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Are mesenchymal stem cells and derived extracellular
vesicles valuable to halt the COVID-19 inflammatory
cascade? Current evidence and future perspectives
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Clinical management of patients suffering from
COVID-19 includes infection prevention, control
measures and supportive care, including supple-
mental oxygen and mechanical ventilatory support.'?
If not expertly and individually managed with consid-
eration for vasocentric features,® 20% of COVID-19
patients who exhibit acute respiratory distress
syndrome (ARDS; 14.8% of hospitalised patients®)
may eventually progress to multiorgan failure and
death, even when not of advanced age or predisposed
by pre-existing comorbidities or chronic diseases.’
In these patients, infection by SARS-CoV-2 activates
both the innate and adaptive immune responses,
provoking the production of large amounts of pro-
inflammatory cytokines and chemokines, resulting
in a clinical presentation (ie, unremitting high
fever, lymphadenopathy, hepatosplenomegaly, cyto-
penia, hyperferritinaemia, central nervous system

abnormalities, hypoalbuminaemia and capillary
leak) similar to other systemic, uncontrolled cyto-
kine release syndromes (CRS)(figure 1).°7 Thus, at
present, management of the potential inflammatory
complications of COVID-19 by using appropriate
immunosuppressive and immunomodulatory drugs is
being explored.®

To date, a variety of novel and repurposed drugs
with multiple pharmacological effects and thera-
peutic efficacies have been included in the potential
armamentarium against COVID-19.” '° For instance,
among the antivirals preliminary tested, remde-
sivir has showing the best efficacy, with significant
improvements in shortening the time to recovery
and evidence of lower respiratory tract infection.'
It was issued an emergency use authorisation on 1
May 2020 for the treatment of COVID-19 patients
hospitalised with severe disease by the Food and
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COVID-19 pathophysiology, potential disease mechanisms and treatment options. ACS, acute coronary

syndrome; ARDS, acute respiratory distress syndrome; CRP, C reactive protein; DAMPs, danger-associated molecular

patterns; IL, interleukin; LDH, lactate dehydrogenase; MSC, mesenchymal stem cell; MSC-EV, MSC-derived extracellular

vesicles; PAMPs, pathogen-associated molecular patterns; TNFou: tumour necrosis factor alpha.
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Drug Administration (FDA), and on 3 July 2020, it became the
first treatment against COVID-19 with a conditional marketing
authorisation for patients over 12 years old with pneumonia who
require supplemental oxygen by the European Medicines Agency.
Moreover, some researchers have promoted the antimalarial
4-aminoquinolines, chloroquine and hydroxychloroquine (HCQ),
for the blocking of the progression to the dangerous ARDS phase
of the disease due to their immunomodulatory effects.” However,
both drugs, even the less toxic HCQ, have been removed as ther-
apeutic options for treating COVID-19 patients as they do not
lead to clinical improvement. Indeed, the FDA recently revoked
emergency use ruling for HCQ. Since large amounts of secreted
interleukin 6 (IL-6) has been correlated to disease severity, admin-
istration of the humanised anti-IL-6 receptor antibody inhibiting
IL-6 tocilizumab is being tested in patients with severe SARS-CoV-2
infection complicated with CRS and ARDS. Published data from
some of these clinical trials have revealed that response to tocili-
zumab is rapid, sustained and associated with significant clinical
improvements, including reduction of lethality rate at 30 days.'*™"*
On the other hand, CRS also comprises massive IL-1 secretion
and other cytokines. There are a number of ongoing studies
using the recombinant human IL-1 receptor antagonist anakinra
to clinically block the proinflammatory effects of IL-10/B against
COVID-19." Preliminary findings by Huet et al and Cavalli et al
are promising due treatment with anakinra reduces both the need
for invasive mechanical ventilation and mortality in patients with
severe forms of COVID-19, without serious life-threatening side-
effects.’® ' Based on its ability to inhibit IL-1 production, colchi-
cine is also an anti-inflammatory and immunomodulatory agent
which is currently being tested in the COLCORONA (Colchicine
Coronavirus SARS-CoV-2) trial (NCT04322682). Moreover,
there is no sufficient evidence supporting tumour necrosis factor
(TNF)-o. or Janus kinase inhibition (etanercept and baricitinib,
respectively, used for rheumatoid arthritis), or non-steroidal anti-
inflammatory agents, especially ibuprofen, as potential treatment
options for COVID-19."%%! Of note, the corticoid dexametha-
sone, which is used to treat common conditions such as arthritis,
blood, hormone and immune system disorders, allergic reactions,
certain skin and eye conditions, is the first anti-inflammatory
drug to exert very significant clinical and mortality improvement
in hospitalised patients with severe respiratory complications of
COVID-19, as reported by the RECOVERY (Randomised Evalua-
tion of COVID-19 thERapY) investigators.* The study concluded
that treatment with dexamethasone at a dose of 6 mg once daily
for up to 10 days reduced 28-day mortality in patients who were
receiving respiratory support, but induced no benefit or even possi-
bility of harm among those who did not require oxygen.
Alternatively, treatment with mesenchymal stromal or stem cells
(MSCs) has been proposed as a promising therapeutic strategy to
halt the uncontrolled inflammatory cascade and, at the same time,
reduce lung fibrosis and abnormal pulmonary function occurring
post-COVID-19* ** (figure 1). In particular, an incidence of lung
fibrosis in approximately 7% to 10% of survivors, similar to other
ARDS conditions and to the pathogenesis found in MERS and
SARS, could be estimated from compelling data.* ** MSCs repre-
sent a heterogeneous population of non-haematopoietic multi-
potent stromal cells with a well-established, specific cell surface
expression pattern, low alloreactivity (ie, low expression of major
histocompatibility complex (MHC)-I and lack of MHC-II and
co-stimulatory molecules) and the ability to differentiate tissues of
mesodermal lineages.”> Despite the remarkable heterogeneity of
MSC sources and the lack of specific biomarkers predicting the
success of prospective MSC-based therapeutic products, MSCs
show powerful immunomodulatory, anti-oxidant and angiogenic

capabilities once implanted in vivo.*® For example, MSCs induce
a marked shift in the pro-inflammatory pulmonary microenviron-
ment induced by paraquat poisoning, ventilator-induced injury
or infectious models of lung injury.”” ** Particularly, the beneficial
effects of MSCs are shown to be associated with the reduction in
TNF-0, IL-1 and IL-6 through the release of hepatocyte growth
factor (HGF), prostaglandin-E2 (PGE,), lipoxin A4 (LXA4) and
TNF-stimulated gene 6 protein (TSG-6), suppression of inflamma-
tory T-cell proliferation by indoleamine 2,3-dioxygenase expres-
sion, switch from Th1 and Th17 responses to Th2, and inhibition
of monocytes and myeloid dendritic cells maturation (figure 2).
MSCs induce M2 polarisation by contact-dependent and paracrine
factors such as HGF, PGE, and TSG-6, resulting in a monocyte-
aided increase in anti-inflammatory IL-10, which synergistically
induces regulatory T cells and switches on tissue repair mech-
anisms. Furthermore, MSCs interfere in different pathways that
promote lung fibrosis resulting in protective effects, as demon-
strated in several lung injury models.”” Indeed, MSC delivery also
reduces collagen-rich scarring and pulmonary fibrosis Ashcroft
score by inhibiting the expression of TGF-B, IFN-y and TNF-a,
balancing extracellular matrix remodelling enzymes (matrix metal-
loproteinase (MMPs) and tissue inhibitor of MMPs), collagen
deposition and impairing myofibroblasts differentiation through
HGF and TSG-6 in rodent models of bleomycin-induced acute
lung injury.”’' Moreover, MSCs have the potential to release
antimicrobial peptides such as LL37, also stimulating the phago-
cytic capacity of macrophages together with the anti-apoptotic
HGF secretion.”> MSCs can protect against infection-associated
alveolar damage such as influenza A (H5N1) virus infection, and
prevent or reduce acute lung injury in vivo.*® Specifically, MSCs
reduce the injury-related alveolar oedema and endothelial perme-
ability by the release of keratinocyte growth factor (KGF) to
enhance the sodium-dependent alveolar fluid clearance through
epithelial sodium channel (ENaC), and have anti-apoptotic and
anti-oxidative mechanisms to restore cytokine-damaged alve-
olar type II cells and epithelial and endothelial injury through
the release of angiopoietin-1, lipoxin A4 (LXA4) and TSG-6. In
fact, the successful use of allogeneic MSC therapy in influenza
(H7N9)-induced ARDS has been recently documented with an
open-label controlled trial showing significantly lower mortality
in the treatment group (17.6%) to the control group (54.5%),>*
and proving safe in a phase Ila clinical trial for ARDS.** In light
of these findings, although there is no clinical evidence published
on ARDS-associated lung fibrosis reduction after MSC therapy per
se, MSCs modulate apoptosis and oxidative injury, avoid inflam-
mation, have antifibrotic properties, reduce fibroblasts activation
and, thus, enhance lung repair. This could have a positive impact
in COVID-19 patients if MSCs are used to treat ARDS in the early
stages of SARS-CoV-2 infection.

For that, numerous clinical studies have begun to probe whether
treatment with human MSCs from distinct origins improves the
course and prognosis of COVID-19 patients with no adverse
effects.’® 7 In this context, Zhang and colleagues have reported
data from the intravenous infusion of MSCs from human umbilical
cord Wharton’s jelly (WJ-MSCs) in a single-patient study.*® Cell-
treated patient, who already received antiviral, anti-inflammatory
and antipyretic therapy and displayed a C reactive protein of
<602 weeksbefore cell infusion, experienced disappearance of both
fever and shortness of breath on the second day. Chest CT imaging
also showed that the ground-glass opacity and pneumonia infiltra-
tion had extensively diminished on the sixth day after transplan-
tation of WJ-MSCs. Additional analyses revealed that COVID-19
lymphopenia improved, with increased counts of T lymphocytes
(both CD4™ and CD8¥), and the level of pro-inflammatory IL-6
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Figure 2 Potential mechanisms of action of MSCs and derived EVs to reduce lung injury in acute respiratory distress syndrome following SARS-
CoV-2 infection. (A) SARS-CoV-2 infection causes cell and tissue injury, release of DAMPs, PAMPs and inflammatory mediators that are sensed

by neighbouring cells and alveolar macrophages that amplify an inflammatory response in the alveolus, promoting immune cell infiltration and
accumulation of protein-rich alveolar oedema fluid. Infused MSCs and derived EVs can reduce inflammation and trigger tissue repair by (B) increasing
alveolar fluid clearance and have anti-apoptotic and anti-oxidative effects to restore injured alveolar, epithelial and endothelial cells; (C) reducing
neutrophil activation, which also decreases inflammatory cell infiltration; (D) enhancing phagocytosis and viability of alveolar macrophages; (E)
reducing inflammation and inducing M2 polarisation of monocytes that results in IL-10 production to induce (F) regulatory T cells and Th2 switch
from Th1 and Th17 responses, together with a modulation of T-cell proliferation; (G) protecting from lung fibrosis. ANG-1, angiopoietin-1; COX2,
cyclooxygenase-2; DAMPs, danger-associated molecular patterns; ECM, extracellular matrix; ENaC, epithelial sodium channel; HGF, hepatocyte
growth factor; IDO, indoleamine 2,3-dioxygenase; IFNy, interferon gamma; IL, interleukin; KGF, keratinocyte growth factor; LL37, antimicrobial peptide
[B-cathelicidin; LXA4, lipoxin A4; MMP, matrix metalloproteinase; MSC, mesenchymal stem cell; MSC-EV, MSC-derived extracellular vesicles; PAMPs,
pathogen-associated molecular patterns; PGE2, prostaglandin E2; TGFB, transforming growth factor beta; TIMP, tissue inhibitor of MMP; TNF-c,
tumour necrosis factor alpha; Treg, regulatory T-cell; TSG-6, TNF-stimulated gene 6 protein.

and TNF-a cytokines, and C reactive protein was significantly
decreased after cell treatment. Leng et al reported a clinical trial
pilot study treating seven COVID-19 patients (two common, four
severe and one critically severe case) with MSCs. Post-treatment,
pulmonary function improved within 2 days, the levels of TNF-o,
C reactive protein and overactivated lymphocytes decreased
significantly, while levels of IL-10, regulatory dentritic cell popu-
lations and peripheral lymphocytes increased. They concluded
that the intravenous infusion of MSCs improved the functional
outcome of patients with COVID-19 pneumonia, especially
patients whose condition was critically severe, without any adverse
effects.’” More recently, 13 COVID-19 adult patients under inva-
sive mechanical ventilation who had received previous antiviral
and/or anti-inflammatory treatments were infused with allogeneic
adipose tissue-derived MSCs.** MSC treatment was followed by a
reduction in C reactive protein, IL-6, ferritin, LDH and D-dimer),
especially in those patients with clinical improvement (70%). Also,
no adverse events related to cell therapy were observed. Remark-
ably, ongoing industry trials such as those conducted by Mesoblast
and Athersys are greatly expected to confirm initial encouraging
results from the evaluation of novel efficient MSC-based products
for ARDS treatment.*! ** Collectively, the preliminary published
reports support that administration of MSCs is safe, alleviates
the aggressive inflammatory status and is followed by clinical and
biological improvement in most COVID-19 patients.

In addition, a number of researchers devoted to the develop-
ment of MSC-based therapies for years have turned their attention
to derivatives prepared from MSC-conditioned media, referred to

as extracellular vesicles (EVs). This foundation arises from growing
research showing that MSC-EVs are harmless and trigger, at least,
similar effects as their parent cells in acute and chronic lung injury,
sepsis and ARDS models.* ** Thus, MSC-EVs could be more valu-
able than the MSC themselves to halt COVID-19 inflammatory
cascade. Specifically, a better and safer refining of the paracrine
function of therapeutic MSCs could enhance therapy outcomes for
COVID-19 and, in turn, avoid some potential side-effects from
MSC administration. But what are the scientific fundamentals
underlying this alternative therapy? First, the fact that a minimum
amount of retained cells exert beneficial effects points out that the
contribution of MSCs is mainly driven by paracrine signalling,
rather than a direct cell-to-cell effect in vivo. In line, increasing data
suggests that paracrine activity of MSCs is accompanied by their
well-determined production and secretion of EVs, which promote
similar functional properties as the parental cells.* EVs, which
constitute stable, lipid bilayer-encapsulated nanostructures and
specifically transfer intercellular proteins, lipids and non-coding
nucleic acids through the circulation to tissues and/or cells at distal
sites, act as great versatile immune regulators. In terms of advan-
tages, non-replicative EVs are theoretically unaltered by micro-
environmental factors (eg, the inflammatory milieu) since their
double-leaflet lipid membranes protect the inner molecular cargo
from degradation and guarantee entry into surrounding or distant
targeted cells nor teratogenic, with low alloreactivity, besides easy
handling and storage. Second, EVs may arrive easily at sites of
the lungs getting damaged and scarred by pulmonary fibrosis for
a targeted modulation of inflammation due to their characteristic
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nanosize which, in turn, omits the possibility of pulmonary throm-
bosis after intravascular MSC delivery as the majority of admin-
istered cells are initially trapped in the lungs.*® Several studies
comprehensively described the thromboembolism effect of MSC
infusion and potential thrombolytic regimens for safer applications
and to maximise clinical benefit to the patients.*” ** In this regard,
SARS-CoV-2 infection has been reported to cause damage to other
parts of the body beyond the respiratory tract, such as the cardio-
vascular system, causing severe forms of myocarditis and endothe-
liitis in addition to the respiratory dysfunction.*” The blood vessels
present high expression of ACE2 receptors and, thus, excessive
blood clotting has been observed in COVID-19 patients as a direct
consequence of the viral infection on the circulatory system.’
Particularly, a large amount of D-dimer, which is a product that
indicates the presence of blood clots, is detected and consequently
the vast majority of COVID-19 patients require further anticoag-
ulant treatments. Furthermore, the infection by SARS-CoV-2 can
cause a marked constriction of blood vessels that causes reduction
in blood circulation and damage to peripheral tissues such as subcu-
taneous inflammatory affections, mainly in the trunk and extrem-
ities.’! Indeed, these circulatory alterations could be reinforced by
MSC-based therapies due to some relevant issues that have been
raised regarding the safety of MSC infusions and the thrombogenic
risk they could provoke. The size of MSCs could be a significant
cause of blood vessel obstructions favouring lethal pulmonary
thromboembolism, as well as MSCs have been shown to exhibit
a marked procoagulant activity linked to the expression of tissue
factor that, in turn, can potentially initiate unwanted coagulation
processes when in contact with blood.*> Some authors have also
described a dual activation of both the coagulation and the comple-
ment pathway referred to as instant blood-mediated inflammatory
reaction.”® Consequently, approaches to detect and prevent these
unreported yet harmful MSCs’ effects are under investigation,
which could in turn give an explanation to the limited benefits and
cell engraftment described in many clinical trials. On the contrary,
among their multifaceted role in the modulation of biological
responses, the involvement of MSC-EVs in angiogenesis-related
diseases is gaining interest.”* Other important concerns should be
taken into account in order to keep treating COVID-19 patients
with MSCs or to inspire alternative clinical practice such as those
based in EVs. As mentioned above, they include the pulmonary
retention of intravenously administered MSCs,> *® from where
they secrete anti-inflammatory factors or agents with systemic
effects (including EVs), and cell viability, which is crucial for the
success of cell therapies,” a drawback that EVs could greatly
circumvent.

Of concern, together with the ongoing clinical trials using
MSCs in COVID-19 that need to counteract limitations related
to patient coagulopathy and thromboprophylaxis while probing
cell product quality and delivery route to guarantee treatment
safety and efficacy, the latest research news highlight a number
of registered clinical trials evaluating the potential benefit of
MSC-EVs.”” However, leading voices for advancing clinical
translation of cell and gene therapies worldwide such as Interna-
tional Society for Cell and Gene Therapy and the International
Society for Extracellular Vesicles have rapidly launched their
recommendations on providing ‘appropriate manufacturing and
quality control provisions, pre-clinical safety and efficacy data,
rationale clinical trial design, and proper regulatory oversight’
of EV-based therapeutics for COVID-19 before administration
to patients.>

In conclusion, since the first cases reported in Wuhan,
China, COVID-19 accounts for more than 68000000 infec-
tions and over 1 500000 deaths worldwide. This has led to

declare the COVID-19 pandemic as a real global health emer-
gency for the WHO. Although COVID-19 infection may be
asymptomatic or cause only mild symptoms in the majority of
the cases, it provokes interstitial pneumonia, CRS and ARDS
in nearly 15% of the cases, especially in people who are old
and have co-morbidities. In general, treatments with the
focus on modulating this exacerbated inflammation may thus
improve clinical outcomes, and ultimately improve disease
death rate. For that, a battery of anti-inflammatory drugs has
been tested to limit exacerbated immune response in severe
patients with yet modest results. Alternatively, more compat-
ible, biological therapies, such as those based on MSCs, are
gaining interest to mitigate ARDS. In this context, meanwhile,
the numerous ongoing clinical trials of MSCs for COVID-19
will determine whether adoptive MSC transfer therapy is an
ideal choice for treatment; their secreted EVs are also envi-
sioned as promising in terms of lack of risk of thrombosis,
inalterability over time, low alloreactivity and better usage
and biodistribution. Indeed, EV administration should be
appropriately manufactured, and pre-clinically and clinically
tested following rational clinical trial design for rigorous and
meaningful safety and efficacy data.
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