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ABSTRACT

Serious manifestations of respiratory virus
infections such as influenza and coronavirus
disease 2019 (COVID-19) are associated with a
dysregulated immune response and systemic
inflammation. Treating the immunological/in-
flammatory dysfunction with glucocorticoids,
Janus kinase inhibitors, and monoclonal anti-
bodies against the interleukin-6 receptor has
significantly reduced the risk of respiratory
failure and death in hospitalized patients with
severe COVID-19, but the proportion of those
requiring invasive mechanical ventilation
(IMV) and dying because of respiratory failure
remains elevated. Treatment of severe influen-
za-associated pneumonia and acute respira-
tory distress syndrome (ARDS) with available
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immunomodulators and anti-inflammatory
compounds is still not recommended. New
therapies are therefore needed to reduce the use
of IMV and the risk of death in hospitalized
patients with rapidly increasing oxygen
demand and systemic inflammation who do
not respond to the current standard of care.
This paper provides a critical assessment of the
published clinical trials that have tested the
investigational use of intravenously adminis-
tered allogeneic mesenchymal stem/stromal
cells (MSCs) and MSC-derived secretome with
putative immunomodulatory/antiinflammatory/
regenerative properties as add-on therapy to
improve the outcome of these patients.
Increased survival rates are reported in 5 of 12
placebo-controlled or open-label comparative
trials involving patients with severe and critical
COVID-19 and in the only study concerning
patients with influenza-associated ARDS.
Results are encouraging but inconclusive for the
following reasons: small number of patients
tested in each trial; differences in concomitant
treatments and respiratory support; imbalances
between study arms; differences in MSC source,
MSC-derived product, dosing and starting time
of the investigational therapy; insufficient/
inappropriate reporting of clinical data. Solu-
tions are proposed for improving the clinical
development plan, with the aim of facilitating
regulatory approval of the MSC-based investi-
gational therapy for life-threatening respiratory
virus infections in the future. Major issues are
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the absence of a biomarker predicting respon-
siveness to MSCs and MSC-derived secretome
and the lack of pharmacoeconomic evaluations.

Keywords: Acute respiratory distress syn-
drome; Add-on therapy; Cell-based therapy;
Clinical trial; COVID-19; Exosome;
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stem cell; Mesenchymal stromal cell

Key Summary Points

New therapeutic options are needed to
treat life-threatening manifestations of
respiratory virus infections such as
coronavirus disease-19 (COVID-19) and
influenza that do not resolve despite
appropriate respiratory support and
management with the currently
recommended antivirals,
immunomodulators, and
antiinflammatory agents.

The therapeutic potential of mesenchymal
stem/stromal cells (MSCs) and MSC-
derived products is under evaluation in a
huge number of clinical trials, on the basis
of the favorable results of preclinical
studies.

Although it is unclear how this
investigational therapy could be
integrated into the approved clinical
management protocol for serious
respiratory virus infections in the future,
its use as an adjunctive therapy would
fulfill the currently unmet need.

This paper therefore focuses on the critical
assessment of published clinical studies
that have specifically tested MSCs and
MSC-derived products as add-on therapy
to reduce mortality and the requirement
for invasive mechanical ventilation in
hospitalized patients with severe and
critical COVID-19 and influenza.

Results are promising but inconclusive
and solutions are proposed for improving
the clinical development plan for the
currently most needed add-on-therapy
indication, with adequate consideration
of regulatory and pharmacoeconomic
issues.

INTRODUCTION

Acute respiratory tract infections are among the
commonest infectious diseases [1, 2]. Until
December 2019, the most serious and pro-
longed outbreaks of these diseases had been
observed with infections caused by strains of
the influenza viruses type A and type B and by
coronaviruses such as the severe acute respira-
tory syndrome coronavirus and the Middle East
respiratory syndrome coronavirus [1-3]. Non-
etheless, respiratory mortality associated with
seasonal influenza has remained elevated
worldwide even outside periods of major out-
breaks caused by new strains, with global
influenza-associated respiratory deaths ranging
between 291,243 and 654,832 annually (4.0-8.8
deaths per 100,000 individuals), according to
the latest estimate published in March 2018 [4].

The first outbreak of a pneumonia associated
with a new coronavirus, the severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2),
was reported in China in December 2019 and
was followed by a rapid spreading of the infec-
tion worldwide [1, 5]. At the time of this writing
(22 September 2022) the illness caused by SARS-
CoV-2 and termed coronavirus disease 2019
(COVID-19) has already killed more than 6.5
million individuals and the pandemic is not
over yet [6]. The devastating impacts on
healthcare systems, economies, and education
and social relationships have resulted in a glo-
bal crisis with no precedent since the Second
World War [7-9]. Highly efficacious vaccines
have been developed in less than 1 year from
SARS-CoV-2 identification [10] and the speed at
which many countries have rolled out the vac-
cination program is unparalleled [9-11]. High
levels of immunity induced by the mass
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vaccination efforts and by natural infections
have greatly changed the course of the COVID-
19 pandemic, but the continued generation of
highly transmissible and virulent SARS-CoV-2
genetic variants capable of evading the existing
level of immunity and still causing multiple
waves of infections is hampering transition of
COVID-19 from the pandemic to an endemic
phase [12].

Like influenza viruses, SARS-CoV-2 can cause
severe pneumonitis and acute respiratory dis-
tress syndrome (ARDS) with high frequency in
the elderly, in immunocompromised patients,
and in those with comorbidities such as obesity,
diabetes, chronic cardiovascular disorders, and
kidney and liver diseases [1, 2, 4, 13-135]. Inva-
sive mechanical ventilation (IMV) is commonly
needed in critically ill patients admitted to
intensive care units (ICUs) for seasonal influ-
enza and COVID-19, but patients with COVID-
19 require longer duration of IMV and are at
greater risk of mortality during the hospitaliza-
tion than patients with influenza, irrespective
of age, sex, and comorbidities [15]. The sur-
vivors may not recover completely and may
suffer from disabling symptoms for the rest of
their lives.

Because the influenza viruses and SARS-CoV-
2 can cause serious pneumonitis and ARDS in
the same groups of individuals, even minor
outbreaks of COVID-19 occurring with a
simultaneous influenza wave in the Northern
Hemisphere in late autumn and winter could
lead to another surge in admissions to ICUs and
deaths. In addition, the prevalence of coinfec-
tions, which are associated with increased odds
of ICU admission and death in those individu-
als [16], may also escalate because of the easing
of non-pharmaceutical measures that greatly
reduced the circulation of SARS-CoV-2 as well as
the circulation of influenza viruses in
2020-2021, the current absence of a systematic
virologic surveillance [17-19], and the limited
effectiveness of influenza vaccines in high-risk
subjects [19].

RATIONALE FOR THE POTENTIAL
USE OF MSCS AND MSC-DERIVED
SECRETOME AS ADD-ON THERAPY

The severe life-threatening manifestations of
influenza and COVID-19 are associated with a
dysregulated immune response and hyperpro-
duction of proinflammatory cytokines and
chemokines such as interleukin (IL)-1B, IL-6,
tumor necrosis factor (TNF)-a, interferon (IFN)-y
inducible protein-10, monocyte chemoattrac-
tant protein-1, and IL-8 [20-25]. The unchecked
immunological/inflammatory alterations lead
to further tissue damage [20-25], in addition to
that caused by virus replication alone, and to
increased risk of thrombosis [26] not respond-
ing to anticoagulation alone [27]. Targeting the
immunological/inflammatory dysfunction with
glucocorticoids, Janus kinase inhibitors, and
humanized monoclonal antibodies against the
IL-6 receptor (IL-6R) [28-30], in addition to
providing maximal supportive therapy [31],
significantly reduces the risk of respiratory fail-
ure and death in hospitalized patients with
severe COVID-19-associated pneumonia,
hypoxia, and evidence of systemic inflamma-
tion, but the residual numbers of individuals
requiring IMV and dying because of respiratory
failure remain elevated in the clinical trial set-
ting [28-30] and in clinical practice [32]. The
evaluation of the efficacy of immunomodula-
tors and antiinflammatory compounds in severe
influenza-associated pneumonia and ARDS has
generated conflicting results and there is evi-
dence of detrimental effects of glucocorticoids
in influenza-related ARDS [31, 33, 34]. Effective
therapeutic options are therefore needed to
reduce the use of IMV and the risk of death in
hospitalized patients with rapidly increasing
oxygen demand and systemic inflammation
who do not respond to the evidence-based
therapeutic regimen currently recommended by
international guidelines (Table 1) [19, 35].
Because of this unmet need, the therapeutic
potential of mesenchymal stem/stromal cells
(MSCs) and MSC-derived products is under
evaluation in a huge number of clinical trials
[36-40] on the basis of the results of preclinical
studies that have demonstrated the ability of
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Table 1 Therapeutic management of hospitalized adult patients by disease severity. Source: published international
guidelines [19, 35], last accessed 12 February 2023

Disease

Moderate disease

severity Dyspnea, SpO2 > 94%

WHO
CPS

COVID-

19

on room air at sea
level, pulmonary
infilcrate < 50% of the
lung fields

Not requiring

supplemental oxygen

Treatment with the

antivirals nirmatrelvir
(boosted with
ritonavir) or
remdesivir for patients

at high risk of disease

progression

Prophylactic dose of
heparin to reduce the
risk of thromboembolic
disease, unless

contraindicated

Severe disease

Critical disease

Dyspnea, SpO2 < 94% on room air at sea level, PaO2/ Hypoxemic respiratory

FiO2 < 300 mm Hg, RR > 30 breaths/min, or
pulmonary infiltrates > 50% of the lung fields

Requiring supplemental

oxygen through mask or

nasal prongs

Treatment with
remdesivir alone only
for patients requiring
minimal supplemental
oxygen

Add the glucocorticoid
dexamethasone to the

antiviral remdesivir

For dexamethasone-
treated patients who
have rapidly increasing
oxygen needs and
systemic inflammation,
add the Janus kinase
inhibitor baricitinib or
the IL-6 receptor

antagonist tocilizumab

Therapeutic dose of

heparin fOI‘ nonpregnant

patients with increased

D-dimer levels and
without increased

bleeding risk

Prophylactic dose of
heparin for the other
patients, unless

contraindicated

failure, ARDS, shock,

multiorgan

dysfunction/failure

Requiring oxygen through Requiring IMV, IMV and
a high-flow device or

NIV
6 7-9

vasopressors, or ECMO

Prompt treatment with Prompt treatment with

the glucocorticoid the glucocorticoid
dexamethasone plus the  dexamethasone plus the
Janus kinase inhibitor Janus kinase inhibitor
baricitinib or with baricitinib or with
dexamethasone plus the dexamethasone plus the
IL-6 receptor antagonist IL-6 receptor antagonist

tocilizumab tocilizumab

Add remdesivir, if

required in certain

Prophylactic dose of
heparin, unless
patients, including contraindicated
immunocompromised Critical care management
patients similar to that
Prophylactic dose of recommended for other
critically ill patients

admitted to the ICU

heparin, unless

contraindicated

Identification and treatment of concomitant or secondary infections
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Table 1 continued

Influenza Treatment with one antiviral of the class of neuraminidase inhibitors (oral oseltamivir, intravenous peramivir in

intubated patients)

Identification and treatment of concomitant or secondary infections

Adjunctive therapy with glucocorticoids or immunomodulators not recommended

ARDS acute respiratory distress syndrome, ECMO extracorporeal membrane oxygenation, ICU intensive care unit, IL-6

interleukin-6, IMV invasive mechanical ventilation, 7% minute, NIV noninvasive ventilation, P202/FiO2 arterial oxygen

partial pressure/fractional inspired oxygen, RR respiratory rate, SpO2 saturation of peripheral oxygen, WHO CPS World

Health Organization Clinical Progression Scale

intravenously injected MSCs to transiently
accumulate in the pulmonary circulation and to
exert multiple beneficial effects, including the
modulation of immunological responses, the
prevention of bacterial superinfections, the
promotion of the repair of damaged alveolo-
capillary barriers, and the alleviation of fibrosis
in the injured lungs [40-46], mainly through
paracrine signaling [42-45]. The MSCs under
evaluation are a heterogeneous population of
self-renewable multipotent cells that are most
commonly harvested from the perinatal tissues
(umbilical cord tissue, umbilical cord blood, or
placenta), the menstrual blood, adult bone
marrow or adult adipose tissue of one or more
healthy unrelated donor(s) and are expanded in
culture to large quantities for treating many
patients [39, 42, 47, 48]. The investigational
therapy is either the allogeneic population of
MSCs expanded in culture or its secretome,
which is composed of soluble factors and
extracellular vesicles such as exosomes and
microvesicles [38, 45].

It is widely recognized that the allogeneic
MSCs under evaluation only acquire
immunomodulatory properties in inflamma-
tory conditions [49]. The induction of the
expression of a predominant immunosuppres-
sive phenotype is known as MSC licensing and
has been reported to be elicited in the circula-
tion and at the tissue sites by IFN-y [50, 51],
particularly in the concomitant presence of one
of the proinflammatory cytokines TNF-a, IL-10,
and IL-1p [52]. The importance of the licensing
activity of IFN-y is supported by the results of
studies in an animal model of graft versus host
disease (GVHD), where the recipients of IFN-y ™/~

T lymphocytes did not respond to treatment
with bone-marrow-derived MSCs and died [53].

Licensed MSCs acquire the ability to generate
powerful immunoregulatory effects by modu-
lating the proliferation and function of diverse
cells involved in the innate and adaptive
immunity through the release of biologically
active soluble molecules and extracellular vesi-
cles, and the transfer of mitochondria via
intercellular communication [49, 54] (Fig. 1).
Soluble factors with immunomodulatory prop-
erties include indoleamine 2,3-dioxygenase
(IDO), prostaglandin E2 (PGE2), transforming
growth factor (TGF)-B, and IL-1R antagonist (IL-
RA). Through the release of IDO and PGE2,
MSCs can reduce the proliferation, cytotoxic
activity, and cytokine production of effector T
lymphocytes, and the proliferation of B lym-
phocytes. Importantly, MSCs can favor the dif-
ferentiation and expansion of functional
regulatory T lymphocytes (Treg) through IDO,
PGE2, cyclooxygenase (COX)-2, and TGEF-B
[49, 54] (Fig. 1). Furthermore, they can promote
the generation of IL-10-producing regulatory B
cells (Breg) that inhibit the differentiation of
effector T cells into T helper-17 (Th-17) lym-
phocytes [49, 54] (Fig. 1). MSCs can also block
the activation of effector immune cells via cell-
to-cell interaction through the association of
the programmed death (PD)-1 and its ligand
PD-L1 [49]. In presence of macrophage colony-
stimulating factor (M-CSF), MSCs promote the
differentiation of monocytes and type 1 mac-
rophages with proinflammatory activity into
M2 type macrophages with antiinflammatory
and regenerative properties, which produce IL-
10 and TGF-B. MSCs also inhibit the
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Fig. 1 Immunomodulatory properties of mesenchymal
stem/stromal cells. Copyright 2021 Miiller, Tunger,
Wobus, von Bonin, Towers, Bornhiuser, Dazzi, Wehner,
and Schmitz [54], Figure reproduced without changes
under the terms of the Creative Commons Attribution
License, https: //creativecommons.org/ licenses/ by/ 4.0/,
which permits unrestricted use, distribution, and repro-
any medium, provided the original
authors(s) and the copyright owner(s) are credited, the
original publication is cited, the link to the license is given,

duction in

and it is indicated if changes were made. CD cluster of

differentiation and maturation of dendritic cells
and switch their profile toward a tolerogenic
one by reducing their expression of the cos-
timulatory molecules HLA-DR, CD1la, CDS80,
and CD83, downregulating their production of
IL-12 and increasing their expression of PD-L1
[54] (Fig. 1).

In addition to the process of MSC licensing
described above, another mechanism has been
recently proposed to explain the immunomod-
ulatory function of intravenously injected

Dendritic cells TNF-o¥ IFN-o¥ TGF-pt

antigen presentation v IL6Y IL12¥ -0t
T cell activation v
differentiation ¥

cpao¥ cpso¥
maturation ¥

cps6Y cD83 YV
MHC 11Y OX40L ¥

PGE2 IL-6
TSG-6 HGF X Po-L1t
M-CSF Jagged1 Treg, Th2 4

@ Th1, Th17¥

regulatory DC

B cells

IDO IL1-RA PGE2
IL-35 TGF-B antibody secretion ¥
proliferation v
sk maturation ¥
activation ¥
<=
Breg B cell

differentiation, CTL cytotoxic T lymphocytes, EVs extra-
cellular vesicles, FasL Fas ligand, HGF hepatocyte growth
factor, IDO indoleamine 2,3-dioxygenase, IFN interferon,
IL interleukin, /L1-RA interleukin 1 receptor antagonist,
MHC major histocompatibility complex, M-CSF macro-
phage colony-stimulating factor, m:RNA microRNA,
OX40L OX40 ligand, PD-L1 programmed death-ligand 1,
PGE2 prostaglandin 2, Th T helper lymphocyte, TGF
transforming growth factor, TNF tumor necrosis factor,
Treg T regulatory lymphocyte, 7SG tumor necrosis factor-

stimulated gene

allogeneic MSCs [49, 55]. The infused cells
would undergo apoptosis by interaction with
the granules released by cytotoxic CD8 lym-
phocytes and natural killer (NK) cells of the
host, and the apoptotic cells would be taken up
by the circulating mononuclear phagocytes.
This efferocytosis would induce a sort of repro-
gramming of the phagocytic cells of the MSC
recipient, which would produce PGE2 and IDO
themselves and in this manner mediate the
immunosuppressive effects of MSCs. The two
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mechanisms may coexist because there is evi-
dence that viable MSCs cannot be replaced with
apoptotic or dead MSCs from a therapeutic
perspective [56], and more studies are required
to clarify this issue. In addition, it would be
important to understand if the reprogramming
of phagocytic cells depends at least in part on
the biological activity of the extracellular vesi-
cles of the apoptotic MSCs and whether it can
also occur with the infusion of MSC-derived
extracellular vesicles, which are in large part
taken up by the phagocytes of the reticuloen-
dothelial system because of their size.

MSC tracking experiments in an animal
model of infectious pneumonitis [57], using
real-time, intravital imaging of the kinetics of
MSCs in lung vessels, demonstrated the imme-
diate influx of MSCs following their intravas-
cular injection and their persistence in the
alveolar capillaries for more than 24 h. More-
over, MSC administration was associated with
improvements in the gas-exchange function of
the alveolar-capillary barrier, resulting in
increased arterial oxygen levels [57]. Figure 2
schematically shows the possible mechanisms
through which intravenously injected allo-
geneic MSCs, or MSC-derived extracellular
vesicles, can restore the impaired gas exchange
and counteract the effects of the dysregulated
immune response and persisting inflammation
in severe and critical COVID-19 and influenza.
The indicated effects of MSCs and MSC-derived
extracellular vesicles are based on the
immunomodulatory properties of MSCs dis-
cussed above and the results of preclinical
studies in animal models of lung injury associ-
ated with influenza virus infection [58-61] or in
experimentally-induced ARDS [62]. The fig-
ure also shows a possible mechanism through
which MSCs become or remain not permissive
to viral growth in the inflamed alveoli. This is
related to their ability to express INF-stimulated
genes in response to INFs such as the type I [FNs
(IFN-0/B) produced by infected alveolar epithe-
lial cells and the IFN-y present in the inflam-
matory infiltrate [63].

The currently approved pharmacological
treatment for severe and critical COVID-19
includes the glucocorticoid dexamethasone as
standard of care, the humanized monoclonal

antibody of the IgG1 class against the IL-6R
tocilizumab, and the Janus kinase inhibitor of
the JAK/1/JAK2 subtype baricitinib as adjunc-
tive therapies (Table 1) [19, 35]. Dexamethasone
is known to have a broad antiinflammatory
activity, and the transcriptomic data on pul-
monary and circulating immune cells from
patients with severe COVID-19 has suggested
that the therapeutic effect of this glucocorticoid
in this disease may be specifically related to
TNF-o, IL-1a, IL-1b, IFN-0, and IFN-y signaling
but does not involve the IL-6 pathway [64].
Tocilizumab targets IL-6-mediated signal trans-
duction by binding to both the transmembrane
and the soluble receptors, and in so doing it
irreversibly blocks the proinflammatory and
prothrombotic effects of IL-6 for 2-3 weeks, as
well as its still desirable effects on the develop-
ment of an acute-phase response against infec-
tions and on the enhancement of bacterial
phagocytosis [65]. Baricitinib predominantly
blocks IL-6 and INF-y signaling and IL-10 and
[FN-o. signaling to a lesser extent [66], and
similarly to dexamethasone, has a short half-
life. Both dexamethasone and baricitinib inhi-
bit the function of type I IFNs involved in viral
clearance and must be administered in combi-
nation with antivirals in immunocompromised
patients. Baricitinib also reduces, albeit to a
lesser extent than other Janus kinase inhibitors
[66], the desirable regulatory activity of IL-10,
which is related to its ability to promote the
emergence of Tregs while suppressing the
development of Th-17 lymphocytes. None of
these therapeutic agents has the direct effects
mediated by whole MSCs and by their extra-
cellular vesicles on the viability of alveolar
epithelial cells, the repair of the alveolar-capil-
lary barrier, and the prevention of the devel-
opment of secondary bacterial infections
(Fig. 2). In severe and critical influenza, the
potential biological effects of whole MSCs or of
their extracellular vesicles are unrivaled,
because a combination of antivirals and anti-
inflammatory or immunoregulators is not
allowed (Table 1) [19, 35].

A mechanistic rationale therefore emerges
for the use of MSC-based therapy as an
adjunctive therapy in patients with severe and
critical COVID-19 who do not respond to
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Fig. 2 Mechanistic rationale for investigating the clinical use
of mesenchymal stem/stromal cells and their products as
adjunctive therapy for the management of severe and critical
coronavirus disease 2019 and influenza. The pathological
mechanisms leading to alveolar damage, hypoxemia, and
systemic inflammation are highlighted in red, and the
counteracting effects of intravenously injected allogeneic
mesenchymal stem/stromal cells that have been induced to
express an antiinﬂammatory/ immunosuppressive phenotype
systemically and in the inflamed alveoli are highlighted in
green. In severe and critical coronavirus disease 2019, virus
replication, the proliferation of effector T lymphocytes, the
release of proinflammatory cytokines, and the recruitment of
leukocytes from the peripheral blood are inhibited by the
recommended treatment with antivirals and the glucocorti-
coid dexamethasone in combination with a Janus kinase
inhibitor of the JAK1/JAK2 subtype, such as baricitinib, or
with the humanized antibody against the interleukin-6
receptor tocilizumab. This combination also reduces the
systemic effects of viral replication and excessive inflammation,
but in abolishing the acute-phase response and the IL-6
mediated enhancement of bacterial phagocytosis, the combi-
nation of antiinflammatory agents concurs to render the host
more vulnerable to pulmonary and systemic infections. Key
adjunctive effects of mesenchymal stem/stromal cells are the
following: reestablishment of the regulatory function of
subpopulations of T and B lymphocytes (Treg and Breg cells)
that normally suppress excessive and deleterious immunolog-
ical/inflammatory responses; activation of the mechanisms
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involved in the repair of the alveolar-capillary barrier via the

release of soluble factors (Ang-1, HGF, and KGF) and
extracellular vesicles delivering microRNAs; enhancement of
the viability of alveolar epithelial cells through the transfer of
healthy mitochondria by intercellular communication; pre-
vention of the development of secondary bacterial infections
by producing antimicrobial peptides and by enhancing the
phagocytic activity of neutrophils and macrophages through
the release of prostaglandin E2. In severe and critical influenza,
where a combination of antivirals and antiinflammatory or
immunoregulators is not allowed, most of the biological effects
of mesenchymal stem/stromal cells highlighted in this
figure would be desirable. Generated using in part Science-
Slides graphics from VisiScience Corp., licensed use. AEC
alveolar epithelial cell, AMPs antimicrobial peptides, Ang
angiopoietin, Breg B regulatory lymphocytes, CRP C-reactive
protein, Col” coronavirus, COX cyclooxygenase, CTL cyto-
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growth factor, GCs glucocorticoids, HGF hepatocyte growth
factor, I4V influenza virus, IDO indoleamine 2,3-dioxygenase,
IFN interferon, IL interleukin, /L 1-RA interleukin 1 receptor
antagonist, IL-6R interleukin-6 receptor, ISGs interferon-
stimulated genes, J4Kis Janus kinase inhibitors, KGF ker-
atinocyte growth factor, miRNA microRNA, NK natural
killer, PGE2 prostaglandin 2, RLR retinoic acid-inducible
gene-1-like receptor, TCR T cell receptor, TGF transforming
growth factor, 75 T helper lymphocyte, TLR toll-like receptor,
TNF tumor necrosis factor, Treg T regulatory lymphocyte,
TSG tumor necrosis factor-stimulated gene
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Fig. 3 Potential future integration of investigational
therapy into the recommended therapeutic management
of hospitalized adult patients with severe and critical
COVID-19 or influenza, which is based on published
international guidelines [19, 35, 90]. The arrows indicate
potential sequential treatment strategies, where allogeneic
mesenchymal stem/stromal cells or their products are
administered intravenously as an adjunctive or alternative
add-on therapy to prevent further disease progression and
death in patients not responding to the recommended
first-line treatment with dexamethasone, while receiving
adequate respiratory support and the required critical care

dexamethasone, and in patients with severe and
critical influenza who show increasing oxygen
demand and systemic inflammation on treat-
ment with antivirals alone. The combination of
an MSC-based therapy and glucocorticoids has
been already used for the treatment of GVHD
and excellent results have been reported in
terms of safety and efficacy [67]. Moreover,
glucocorticoids at high doses are used as stan-
dard of care in studies testing the potential
additional benefits of MSC-based therapies in
GVHD [68]. The potential future integration of
investigational MSC-based therapy into the
currently recommended therapeutic

management. The asterisk indicates the allowed addition
of the antiviral remdesivir in immunocompromised
patients with severe coronavirus disease 2019 who require
oxygen through a high-flow device or noninvasive venti-
lation and are receiving dexamethasone. ANI antiviral
neuraminidase inhibitor, COVID-19 coronavirus disease
2019, ECMO extracorporeal membrane oxygenation, ICU
intensive care unit, IL-6 interleukin-6, IMV invasive
mechanical ventilation, IV intravenous, MSC mesenchy-
mal stem/stromal cells, NIV noninvasive ventilation,
WHO CPS World Health Organization Clinical Progres-

sion Scale

management of hospitalized adult patients with
severe and critical COVID-19 or influenza is
illustrated in Fig. 3.

AIMS AND METHODOLOGICAL
APPROACH OF THIS REVIEW

The focus of this review was on the status of the
clinical investigations testing the potential use
of MSCs and MSC-derived secretome to improve
the outcome of patients with severe and critical
diseases already managed according to the evi-
dence-based therapeutic approach outlined in
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Table 1. The main objectives were the follow-
ing: to identify progresses in the assessment of
the potential added value of the investigational
therapy in clinical trials, to highlight unre-
solved issues, and to discuss how to address
them.

An extensive literature search was conducted
to retrieve all articles reporting on the clinical
use of MSCs and MSC-derived products as
investigational therapy for lung conditions
related to COVID-19 and influenza as described
in Table 2. To assess if investigational therapy
significantly accelerated the recovery and
decreased the mortality of patients with severe
or critical diseases in comparison with the rec-
ommended/standard  therapeutic regimen,
controlled prospective clinical trials on the use
of the investigational therapy as add-on therapy
and single-arm uncontrolled clinical trials on
the use of the investigational therapy when the
recommended/standard treatments have failed
were taken into consideration. Clinical studies
in patients in stable conditions on the recom-
mended/standard treatment, clinical studies
where the recommended/standard treatment
was not described, clinical studies where the

recommended/standard treatment did not
include antivirals or glucocorticoids or
immunomodulators, case series, and case

reports were excluded and are reviewed else-
where [40], together with registered but still
unpublished studies.

This review was based on previously con-
ducted studies and does not contain any new
studies with human participants or animals
performed by any of the authors.

OVERVIEW AND CRITICAL
ASSESSMENT OF PUBLISHED
CLINICAL TRIAL RESULTS

As of 31 July 2022, 21 published reports were
found [69-89], including 6 randomized, double-
blind, placebo-controlled trials
[71, 74, 75, 81, 82, 84], 3 randomized, open-
label parallel-group studies [76, 77, 85], 6 non-
randomized prospective studies with control
groups [69, 70, 72, 78, 86, 89], and 6 prospec-
tive, uncontrolled single-arm studies

[73, 79, 80, 83, 87, 88] conducted in diverse
countries worldwide (Table 3). A total of 20
reports [69-88] concerned treatment of patients
with severe and or critical illness caused by
laboratory-confirmed SARS-CoV-2 infection,
but 6 of the reported studies also included
patients with mild [85] or moderate
[69, 70, 78, 79, 86] disease, and 1 study [87] was
conducted in patients with a condition defined
as moderate pneumonia by the investigators,
although the reported clinical and laboratory
data at baseline (Table 3) reflected a more severe
stage according to international guidelines
[35, 90]. The total number of patients treated
with MSCs or MSC-derived products in these
studies was 343 (Table 3). One report [89] con-
cerned treatment of patients with ARDS caused
by laboratory-confirmed H7N9 influenza virus
infection: 17 out of 61 individuals received the
investigational therapy, in addition to standard
care including antivirals and glucocorticoids,
while the others served as control (Table 3). The
characteristics of all studies and their main
findings are summarized in Tables 3, 4, 5, and 6.

The most frequent source of MSCs was the
umbilical cord tissue [70-76, 80-83, 85-87],
followed by the menstrual blood [78, 84, 89]
and bone marrow [83, 88] (Table 4). In one
study the MSC source was adipose tissue [79]
(Table 4). In the report of another study [69] the
MSC origin was not mentioned (Table 4). Seven
reports [77, 79, 80, 83, 85, 87, 89] lacked the
required description of the surface markers and
multilineage differentiation ability of MSCs
[91], and the only report of a study using
extracellular vesicles of the exosome subtype as
investigational therapy [83] did not contain the
required minimal information about the isola-
tion, analysis, and quantification of the MSC-
derived product [92]. The report of the study
using the secretome of menstrual-blood-derived
MSCs as investigational treatment [84] lacked
information about the composition of the MSC-
conditioned medium, which likely contained a
mix of extracellular vesicles and soluble factors
[93]. The putative immunomodulatory /im-
munosuppressive properties of the administered
MSCs were confirmed by mixed lymphocyte
reaction assay only in two studies [81, 88],
employing umbilical-cord- and bone-marrow-
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Table 2 Criteria of the literature search

Electronic databases

PubMed/MEDLINE, Scopus, Cochrane Collaboration, Web of Science

Publications
Language
Period of time
Subject
Setting

Included study
type

English

1 January 1970-31 July 2022

Human clinical studies

Hospital wards and intensive care units

Randomized double-blind placebo-controlled clinical trials on the use of investigational therapy in

addition to recommended/standard therapy (add-on therapy)

Randomized open-label placebo-controlled clinical trial on the use of investigational therapy in addition

to recommended/standard therapy (add-on therapy)

Nonrandomized open-label parallel-group clinical trial on the use of investigational therapy in addition

to recommended/standard therapy (add-on therapy)

Prospective single-arm study on the use of investigational therapy when recommended/standard therapy

has failed

Excluded publications

Any prospective study on the use of investigational therapy in stable patients on recommended/standard

therapy

Any study on the use of investigational therapy as add-on therapy if recommended/standard therapy was

not described

Any study on the use of investigational therapy as add-on therapy, or when recommended/standard
therapy has failed, if recommended/standard therapy did not include antivirals, glucocorticoids, or

immunomodulators, singly or in combination
Retrospective studies
Case series
Case report
Articles posted on pre-print servers
Abstracts
Conference proceeding
Opinion article
Review articles
Editorials
Theses
Book chapters
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Table 2 continued

Keywords
Mesenchymal stem cells
Mesenchymal stromal cells
Exosomes
Extracellular vesicles
Pneumonia
Acute respiratory distress syndrome
Cytokine storm
Systemic inflammation
Coronavirus
COVID-19

Influenza

COVID-19 coronavirus disease 2019, IT investigational therapy

derived MSCs, respectively (Table 4). The sus-
ceptibility to virus infection of the MSCs to be
injected into the circulation of an infected host
was tested in a minority of the studies, although
infected MSCs may have reduced survival and
function as a virus reservoir in the body of the
treated patients. The expression of the main cell
entry receptor for SARS-CoV-2, the angiotensin-
converting enzyme 2 (ACE2), by the infused
MSCs was only tested in 2 out of 20 studies
concerning COVID-19 [69, 78], but the results
were reassuring because cells from menstrual
blood [78] and those from an unreported origin
[69] were marginally ACE2-positive [69] or
ACE2-negative [78] (Table 4). The MSCs from an
unreported origin [69] also did not express a
protease involved in viral cell entry, the trans-
membrane serine protease type 2 (TMPRSS2).
These results would be in keeping with the
in vitro observations that human MSCs from
fetal and adult tissues are indeed ACE2- and
TMPRSS2-negative and may not be permissive
to SARS-CoV-2 [94], but diverse studies have
uncovered new mechanisms of viral entry into
human host cells [95-99], and these data should
be taken into account in clinical trials testing
the therapeutic potential of MSCs in COVID-19.

The previously demonstrated susceptibility of
human MSCs of bone marrow and cord blood
origin to infection with avian influenza A H5N1
virus [100] was not excluded in the only study
evaluating the potential therapeutic effective-
ness of MSCs in H7N9-influenza-induced ARDS
[89]. Thus, the possibility that the various MSC
populations infused in the studies reviewed
here were infected by the hosted viruses, once
injected, cannot be excluded. Nonetheless, the
viral load over time was not significantly affec-
ted by MSC treatment in the randomized, dou-
ble-blind, placebo-controlled trials that
properly evaluated this outcome in COVID-19-
associated ARDS [74, 82].

The studies testing MSCs in COVID-19 dif-
fered greatly in terms of patient selection, MSC
dosage, and infusion schedule (Tables 3 and 4).
The outcome measures and follow-up periods
also varied greatly (Tables 3, 6), precluding the
possibility to perform meaningful meta-analy-
ses, as previously recognized by the authors of
recent systematic reviews not specifically
focusing on the assessment of MSCs and MSC-
derived products as add-on therapy to the cur-
rently recommended standard of care
[101-104]. Considering the safety outcomes,
most reports did not contain complete and
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Table 5 Adverse events and serious adverse events

Author and Treatment-related AEs Nontreatment-related Treatment- Nontreatment-related
reference AEs related SAEs/  SAEs/deaths
no. deaths
Disease: COVID-19/IT: MSCs
Shi L, ecal. None Incidence of AFs: 55.38%  None One death from cancer at

(71, 72]

in the IT group and 60%
in the ctr] group by D 28

Incidence of most common
AFs (all grade 1-2): LDH
increase 13.85% in the IT
group and 20% in the ctrl
group; elevated ALT,
10.77% in the IT group
and 11.43% in the ctrl
group; hypokalemia,
9.23% in the IT group
and 2.86% in the ctrl
group; AST increase
7.69% in the IT group
and 11.43% in the ctrl
group; hyperuricemia,
7.69% in the IT group
and 8.75% in the ctrl
group

Only one grade 3-4 AE:
pneumothorax in 1 pt in
the IT group during the
first 28 days of the trial,
recovered under

conservative treatment

Total incidence of AEs over
1 year 83.1% in the IT
group and 74.3% in the
ctrl group

3 mo in the ctr] group
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Table 5 continued

Author and
reference
no.

Treatment-related AEs

Nontreatment-related
related SAEs/

Nontreatment-related
SAEs/deaths

Lanzoni G,

et al. [74]

Dilogo IH,
etal. [75]

Monsel A,
etal. [81]

Rebelatto

CLK, et al.

[82]

1 pt experienced worsening 31 in the IT group; 45 in

of bradycardia requiring
transient vasopressor
treatment within 6 h
after IT infusion; 1 pt
experienced new cardiac
arrhythmia 2 h after

vehicle infusion

None

Possible IT-related diarrhea 49 (18 pts, 85.7%) in the IT
group; 48 (18 pts, 75.0%)
in the ctrl group

(1
Adverse hemodynamic

event within 6 h of vehicle

infusion

Transient hypotension after the first infusion in 1 pg,

uncertain relation to treatment;

Tachycardia immediately after the first infusion in 1 pg,

uncertain relation to treatment

the ctrl group

2 (2 pts) in the IT group;
16 (8 pts) in the ctrl
group (P = 0.04)

2 deaths in the IT group: 1
due to failed endotracheal
intubation, 1 due to acute

respiratory failure;

7 deaths in the ctrl group: 1
due to acute respiratory
failure, 6 due to

multiorgan dysfunction

4 deaths

10 (6 pts, 28.6%), S deaths
in the IT group;

6 (6 pts, 25.0%), 4 deaths in
the ctrl group

IT group: 1 death due to
multiorgan dysfunction
syndrome at D 8 after the
first infusion, 4 deaths
due to bacterial septic
shock at D 8, D 17, D 20,
and D 23 after the first

infusion;

Cul group: 1 death due to
bacterial septic shock at

D 38 after the first

infusion

A\ Adis



2662

Adv Ther (2023) 40:2626-2692

Table 5 continued

Author and Treatment-related AEs Nontreatment-related Treatment- Nontreatment-related
reference AEs related SAEs/  SAEs/deaths
no. deaths
Zhu R, No significant differences More pts in the placebo NR 2 deaths in the placebo
etal. [85] between groups for group (13, 44.8%) than in group
changes in vital signs the IT group (3, 10.3%)
during the first 24 h after  experienced AEs.
IT or placebo infusion Disturbance of
consciousness, urinary
tract infection, headache,
fever, diarrhea/bloating,
and inappetence were
only reported in the
placebo group
No significant differences
between groups for the
levels of ALT, TBIL, and
sCr within 3 D after IT or
placebo infusion
Shu L, etal. No rash, allergic reaction, or NR None NR
[76] febrile reaction after the
infusion in the IT group
Adas G, None NR None 6 deaths in the IT group
etal. [77]
Leng Z, None: no acute infusion- None None None
etal. [69] related events or allergic
reactions within 2 h after
IT administration, no
delayed hypersensitivity
or secondary infections
Meng F, IT group: 1 pt with None None IT group, 1 pt with severe
etal. [70] moderate disease, facial disease, severe hypoxemia

flushing within 4 h after

first infusion;

ctrl group: 1 pt with
moderate disease,
transient fever within 2 h

after third infusion

within 12 h after first
infusion, recovered after

HEFNC oxygen therapy

A\ Adis



Adv Ther (2023) 40:2626-2692 2663

Table 5 continued

Author and Treatment-related AEs Nontreatment-related Treatment- Nontreatment-related
reference AEs related SAEs/ SAEs/deaths
no. deaths
Xu X, etal. None Frequency of high blood None 2 deaths in the IT group
(78] pressure significantly
higher in the ctrl group.
No significant differences
between groups for
number of AEs and
severity grade
Wei F, No allergic reactions in the IT group on the D of IT infusion
et al. [86] Follow-up for at least 60 D for the IT group only
AEs: NR
SAEs: the pt with critical disease on IMV died 17 D after IT infusion from respiratory failure, circulatory
failure, and secondary infections; the SAE was not considered treatment related
Grégoire C, None NR None 1 pt had multifocal
et al. [88] ischemic cerebral lesions
after the second IT dose
and did not receive the
third dose. An aortic
endocarditis involving a
bicuspid valve was
considered the embolic
source responsible for the
SAE
Iglesias M,  AEs during the first hr post-infusion:
etal [73]  p¢ o, 4, muscle spasms in the extremities and chest, respiratory efforts, hypoxemia, and arterial hypertension
lasting 5 min on treatment with propofol and increased FiO2;
Pt. no. 5, hypotension lasting 60 min on treatment with vasopressin;
Pt. no. 3, muscle spasms in the extremities lasting 15 min without treatment
Sanchez- None Concurrent bacteria None 1 death due to massive
Guijo F, pneumonia in 1 pt, fungal gastrointestinal bleeding
etal. [79] infection in 1 pt. Both because of nasogastric-
patients recovered under tube-related gastric ulcer,
appropriate antibacterial 1 death due to secondary
and antifungal therapy fungal pneumonia
and were extubated
Guo Z, None NR None 72 deaths
et al. [80]
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Table 5 continued

Author and Treatment-related AEs Nontreatment-related Treatment- Nontreatment-related
reference AEs related SAEs/ SAEs/deaths
no. deaths
Sharma A, None NR None 1 death caused by cardiac
etal. [87] arrest after 3.5 mo after

last IT infusion

Disease: COVID-19/IT: MSC-derived product

Fathi- None observed in the IT IT group: NR None in the IT  IT group: aggravated
Kazerooni group but 1 pt Curl group: NR group; hypoxic respiratory failure
M, et al. discontinued after first requiring intubation

no data reported

[84] dose for unknown causes; for the ctrl (n = 7), pulmonary
no data reported for the ctrl group embolism (2 = 3),
group myocardial infarction
(m = 1), sepsis (n = 1),
death (z = 6);
ctrl group: aggravated

hypoxic respiratory failure
requiring intubation
(n = 12), death (n = 12)

Sengupta V, None observed within 72h  NR None observed ~ Pulmonary embolism

etal. [83] of ExoFlo administration within 72 h of  (# = 1), acute renal

ExoFlo failure (» = 3), worsening

administration  of hypoxic respiratory
failure requiring
intubation (7 = 4), and 4

deaths at post-treatment

D 4-13
Disease: influenza/IT: MSCs
Chen ]J, None NR None 3 deaths in the IT group; 24
et al. [89] deaths in the ctrl group

AE adverse events, ALB albumin, ALT alanine aminotransferase, AS7T aspartate aminotransferases, COVID coronavirus
disease, CRP C-reactive protein, Ctr/ control, D day, DBIL direct bilirubin, Fi02 fractional inspired oxygen, HFNC high-
flow nasal cannula, 47 hour(s), IMV invasive mechanical ventilation, I7T investigational therapy, LDH lactate dehydrogenase,
min minute(s), 70 month(s), MSC mesenchymal stem/stromal cells, NR not reported, PCT procalcitonin, P¢ patient, SAE
serious adverse events, sCr serum creatinine, 7BIL total bilirubin
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convincing information about the incidence of
serious and non-serious adverse events and
their relation to treatment (Table 5). For exam-
ple, in the prospective single-arm study on
severe ARDS not responding to standard treat-
ment [73] and in the prospective single-arm
study on moderate pneumonitis [87], there was
a transient increase in the circulating levels of
the fibrin degradation product D-dimer after
MSC infusions (Table 6), which was not repor-
ted as a treatment-related adverse event
although it may reflect the effects of the pro-
coagulant activity of tissue factor (TF)/CD142-
expressing MSCs from umbilical cord and pla-
centa [105] in patients who already have an
increased risk of thrombosis because of the
infection. In one of these studies [87], the
observed transient increase in the levels of the
proinflammatory chemokine IL-6 following
MSC infusion (Table 6) was also not reported as
an adverse event. It is, however, reassuring to
know that in the controlled clinical trial with an
open-label follow-up period of up to 1 year
[71, 72], patients with less severe disease who
had received three doses of viable 4 x 10’
umbilical-cord-derived MSCs/kg of body weight
(Table 4) did not show significant reductions in
the inhibition rate of neutralizing antibodies
against SARS-CoV-2, changes in pulmonary
function, alterations of laboratory parameters,
or evidence of tumor developments in com-
parison with the controls (Table 6).

In terms of concomitant treatment, some
investigators included drugs that were empiri-
cally used during the initial phases of the
COVID-19 pandemic and that are no longer
recommended by current guidelines [35, 90],
such as hydroxychloroquine and various
antivirals used for other infections (Table 3).
Nonetheless, in most studies patients received
glucocorticoids (Table 3), the current standard
of care in severe and critical COVID-19 [35, 90],
albeit with substantial differences in terms of
glucocorticoid type, dosage, and duration of
treatment. Three of these studies were ran-
domized, double-blind, placebo-controlled tri-
als of umbilical-cord-derived MSCs in ARDS
[74, 81, 82], and only one [74] demonstrated
significantly higher survival rate by day 28 and
shorter time to recovery in the group of patients

who received MSCs as investigational add-on
therapy than in the control group (Table 6).
Possible explanations for the discrepancy were
MSC dosing (Table 4) and imbalance of the
patients’ condition at baseline (Table 3). In the
study by Lanzoni and colleagues [74], the mean
number of infused cells at each infusion and in
total was much higher than in the other two
trials, and the cell viability was comparable to
that detected in the negative study by Rebellato
and colleagues [82], despite the use of thawed
cells from frozen cell samples (Table 4). In the
same study by Lanzoni and colleagues [74], only
4 of 12 patients (33.33%) in the MSC-treated
group versus 7 of 12 patients (58.33%) in the
placebo group received IMV, and the baseline
levels of IL-6 were significantly higher in the
control group (Table 3), suggesting that control
patients were at higher risk of death than MSC-
treated patients. In the study by Rebelatto and
colleagues [82], in which all MSC-treated and
placebo-treated patients required IMV in the
ICU and received glucocorticoids and antico-
agulants as concomitant therapy, the mortality
rate was even higher in the group of MSC-trea-
ted patients (45.45%) than in the group of
patients who received placebo (16.66%), and
the MSC-treated patients also showed increased
levels of the cardiac troponin I and of crea-
tinine, suggesting further cardiac damage and
renal insufficiency between day 4 and day 14
post-treatment (three infusions of 5 x 10° cells/
kg of body weight every other day, starting
10.7 days, on average, after symptom onset). In
the study by Monsel and colleagues [81], low
level of alloimmunization developed in 3 of 21
patients (14.3%) on day 14 post-infusion but an
additional 6 of the 21 MSC recipients (28.6%)
already had pre-formed antibodies against the
human leukocyte antigen of the infused cells
before treatment. In this study, antibody-me-
diated loss of functional cells may contribute to
explain the lack of significant effects of the
investigational therapy on most efficacy out-
come measures, except for a significant decrease
of plasma inflammatory markers at day 14 post-
infusion (Table 6), but the relative impact can-
not be estimated because none of the other
studies reviewed here reported data concerning
possible alloimmunization.
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In another randomized, double-blind, pla-
cebo-controlled trial of umbilical-cord-derived
MSCs in critical COVID-19 [75], there was a
significantly higher survival rate in patients
treated with MSCs than in the controls (2.5
times higher overall and 4.5 times higher in
patients with more than two comorbidities
known to worsen disease outcome), which was
associated with a significant decrease in the
circulating levels of IL-6 (Table 6), but the con-
comitant treatment only included oseltamivir
and azithromycin (Table 3), drugs not consid-
ered as effective in severe or critical COVID-19
[35, 90], and there were no significant differ-
ences between groups in terms of length of stay
in the ICU and ventilator usage (Table 6). Thus,
MSC treatment significantly improved survival
in critical COVID-19, but this effect is known to
be achievable in similar patients with the very
less expensive and easier to use glucocorticoids
[35, 90].

Taking into account the  putative
immunomodulatory/immunosuppressive prop-
erties of MSCs, it is worth noting that in most
placebo-controlled studies involving severely
and critically ill patients with COVID-19,
investigational therapy was found to signifi-
cantly reduce the levels of inflammatory mark-
ers in comparison with placebo (Table 6). This
was not the case for studies involving patients
with less severe COVID-19, such as the con-
trolled clinical trial with 1-year follow-up
mentioned above [71, 72], in which the
administration of MSCs as add-on therapy
resulted in significant radiological improve-
ments not accompanied by significant func-
tional or laboratory changes by day 28 (Table 6).

Considering the other comparative trials
testing MSCs as investigational add-on therapy
in COVID-19 [69, 70, 76-78, 85, 86, 88], sig-
nificantly higher survival rates in the treated
groups than in the control groups were reported
in three of the eight studies [77, 78, 88], and the
increase in survival rates was more pronounced
in critically ill patients than in patients with
severe disease (Table 6). In one of these studies
[77], which was a randomized open-label par-
allel-group trial, the length of stay in ICU was
also significantly lower in the MSC-treated
group than in the control group of critically ill

patients. In another randomized, single-blind,
placebo-controlled study involving patients
with mild, severe, and critical disease [85], the
duration of hospital stays (primary endpoint)
was significantly shorter in the MSC-treated
group than in the placebo group (Table 6). For
the patients with severe and critical COVID-19
enrolled in the comparative trials cited above,
MSC treatment was associated with significant
decreases in the levels of circulating inflamma-
tory markers and/or coagulation markers, and
with significantly shorter time to normalization
of the total lymphocyte counts in MSC-treated
patients than in the controls, although these
improvements in laboratory parameters did not
consistently translate into reduced mortality
and reduced use of IMV (Table 6), possibly
because of the low number of enrolled patients.
Promising preliminary results were provided by
Grégoire and colleagues [88], with the initial
analysis of data from the only still ongoing
study testing bone-marrow-derived MSCs as
add-on investigational therapy in severe ARDS
(Tables 3, 4). The concomitant treatment with
glucocorticoids and anticoagulants was in
keeping with current guidelines [35, 90] and
efficacy outcome measures were in accordance
with those proposed by the World Health
Organization (WHO) for COVID-19 clinical
research, including the use of the WHO Clinical
Progression Scale to evaluate patient trajectory
over the course of disease [106]. MSC-treated
patients (n =8) required high-flow oxygen
therapy (n=7) or IMV (n=1) within 24 h of
ICU admission and received three infusions of
1.5-3 x 10° clinical-grade cells/kg body weight
at an average interval of 3 days starting within
2days of ICU admission. Matched controls
(n=24) were only retrospectively selected
among the patients admitted to the ICU in the
same hospital, the major limitation of this
study. Although a progression of disease sever-
ity was initially observed in two of the seven
patients after MSC infusion, survival rate was
significantly higher in the MSC-treated group
than in the matched control group at day 28
(100% versus 79.2%) and at day 60 (100% ver-
sus 70.8%) (Table 6). The risk of thrombosis was
also significantly reduced by the investigational
treatment, as indicated by the levels of the
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fibrin degradation product D-dimer, which were
much lower in this group than in the matched
control group by day 7 (Table 6).

The two studies testing MSC-derived prod-
ucts in severe COVID-19 [83, 84] differed greatly
in terms of study design, source of MSCs, type of
MSC-derived products, and concomitant treat-
ments. In the randomized, double-blind pla-
cebo-controlled trial testing the conditioned
medium from menstrual-blood-derived MSCs as
investigational therapy in severe disease [84],
concomitant treatment agreed with current
guidelines [35, 90] and the investigational
therapy was an effective add-on as it signifi-
cantly reduced mortality at day 28 and the need
for intubation in the treated group in compar-
ison with the control group (Table 6). Treat-
ment was not apparently associated with the
occurrence of adverse events, but the adverse
event reporting was incomplete, and one
patient discontinued after first dose for
unknown causes (Table 5). The second study
[83] was a prospective uncontrolled cohort
study testing a single intravenous infusion of
exosomes from bone-marrow-derived MSCs in
patients with mild, moderate, or severe COVID-
19-associated ARDS, who showed clinical dete-
rioration for more than 72 h on treatment with
the institutional standard treatment, consisting
in oxygen support and administration of
hydroxychloroquine and azithromycin, two
drugs not recommended for the management of
similar patients by current guidelines [35, 90].
During the follow-up period of 14 days, the
overall survival rate was 83%. The recovery rate
in the cohort of 20 patients not requiring IMV
at baseline was 75%, but the other patients
worsened to the point of requiring IMV. In the
cohort of patients with severe ARDS at baseline,
all three patients remained critically ill, still
requiring IMV (Table 6). Overall, a single exo-
some infusion was associated with a significant
improvement of laboratory data, including the
markers of inflammation and markers of
thrombosis, such as D-dimer (Table 6). The
occurrence of treatment-related adverse events
was specifically evaluated over a period of 72 h
after exosome administration and no adverse
events were reported. The cases of pulmonary
embolism, acute renal failure, worsening of

hypoxic respiratory failure requiring intuba-
tion, and four deaths, all occurring at post-
treatment days 4-13, were not reported as rela-
ted to the exosome infusion (Table 5). Thus,
investigational therapy was apparently safe and
effective at improving the outcome of patients
with mild or moderate COVID-19-associated
ARDS in comparison with the outcome reported
in literature for similar patients [107], even
though a large fraction of intravenously injec-
ted exosomes is immediately taken up by the
mononuclear phagocytes of the reticuloen-
dothelial system in the liver and spleen [108].
However, better outcomes have been reported
in clinical trials, for all levels of ARDS severity,
with the use of glucocorticoids [107], the cur-
rent standard of care in severe and critical
COVID-19 [35, 90], and the addition of Janus
kinase inhibitors and monoclonal antibodies
against IL-6R, if required [35, 90].

Concerning the nonrandomized, open-label,
parallel-group study that tested the therapeutic
potential of MSCs from menstrual blood when
added to standard care in H7N9-influenza-virus-
induced ARDS [89] (Table 3), investigational
therapy consisted in the intravenous adminis-
tration of 1 x 10° 90-95% viable MSCs 3-4
times (Table 4), depending on patients’ consent.
The group of MSC-treated patients had a sig-
nificant increase in survival rate and more
marked improvement of the inflammatory
parameters and D-dimer at discharge than the
control group that received standard care alone
(Table 6). In addition to the supportive therapy
for critically ill patients with multiorgan dys-
function, the concomitant treatment in the
MSC-treated group and in the control group
included the antivirals recommended by inter-
national guidelines (oseltamivir or peramivir)
[19] in all patients. Over 50% of them in both
study arms also received glucocorticoids, which
are not recommended for the treatment of sev-
ere influenza because of possible detrimental
effects on the outcome [19]. However, the
mortality rate in the control group (54.5%) was
only slightly higher than that reported in liter-
ature [107] for similar patients with severe ARDS
[107]. The more than threefold lower mortality
rate (17.6%) in the MSC-treated group is
impressive but may be explained at least in part
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by the lower proportion of critically ill patients
with severe renal injury at study entry in this
group in comparison with the control group
(Tables 3 and 6). There was no report of adverse
events related to the MSC infusions (Table 5). A
S-year follow-up period was limited to four
survivors in the MSC-treated arm and no
harmful effects of the MSC transplantation were
observed in these subjects (Table 6).

CONCLUSIONS

The results of published clinical studies on the
therapeutic potential of MSCs and MSC-derived
products in COVID-19 and influenza suggest
that MSCs and MSC-derived products may sig-
nificantly increase the survival of hospitalized
patients with severe and critical disease and that
this beneficial effect may be related to the
putative immunomodulatory/immunosuppres-
sive properties of MSCs and their secretome.
However, in COVID-19-associated ARDS, simi-
lar or better outcomes have been reported in
clinical trials with glucocorticoids alone [107],
the current standard of care in severe and criti-
cal COVID-19 [35, 90], with further improve-
ment attainable with the addition of Janus
kinase inhibitors and monoclonal antibodies
against IL-6R if required to block disease pro-
gression according to current guidelines
[90, 107]. The studies reviewed here have not
consistently demonstrated that adding MSCs or
MSC-derived products to this currently recom-
mended therapeutic regimen can reduce the use
of IMV and the risk of death in patients still
showing rapidly increasing oxygen demand and
systemic inflammation despite appropriate
therapeutic management. Overall, increased
survival rates were observed in 5 of 12
prospective comparative trials that tested MSCs
or MSC-derived secretome as add-on therapy in
severe and critical COVID-19. Four of these tri-
als were randomized, double-blind, and placebo
controlled. The standard of care included glu-
cocorticoids and anticoagulants in all these tri-
als and remdesivir, glucocorticoids, monoclonal
antibodies against IL-6R, and anticoagulants in
some recent studies, but the proportion of
patients receiving these therapeutics in each

study varied greatly across studies, and most
reports do not contain information about dos-
ing and duration of treatment. The results of the
only available study about the use of MSCs as
add-on therapy for influenza-associated ARDS
are promising, particularly because no
immunomodulator/antiinflammatory treat-
ment is currently recommended for severe and
critical disease, but the study is a small open-
label trial with imbalances between the arms,
which may contribute to explaining the supe-
rior efficacy outcome attributed to the MSC
infusion. The positive results reported in this
study and in 5 of the 12 comparative studies
that evaluated the therapeutic added values of
MSCs and MSC-derived products in severe and
critical COVID-19 must be confirmed in con-
trolled clinical trials conducted in compliance
with the current Good Manufacturing Practice
and Good Clinical Practice guidelines. Compli-
ance with these guidelines is a condition for the
generation of data that can be submitted to the
regulatory authorities when seeking the
mandatory authorization for the use of a ther-
apeutic candidate outside the setting of a clini-
cal investigation [109].

IMPLICATIONS FOR FUTURE
RESEARCH

To comply with the current international
guidelines for the clinical development of cell
and cell-based therapies, several issues need to
be addressed in the design and conduction of
future clinical trials and in the reporting of the
clinical data. Possible solutions for improving
the clinical development plan are proposed in
tabular form (Table 7). The key issue is how to
choose the starting time of the MSC-based add-
on therapy. This challenge is difficult to over-
come because the studies reviewed here suggest
that blood biomarkers of ongoing inflammation
recognized thus far are not consistently predic-
tive of a response to MSCs and MSC-derived
secretome when the recommended therapeutic
regimen is insufficient to block disease pro-
gression. It may be useful to evaluate one of the
most recently identified specific biomarkers of
prolonged inflammation and dysregulated
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Table 7 Proposed solutions for the improvement of a development plan aiming for regulatory approval

Challenge

Solution

MSC and MSC-derived secretome

Characteristic of the clinical trials

Functional and biochemical parameters

indicating the need for add-on therapy

Main outcome measures

MSC obtained and characterized according to the criteria of the
International Society of Cell & Gene Therapy [91]. Tissue factor and
hemocompatibility assessment [105] to be included for the evaluation

of the product suitability for intravenous use

MSC-derived extracellular vesicles isolated according to the guidelines of

the International Society for Extracellular Vesicles [92]

MSC-derived conditioned medium characterized for the presence of
extracellular vesicles and for the contents of soluble biologically active

factors [92, 93]. Optimization of formulation and manufacturing [120]

Scalable production according to the current Good Clinical
Manufacturing guidelines

Evaluation of the potency of the product (e.g, immunomodulatory/

immunosuppressive properties assessed by mixed lymphocyte reaction)

Dose estimated on the basis of preclinical studies or previous pilot clinical

studies

Prospective, randomized, double-blind, or open-label placebo-controlled
two-arm studies in hospitalized patients with severe and critical

COVID-19 and influenza

Concomitant therapies with antivirals, glucocorticoids, and other
immunomodulators and antiinflammatory agents according to current

guidelines

Sample size calculated to detect significant differences for the selected

primary efficacy outcome

Patients showing rapidly increasing oxygen needs and systemic
inflammation despite treatment with antivirals, immunomodulators,

and antiinflammatory agents according to current guidelines
Use of the Hyperinflammation Syndrome score at enrollment [113, 114]

Recording and monitoring of C-reactive protein, D-dimers, interleukin-6,
serum ferritin concentrations, soluble urokinase plasminogen activator

receptor, and leukocyte counts [106, 110-112]
All-cause mortality at day 28 and at hospital discharge

Clinical progression assessed daily by using the WHO Clinical
Progression Scale [106]
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Table 7 continued

Challenge

Solution

Secondary outcomes

Length of stay in ICU

Need for intubation

Length of stay in the hospital

Changes in biochemical parameters (C-reactive protein, D-dimers,

interleukin-6, serum ferritin concentrations, soluble urokinase

plasminogen activator receptor, leukocyte counts)

Organ dysfunction score

Pulmonary function at 1, 6, 12 months

Radiological findings

Tolerability and adverse events

Viral burden assessed by quantitative real-time polymerase chain reaction

Clinical data recording and reporting

Data for economic analysis

According to the Good Clinical practice guidelines

Recording of costs and resource use

COVID-19 coronavirus disease 2019, ICU intensive care unit, MSC mesenchymal stem/stromal cell, WHO World Health

Organization

immune activation, the elevated level of plasma
soluble urokinase plasminogen activator recep-
tor, which has been found to predict disease
progression in hospitalized patients with
COVID-19 and other viral pneumonia more
accurately than other inflammatory parameters
[109-111]. Alternatively, or concomitantly, a
composite score such as the COVID-19-associ-
ated Hyperinflammation Syndrome score
[112, 113] may be introduced to evaluate the
risk of further disease progression in critically ill
patients already receiving the recommended
immunomodulatory/antiinflammatory regi-
men (Table 7), although this score system still
needs to be fully validated.

Finally, it should be considered that the high
costs of MSC-based therapy would still represent
an obstacle to its clinical acceptance [114], even
if its effectiveness at reducing the healthcare
expenditures associated with the prolonged
hospitalizations of critically ill patients were
conclusively demonstrated. The costs of
obtaining clinical-grade allogeneic MSCs varies
depending on the MSC source [114], and the

use of cell-free MSC-derived products, such as
exosomes and other extracellular vesicles, can
greatly increase these costs. The use of properly
isolated MSC-derived exosomes would render
the costs of the MSC-based therapy particularly
high because of the expensive isolation proce-
dure and the necessity to produce a huge
number of clinical-grade vesicles to overcome
problems with the biodistribution of these
nanoparticles after intravenous infusion
[108, 115]. One of the possible solutions may be
to avoid their systemic administration [116],
but the first published small single-arm study
on the investigational use of repeated doses of
aerosolized MSC-derived extracellular vesicles
in severe COVID-19 [117] has not provided
favorable results in terms of efficacy outcome,
and the total dosage of extracellular vesicles
(2 x 10® nanoparticles per day for 5 consecutive
days) is higher than that used for intravenous
administration (6 x 10%) [83, 118].

Another possible solution would be the sys-
temic administration of exosomes that have
been engineered to escape phagocytosis and/or
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to specifically target the lungs [119], but these
manipulations would likely affect some of their
desired biological activities against viral respi-
ratory tract infections and would require a lot of
preclinical research work before first investiga-
tional use in humans, without reducing or even
increasing the costs of the final product for the
indication discussed here. Thus, the decision to
go ahead with a rigorous clinical development
of an MSC-based therapy as add-on therapy for
the treatment of severe and critical COVID-19,
influenza, and other severe viral respiratory
infections should also be based on pharma-
coeconomic considerations, and studies with an
adequate evaluation of the cost-effectiveness of
these investigational therapies are highly
demanded (Table 7).
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