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Abstract

More than seven months into the coronavirus disease -19 (COVID-19) pandemic, infection from the severe acute res-
piratory syndrome coronavirus-2 (SARS-CoV-2) has led to over 21.2 million cases and resulted in over 760,000 deaths
worldwide so far. As a result, COVID-19 has changed all our lives as we battle to curtail the spread of the infection in
the absence of specific therapies against coronaviruses and in anticipation of a proven safe and efficacious vaccine.
Common with previous outbreaks of coronavirus infections, SARS and Middle East respiratory syndrome, COVID-19
can lead to acute respiratory distress syndrome (ARDS) that arises due to an imbalanced immune response. While
several repurposed antiviral and host-response drugs are under examination as potential treatments, other novel
therapeutics are also being explored to alleviate the effects on critically ill patients. The use of mesenchymal stromal
cells (MSCs) for COVID-19 has become an attractive avenue down which almost 70 different clinical trial teams have
ventured. Successfully trialled for the treatment of other conditions such as multiple sclerosis, osteoarthritis and graft
versus host disease, MSCs possess both regenerative and immunomodulatory properties, the latter of which can be
harnessed to reduce the severity and longevity of ARDS in patients under intensive care due to SARS-CoV-2 infection.

Keywords: COVID-19, SARS-CoV-2, Mesenchymal stromal cells, Acute respiratory distress syndrome

Background

The clinical condition known as coronavirus disease 2019
(COVID-19) has been brought to the fore of all human
consciousness in the wake of this newly emergent and
ongoing pandemic. Caused by the severe acute respira-
tory syndrome—coronavirus 2 (SARS-CoV-2), COVID-
19 can manifest either asymptomatically, or generate
symptoms ranging from persistent cough and fever, to
severe respiratory failure and death [1, 2]. From its dis-
covery during December 2019 in the Wuhan region of
China, the rapid human to human and world-wide spread
of the virus led the World Health Organisation (WHO)
to declare COVID-19 a pandemic on the 11th of March
2020 [3-5].
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With the lack of any specific treatment regimen for
human coronavirus related diseases many different facets
of biological and clinical research have been mobilised to
explore various avenues of disease treatment, manage-
ment and indeed eventual prevention through the crea-
tion of an effective vaccine [6—8]. However, due to the
extensive lead time from the discovery of an effective
and safe vaccine to its mass production and world-wide
distribution, coupled with the observed asymptomatic/
pre-symptomatic rapid spread of SARS-CoV-2, there is
an urgent need for more immediate therapies for disease
treatment and management [8, 9].

This review will focus on the emergence of SARS-
CoV-2 and highlight the promising area of cell-based
therapies as a potential avenue to treat the effects of this
viral infection. Specifically, mesenchymal stromal cells
(MSCs), which have been evaluated in previous pre-clin-
ical and clinical studies for the treatments of various dis-
ease conditions due to their broad immunomodulatory,
anti-inflammatory and regenerative capacities [10].
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Origins of SARS-CoV-2

A concentration of cases of a new respiratory dis-
ease, was first reported in the city of Wuhan in China
during December 2019. Clinical examination of the
patients revealed common symptoms of pneumonia,
fever, reduced lymphocyte counts, pulmonary oedema
and a lack of response to antibiotics, strongly suggest-
ing a virally-induced disease. Epidemiological tracing
of these early cases identified a common geographical
origin to be a live animal market [1, 2]. Such symp-
toms and origins bore similar hallmarks to the out-
break of the severe acute respiratory syndrome (SARS)
pandemic, also originating in China, during 2003 and
caused by the SARS coronavirus (SARS-CoV) [11, 12].
Subsequent exploration of bronchoalveolar lavage
fluid (BALF) from COVID-19 affected patients using
deep meta-genomic sequencing revealed the aetiologi-
cal agent to be a novel coronavirus that was eventually
named SARS-CoV2 [1, 2, 13, 14].

SARS-CoV2 belongs to the beta coronavirus genera of
the Coronaviridae family, which consist of enveloped,
non-segmented, positive stranded RNA viruses. The
receptor binding domain (RBD) of the spike (S) protein of
coronaviruses is the principal determinant for its cellular
tropism, with that of SARS-CoV-2 using the membrane
bound angiotensin converting enzyme 2 (ACE2) for cell
entry [1, 15, 16]. Also used by SARs-CoV [17], ACE2 is
widely expressed in the upper and lower respiratory tract
as well as in the lining of the intestines, the endothelia
of the blood vessels and the heart [18, 19]. A separate
receptor, dipeptidyl peptidase 4 (DPPA4), is used by the
pathogenic Middle East Respiratory Syndrome coronavi-
rus (MERS-CoV) [20], which has been responsible for the
outbreak of potentially fatal pneumonia cases in Saudi
Arabia since 2012 [21].

As for the origins of SARS-CoV-2, homology modelling
has shown that the RBD of the spike protein is closely
related to SARS-CoV [13, 22]. At the whole genome
level, however, phylogenetic alignments have shown that
SARS-CoV-2 was most similar to coronaviruses found
within Chinese horseshoe bat populations [1, 13]. Previ-
ous studies have shown that SARS-CoV and MERS-CoV
also have close sequence identities to coronavirus species
circulating in bats [23, 24], and that bat coronaviruses
can also use ACE2 as a receptor for cell entry in human
cells [25]. These data strongly suggested that bats serve
as an originating host for coronaviruses that can become
zoonotic with the potential of causing human respiratory
diseases. Previous examinations of the emergence poten-
tial of circulating bat coronaviruses to give rise to a new
virus and ignite another pandemic concluded that such a
scenario was almost inevitable and effectively predicted
the current COVID-19 outbreak [26—-28].
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Pathogenesis of COVID-19

Although most human coronavirus infections are mild,
the outbreaks of SARS in 2003 and MERS in 2012 have
caused more than 10,000 cumulative cases in the past
two decades, with mortality rates of 10% for SARS-CoV
and 37% for MERS-CoV [29, 30]. While we wait for the
final tally of cases and overall mortality rate of COVID-
19 to be determined, it is already known that SARS-CoV2
is extremely contagious as it can be transmitted asymp-
tomatically [9]. From the first reported case in the city
of Wuhan, COVID-19 rapidly spread to other regions of
China, as well as reaching farther afield, with epicentres
soon flourishing in Washington in the United States and
the Lombardy region of northern Italy. Since then, the
basic reproductive number (RO) has been shown to be as
high as 2.5 [31]. As of the 16th August 2020, SARS-CoV-2
has been confirmed to have infected over 21.2 million
people worldwide, across 212 countries and territories,
leading to over 760,000 deaths [32]. Thus, in the first
seven months since its onset, the death toll from COVID-
19 is already many fold higher than any previously known
coronavirus related disease.

The regions affected during the early stages of the
COVID-19 emergence have reported varying numbers of
patients requiring treatment in their intensive care units
(ICU) upon admission to hospital with breathing difficul-
ties, with percentages ranging between 5 and 32%. How-
ever, all centres have described common symptoms and
features with their ICU patients including the presence of
ground glass opacities in the lungs as observed by chest
radiography, high neutrophil to lymphocyte ratio (lym-
phopenia) in the blood and the onset of acute respiratory
distress syndrome (ARDS), with most patients requiring
either invasive intubation or continuous positive airway
pressure ventilation [4, 6, 33-35].

Disaggregation of fatality rates for different age groups
has shown a consistent pattern across all countries of a
significantly higher risk for elderly patients. Two sepa-
rate studies have observed that the case fatality ratio
rises steeply for those over 50 years of age and that the
proportion of infected individuals requiring hospitalisa-
tion ranged from around 1% for the 20-29 age group to
18% for those aged 80 and upwards [36, 37]. Aside from
the age effect, certain underlying conditions present
in individuals can increase the chances of infection by
SARS-CoV-2 and lead to poorer clinical outcome. From
analyses undertaken from both within and outwith China
the most prevalent comorbidities documented were
hypertension, cardiovascular/cerebrovascular conditions
and diabetes. Other notable higher risk groups included
patients with cancer, chronic obstructive pulmonary
disease and immunodeficiencies as well as patients who
were smokers and recipients of transplants [38, 39].
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ARDS is a common immunopathological feature of
COVID-19, SARS and MERS and is brought about by an
aggressive inflammatory response that can lead to respir-
atory arrest and death as seen in 70% of COVID-19 fatali-
ties [40]. Initiated by viral infection of cells in the lower
respiratory tract, local inflammation leads to the release
of pro-inflammatory cytokines and chemokines which in
turn leads to the recruitment of T cells and monocytes
from the blood to the site of infection. This is evidenced
by observations from several studies of lymphopenia in
most COVID-19 patients as well as alterations in the
counts of lymphocyte subsets in those with severe dis-
ease [6, 41-44]. The single case study of a 50-year-old
patient who died from SARS-CoV-2 infection, reported
a substantial reduction of circulating CD4 +and CD8+T
cells counts and relatively high proportions of HLA-
DR+ (CD4+3:47%) and CD38+(CD8+39-4%) dou-
ble-positive fractions, suggesting these cells were in a
hyperactive state [41]. A more comprehensive investiga-
tion of 452 COVID-19 patients also revealed a reduction
of total circulating CD4 T helper (Th) cells. With further
sub-type analysis this report also showed an increase in
proportion of naive (CD3 +, CD4 +, CD45RA +) Th cells
(44.5 vs 35.0%) and a decrease in numbers of (CD3+,
CD4+, CD25+, CD127low +) regulatory T cells (3.7 vs
4.5/puL) in severe cases when compared with non-severe
cases [44]. Uncontrolled infiltration of inflammatory cells
into the lungs generates an excessive release of proteases
and reactive oxygen species that damages the alveolar
epithelial-vascular endothelial barrier. Such damage leads
to accumulation of fluid (oedema) in the alveoli and a
reduction in the efficiency of gas exchange resulting in
hypoxemia [45].

Aside from the local tissue damage and resultant ARDS
imparted by the immune dysregulation in the lung, a
systemic, uncontrolled inflammatory response may
also result. Such a reaction, known as a cytokine storm,
involves the release of potentially overwhelming amounts
of pro-inflammatory cytokines and chemokines into the
blood stream of COVID-19 patients including, but not
limited to, IL-6, TNF-a, INF-y, CXCL9 and CXCL10 [44,
46]. The systemic effect of this cytokine storm is sep-
tic shock which can lead to multiple organ failure and
eventual death as observed in those severely affected
by SARS-CoV-2 infection [4, 35, 46]. Transcriptional
and serum profiling of COVID-19 patients in a recent
study has revealed a unique and undesirable inflamma-
tory response compared to other respiratory diseases.
The reported signatures of markedly reduced type I and
III INF responses identified a poor antiviral response
to SARS-CoV2 compared to those from SARS-CoV or
Influenza A viruses. This observation was coupled with
measurements of elevated circulating chemokines and
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cytokines among COVID-19 patients, including IL-6,
ILIRA, CCL2, CCL8 CXCL2, CXCL8, CXCL9, and
CXCL16, indicating an enhancement of generalised
inflammation [47].

Be it directly or indirectly linked to the effects of hyper-
inflammation, another notable consequence of COVD-19
seen in a significant proportion of severely affected indi-
viduals is the impact on the coagulation system. Various
preliminary investigations have shown an association
of mortality among patients with increased circulating
D-dimer levels, a marker of venous thromboembolism
and deep vein thromboses. Two studies from the USA
and the UK have reported overall thrombotic complica-
tion rates among COVID-19 patients of 9.5% and 7.7%,
respectively [48, 49]. While standard anti-coagulation
therapy with heparin has been administered, some
patients appeared refractory to this intervention leading
the authors to recommend urgent clinical trials exploring
the role of anticoagulation treatments [49].

Several studies have now begun exploring the rela-
tionship of host genetics in relation to COVID-19 sever-
ity and progression. Previous explorations of other viral
infections have shown that polymorphisms in human
leukocyte antigen (HLA) and INF-induced transmem-
brane protein-3 loci influence susceptibility and severity
of viral based respiratory disease [50]. A recent detailed
report from the Severe COVID-19 Genome Wide Asso-
ciation Study Group, explored over 8.5 million sin-
gle nucleotide polymorphisms between 1610 severely
affected COVID-19 patients and 2205 control subjects,
based in Spain and Italy. This work has uncovered two
principal loci associated with susceptibility to respira-
tory failure. One of these loci, at chromosome 3p21.31,
contained six genes, including the chemokine receptors
CCR9 and CXCR6 which have functions in regulating
the recruitment of tissue resident T cells, thus suggesting
that disease susceptibility and severity can be affected by
an inadequate immune response. The second associated
signal, at chromosome 9q34.2 and coinciding with the
ABO blood group locus, showed a higher risk in develop-
ing sever disease for patients with blood group A while
those with blood group O were less susceptible [51].

While the prevalence for disease has been observed as
equal among both sexes, males are at significantly higher
risk for severe symptoms and death compared to females
[52]. An exploration of the observed male bias in mor-
tality since the onset of the COVID-19 pandemic may
further highlight the role of the immune system on dis-
ease outcome when considering the influence of X-linked
genes and the influence of sex hormones on immune
responses [53]. The Toll-like receptor 7 gene (TLR7),
responsible for innate viral sensing has been shown
to escape X chromosome inactivation, thus leading to
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greater expression in female immune cells [54], while
oestrogen can enhance production of T regulatory cells
[55].

Potential treatments

For the majority of COVID-19 patients thus far, treat-
ment has consisted of supportive care coupled with meas-
ures to minimise the risk of viral transmission including
the use of personal protective equipment and patient
isolation. This supportive care for patients is typically the
standard protocol because no specific antiviral therapies
have yet been identified [8]. In one cohort of 138 patients
in Wuhan, China, the antiviral drug oseltamivir, usually
prescribed for the treatment of Influenza A and B, was
administered to patients of COVID-19, in combination
with antibacterial agents and in 45% of cases with cor-
ticosteroid medication to reduce inflammation. None
of these treatment regimens proved effective [6]. More
recently however, the use of the corticosteroid dexa-
methasone has been tested in the RECOVERY trial in
which 2,300 patients in receipt of this immunosuppres-
sant compared to 4,300 patients receiving standard care.
The effect of dexamethasone has been shown to reduce
fatality by 20% in patients requiring respiratory support
[56]. However, this treatment had no effect on patients
with milder symptoms and it has been suggested that its
duration should be limited so as not to inhibit viral clear-
ance [57].

Before the emergence of COVID-19, no specific treat-
ments had been recommended for coronavirus related
diseases. Numerous antivirals and other compounds
normally used for the treatment of other ailments have
shown some promise in their ability to curtail SARS-
CoV and MERS-CoV replication using in vitro culture
or animal models. Some examples include ribavirin for
the treatment of respiratory syncytial virus, remdesivir,
which was originally developed to treat Ebola and Mar-
burg viruses, and lopinavir-ritonavir, approved by the
United States Food and Drug Administration (US-FDA)
to treat and prevent HIV/AIDS [58-60]. Randomised
control trials, have been set up to assess the efficacy
of lopinavir-ritonoavir in treating MERS [61, 62] and
COVID-19 patients (ChiCTR2000029308). For compas-
sionate use, a recently published study exploring Rem-
desivir as a treatment regimen for SARS-CoV2 infection,
reported clinical improvement in 68% of 53 affected
patients and randomised controlled trials clinical trials
(NCT04257656, NCT04252664) are currently underway
to explore this treatment regimen [62].

Other compounds targeting the host response to
coronavirus infections have also been investigated for
the treatment of coronavirus infections [63]. The serine
protease inhibitor camostat mesylate, normally used to
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treat chronic pancreatitis, blocks activity of the cellular
protease TMPRSS2 that is necessary to process SARS-
CoV and SARS-CoV-2 spike protein for cell entry. While
this compound was shown to be effective in reducing
both SARS-CoV and SARS-CoV-2 entry in cell culture
experiments, its suitability for treating patients severely
affected by coronavirus related diseases has yet to be
determined [64]. Furthermore, because coronaviruses
can enter cells through the cathepsin-based endoso-
mal pathway, by-passing the requirement for processing
by TMPRSS2, the use of camostat mesylate may not be
completely effective in preventing SARS-CoV-2 infection
[58, 63]. Tocilizumab is an anti-IL6 humanised mono-
clonal antibody approved for the treatment of juvenile
arthritis and has also been used to curtail the potentially
life-threatening phenomenon of cytokine release syn-
drome that can occur following administration of CAR-T
or immune checkpoint inhibitor therapies for cancer.
Due to its immunomodulatory properties, several stud-
ies have explored its use for the treatment of COVID-19
patients, however, with mixed outcomes and inconsistent
study designs, the benefits are inconclusive at this stage
but do warrant further investigation [65—68]. The role of
androgens has been postulated to explain the disparity of
severe COVID-19 cases between men and women due to
the presence of an androgen response element upstream
of the gene encoding the TMPRSS2 protease that
primes the S protein of SARS-CoV-2, facilitating infec-
tion. Observations of Spanish patients with COVID-19
have noted a substantial proportion of severely affected
individuals having androgenetic alopecia and one pre-
liminary study from Italy has found that prostate cancer
patients receiving androgen deprivation therapy (ADT)
were partially protected from SARS-CoV-2 infection
[69-71].

Another promising route for treatment of COVID-19 is
the application of convalescent plasma (CP) from recov-
ering patients. Also known as passive antibody therapy,
this method uses antibodies harvested from the plasma
of previously infected patients who have subsequently
recovered from disease symptoms and had been used
during the 1918 Spanish Flu pandemic [72]. Previous
exploration of CP therapy for coronavirus related disease
had shown a positive benefit among Hong Kong patients
with severe SARS in 2005. Critically ill patients who
received CP within the first 14 days of infection were dis-
charged from hospital earlier than control subjects [73].
Similar clinical benefits have been detailed in a meta-
analysis study examining the use of CP therapy for viral-
based respiratory diseases, including SARS, MERS and
those caused by various influenza strains [74]. The effec-
tive antibody titre within CP for treating SARS patients
was determined to be 1:61 using a neutralization assay,
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which was a measure of the ability of sera to neutralize
the infectivity of SARS-CoV in cell culture [75]. Two pre-
liminary reports from Chinese hospitals administering
CP to cohorts of 5 and 10 patients with severe COVID-19
have so far noted promising outcomes for the majority of
those undergoing the treatment with each study employ-
ing different amounts of neutralising antibody titres, 1:40
versus 1:160 [76, 77]. The latter of these titres matches
that used in the previous successful treatment of influ-
enza A with CP and is also the minimum neutralising
antibody titre recommended recently by the US-FDA,
while that recommended by the European Commission
is 1:320 [74, 78]. More recently, in the US, a study evalu-
ating CP therapy among 5,000 individuals with COVID-
19 has reported the incidence of serious adverse events
to be less than 1%, highlighting the safety of this treat-
ment regimen [79]. As such, two framework clinical trials
in the UK, the RECOVERY trial (NCT04381936) and the
REMAP CAP trial (NCT02735707), have been set-up to
include evaluation of CP treatment that shall be managed
by NHS blood transfusion services.

The properties of MSCs and their suitability

for treating immune dysregulation in COVID-19
Since their discovery in the 1950s when they were first
isolated from bone marrow (BM) and circulating blood,
there has been a growing recognition that MSCs possess
qualities that can promote tissue regeneration and sup-
press inflammation at sites of injury and disease [80].
The substantial body of knowledge that has been accrued
over the years from numerous studies with in vitro and
animal models has led to an ever increasing number of
clinical trials being initiated to explore the utility of
MSC:s for a variety of disorders. The first in human trial
was for patients of breast cancer recovering after high-
dose chemotherapy treatment. This study demonstrated
an accelerated reconstitution of the haematopoietic
system in patients co-infused with autologous haemat-
opoietic stem cells (HSCs) and MSCs [81]. Several years
later, two separate multicentre trials showed benefits of
MSC therapy in treating patients suffering from graft
versus host disease (GvHD), following receipt of alloge-
neic HSCs [82, 83]. Canada, New Zealand and Japan have
since issued approval for treatment of GVHD in children
using MSCs, marketed under the name of Prochymal
[10]. The benefits of MSCs have since been assessed for
many other conditions in both pre-clinical and clinical
trial settings. Notable examples include exploring the
reduction of inflammation in patients with osteoarthritis
[84], multiple sclerosis [85, 86], as well as their use in the
treatment of type 1 diabetes mellitus either alone [87] or
together with transplanted pancreatic islets to promote
integration and survival [88].
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MSCs are found in perivascular spaces throughout the
body, forming niches in most tissues and providing qui-
escent support until their requirement to be mobilised
to sites of inflammation or injury is signalled. As well
as promoting healing through the enhancement of local
vascularisation [88, 89], MSCs may themselves differenti-
ate into various cell types in a cell replacement strategy
to accomplish tissue repair [90]. Indeed, their potential
to differentiate into adipocytes, osteocytes and chondro-
cytes in vitro is heralded as a principle criterion for their
identity [91]. Their attractiveness for use in cell therapy
stems from the fact that they can be isolated from various
sources aside from BM (adipose tissue, dental pulp and
the umbilical cord) as well as their straightforward and
rapid expansion in cell culture, allowing large cell banks
to be generated and cryopreserved for repeated thera-
peutic usage. Furthermore, with their low expression
of major histocompatibility complex (MHC) type 1 and
absence of MHC type 2 expression, MSCs are considered
non-immunogenic, making them an ideal allogeneic cel-
lular therapeutic [92].

Specific to their suitability for treating coronavirus
infection and the manifest condition of ARDS is the
ability of MSCs to restore a balanced immunological
response at sites of inflammation by interaction of vari-
ous components of the immune system and surrounding
environment. A principal characteristic is their ability to
interact with the innate and adaptive immune systems by
sensing the inflammatory state of their local microenvi-
ronment and detecting the presence of microbes through
stimulation of TLRs expressed on their surface. In the
absence of any inflammatory signals (e.g. low TNF-«a and
INE-y levels) or through the stimulation of TLR4 recep-
tors by bacterial lipopolysaccharides, MSCs release pro-
inflammatory signals (e.g. CXCL10 and IL6) to recruit
natural killer cells and activated T cells. Conversely, in
the presence of an inflammatory microenvironment (e.g.
high TNF-a and INF-y levels) or stimulation of TLR3
receptors by viral RNA, MSCs release PGE2, IDO1 and
TGF-B as anti-inflammatory signals that can favour
the emergence of both regulatory dendritic and T cells.
These balances are kept in check by a delicate reciprocal
interaction of MSCs and resident macrophages to ensure
tissue homeostasis [93-95].

Finally, a further property of MSCs that makes them a
suitable consideration for treating the effects of COVID-
19 is the fact that following intravenous delivery into
patients they tend to get caught in the capillary bed of the
lungs [96]. As a result, not only can they reduce inflam-
mation at the principal site of infection but they can also
restore pulmonary vascular endothelial integrity and
remove alveolar oedema fluid as shown for example in
patients treated for E.Coli endotoxin-induced ARDS [97].
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MSCs in pre-clinical models and clinical
investigations of acute lung injury

In several pre-clinical in vitro airway epithelial cell and
mouse model studies, MSCs have been employed to
explore their capacity in reducing the pathology of influ-
enza virus-induced lung injury.

Administration of human BM-derived MSCs into
8-12 month old mice infected with the H5N1 strain of
influenza has been shown to reduce weight loss, lung
oedema, BALF inflammatory cytokine concentrations
and fatality. The same study also demonstrated that
MSCs cultured along with human alveolar epithelial
cells infected with the same strain produce keratino-
cyte growth factor, which is important in the clearance
of alveolar fluid build-up [98]. Another mouse model
study examined the effectiveness of murine bone mar-
row derived MSCs in HIN2 infected mice. Those mice
in receipt of MSCs following infection showed improved
survival rates, lung histopathology and reduced serum
and BALF inflammatory cytokine and chemokine con-
centrations compared to the control group [99]. While
most studies explore the potential of BM-derived MSCs,
a report comparing their performance versus umbilical
cord (UC) derived MSCs in a human alveolar epithelial
cell and mouse models of H5N1 infection demonstrated
better restoration of alveolar fluid clearance and protein
permeability with UC-MSCs [100].

In the clinical setting, there have been two recent nota-
ble completed studies evaluating the performance of
MSC:s as a therapeutic for ARDS. The first, known as the
START study, was a phase 2a safety, prospective, double-
blind, multicentre, randomised trial to assess treatment
with one intravenous dose BM-MSCs of (10 x 10° cells/
kg) compared with placebo in patients with moderate
to severe ARDS. While the overall success of this treat-
ment was only marginal, there was a trend of improved
oxygenation in the MSC group with no adverse reac-
tions. It was suggested that post-thaw processing of the
cryopreserved MSCs may have contributed to the mod-
est clinical outcomes in the MSC group [101, 102]. The
second clinical study of note examined the performance
of menstrual blood-derived MSCs in for the treatment
of 17 critically ill patients with H7N9 influenza induced
ARDS. Those administered MSCs as a means to allevi-
ate ARDS received either 3 or 4 infusions of 1 x 10° cells/
kg. Compared to the control group, which consisted of
44 patients receiving the standard care of treatment for
severe influenza symptoms, the MSC group had a signifi-
cantly reduced fatality rate survival outcome (54.5 versus
17.6%). No adverse events were noted after administra-
tion of MSCs and a 5-year follow-up of 4 of these patients
has not revealed any long-term harmful effects. Due to
the positive outcomes noted the authors of this study
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suggested MSC treatment of ARDS may be beneficial to
patients of COVID-19 [103].

Other clinical trials underway utilising UC and BM-
MSCs for the treatment of ARDS are listed in Table 1
together with those previously published. One ongoing
trial, MUST-ARDS, is a joint US/UK multi-centre study
administering ex vivo expanded BM-derived multipo-
tent adult progenitor cells (MAPC). A preliminary report
has noted that MAPC administration was well tolerated
and patients receiving this treatment had better survival
outcomes and fewer days with ventilator assistance com-
pared to those receiving placebo [104].

Treating COVID-19 patients with MSCs to alleviate
ARDS

Despite the very recent emergence of the COVID-19
pandemic two pilot reports from Chinese hospitals have
already been published documenting preliminary out-
comes for patients receiving MSCs in attempts to curtail
the effects of SARS-CoV-2 infection.

The first, a single-centre open-label pilot study has used
MSCs, of unknown tissue origin, to treat seven patients
with differing severities of ARDS resulting from COVID-
19 in a Beijing Hospital. This small cohort included two
patients with moderate symptoms, four with severe
and one patient with critically severe disease requiring
mechanical ventilation. Along with three severe case con-
trol patients receiving placebo, all patients were assessed
for efficacy and safety outcomes after two weeks. No
reactions to infusion nor delayed hypersensitivity were
detected. All patients receiving MSCs showed clinical
improvement after 2 days, with three of them (1 severe
and 2 moderate) being discharged from hospital after
10 days, at the time of publication. Using mass cytom-
etry for functional and phenotypic analysis of cell types
present in patients’ blood before and after treatment and
compared with the profile from normal individuals, the
authors of the report noted an overall increase in cir-
culating lymphocytes and an increase of CXCR3 nega-
tive regulatory T cells and Dendritic cells, in all severely
affected patients in receipt of MSC therapy. For the
critically severe case, there was a depletion of circulat-
ing activated pro-inflammatory CXCR4 positive CD4 T
cells, CD8 T cells and NK cells. Additionally, in compari-
son to the placebo group, the patients receiving MSCs
had decreased levels of C-reactive protein and TNF-«
together with a concomitant increase in IL-10, fur-
ther indicating a switch from a pro-inflammatory to an
anti-inflammatory state. Finally, the authors undertook
gene expression analysis using RNA-seq to define the
properties of the MSCs administered to patients in this
pilot study. They showed that their source of MSCs was
negative for ACE2 and TMPRSS2 expression, strongly
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Table 1 List of completed and ongoing clinical trials for the use of MSC in the treatment of ARDS
Trial ID Title Ref Site MSC source No.of Pts Route Outcomes for MSC
group
NCT01902082 Adipose-derived Mes-  [111] China, Zhejiang AT 6 Control 6 Exp LV No adverse reactions.
enchymal Stem Cells Modest clinical
in Acute Respiratory improvements
Distress Syndrome
NCT02097641 Human Mesenchymal [99] USA, multi-centre BM 20 Control 40 Exp 1V No adverse reactions.
Stromal Cells For Modest clinical
Acute Respiratory improvements
Distress Syndrome
(START)
ChiCTR-OCC-15006355  Clinical Study of Mes- [100] China, Zhejiang MB 44 Control 17 Exp 1V No adverse reactions.
enchymal Stem Cell Reduction of Fatality
Treatment for Acute rate
Respiratory Distress
Syndrome Induced
by Epidemic Influenza
A (H7N9) Infection:
A Hint for COVID-19
Treatment
NCT02611609 A phase 1/2 study to [104] USA, UK BM-MAPC 9Control9Exp 1 LV Preliminary: No adverse
assess MultiStem 9Exp 29 Exp 3 reactions. Reduction
therapy in ARDS of Fatality rate. Reduc-
(MUST-ARDS) tion of ventilator
assistance time
NCT02804945 Mesenchymal stem cells USA, Texas BM 20 Exp not stated ongoing
(MSCs) for treatment
of ARDS (ARDS) in
stem cell transplant
patients
NCT02215811 Treatment of severe Sweden, Stockholm  BM 10 Exp not stated ongoing
acute respiratory
distress syndrome
with allogenic bone
marrow derived MSCs
NCT02444455 Human umbilical cord China, Beijing uc 20 Exp LV ongoing

derived mesenchymal
stem cell therapy

in acute lung injury
(UCMSC-ALI)

AT adipose Tissue, BM bone marrow, MAPC multi adult progenitor cell, MB menstrual blood, I.V. intra venous, Exp experimental

suggesting a natural resistance to infection by SARS-
CoV-2, thus making this cellular therapeutic an attractive
method of treating COVID-19 patients [105].

The second report, was a single case study, in which
a 65 woman in China with worsening conditions due
to SARS-CoV-2 induced ARDS, was treated with three
doses of 5 x 10" UC-MSCs. Following receipt of the sec-
ond dose, significant clinical improvement was observed
as noted by a reduction of the pneumonia detected in
chest CT scans and invasive ventilation was no longer
required. No adverse effects were noted and the clinical
changes were accompanied by a return of normal neu-
trophil and lymphocyte counts, suggesting a systemic
immunological benefit in this case study [106].

At the time of writing this review, many other clinical
trials utilising MSCs have been initiated for the treatment
of COVID-19, with 69 studies documented on the WHO

International Clinical Trial Registry Platform [107]. Trials
have now been registered in numerous countries: China,
27; USA, 11; Spain, 10; Iran, 9; Germany, 2; and one in
each of Belarus, Brazil, Canada, Colombia, Denmark,
Jordan, and the UK (Table 2). In relation to the tissue
of origin for the derivation of MSCs to be administered,
only 5 trials are utilising what is considered to be the gold
standard for clinical use, BM-MSCs. UC-MSCs (includ-
ing from Wharton’s Jelly) are the most common source
with 27 trials, followed by 9 from adipose tissue, 4 from
dental pulp, 3 from placenta, 1 from menstrual blood,
1 from mesenchyme-angioblasts and 1 from olfactory
mucosa with 14 not declaring their origin [107]. In recent
years, the benefits of and relative ease with which UC-
MSCs can be isolated and maintained compared with
BM-MSCs has been widely recognised and thus far they
have been the most readily adopted cellular therapeutic
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treatment for COVD-19 [88, 108, 109]. Interestingly,
there are 5 trials utilising either MSC conditioned media
or exosomes containing components of the MSC
secretome, believed to execute the immunomodulatory
benefits which have been documented in various studies
[45, 95, 110].

Conclusions

As the world waits for the development and ready availa-
bility of an effective vaccine against SARS-CoV-2, there is
also an anticipation to learn of the outcomes of the ongo-
ing trials utilising MSCs as a cellular therapy to combat
the effects of this virus. With no specific drug against
SARS-CoV-2 or its effects available, there is great hope
that MSCs will provide a means to curtail the aggressive
inflammatory response seen in patients severely affected
by COVID-19. While the early published pilot studies
have provided a promising outlook for this strategy, data
from better powered and controlled trials will be needed
to make more conclusive judgments.
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ACE2: Angiotensin converting enzyme 2; ARDS: Acute Respiratory Distress
Syndrome; BALF: BronchoAlveolar Lavage Fluid; BM: Bone Marrow; CCR
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