneration, autoimmune
diseases, and inflammatory diseases, among others [15–17]. Owing to stromal cell-derived
factor-1 (SDF-1)/CXC chemokine receptor 4 (CXCR4) axis-guided homing properties [18]
and secretion of multitude of bioactive factors of medicinal importance, MSCs are capable
of inducing tissue-specific resident stem cells to repair and/or remodel tissues and are,
therefore, also appropriately referred to as Medicinal Signaling Cells [14]. The therapeutic
effects of MSCs are primarily mediated via secretion of multitude of soluble bioactive
molecules comprising cytokines, chemokines, growth factors, angiogenic factors, as well as
reparative peptides/proteins-, mRNA-, and microRNA-containing extracellular vesicles
(MSC-EVs), which are collectively referred to as “MSC-secretome”. In fact, there have
been reports of considerable improvement in disease conditions involving injured animal
models, including damaged cartilage and bone, myocardial, hepatic, and neural tissues,
following allogenic transplantation of MSCs [19–21], highlighting the broad-spectrum therapeutic potential of stem cell. For instance, Zhao et al. recently reported the attenuation of
mtDNA damage and inflammation in an acute kidney injury mouse model. This therapeutic outcome following intravenous injection of EVs (extracellular vesicles) was found to be
potentially mediated via transfer of mitochondrial transcription factor A (TFAM) mRNA,
thereby restoring TFAM protein and TFAM-mtDNA, resulting in substantial improvement
in mtDNA, mitochondrial oxidative phosphorylation (OXPHOS), and inflammation [22].
This finding offers promising nanotherapeutics for myriad of diseases characterized by
mitochondrial damage and inflammation, such as COVID-19. MSCs also secrete growth factors, such as keratinocyte growth factor (KGF), vascular-endothelial growth factor (VEGF),
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hepatocyte growth factor (HGF), and angiopoietin-1 (Ang-1), and thereby play crucial
role in the repair of the alveolar epithelial and endothelial cells [23]. In addition, MSCs
engage with immune cells via secretion of a range of factors, such as TGF-β, IL-1RA, IL-6,
IL-10, indole 2,3 dioxygenase (IDO), prostaglandin E2 (PGE2), and nitric acid, thereby
accomplishing paracrine immunomodulation [24,25]. In fact, anti-inflammatory cytokine
IL-10 plays an important role as an anti-fibrotic molecule and, therefore, can potentially
be used to modulate chronic condition/disease in various organs, including heart and
lungs [26]. MSCs’ anti-fibrotic property is mainly attributed to a decrease in collagen secretion/deposition and a down regulation of matrix-metalloproteinase [27]. As pulmonary
fibrosis is also distinctly reported in severe COVID-19 patients [28], IL-10 supplementation
along with other therapy (including MSC-based) may be quite effective. Moreover, direct
cell-to-cell contact/communication helps in MSC-mediated immunosuppressive effect, as
well as capable of transferring mitochondria to injured cells through formation of tunneling
nanotubes (TNT) [29], thereby restoring the cell viability prerequisite for reinvigorating
vital cell/tissue functions, including energy metabolism, stress response, cell growth, and
apoptosis. Among the several underlying mechanisms of immunosuppression by MSCs,
negative regulation of T and B cells proliferation and functions via engagement of the
programmed death molecule (PD-1) with its ligands (PG-L1, PG-L2), upregulation of T
regulatory cell (Treg) function, inhibition of natural killer (NK) cell activity, and PGE2mediated prevention of dendritic cell (DC) maturation and functions, are quite frequently
reported [25,30,31]. MSC-mediated inhibition of B cell functions, including proliferation,
plasma cell differentiation, and antibody production, are largely dependent on both CD4+
and CD8+ T cells [32]. Besides, MSCs release bioactive factors, which may act as a potential
antiviral, antibacterial, and analgesic [33,34], expanding stem cells’ horizon of therapeutic
applications. However, these immunomodulatory and reparative biological properties
of MSCs are not constitutive in nature and may be greatly influenced by the existing
micro-environment’s inflammatory conditions and associated factors (Figure 1).
Taxonomically and phylogenetically, Severe Acute Respiratory Syndrome Coronavirus
2 (SARS-CoV-2) is a member of the family Coronaviridae and subfamily Coronavirinae which,
in turn, consists of following four genera; namely, Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus. Structurally, SARS-CoV-2 is a fully enveloped virus,
bearing spherical morphology with diameter ranging from 100–160 nm. It possesses a
positive single-stranded RNA molecule of around 30 kilobases (kb) as its genetic material
and four structural proteins; namely, spike (S), envelope (E), membrane (M), and nucleocapsid (N), apart from several enzymatic proteins and accessory factors required for progeny
formation [35]. Coronavirus is primarily transmitted from an infected person to healthy
individuals through nasal inhalation of virus-laden respiratory droplets, causing COVID-19
(coronavirus disease 19). The pathogenesis of SARS-CoV-2 involves molecular interaction
between virus heterotrimeric spike (S) protein (one of the four categories of structural
proteins) and ACE2 receptor on the host cell surface, which is primed by cellular transmembrane protease, serine 2 (TMPRSS2, also known as spike protein activator), facilitating
the virus’s cellular entry [36,37]. The ACE-2 receptor, a crucial determinant of infection, is
highly expressed on various types of cells, including adipocytes, epithelial cell lining of
respiratory and gastrointestinal tracts, as well as on some immune cells (monocyte and
macrophage) [38], making such receptor-bearing cells highly susceptible to SARS-CoV-2
entry and subsequent infection. Surprisingly, certain SARS-CoV-2 variants, including the
E484D S variant, may not require an ACE-2 receptor to infect cells, as evidenced from
the study involving human H522 lung adenocarcinoma cells [39], highlighting the existence of alternative pathway(s) of virus entry that may be further explored for therapeutic
targeting to counteract and mitigate multiorgan infection and, consequently, check disease spread. As of 5:40pm CEST, 22 June 2022, the World Health Organization (WHO)
has reported over 538,321,874 confirmed coronavirus cases and 6,320,599 deaths globally
(https://covid19.who.int/, accessed on 23 June 2022) since its outbreak in December 2019
in Wuhan, Hubei Province, China. Although the majority of infected persons are asymp-
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tomatic and/or mildly symptomatic, critically ill patients manifest pathological symptoms,
such as ground glass opacity in lungs, decreased lymphocytes (lymphocytopenia), increased neutrophils (neutrophilia/neutrophilic leukocytosis), and cytokine storms owing
to higher concentration of inflammatory cytokines; namely, TGF-α, TGF-β, IP10, MIP1A,
IL-1RA, IL-6, GCSF, MCP-1, and indole 2,3 dioxygenase (IDO) [40,41]. Following the localized release of these cytokines/chemokines and associated factors, there is an occurrence
of enhanced production of reactive oxygen species (ROS), increased vascular permeability,
compromised lung barrier function, enhanced secretion of alveolar proteinaceous exudate,
and pulmonary fibrosis [42]. Besides, persistent cytokine storm causes considerable tissue
and/or organ injury, including alveolar damage, hypoxemia, pulmonary oedema, and
progressive respiratory failure, clinically referred as acute respiratory distress syndrome
(ARDS), which may culminate in systemic inflammatory response syndrome (SIRS), leading
to the death of patients [43,44]. Although the respiratory failure is the primary reason for
most of the fatality following SARS-CoV-2 infection, there are considerable deteriorative
Cells 2022, 11, x FOR PEER REVIEW changes in heart and liver functions as well, compounding the existing clinical condition,
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thereby contributing towards enhanced mortality as a secondary consequence [45].
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Taxonomically and phylogenetically, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a member of the family Coronaviridae and subfamily Coronavirinae
which, in turn, consists of following four genera; namely, Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus. Structurally, SARS-CoV-2 is a fully enveloped virus, bearing spherical morphology with diameter ranging from 100–160 nm. It
possesses a positive single-stranded RNA molecule of around 30 kilobases (kb) as its genetic material and four structural proteins; namely, spike (S), envelope (E), membrane
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Among the multiple treatment modalities available—including glucocorticoid therapy, convalescent plasma therapy, monoclonal antibody, anti-interleukin (IL-6) receptor
antibody therapy, and lipid raft targeting [46,47], none of them has proven to be curatively
successful against coronavirus disease 19, compelling clinical researchers to look for effective novel treatment regimes. In this regard, mesenchymal stem cells (MSCs), owing to their
immunomodulatory, anti-inflammatory, anti-oxidative, anti-apoptotic, pro-angiogenic, proregenerative, anti-fibrogenic, and reparative properties as observed in multiple animal
model studies and in vitro human lung models, may be one of the promising therapeutic
avenues for the treatment of COVID-19 [48–50]. Furthermore, MSCs are immune-evasive
owing to negligible expression of MHC-I, complete lack of MHC-II and co-stimulatory
molecules B7-1, B7-2, or CD40 [51], which may enhance their therapeutic compatibility
and applications without eliciting immunogenicity and/or antigenicity to the dangerous
level (no adverse immune reaction) during and/or post allogeneic transplantation. The
absence of noticeable/detectable adverse immune reactions, coupled with regenerative
and immunomodulatory properties of MSCs following transfusion in severe COVID-19
patients, is very strong and unequivocal proof-of-concept regarding immunotherapeutic
suitability of MSC therapy. Here, we discuss the typical characteristics of MSCs, including
mechanisms underlying MSC-induced immunomodulation, pathological consequence of
over-activation of both innate and adaptive immune systems, and relevant clinical trials with MSCs for supportive and curative therapeutic effect-based treatment modalities
following SARS-CoV-2 infection, especially in severe and critically ill COVID-19 patients.
2. Immune Responses to SARS-CoV-2 Infection
SARS-CoV-2 virion consists of a single RNA molecule, several accessory factors, and
four categories of structural proteins: namely, spike (S), membrane (M), envelope (E),
and nucleocapsid (N). These structural proteins intrinsically possess differential levels
of immunogenicity [52], thereby eliciting a varied extent of immune responses with considerably different clinical consequences. Therefore, such structural proteins, especially
glycosylated trimeric S protein [53] owing to its prominent immunogenic nature and crucial determinant of infection, are also the target for therapeutic intervention, apart from
several host-derived cellular factors [54]. The term “cytokine storm”, originally coined
to describe a graft-vs-host disease (GvHD) [55], broadly encompasses unprecedented release of cytokines and/or chemokines, including TGF-α, TGF-β, IP10, MIP1A, IL-1RA,
IL-6, GCSF, and MCP-1, by immune cells following onset of infectious and autoimmune
diseases, sepsis, cancer, haemophagocytic lymphohistiocytosis, and acute immunotherapy
response [56–58]. This causes a range of clinical manifestation, including increased local
temperature, rash, nausea, arthralgia, and depression, with substantial local and systemic
detrimental effects on multiple organs, leading to multi-organ failure. For instance, there
is diffuse alveolar damage accompanied by infiltration of interstitial lymphocytes and
hyaline membrane formation as a consequence of cytokine outburst [40]. Although, it still
remains unclear how the host’s response to infection triggers inflammatory sequence of
events, resulting in cytokine storm; nonetheless, it is believed to be caused by increased
immune cell activation via Toll-Like Receptor (TLR)-mediated signaling, on the one hand,
and reduced anti-inflammatory response, on the other. In addition to cytokine storm,
COVID-19 patients with severe-to-critical symptoms show elevations in levels of D-dimer,
C-reactive protein (CRP), procalcitonin, and ferritin, along with substantial reduction in
lymphocytes (B and T cells) and NK cell counts [59]. Therefore, developing insight into the
underlying kinetics of the abovementioned processes, involving both innate and adaptive
immune systems, along with understanding other relevant clinical parameters, may be
used as surrogate biomarkers to predict and monitor the development of COVID-19. Such
holistic understanding can be appropriately employed and tailored to patient-specific
clinical requirements.
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2.1. Innate Immune Response Following SARS-CoV-2 Infection/COVID-19
The innate immune system acts as non-specific, frontline host defense, comprising of
dendritic cells, monocyte, macrophage, neutrophils, circulating monocytes, granulocytes,
NK cell, and even some non-immune cells, such as endothelial cells (ECs) and smooth
muscle cells with highly adaptable immunological functions, which collectively render
protection against danger signals. NK cells are also referred to as innate lymphoid cells
(ILCs) but, unlike conventional lymphoid B and T cells, they do not undergo expression
of rearranged antigen receptors, such as BCRs (B Cell Receptors) on B cells and TCRs
(T Cell Receptors) on T cells [60]. Infectious SARS-CoV-2, carried through virus-laden
droplets, primarily targets airway epithelial cells, wherein they enter via the high affinity
ACE-2 receptor, and start replicating and spreading downstream of airways, leading to
progression towards COVID-19. The ACE-2 receptor is highly expressed on various types
of cells, including adipocytes, epithelial cells of the respiratory tract and intestine, as well
as immune cells like monocyte and macrophage, making these cells highly susceptible to
SARS-CoV-2 infection. Following infection, the expression level of ACE2 on peripheral
blood (PB) monocytes downregulates, perhaps as a function of secondary outcome to viral
attachment and subsequent cellular signaling. COVID-19 patients show normal level of
monocytes with activated phenotype, as evidenced by high FSC (forward side scatter) and
potential to secrete cytokines, such as IL-6, IL-10, and TNF. The level of such activated
monocytes corresponds to disease severity and poor prognosis, and can be characterized by
immunophenotyping involving panoply of surface markers, such as CD11b, CD14, CD16,
CD68, CD80, CD163, and CD206 [38]. Besides, PB monocytes with positive expression of
CD163 and CD206 are regulatory in nature that may impact antiviral effector T cell response.
In addition to immune effects, CD163 positive monocytes have also been associated with
hemophagocytic lymphohistiocytosis syndrome [61] which, in turn, may be attributed
to cytokine outburst and consequent immunologic pathology observed in COVID-19
patients [62]. Similarly, SARS-CoV-2 triggers release of IL-6, TNF, IL-10, and PD-1 from
alveolar macrophage, which may contribute towards and compound ongoing cytokine
storm, causing lymphocytopenia. COVID-19 patients with ARDS show accumulation of
monocyte-derived inflammatory FCN1+ macrophages in their bronchoalveolar fluid (BALF)
as revealed by single cell RNA sequencing. Moreover, transcriptional analysis of BALF
and PB mononuclear cells confirmed substantially high level of chemokines, such as IFNinducible protein 10 (IP-10) and monocyte-chemotactic protein-1 (MCP-1), among others,
which might help macrophages in infiltrating the site of tissue and/or organ infection
in COVID-19 patients, and this rationale is found to be consistent with autopsy reports
as well [63]. Together, these inflammatory monocyte/macrophages may lead to type I
IFN-mediated dysregulated inflammatory response, including apoptosis of T cells (causes
lymphocytopenia), contributing to underlying pathophysiology [59,64]. There can be a
spectrum of inflammatory responses, and in most cases immune response is quite capable
of neutralizing the virus; however, compromised and/or weakened immune response may
cause respiratory failure accompanied by increased capillary leakage in severe COVID-19
patients and eventual death.
The abundance of neutrophils in circulation slowly increases as COVID-19 progresses;
therefore, this elevated level of neutrophil may be useful for monitoring and predicting
disease dynamics and severity. However, the evaluation of disease severity based on
combination of IgG with a neutrophil-to-lymphocyte ratio (NLR) might be even a better
predictor compared to neutrophil count alone [65,66]. Although, NETosis—the formation
of extracellular webs of DNA/histones released by neutrophils, referred to as neutrophil
extracellular traps (NETs)—controls infection, its aberrant production might contribute to
cystic fibrosis, excessive venous and arterial thrombosis, and cytokine storm, which may
culminate in ARDS [67–69]. Further, a high level of chemokines, such as CXCL-2 and CXCL8 from PB mononuclear cells, may help infiltrate a considerable number of neutrophils to
the site of infection, enhancing pulmonary inflammatory response. Therefore, NETosis
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may be a viable therapeutic target to mitigate the extent of severity and outcome of the
SARS-CoV-2 pandemic.
Natural Killer (NK) cells, present in healthy lymphoid and mucosal tissues, provide
a rapid and effective immune response against a multitude of pathogens and tumors,
and are also involved in the maintenance of immune homeostasis. In general, immature
NK cells are characterized as CD56bright and secrete proinflammatory cytokines, such
as IFN-γ, whereas mature NK cells are CD56dim KIR+ CD16high , carrying out cytotoxic
function in response to the loss of human leukocyte antigen (HLA) class I [70]. The killerimmunoglobulin receptors (KIRs) are acquired along the CD16 (FcRγIIIA) during NK cell
development and are a prerequisite for cytotoxic function. The cytotoxic effect of NK
cells from COVID-19 patients has been found to be antagonized by reduced expression of
CD107a, ksp37, granulysin, and granzyme B; such NK cells display impaired production
of chemokines, IFN-γ, and TNF-α, among others [71]. There is a recent report of antispike dependent NK cell response during COVID-19 vaccine study in macaques [72],
validating the NK cell’s functional involvement towards COVID-19-infection; however,
such an immune response is quite variable and ambiguous, and hence requires deeper
empirical insight. For instance, CD158b+ NK cells were found to positively correlate with
the presence of anti-SARS-CoV-2 antibodies and disease severity. In contrast, a recent
study reported an inverse relation between disease severity and the number of NK cells in
peripheral blood; whereas another report showed no difference in the number of CD16+
CD56+ NK cells in mild vs. severe cases [73], requiring more empirical evidence to draw an
unequivocal conclusion. Further, reduced NK cell frequency and CD16 expression reverted
to normal levels following COVID-19 recovery [74]. Considering these facts, additional
studies are needed to understand whether NK cells contribute to cytokine storm, and its
involvement, if any, in virus clearance during the course of COVID-19.
Conventionally, the innate immune system primarily relies on pattern-recognition receptors (PRRs) to detect viral single-stranded RNA (ssRNA), such as SARS-CoV-2, whereas,
cytosolic RIG-I like receptors (RLRs), and extracellular and endosomal Toll-like receptors
(TLRS) are capable of sensing double stranded RNA (dsRNA) and eliciting an immune
response. Following activation through a multitude of signaling pathways, innate immune
cells secrete cytokines and chemokines, such as IFN-γ, TGF-α, TGF-β, IP10, MIP1A, IL-1RA,
IL-6, IL-10, GCSF, MCP-1, CXCL-2, and CXCL-8, which naturally tend to neutralize the infectious virus, a process referred to as antiviral response. Among such anti-viral responses,
type I/III interferons (IFNs) play most crucial role, even in the case of COVID-19, as some
early evidence showed sensitivity of SARS-CoV-2 to IFN-I/III [75]. To counteract the antiviral response, SARS-CoV-2 has evolved multiple inhibitory mechanisms to prevent IFN-I
induced signaling. For instance, there is a report of a lack of robust type I/III IFN signatures
from primary bronchial cells, infected cell lines, and a ferret model [76]. This study is further
corroborated by impaired IFN-I signature in several ill COVID-19 patients, compared with
mild and moderate cases [77]. Therefore, SARS-CoV-2 is relying on multiple mechanisms of
evasion, including inhibition of crucial steps of the antiviral signaling pathways, from PRR
sensing and cytokine secretion to highly conserved IFN signal transduction. Considering
the abovementioned empirical evidences, a holistic therapeutic strategies must be designed
to strike such susceptible molecular targets on virus, leading to effective and efficient virus
eradication, neutralization, and consequent disease containment.
2.2. Adaptive Immune Response and COVID-19
The adaptive immune system, comprised of T and B lymphocytes, is highly specific in
terms of its ability to develop specific antibody-producing plasma cells and corresponding
memory cells. At the later and subsequent stages of infection, memory cells help in eliciting
precise immune response against previously encountered immunological danger, broadly
referred to as antigen. This incredible immunological task is accomplished owing to the
intrinsic potential of T- and B-lymphocytes to precisely undergo genomic rearrangement
and generate unique antigen receptors, called T cell receptors (TCRs) and B cell receptors
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(BCRs), correspondingly [78]. This leads to generation of tremendous diversity at the
level of TCRs and BCRs that are estimated to be of around 1013 distinct types, which
is sufficient to recognize and engage with myriad of viral, bacterial, and various other
categories of pathogen-associated antigens in an incredibly precise manner [79]. In general,
T and B cells work in concerted fashion, wherein CD4+ T cells molecularly assist B cells
via paracrine and/or juxtacrine signalling for production of antibodies, and synchronizes
the response of other immune cells. CD8+ T cells cytotoxically target infected cells to
eliminate viruses, causing tremendous reduction in viral loads. In contrast, dysregulated
T and B cell responses result in immunopathology and enhanced disease severity rather
than immunoprotection. Therefore, we discuss how T and B cells respond to SARS-CoV-2
alongside innate immune cells during the course of infection and, therefore, determine the
disease prognosis and outcome.
The functional effectiveness of T lymphocytes against infectious agents depends on
their capability to recognize and mount a timely and appropriate immune response to HLAcomplexed antigenic epitope displayed on nucleated cells and/or professional antigen
presenting cells (pAPCs). Human leukocyte antigen (HLA) system includes groups of
related proteins that are encoded by the major histocompatibility complex (MHC) genes.
Although, MHC-I and MHC-II-complexed antigenic peptides are independently recognized
by CD8+ T cells and CD4+ T cells, respectively, but their functional activation are quite
interdependent and intricately synchronized. There have been several reports showing
reduction in peripheral blood CD4+ and CD8+ T cells’ count in moderate and severe
COVID-19 patients [80,81], which is quite similar to the earlier finding pertaining to SARSCoV-1 infection [82]. Furthermore, the extent of inflammatory cytokine in serum, such as
IL-6 and TNF-α, as well as lymphopenia, especially with respect to CD8+ T cells, positively
correlates and serves as a better predictor for severity and mortality in COVID-19 [81].
Among the multiple mechanisms underlying the reduction of T cells in peripheral blood of
severe COVID-19 cases, they may involve cytokine-induced retention of T cells in lymphoid
organs and excessive attachment to endothelium, considerable death of lymphocyte owing
to Fas-FasL interactions, and excessive cytokine-induced cell death [83], as supported by
reports. For instance, there has been report of substantial infiltration of lungs by CD8+ T cell
as revealed by single cell RNA-seq analysis of bronchoalveolar lavage (BAL) fluid drawn
from COVID-19 patients [84]. Besides, postmortem examination of COVID-19 patients
revealed extensive lymphocyte infiltration in the lungs [40]. However, another study
involving post-mortem examination found only neutrophilic infiltration [45] and, therefore,
the underlying cause of lymphopenia following viral infections, including SARS-CoV-2,
remains varied and elusive, necessitating further in-depth study. The reasons for such
differential findings may be related to disease severity, immunological state, and genetic
background of patients, amongst others.
There are reports characterizing specific T cell immunity following SARS-CoV-2 infection. Examination of 12 recovering COVID-19 patients showed robust T cell response
specific to viral M, N, and S structural proteins as revealed by IFN-γ ELISPOT (enzymelinked immunospot) assay. In another study involving flow cytometry-based PBMCs
analysis from moderately to severely ill COVID-19 patients, around 1.4% and 1.3% virusspecific CD4+ and CD8+ T cells, respectively, were detected in all patients post 15 days
ICU admission. There have been findings of a preferential specificity of both CD4+ and
CD8+ T cells for overlapping S protein’s epitopes accompanied by functional induction
of IFN-γ, IL-2, and TNF-α, as well as lower levels of IL-5, IL-13, IL-9, IL-10, and IL-22,
as characterized by ELISA. Another report focusing on S-specific CD4+ T cell following
incubation with S protein-derived overlapping peptide pools showed induction of CD154
and CD137 co-expression. Together, these studies indicate induction of heightened adaptive
immune response to combat SARS-CoV-2 [85–87]. Therefore, developing deeper insight
into underlying mechanisms that elicit the adaptive immune system may be helpful in
designing intervention and treat infection.
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3. MSCs as Potential Therapeutic Cells to Mitigate Severity of COVID-19
Whereas the entire world is still eagerly looking for the suitable drug discovery/
repurposing and invention of safe and effective treatment(s) for COVID-19, the disease is
on the rampage, infecting lakhs and killing thousands of people each day. The underlying
cause of thousands of daily deaths following SARS-CoV-2 infection is manifold, including
cytokine storm-induced oedema, reduced airway exchange, and development of acute
respiratory distress syndrome (ARDS), which culminate in multiorgan failure and eventual
death [88]. The ARDS is typically characterized by increased permeability of pulmonary
capillary endothelial cells, alveolar epithelial cells, infiltration by inflammatory cells, and
lung fibrosis that is further compounded by adverse thromboembolic events and acute cardiac injury [89]. As per the current estimate, around 80% of SARS-CoV-2 infected persons
show very mild to moderate symptoms, whereas 15% suffer from severe pneumonia, and
the remaining 5% develop ARDS, which is very likely to culminate in septic shock and
multiple organ system failure [40,44]. The mortality rate among critically ill COVID-19
patients (those developing ARDS) ranges from 34.9% to 46.1% [90]. Among multiple ongoing therapeutic interventions delivered on a trial basis, mesenchymal stem cells-induced
immunomodulation may be realized as a supportive therapy in the light of emerging
promising evidences as comprehensively reviewed by Levy et al. in recently published
work [91]. MSCs are multipotent adult stem cells, capable of differentiating into ectodermal, mesodermal, and endodermal lineages in vitro [13] and located in specialized microanatomical niches, including the perivascular region of various tissues/and or organs, such
as bone marrow (BM), adipose tissue (AT), umbilical cord (UC), umbilical cord blood (UCB),
Wharton’s jelly (WJ), amniotic fluid, placenta (PL), dental pulp, periodontal ligaments, liver,
blood, cervical tissue, menstrual blood, synovial membranes, skeletal muscle, and even
urine [92,93]. In addition to trilineage differentiation potential, MSCs have been well established for their incredible homing potential to the site of injury and regenerative/trophic capacity through paracrine secretion of a myriad of cytokines and growth factors [94,95] and,
therefore, they are also being named Medicinal Signaling Cells. Recently, the empirically
established promising therapeutic effects attributable to the intrinsic biology of MSCs, in the
context of autoimmune diseases, cancer, cardiac/respiratory/skin/kidney disorders, and
neurodegenerative disease, have been comprehensively covered by Levy et al. in a critically
acclaimed review [91]. In line with this, there has been global approval of several MSCbased therapies, including Temcell HS Inj (JCR Pharmaceuticals, approved in Japan, 2015)
for GvHD; Cellgram-AMI (FCB-Pharmicell, approved in South Korea, 2011) for myocardial
infarction; Prochymal/remestemcel-L (Osiris, approved in Canada and New Zealand, 2012)
for GvHD; Cartistem (Medipost, approved in South Korea, 2012) for knee articular cartilage defect; Neuronata-R (Corestem Inc., approved in South Korea, 2014) for amyotrophic
lateral sclerosis; and Alofisel (TiGenix NV/Takeda, approved in Europe, 2018) for complex
perianal fistulas in CD, among others [91] (https://alliancerm.org/available-products/,
accessed on 25 May 2022).
MSCs accomplish incredible feat of immunomodulation by interacting with various
immune cells through paracrine and/or juxtacrine signaling (cell-to-cell contact dependent mechanism). Among MSC-secreted/-derived cytokines and growth factors mediating paracrine signaling are interleukins (ILs), interferons (IFs), tumor necrosis factors
(TNFs), prostaglandins (PGs), vascular endothelial growth factor (VEGF), hepatocyte
growth factor (HGF), fibroblast growth factor (FGF), and indoleamine 2, 3-dioxygenase
(IDO) [96,97]. For instance, whereas PGE2 secreted by MSCs inhibits functional differentiation of inflammatory T helper 17 cell (Th17) [98], MSC-derived PD-1 ligands potentially
interferes with the activation of CD4+ T-cells [99], cumulatively suppressing severe inflammatory response. Similarly, MSC-secreted IDO promotes formation of Tregs, which
effectively mitigate the immune response [100]. Apart from the paracrine mode of action, MSCs also mediate immune-regulation through direct cellular interaction, involving
cells of both innate [natural killer (NK) cells] and adaptive [dendritic cells (DCs), B and
T lymphocytes] branches of immune systems [101,102]. The underlying MSC-mediated
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immunoregulation of immune cells is primarily accomplished via interaction between programmed death molecule (PD-1) with its ligands (PG-L1, PG-L2), IDO-induced inhibition
of T cell proliferation and apoptosis, and PGE2-inhibited dendritic cell maturation [103]
(Figure 1). This fact seems to be quite relevant and highly promising in the wake of induction of innate and adaptive immune cells following SARS-CoV-2 infection [104], therefore,
further exploration of such mechanisms may lead to translatable therapeutic outcome.
MSCs are also known to display functional immunomodulatory/immunoregulatory properties both in vitro and in vivo, making them suitable for clinical applications in order to
mitigate exacerbated immune response [94], which would otherwise result in severe conditions like ARDS, as observed in critically ill COVID-19 patients [38,41]. A recent finding
has shown lack of expression of both ACE2 and TMPRSS2 on human MSCs isolated from
both fetal (amnion, cord tissue, cord blood) and adult (adipose tissue and bone marrow)
tissues/organs, suggesting MSCs’ nonsusceptibility to SARS-CoV-2 infection. This adds
one additional compatible feature in MSCs’ favor as a therapeutic cells for COVID-19 [105].
The inclusion of MSC-based COVID-19 therapy and its clinical trial relies on several well
documented evidences derived from both in vitro and in vivo studies. For instance, MSCs
facilitate clearance of alveolar fluid as well as restore protein permeability via upregulation
of sodium and chloride transporters through paracrine secretion following H5N1 and
H7N9 viral infection [106]. In another study involving H9N2-induced lung injury mouse
model, single intravenous administration of bone marrow MSCs (BM-MSCs) resulted in
considerable reduction in histopathological parameters, such as lung oedema, alveolar
tissue injury, and mortality. Such beneficial effects may have resulted from substantial
systemic (serum) and localized (bronchoalveolar lavage) reduction in the level of cytokines
and chemokines. Compared with BM-MSCs, umbilical cord mesenchymal stem cells (UCMSCs) have been found to be more effective in terms of restoration of impaired fluid
clearance from alveoli, as well as restoration of permeability in an epithelial cell modelbased study [107]. The abovementioned beneficial effects of a myriad of tissue-specific
MSCs are mediated by paracrine secretion of keratinocyte growth factor, hepatocyte growth
factor, and angiopoietin-1 (Ang-1) that collectively act as pro-angiogenic, anti-apoptotic,
and pro-regenerative molecules [108]. Briefly, the therapeutic effects, in terms of alleviation of symptoms, reduced inflammation, restored lung function, improved oxygenation,
and enhanced survival rate, observed following intravenous infusion of MSCs or MSCs
secretome in severe COVID-19 patients is depicted (Figure 2).
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enchymal stem cell (UC-MSCs), one each on day 0 and day 3 [109]. In fact, the beneficial
cell (UC-MSCs), one each on day 0 and day 3 [109]. In fact, the beneficial effect of MSCs
may be highly durable and last quite a bit longer, as evidenced by improved lung lesion,
lower incidence of symptoms, and healthy CT images observed over a 1-year follow up
study [110]. In another study, angiopoietin 2, one of the crucial biomarkers of pulmonary
and systemic vascular damages [111], has been found to decline significantly following
single dose, intravenous administration (over a duration of 60–80 min) of allogeneic bone
marrow-derived human mesenchymal stromal cells, highlighting MSC-mediated reversal
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of such injury [112]. In fact, intravenous infusion of remestemcel-L, human bone marrowderived MSCs in moderate to severe COVID-19 patients has led to around 83% survival
rate, whereas it is only 12% in group that received standard care alone for the same period
of treatment, highlighting the incredible therapeutic potential of these stem cells [113].
In addition, secretome derived from stromal cells has been found to significantly
increase survival rate, from 28% (control) to 57% (experimental), and other related parameters, apart from leading to considerable decline in ferritin, C-reactive protein, and D-dimer
reduction [114]. There are 15 clinical trials reported to have been completed worldwide
(https://www.clinicaltrials.gov/, accessed on 25 May 2022), of which some with successful
results are mentioned (Table 1), highlighting their prospective potential applications.
Table 1. Successful clinical trials involving mesenchymal stem cells in serious/critical COVID-19
patients.
ClinicalTrials.gov
Identifier

Unknown

NCT04288102

NCT02097641

Phase

Intervention

1/2a

UC-MSC treatment
group received two
intravenous infusions
(at day 0 and 3) of
100 ± 20 × 106
UC-MSCs

2

UC-MSCs 3 does of
UC-MSCs
(4.0 × 107 cells per time)
intravenously at Day 0,
Day 3, Day 6.

2a

Intravenous, single dose
administration (over
60–80 min) of Allogeneic
Bone Marrow-Derived
Human Mesenchymal
Stromal Cells
(10 × 106 /kg PBW
(predicted body weigh)

•

•
•

•

•
•

•

NCT05019287

NCT04493242

1/2

2

Allogeneic human
menstrual blood stem
cells (MenSCs)
secretome Intravenous
injection of 5 mL
menstrual blood stem
cells secretome on day 1,
day 2, day 3, day 4, and
day 5

Intravenous
administration of bone
marrow mesenchymal
stem cell-derived
extracellular vesicles

Adverse
Effects (AEs)

Ref.

Inflammatory cytokines were
significantly decreased in
UC-MSC-treated subjects at day 6.
Treatment led to significantly
improved patient survival (91%
vs. 42%, P = 0.015)

Not significant

[109]

Improvement in whole-lung
lesion volume
18% patients showed normal CT
image at month 12 compared to
none in control
Lower incidence of symptoms

Not significant

[110]

Significant decrease in
angiopoietin 2 in plasma
No significant change was
detected in the level of IL-6, IL-8,
RAGE, or protein C

Not significant

[112]

64% of patients had substantial
improvement in oxygen levels
within 5 days
57% survival rate in treatment
group, whereas only 28% in the
control group
Significant reduction in acute
phase reactants, with mean
C-reactive protein, ferritin, and
D-dimer
Significant improvement in
lymphopenia

Not significant

[114]

Oxygenation improved
Significant improvement in
absolute neutrophil count and
lymphopenia
Acute phase reactants, such as
C-reactive protein, ferritin, and
D-dimer declined

Not significant

[115]

Clinical Outcomes

•

•

•
•
•

•
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Table 1. Cont.
ClinicalTrials.gov
Identifier

NCT05122234

Phase

Intervention

3

Injection of secretome—
mesenchymal stem cell
(Single dose of 15 mL
dissolved in 100 mL of
normal saline,
intravenously for
60 min.

Clinical Outcomes

•

The inflamatory markers,
including IL-6, IL-10, LIF, VEGF,
and Ferritin, are being assessed on
day 0 (before intervention), and
day 7 and day 14 (after
intervention)

Adverse
Effects (AEs)

Ref.

Not reported

NA

5. Limitations of MSC-Based Therapeutic Approach
Currently, several animal model-based studies and clinical trials regarding the therapeutic potential of MSCs are being carried out worldwide, and preliminary results in
moderately/severally ill patients have shown promising results (Table 1) [116]. Since the
first reported MSC-based therapeutic intervention in human subjects by Hillard Lazarus
in 1995 [117], MSCs have become the most clinically researched experimental cell for
multiple therapeutic purposes, including cancer [118], liver diseases [119], aging [120],
sepsis [121], complex infectious diseases [122], and inflammatory diseases [96]. However,
there are several limitations of using either MSCs, MSC-EVs, or engineered human MSCs,
as explained below.
The first and foremost limitation entails the lack of large empirical study-based deeper
insights into the underlying mechanism of action(s) of MSCs in diseases, such as severe
COVID-19 patients, idiopathic pulmonary fibrosis, acute lung injury, and chronic obstructive pulmonary disease (COPD). Owing to the lack of holistic understanding, there is nonavailability of standard protocol in terms of dose/number of MSCs (generally, 1–2 million
cells/kg), frequency of injection, and spacing thereof. This could be one of the reasons
for considerable variability in clinical outcomes reported worldwide. Furthermore, the
source of MSC origin and protocols used to culture them before infusion could also result
in differential therapeutic effectiveness [123], requiring optimization at the levels of isolation, characterization, and histocompatibility. Moll et al. reported significantly impaired
immunomodulation, decreased production of anti-inflammatory mediators, substantial
increase in IBMIR (instant blood mediated inflammatory reaction), and a strong activation
of the complement cascade following infusion of freeze-thawed MSCs, compared to fresh
cells from continuous culture [124], strongly emphasizing the benefits of freshly harvested
cells in achieving better clinical outcome. Albeit it imposes new challenges in terms of
availability of fresh mesenchymal stem cells in short period of time, especially in case of
autologous transplantation.
The second limitation includes a lack of long-term safety evaluations following infusion of MSCs, although short term follow-up studies have not shown considerable adverse
effects, barring a few cases. For instance, Xu et al. reported adverse events greater than
grade 3 in a small number of patients at one-month follow-up period post MSC infusion [125]. Although, owing to small sample size, the association between reported adverse
events (very few) and MSC transplantation remains inconclusive, necessitating large-scale
and long-term clinical studies for in-depth safety evaluation.
The third limitation includes prohibitively high cost of cell-based therapy (CBT) as it
requires high throughput instruments and an advanced instrumentation facility for isolation, processing, and analysis. After the analysis, culture, and characterization, CBT may
also require a storage facility until cells are administered to patients [126,127], enhancing
overall cost of treatment. Together, CBT may become very costly, making it unaffordable
for the majority of individuals in need, especially to those in low-income category.
Although clinical administration of MSCs/MSC-EVs to treat COVID-19 and related
diseases is still in the preliminary investigation stages (majority at the various phases of
the clinical trials) and awaiting wider acceptability among clinicians as a novel therapeutic
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module, nevertheless, it may be potentially utilized for treating various types of diseases in
the near future.
6. Conclusions
SARS-CoV-2-induced COVID-19 has adversely influenced and deteriorated various
aspects of human existence, including global commerce and economic development, along
with causing innumerable debilitations and deaths worldwide. Following the entry of
SARS-CoV-2 into the body, innate and adaptive arms of immunity are immediately evoked
to resolve infection to prevent disease onset and progression. However, in certain cases, the
activated immune response turns potentially pathological rather than protective, thereby
causing dreadful and fatal health conditions like acute respiratory distress syndrome
(ARDS), and eventual death. Therefore, the collective global fight against COVID-19, based
on an array of effective interventions, including drug repurposing [128,129], antibody
cocktail [130,131], vaccine [52], and stem cell-based therapy [132], are urgently required
to millions of lives. This challenge is increasingly being compounded owing to the origin
of various SARS-CoV-2 variants of concerns with enhanced intrinsic pathogenic properties [133]. Among stem cells, MSCs, owing to their intrinsic immunoregulatory properties,
have gained considerable prominence as a cell-based therapy to treat ARDS following
various types of infections, including SARS-CoV-2, through pre-clinical and clinical trial
outcomes. The underlying mechanisms of MSC-based therapy involves regulating inflammatory responses, paracrine secretion of cytokines and growth factors, release of
rejuvenating exosomes, and so forth (Figure 1). These well-established therapeutic MSC
properties, combined with observed safety and efficacy during pre-clinical and preliminary
clinical trials, have been the basis for their large-scale clinical trials (Table 1) to find out the
appropriate cell concentration, gap and frequency of dose, and route of administration, in
order to develop novel and effective cell-based treatment modalities. Preliminary findings
show that MSCs and/or MSC-derived secretome may significantly alleviate respiratory
distress, repair lung damage, and turbocharge patient recovery with better immune tolerance [91,112]. Considering all the above-mentioned facts based on empirical research,
the unique properties of MSCs may be thoroughly leveraged and used as a potent and
versatile therapy in the near future, not only for COVID-19, but also for various other types
of disease.
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An update on drugs with therapeutic potential for SARS-CoV-2 (COVID-19) treatment. Drug Resist. Updates Rev. Comment.
Antimicrob. Anticancer. Chemother. 2021, 59, 100794. [CrossRef] [PubMed]
Sorice, M.; Misasi, R.; Riitano, G.; Manganelli, V.; Martellucci, S.; Longo, A.; Garofalo, T.; & Mattei, V. Targeting Lipid Rafts as a
Strategy against Coronavirus. Front. Cell Dev. Biol. 2020, 8, 618296. [CrossRef]
Harrell, C.R.; Sadikot, R.; Pascual, J.; Fellabaum, C.; Jankovic, M.G.; Jovicic, N.; Djonov, V.; Arsenijevic, N.; Volarevic, V.
Mesenchymal Stem Cell-Based Therapy of Inflammatory Lung Diseases: Current Understanding and Future Perspectives. Stem
Cells Int. 2019, 2019, 1–14. [CrossRef]
Rogers, C.J.; Harman, R.J.; Bunnell, B.A.; Schreiber, M.A.; Xiang, C.; Wang, F.-S.; Santidrian, A.F.; Minev, B.R. Rationale for the
clinical use of adipose-derived mesenchymal stem cells for COVID-19 patients. J. Transl. Med. 2020, 18, 4236973. [CrossRef]
Shi, Y.; Su, J.; Roberts, A.I.; Shou, P.; Rabson, A.B.; Ren, G. How mesenchymal stem cells interact with tissue immune responses.
Trends Immunol. 2012, 33, 136–143. [CrossRef]

Cells 2022, 11, 2175

51.
52.

53.
54.

55.
56.

57.
58.
59.

60.
61.
62.
63.

64.

65.

66.
67.
68.

69.
70.
71.

72.
73.

74.

17 of 20

Ankrum, J.; Ong, J.F.; Karp, J.M. Mesenchymal stem cells: Immune evasive, not immune privileged. Nat. Biotechnol. 2014, 32,
252–260. [CrossRef] [PubMed]
Chaudhary, J.K.; Yadav, R.; Chaudhary, P.K.; Maurya, A.; Kant, N.; Rugaie, O.; Haokip, H.R.; Yadav, D.; Roshan, R.; Prasad, R.;
et al. Insights into COVID-19 Vaccine Development Based on Immunogenic Structural Proteins of SARS-CoV-2, Host Immune
Responses, and Herd Immunity. Cells 2021, 10, 2949. [CrossRef] [PubMed]
Walls, A.C.; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2
Spike Glycoprotein. Cell 2020, 181, 281–292.e6. [CrossRef]
Chaudhary, J.K.; Yadav, R.; Chaudhary, P.K.; Maurya, A.; Roshan, R.; Azam, F.; Mehta, J.; Handu, S.; Prasad, R.; Jain, N.; et al.
Host Cell and SARS-CoV-2-Associated Molecular Structures and Factors as Potential Therapeutic Targets. Cells 2021, 10, 2427.
[CrossRef] [PubMed]
Ferrara, J.L.; Abhyankar, S.; Gilliland, D.G. Cytokine storm of graft-versus-host disease: A critical effector role for interleukin-1.
Transplant. Proc. 1993, 25, 1216–1217.
Wang, J.; Jiang, M.; Chen, X.; Montaner, L.J. Cytokine storm and leukocyte changes in mild versus severe SARS-CoV-2 infection:
Review of 3939 COVID-19 patients in China and emerging pathogenesis and therapy concepts. J. Leukoc. Biol. 2020, 108, 17–41.
[CrossRef] [PubMed]
Crayne, C.B.; Albeituni, S.; Nichols, K.E.; Cron, R.Q. The Immunology of Macrophage Activation Syndrome. Front. Immunol.
2019, 10, 119. [CrossRef]
Chousterman, B.G.; Swirski, F.; Weber, G.F. Cytokine storm and sepsis disease pathogenesis. Semin. Immunopathol. 2017, 39,
517–528. [CrossRef]
Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F.; Han, Y.; Qiu, Y.; Wang, J.; Liu, Y.; Wei, Y.; et al. Epidemiological and clinical
characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: A descriptive study. Lancet 2020, 395, 507–513.
[CrossRef]
Vivier, E.; Artis, D.; Colonna, M.; Diefenbach, A.; Di Santo, J.P.; Eberl, G.; Koyasu, S.; Locksley, R.M.; McKenzie, A.N.J.; Mebius,
R.E.; et al. Innate Lymphoid Cells: 10 Years On. Cell 2018, 174, 1054–1066. [CrossRef]
Fisman, D.N. Hemophagocytic Syndromes and Infection. Emerg. Infect. Dis. 2000, 6, 601–608. [CrossRef] [PubMed]
Mehta, P.; McAuley, D.F.; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, J.J.; on behalf of the HLH Across Speciality Collaboration, UK. COVID-19: Consider cytokine storm syndromes and immunosuppression. Lancet 2020, 395, 1033–1034. [CrossRef]
Xiong, Y.; Liu, Y.; Cao, L.; Wang, D.; Guo, M.; Jiang, A.; Guo, D.; Hu, W.; Yang, J.; Tang, Z.; et al. Transcriptomic characteristics
of bronchoalveolar lavage fluid and peripheral blood mononuclear cells in COVID-19 patients. Emerg. Microbes Infect. 2020, 9,
761–770. [CrossRef]
Channappanavar, R.; Fehr, A.R.; Vijay, R.; Mack, M.; Zhao, J.; Meyerholz, D.K.; Perlman, S. Dysregulated Type I Interferon and
Inflammatory Monocyte-Macrophage Responses Cause Lethal Pneumonia in SARS-CoV-Infected Mice. Cell Host Microbe 2016, 19,
181–193. [CrossRef]
Zhang, B.; Zhou, X.; Zhu, C.; Song, Y.; Feng, F.; Qiu, Y.; Feng, J.; Jia, Q.; Song, Q.; Zhu, B.; et al. Immune Phenotyping Based on the
Neutrophil-to-Lymphocyte Ratio and IgG Level Predicts Disease Severity and Outcome for Patients with COVID-19. Front. Mol.
Biosci. 2020, 7, 157. [CrossRef]
Zhang, L.; Huang, B.; Xia, H.; Fan, H.; Zhu, M.; Zhu, L.; Zhang, H.; Tao, X.; Cheng, S.; Chen, J. Retrospective analysis of clinical
features in 134 coronavirus disease 2019 cases. Epidemiol. Infect. 2020, 148, e199. [CrossRef] [PubMed]
Lefrançais, E.; Looney, M.R. Neutralizing Extracellular Histones in Acute Respiratory Distress Syndrome. A New Role for an
Endogenous Pathway. Am. J. Respir. Crit. Care Med. 2017, 196, 122–124. [CrossRef]
Lachowicz-Scroggins, M.E.; Dunican, E.M.; Charbit, A.R.; Raymond, W.; Looney, M.R.; Peters, M.; Gordon, E.D.; Woodruff, P.G.;
Lefrancais, E.; Phillips, B.R.; et al. Extracellular DNA, Neutrophil Extracellular Traps, and Inflammasome Activation in Severe
Asthma. Am. J. Respir. Crit. Care Med. 2019, 199, 1076–1085. [CrossRef]
Fuchs, T.A.; Brill, A.; Wagner, D.D. Neutrophil Extracellular Trap (NET) Impact on Deep Vein Thrombosis. Arter. Thromb. Vasc.
Biol. 2012, 32, 1777–1783. [CrossRef]
Manickam, C.; Sugawara, S.; Reeves, R.K. Friends or foes? The knowns and unknowns of natural killer cell biology in COVID-19
and other coronaviruses in July 2020. PLoS Pathog. 2020, 16, e1008820. [CrossRef]
Wilk, A.J.; Rustagi, A.; Zhao, N.Q.; Roque, J.; Martínez-Colón, G.J.; McKechnie, J.L.; Ivison, G.T.; Ranganath, T.; Vergara, R.; Hollis,
T.; et al. A single-cell atlas of the peripheral immune response in patients with severe COVID-19. Nat. Med. 2020, 26, 1070–1076.
[CrossRef]
Yu, J.; Tostanoski, L.H.; Peter, L.; Mercado, N.B.; McMahan, K.; Mahrokhian, S.H.; Nkolola, J.P.; Liu, J.; Li, Z.; Chandrashekar, A.;
et al. DNA vaccine protection against SARS-CoV-2 in rhesus macaques. Science 2020, 369, 806–811. [CrossRef] [PubMed]
Qin, C.; Zhou, L.; Hu, Z.; Zhang, S.; Yang, S.; Tao, Y.; Xie, C.; Ma, K.; Shang, K.; Wang, W.; et al. Dysregulation of Immune
Response in Patients With Coronavirus 2019 (COVID-19) in Wuhan, China. Clin. Infect. Dis. 2020, 71, 762–768. [CrossRef]
[PubMed]
Kuri-Cervantes, L.; Pampena, M.B.; Meng, W.; Rosenfeld, A.M.; Ittner, C.A.G.; Weisman, A.R.; Agyekum, R.S.; Mathew, D.; Baxter,
A.E.; Vella, L.A.; et al. Comprehensive mapping of immune perturbations associated with severe COVID-19. Sci. Immunol. 2020,
5, eabd7114. [CrossRef] [PubMed]

Cells 2022, 11, 2175

75.

18 of 20

Lokugamage, K.G.; Hage, A.; de Vries, M.; Valero-Jimenez, A.M.; Schindewolf, C.; Dittmann, M.; Rajsbaum, R.; Menachery, V.D.
Type I Interferon Susceptibility Distinguishes SARS-CoV-2 from SARS-CoV. J. Virol. 2020, 94, e01410-20. [CrossRef]
76. Blanco-Melo, D.; Nilsson-Payant, B.E.; Liu, W.C.; Uhl, S.; Hoagland, D.; Møller, R.; Jordan, T.X.; Oishi, K.; Panis, M.; Sachs, D.;
et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19. Cell 2020, 181, 1036–1045.e9. [CrossRef]
77. Hadjadj, J.; Yatim, N.; Barnabei, L.; Corneau, A.; Boussier, J.; Smith, N.; Péré, H.; Charbit, B.; Bondet, V.; Chenevier-Gobeaux, C.;
et al. Impaired type I interferon activity and inflammatory responses in severe COVID-19 patients. Science 2020, 369, 718–724.
[CrossRef]
78. Bassing, C.H.; Swat, W.; Alt, F.W. The Mechanism and Regulation of Chromosomal V(D)J Recombination. Cell 2002, 109, S45–S55.
[CrossRef]
79. Calis, J.J.; Rosenberg, B. Characterizing immune repertoires by high throughput sequencing: Strategies and applications. Trends
Immunol. 2014, 35, 581–590. [CrossRef]
80. Chen, G.; Wu, D.; Guo, W.; Cao, Y.; Huang, D.; Wang, H.; Wang, T.; Zhang, X.; Chen, H.; Yu, H.; et al. Clinical and immunological
features of severe and moderate coronavirus disease 2019. J. Clin. Investig. 2020, 130, 2620–2629. [CrossRef]
81. Wang, F.; Nie, J.; Wang, H.; Zhao, Q.; Xiong, Y.; Deng, L.; Song, S.; Ma, Z.; Mo, P.; Zhang, Y. Characteristics of Peripheral
Lymphocyte Subset Alteration in COVID-19 Pneumonia. J. Infect. Dis. 2020, 221, 1762–1769. [CrossRef] [PubMed]
82. He, Z.; Zhao, C.; Dong, Q.; Zhuang, H.; Song, S.; Peng, G.; Dwyer, D.E. Effects of severe acute respiratory syndrome (SARS)
coronavirus infection on peripheral blood lymphocytes and their subsets. Int. J. Infect. Dis. 2005, 9, 323–330. [CrossRef] [PubMed]
83. Vabret, N.; Britton, G.J.; Gruber, C.; Hegde, S.; Kim, J.; Kuksin, M.; Levantovsky, R.; Malle, L.; Moreira, A.; Park, M.D.; et al.
Immunology of COVID-19: Current State of the Science. Immunity 2020, 52, 910–941. [CrossRef] [PubMed]
84. Liao, M.; Liu, Y.; Yuan, J.; Wen, Y.; Xu, G.; Zhao, J.; Cheng, L.; Li, J.; Wang, X.; Wang, F.; et al. Single-cell landscape of
bronchoalveolar immune cells in patients with COVID-19. Nat. Med. 2020, 26, 842–844. [CrossRef]
85. Juno, J.A.; Tan, H.X.; Lee, W.S.; Reynaldi, A.; Kelly, H.G.; Wragg, K.; Esterbauer, R.; Kent, H.E.; Batten, C.J.; Mordant, F.L.; et al.
Humoral and circulating follicular helper T cell responses in recovered patients with COVID-19. Nat. Med. 2020, 26, 1428–1434.
[CrossRef]
86. Weiskopf, D.; Schmitz, K.S.; Raadsen, M.P.; Grifoni, A.; Okba, N.M.A.; Endeman, H.; van den Akker, J.; Molenkamp, R.;
Koopmans, M.; van Gorp, E.; et al. Phenotype and kinetics of SARS-CoV-2-specific T cells in COVID-19 patients with acute
respiratory distress syndrome. Sci. Immunol. 2020, 5, eabd2071. [CrossRef]
87. Parker, R.; Partridge, T.; Wormald, C.; Kawahara, R.; Stalls, V.; Aggelakopoulou, M.; Parker, J.; Powell Doherty, R.; Ariosa Morejon,
Y.; Lee, E.; et al. Mapping the SARS-CoV-2 spike glycoprotein-derived peptidome presented by HLA class II on dendritic cells.
Cell Rep. 2021, 35, 109179. [CrossRef]
88. Meyer, N.J.; Gattinoni, L.; Calfee, C.S. Acute respiratory distress syndrome. Lancet 2021, 398, 622–637. [CrossRef]
89. Matthay, M.A.; Zemans, R.L.; Zimmerman, G.A.; Arabi, Y.M.; Beitler, J.R.; Mercat, A.; Herridge, M.; Randolph, A.G.; Calfee, C.S.
Acute respiratory distress syndrome. Nat. Rev. Dis. Primers 2019, 5, 18. [CrossRef]
90. Bellani, G.; Laffey, J.G.; Pham, T.; Fan, E.; Brochard, L.; Esteban, A.; Gattinoni, L.; Van Haren, F.; Larsson, A.; McAuley, D.F.; et al.
Epidemiology, Patterns of Care, and Mortality for Patients With Acute Respiratory Distress Syndrome in Intensive Care Units in
50 Countries. JAMA 2016, 315, 788–800. [CrossRef]
91. Levy, O.; Kuai, R.; Siren, E.M.J.; Bhere, D.; Milton, Y.; Nissar, N.; De Biasio, M.; Heinelt, M.; Reeve, B.; Abdi, R.; et al. Shattering
barriers toward clinically meaningful MSC therapies. Sci. Adv. 2020, 6, eaba6884. [CrossRef] [PubMed]
92. Crisan, M.; Yap, S.; Casteilla, L.; Chen, C.W.; Corselli, M.; Park, T.S.; Andriolo, G.; Sun, B.; Zheng, B.; Zhang, L.; et al. A
perivascular origin for mesenchymal stem cells in multiple human organs. Cell Stem Cell 2008, 3, 301–313. [CrossRef] [PubMed]
93. Lv, F.-J.; Tuan, R.S.; Cheung, K.M.C.; Leung, V.Y.L. Concise Review: The Surface Markers and Identity of Human Mesenchymal
Stem Cells. Stem Cells 2014, 32, 1408–1419. [CrossRef] [PubMed]
94. Ma, S.; Xie, N.; Li, W.; Yuan, B.; Shi, Y.; Wang, Y. Immunobiology of mesenchymal stem cells. Cell Death Differ. 2014, 21, 216–225.
[CrossRef] [PubMed]
95. Ullah, M.; Liu, D.D.; Thakor, A.S. Mesenchymal Stromal Cell Homing: Mechanisms and Strategies for Improvement. iScience
2019, 15, 421–438. [CrossRef]
96. Shi, Y.; Wang, Y.; Li, Q.; Liu, K.; Hou, J.; Shao, C.; Wang, Y. Immunoregulatory mechanisms of mesenchymal stem and stromal
cells in inflammatory diseases. Nat. Rev. Nephrol. 2018, 14, 493–507. [CrossRef]
97. Song, N.; Scholtemeijer, M.; Shah, K. Mesenchymal Stem Cell Immunomodulation: Mechanisms and Therapeutic Potential. Trends
Pharmacol. Sci. 2020, 41, 653–664. [CrossRef]
98. Ghannam, S.; Pène, J.; Moquet-Torcy, G.; Torcy-Moquet, G.; Jorgensen, C.; Yssel, H. Mesenchymal stem cells inhibit human Th17
cell differentiation and function and induce a T regulatory cell phenotype. J. Immunol. 2010, 185, 302–312. [CrossRef]
99. Davies, L.C.; Heldring, N.; Kadri, N.; Le Blanc, K. Mesenchymal Stromal Cell Secretion of Programmed Death-1 Ligands Regulates
T Cell Mediated Immunosuppression. Stem Cells 2016, 35, 766–776. [CrossRef]
100. Ge, W.; Jiang, J.; Arp, J.; Liu, W.; Garcia, B.; Wang, H. Regulatory T-cell generation and kidney allograft tolerance induced by
mesenchymal stem cells associated with indoleamine 2,3-dioxygenase expression. Transplantation 2010, 90, 1312–1320. [CrossRef]
101. Jiang, X.X.; Zhang, Y.; Liu, B.; Zhang, S.X.; Wu, Y.; Yu, X.D.; Mao, N. Human mesenchymal stem cells inhibit differentiation and
function of monocyte-derived dendritic cells. Blood 2005, 105, 4120–4126. [CrossRef] [PubMed]

Cells 2022, 11, 2175

19 of 20

102. Bozorgmehr, M.; Moazzeni, S.M.; Salehnia, M.; Sheikhian, A.; Nikoo, S.; Zarnani, A.-H. Menstrual blood-derived stromal stem
cells inhibit optimal generation and maturation of human monocyte-derived dendritic cells. Immunol. Lett. 2014, 162, 239–246.
[CrossRef] [PubMed]
103. Ntolios, P.; Steiropoulos, P.; Karpathiou, G.; Anevlavis, S.; Karampitsakos, T.; Bouros, E.; Froudarakis, M.E.; Bouros, D.;
Tzouvelekis, A. Cell Therapy for Idiopathic Pulmonary Fibrosis: Rationale and Progress to Date. BioDrugs 2020, 34, 543–556.
[CrossRef] [PubMed]
104. Cao, X. COVID-19: Immunopathology and its implications for therapy. Nat. Rev. Immunol. 2020, 20, 269–270. [CrossRef]
105. Avanzini, M.A.; Mura, M.; Percivalle, E.; Bastaroli, F.; Croce, S.; Valsecchi, C.; Lenta, E.; Nykjaer, G.; Cassaniti, I.; Bagnarino, J.;
et al. Human mesenchymal stromal cells do not express ACE2 and TMPRSS2 and are not permissive to SARS-CoV-2 infection.
Stem Cells Transl. Med. 2021, 10, 636–642. [CrossRef]
106. Chan, M.C.W.; Kuok, D.I.T.; Leung, C.Y.H.; Hui, K.P.Y.; Valkenburg, S.A.; Lau, E.H.Y.; Nicholls, J.M.; Fang, X.; Guan, Y.; Lee, J.W.;
et al. Human mesenchymal stromal cells reduce influenza A H5N1-associated acute lung injury in vitro and in vivo. Proc. Natl.
Acad. Sci. USA 2016, 113, 3621–3626. [CrossRef]
107. Loy, H.; Kuok, D.I.T.; Hui, K.P.Y.; Choi, M.H.L.; Yuen, W.; Nicholls, J.M.; Peiris, J.; Chan, M. Therapeutic Implications of Human
Umbilical Cord Mesenchymal Stromal Cells in Attenuating Influenza A(H5N1) Virus–Associated Acute Lung Injury. J. Infect. Dis.
2019, 219, 186–196. [CrossRef]
108. Klimczak, A. Perspectives on mesenchymal stem/progenitor cells and their derivates as potential therapies for lung damage
caused by COVID-19. World J. Stem Cells 2020, 12, 1013–1022. [CrossRef]
109. Lanzoni, G.; Linetsky, E.; Correa, D.; Cayetano, S.M.; Alvarez, R.A.; Kouroupis, D.; Gil, A.A.; Poggioli, R.; Ruiz, P.; Marttos, A.C.;
et al. Umbilical cord mesenchymal stem cells for COVID-19 acute respiratory distress syndrome: A double-blind, phase 1/2a,
randomized controlled trial. Stem Cells Transl. Med. 2021, 10, 660–673. [CrossRef]
110. Shi, L.; Yuan, X.; Yao, W.; Wang, S.; Zhang, C.; Zhang, B.; Song, J.; Huang, L.; Xu, Z.; Fu, J.-L.; et al. Human mesenchymal
stem cells treatment for severe COVID-19: 1-year follow-up results of a randomized, double-blind, placebo-controlled trial.
eBioMedicine 2021, 75, 103789. [CrossRef]
111. Bhandari, V.; Choo-Wing, R.; Lee, C.G.; Zhu, Z.; Nedrelow, J.H.; Chupp, G.L.; Zhang, X.; A Matthay, M.; Ware, L.B.; Homer,
R.; et al. Hyperoxia causes angiopoietin 2–mediated acute lung injury and necrotic cell death. Nat. Med. 2006, 12, 1286–1293.
[CrossRef] [PubMed]
112. A Matthay, M.; Calfee, C.S.; Zhuo, H.; Thompson, B.T.; Wilson, J.G.; E Levitt, J.; Rogers, A.J.; E Gotts, J.; Wiener-Kronish, J.P.; Bajwa,
E.K.; et al. Treatment with allogeneic mesenchymal stromal cells for moderate to severe acute respiratory distress syndrome
(START study): A randomised phase 2a safety trial. Lancet Respir. Med. 2018, 7, 154–162. [CrossRef]
113. Golchin, A.; Seyedjafari, E.; Ardeshirylajimi, A. Mesenchymal Stem Cell Therapy for COVID-19: Present or Future. Stem Cell Rev.
Rep. 2020, 16, 427–433. [CrossRef] [PubMed]
114. Fathi-Kazerooni, M.; Fattah-Ghazi, S.; Darzi, M.; Makarem, J.; Nasiri, R.; Salahshour, F.; Dehghan-Manshadi, S.A.; Kazemnejad,
S. Safety and efficacy study of allogeneic human menstrual blood stromal cells secretome to treat severe COVID-19 patients:
Clinical trial phase I & II. Stem Cell Res. Ther. 2022, 13, 96. [CrossRef]
115. Sengupta, V.; Sengupta, S.; Lazo, A.; Woods, P.; Nolan, A.; Bremer, N. Exosomes Derived from Bone Marrow Mesenchymal Stem
Cells as Treatment for Severe COVID-19. Stem Cells Dev. 2020, 29, 747–754. [CrossRef] [PubMed]
116. Chen, L.; Qu, J.; Kalyani, F.S.; Zhang, Q.; Fan, L.; Fang, Y.; Li, Y.; Xiang, C. Mesenchymal stem cell-based treatments for COVID-19:
Status and future perspectives for clinical applications. Cell Mol. Life Sci. 2022, 79, 142. [CrossRef] [PubMed]
117. Lazarus, H.M.; E Haynesworth, S.; Gerson, S.L.; Rosenthal, N.S.; Caplan, A. Ex vivo expansion and subsequent infusion of human
bone marrow-derived stromal progenitor cells (mesenchymal progenitor cells): Implications for therapeutic use. Bone Marrow
Transpl. 1995, 16, 557–564.
118. Weng, Z.; Zhang, B.; Wu, C.; Yu, F.; Han, B.; Li, B.; Li, L. Therapeutic roles of mesenchymal stem cell-derived extracellular vesicles
in cancer. J. Hematol. Oncol. 2021, 14, 136. [CrossRef]
119. Hu, C.; Wu, Z.; Li, L. Pre-treatments enhance the therapeutic effects of mesenchymal stem cells in liver diseases. J. Cell Mol. Med.
2019, 24, 40–49. [CrossRef]
120. Dorronsoro, A.; Santiago, F.E.; Grassi, D.; Zhang, T.; Lai, R.C.; McGowan, S.J.; Angelini, L.; Lavasani, M.; Corbo, L.; Lu, A.; et al.
Mesenchymal stem cell-derived extracellular vesicles reduce senescence and extend health span in mouse models of aging. Aging
Cell 2021, 20, e13337. [CrossRef]
121. Li, Z.; Song, Y.; Yuan, P.; Guo, W.; Hu, X.; Xing, W.; Ao, L.; Tan, Y.; Wu, X.; Ao, X.; et al. Antibacterial Fusion Protein BPI21/LL-37
Modification Enhances the Therapeutic Efficacy of hUC-MSCs in Sepsis. Mol. Ther. 2020, 28, 1806–1817. [CrossRef] [PubMed]
122. Shaw, T.D.; Krasnodembskaya, A.D.; Schroeder, G.N.; Zumla, A.; Maeurer, M.; O’Kane, C.M. Mesenchymal Stromal Cells: An
Antimicrobial and Host-Directed Therapy for Complex Infectious Diseases. Clin. Microbiol. Rev. 2021, 34, e0006421. [CrossRef]
[PubMed]
123. Moll, G.; Ankrum, J.; Kamhieh-Milz, J.; Bieback, K.; Ringdén, O.; Volk, H.-D.; Geißler, S.; Reinke, P. Intravascular Mesenchymal
Stromal/Stem Cell Therapy Product Diversification: Time for New Clinical Guidelines. Trends Mol. Med. 2019, 25, 149–163.
[CrossRef]

Cells 2022, 11, 2175

20 of 20

124. Moll, G.; Alm, J.J.; Davies, L.C.; von Bahr, L.; Heldring, N.; Stenbeck-Funke, L.; Hamad, O.A.; Hinsch, R.; Ignatowicz, L.; Locke,
M.; et al. Do cryopreserved mesenchymal stromal cells display impaired immunomodulatory and therapeutic properties? Stem
Cells 2014, 32, 2430–2442. [CrossRef] [PubMed]
125. Xu, X.; Jiang, W.; Chen, L.; Xu, Z.; Zhang, Q.; Zhu, M.; Ye, P.; Li, H.; Yu, L.; Zhou, X.; et al. Evaluation of the safety and efficacy of
using human menstrual blood-derived mesenchymal stromal cells in treating severe and critically ill COVID-19 patients: An
exploratory clinical trial. Clin. Transl. Med. 2021, 11, e297. [CrossRef] [PubMed]
126. Robb, K.P.; Fitzgerald, J.C.; Barry, F.; Viswanathan, S. Mesenchymal stromal cell therapy: Progress in manufacturing and
assessments of potency. Cytotherapy 2019, 21, 289–306. [CrossRef]
127. Golchin, A. Cell-Based Therapy for Severe COVID-19 Patients: Clinical Trials and Cost-Utility. Stem Cell Rev. Rep. 2020, 17, 56–62.
[CrossRef]
128. Mirabelli, C.; Wotring, J.W.; Zhang, C.J.; McCarty, S.M.; Fursmidt, R.; Pretto, C.D.; Qiao, Y.; Zhang, Y.; Frum, T.; Kadambi, N.S.;
et al. Morphological cell profiling of SARS-CoV-2 infection identifies drug repurposing candidates for COVID-19. Proc. Natl.
Acad. Sci. USA. 2021, 118, e2105815118. [CrossRef]
129. Dotolo, S.; Marabotti, A.; Facchiano, A.; Tagliaferri, R. A review on drug repurposing applicable to COVID-19. Brief. Bioinform.
2020, 22, 726–741. [CrossRef]
130. Mast, F.D.; Fridy, P.C.; Ketaren, N.E.; Wang, J.; Jacobs, E.Y.; Olivier, J.P.; Sanyal, T.; Molloy, K.R.; Schmidt, F.; Rutkowska, M.;
et al. Highly synergistic combinations of nanobodies that target SARS-CoV-2 and are resistant to escape. elife 2021, 10, e73027.
[CrossRef]
131. Zhang, C.; Wang, Y.; Zhu, Y.; Liu, C.; Gu, C.; Xu, S.; Wang, Y.; Zhou, Y.; Wang, Y.; Han, W.; et al. Development and structural basis
of a two-MAb cocktail for treating SARS-CoV-2 infections. Nat. Commun. 2021, 12, 264. [CrossRef] [PubMed]
132. Song, N.; Wakimoto, H.; Rossignoli, F.; Bhere, D.; Ciccocioppo, R.; Chen, K.S.; Khalsa, J.K.; Mastrolia, I.; Samarelli, A.V.; Dominici,
M.; et al. Mesenchymal stem cell immunomodulation: In pursuit of controlling COVID-19 related cytokine storm. Stem Cells 2021,
39, 707–722. [CrossRef] [PubMed]
133. Campbell, F.; Archer, B.; Laurenson-Schafer, H.; Jinnai, Y.; Konings, F.; Batra, N.; Pavlin, B.; Vandemaele, K.; Van Kerkhove, M.D.;
Jombart, T.; et al. Increased transmissibility and global spread of SARS-CoV-2 variants of concern as at June 2021. Eurosurveillance
2021, 26, 2100509. [CrossRef] [PubMed]

