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Abstract: The coronavirus disease 2019 (COVID-19) global pandemic continues and
antiviral agents and vaccines are currently under investigation. Mesenchymal stem cell
(MSC)-based therapy can be a suitable option for management of patients with COVID-19
at the urgent time of virus outbreak. Currently, MSCs are being explored against the novel
infectious disease due to their therapeutic properties of anti-inflammation, immunomodula-
tion and tissue repair and regeneration, albeit the precise mechanisms of MSC action toward
COVID-19 remain unclear. To date, rigorous results from clinical trials using MSCs in
human have been weakly positive. The pervasive uncertainty of using MSC therapeutic
products as an effective combatant against COVID-19 requires rigorous resolution on several
fronts, including MSC fate after infusion, safety issue, homing capability, and MSC resis-
tance to the disease microenvironment. Focusing on these facets, a few important ones will
be critically analyzed and addressed in this article for the development of safe and effective
MSC-based therapies for COVID-19.
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Background
The explosive spread of novel coronavirus disease 2019 (COVID-19) caused by the
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is of great global
concerns and the origin of the virus remains actively controversial. Patients with
COVID-19 will experience mild to moderate respiratory illness and about 26%
hospitalized patients with severe COVID-19 require to be treated in the intensive
care unit because of complications, including acute respiratory distress syndrome
(ARDS), sepsis and septic shock.'? ARDS, a major cause of acute respiratory
failure, is one of major complications in these patients during hospitalization and
mortality remains morbidly high due to no effective pharmacotherapy.' Sepsis and
septic shock, an urgent indication of multi-organ dysfunction, are the most fre-
quently observed complications of the severe COVID-19.% To address the urgency
of combating the COVID-19 pandemic, antiviral agents and vaccines are currently
under study but the challenges are numerous. The urgency should also be met with
a concurrent exploration of other effective biological treatments against COVID-19.
Accounting for the immunomodulatory and tissue regenerative properties of
mesenchymal stem cells (MSCs),” they become a new hope for the treatment
and management of COVID-19 pandemic.

MSCs are multipotent stem cells and can be isolated and expanded from multiple
tissue sources, including bone marrow, adipose tissue, peripheral blood and various
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neonatal birth-associated tissues.” MSCs can be induced
in vitro to differentiate to osteoblasts, adipocytes, chondro-
cytes, and other cell types. Importantly, MSCs possess their
“immune-privileged” property due to low expression of
major histocompatibility antigens. Human MSCs have
drawn increasing attention for stem cell-based therapy in
translational medicine. While many pre-clinical studies pro-
pose that MSCs have immunomodulatory properties, rigor-
ous results from clinical trials have been less positive.® So
far, there are limited clinical data available, but an increasing
number of clinical trials are still underway using MSCs for
the treatment of COVID-19.

The underlying mechanisms by which MSCs exert
a therapeutic influence include anti-inflammation, immuno-
modulation and tissue remodeling (Figure 1). MSCs have
been shown to exhibit these potential capabilities through
the release of soluble paracrine factors. MSCs play a major
role in the preservation of both epithelial and endothelial
barrier function in ARDS and sepsis.” They can enhance
alveolar fluid clearance and regulate epithelial and endothe-
lial permeability through secretion of angiopoietin-1 and

keratinocyte growth factor.®’ A preclinical mouse model

A. Innate Immunity:
|M] Macrophage activation

1M2 Macrophage activation
| Natural killer cell functions
| Dendritic cell maturation

suggests that MSCs seem to attenuate sepsis via prostaglan-
din E,-dependent reprogramming of host macrophages to
increase the level of interleukin (IL)-10.'" Importantly,
MSCs are known to exert profound immunomodulatory
effects on individual immune cell subset via soluble para-
crine factors and direct cell-cell contact to modulate innate
and acquired immune responses.

Clinical Investigations of MSC
Administration in COVID-19

MSC products are being explored as clinical therapeutic
agents, representing a new biological approach for the treat-
ment of COVID-19. At the time of writing of this manuscript,
there are 17 clinical trials using MSCs to treat COVID-19
ongoing in China (http://apps.who.int/trialsearch/Default.

aspx). Additionally, there are 42 other MSC-based clinical
investigations worldwide registered on the NIH clinicaltrials.
gov. Among these studies, two (ChiCTR2000030261 and
NCT04276987) take the route of therapeutic agent by aerosol
inhalation of the MSC-derived exosomes.

Two recent clinical studies have reported the safety and
effectiveness of MSC-based therapy for COVID-19
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Figure | Mechanisms of MSC action towards COVID-19. Effective therapy for COVID-19 relies on the immunomodulatory and tissue regenerative properties of MSCs

through both paracrine mechanism and cell—cell interactions.

Abbreviations: Ang-1, angiopoietin-1; EGF, epithelial growth factor; HGF, hepatocyte growth factor; IGF, insulin-like growth factor; IL, interleukin; iNOS, inducible nitric
oxide synthase; KGF, keratinocyte growth factor; PGE2, prostaglandin E;; TGF-, transforming growth factor-B; TNF-a, tumor necrosis factor-o; VEGF, vascular endothelial

growth factor.
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pneumonia.'*'? The first study conducted by Leng et al is
a pilot clinical trial in China (ChiCTR2000029990) to
assess whether MSC transplantation can improve the out-
come of patients with COVID-19 pneumonia.'' In this
trial, 7 confirmed COVID-19 patients, including 1 criti-
cally severe, 4 severe and 2 non-severe, received a single
intravenous infusion of MSCs at a dose of 1x10° cells/kg
body weight, respectively, and 3 other severe types were
followed for placebo control. These MSCs were negative
for angiotensin-converting enzyme 2 (ACE2), indicating
that they cannot be infected by the virus. Compared with
the control cohort, patients treated with MSCs showed
significant improvement of clinical outcomes and there
were no reports of MSC infusion-associated adverse
events. However, this pilot study is limited by the small
sample size. The second clinical study by Guo et al
reported that human umbilical cord-derived MSC (UC-
MSC) therapy
31 patients with severe COVID-19 pneumonia.'? Clinical

improved the clinical outcomes in
data and laboratory parameters showed that the oxygena-
tion improved and the cytokine storm syndrome, a hyper-
inflammatory state, was attenuated in these patients treated
with UC-MSC intravenous infusion at a dose of 1x10°
cells/kg. Interestingly, there is a nonrandomized open-
label cohort study using exosomes secreted from bone
marrow-derived MSCs (BM-MSCs) as treatment for
severe COVID-19."* Sengupta et al conducted this study
that presented the clinical and laboratory data following
a single intravenous dose of exosomes derived from BM-
MSCs to address a promising therapeutic candidate for
severe COVID-19."* Aforementioned, these pilot clinical
studies indicate beneficial effects of MSCs and MSC-
derived exosomes in COVID-19, but the safety and con-
sistent efficacy need validation from large studies.
Considering the limited data available from current clin-
ical studies for COVID-19, we can extrapolate our discus-
sion on the potential therapeutic benefit of MSCs in ARDS
and sepsis in the present manuscript. Two Phase I and one
phase Ila clinical trials have revealed that MSC therapy
could be used as an effective option for ARDS.'"*'® One
randomized, placebo-controlled phase I clinical trial was to
assess the safety and effects of allogeneic adipose-derived
MSCs (AD-MSCs) in a small size of cohort of six patients
with moderate to severe ARDS."* This study demonstrated
that AD-MSCs appeared to be safe and feasible in the
patients who received one intravenous dose of 1x10°
cells/kg, respectively.'* However, there was no significant
difference in oxygenation index between MSCs and

placebo groups at any time point, albeit significant improve-
ment in oxygenation index from baseline was observed in
the MSCs group but not in the placebo group. Meanwhile,
ARDS biomarkers in serum, such as IL-6, IL-8, and surfac-
tant protein D (SP-D), showed no significant changes
between the two groups at day 5 after infusion in this trial.
Another phase I clinical trial registered on ClinicalTrials.
gov (NCTO01775774) was to test the safety of the dose-
escalation allogeneic BM-MSCs in 9 patients with moder-
ate to severe ARDS, using 1, 5, and 10x10° cells/kg,
respectively.'> There were no MSC-related severe adverse
events after infusions at any dosage. Based on this phase
I experience, the same team conducted a subsequent dou-
ble-blind, multicentre and randomized phase Ila clinical
study to further assess treatment with one intravenous
dose of BM-MSCs at the high dose (10x10° cells/kg) in
40 patients with moderate to severe ARDS.'® This phase Ila
clinical trial showed that no MSC infusion-related haemo-
dynamic or respiratory adverse events were identified, but
the MSCs group had higher disease severity scores than the
placebo group at baseline. However, the both trials con-
ducted by this team administered freshly thawed frozen
BM-MSC products for treatment and, therefore, it remains
a matter of debate whether using freshly cultured MSCs will
alleviate the disease severity induced by freshly thawed
MSCs.'>1¢

In addition, there are two phase I clinical trials of MSCs
in patients with severe sepsis and septic shock.'”'® He et al
conducted a phase I clinical trial using UC-MSCs for treat-
ment of severe sepsis.'” A single intravenous infusion of UC-
MSCs of low (1x10° cells/kg), intermediate (2x 10° cells/kg),
and high (3x10° cells/kg) dosage cohorts were confirmed
safe and well tolerated in 15 participants with severe sepsis,
respectively.'” Another similar phase I dose-escalation trial
of BM-MSC:s in septic shock (NCT02421484) conducted by
Mclntyre et al showed no adverse safety signals in the three
BM-MSC dose cohorts of three participants each receiving
a single dose of 0.3, 1.0 and 3.0x10° cells/kg, respectively.'®
The same team proceeded to a subsequent phase I clinical
study in septic shock patients receiving the same dose-
escalation BM-MSC infusion to investigate the safety and
biological effects of BM-MSC treatment.'” No significant
increase in pro-inflammatory cytokines was detected
in plasma samples from septic shock patients within the
72-hour time course after BM-MSC infusion, suggesting
that MSC treatment may alter underlying sepsis biology. As
mentioned above, these clinical safety data are conducive to
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and may provide useful insight on the progressive clinical
trials of MSCs in the COVID-19 clinical setting.

To help accelerate the development of MSC products
as therapeutic options, a few stem cell biotechs are joining
forces, such as Mesoblast, Athersys, Hope Biosciences and
Aspire Health Science. Mesoblast has made decision to
evaluate the therapeutic effects of an allogeneic MSC
product candidate (Remestemcel-L) in COVID-19 patients
with  ARDS (http://www.mesoblast.com/).
another stem cell biotechnology company in Cleveland,

Athersys,

Ohio, has been developing a possible therapy for ARDS
caused by COVID-19 (https://www.athersys.com/news-
and-media/default.aspx). Indeed, Athersys developed
MSC product MultiStem and began testing it on ARDS
patients in 2015. The FDA has already cleared an investi-

gational new drug application for Mesoblast to treat ARDS
patients caused by COVID-19 with intravenous infusion of
Remestemcel-L.

Potential Challenges for MSC-Based

Approaches for COVID-19

MSC-based therapy against COVID-19 may be a very
effective option at the time of virus outbreak. However,
several immediate and urgent challenges have to be
addressed for the development of the more safe and effec-
tive MSC-based approaches for COVID-19.

First, a key issue is the fate of MSCs after intrave-
nous injection. The long-term fate of MSCs after infu-
sion is not fully understood. It is important to note that
the majority of therapeutic cells are entrapped in the
microvasculature of the lung after systemic MSC admin-
istration and they have a short life span. Only a small
number of the infused MSCs after administration are
distributed to other tissues. When MSCs are systemi-
cally infused, they are rapidly removed from the circu-
lation in the lung, where they may also easily cause
emboli. MSCs may elicit an innate immune attack,
termed instant blood-mediated inflammatory reaction
(IBMIR).? Triggering of IBMIR is potentially augmen-
ted after embolization in the microvasculature. Higher
cell doses and higher passage numbers of MSCs pro-
mote their prothrombotic profile. This may cause MSC
COVID-19
hypercoagulopathy.

infusion-associated adverse events in

patients who suffer from a
Therefore, to avoid thrombotic risk, a lower dose of
MSCs harvested in low passage may prove to be

a more suitable candidate as a treatment option.

Second, whether the circulating MSCs will be cleared
from the body after systemic infusion by the humoral
components (eg, complements) and immune cell subsets
(eg, macrophages) of the immune system should be care-
fully considered. It should be appreciated that the lung
microenvironment can profoundly influence the properties
of MSCs and their beneficial effects on ARDS upon initi-
ating MSC administration.?’ Previous study by Islam et al
showed that stimulation of human MSCs with plasma of
ARDS patients resulted in the decrease of CD105 and
CD90 for 5 days, suggesting a phenotype shift.>! This
observation also suggests the need to consider whether
ACE2 on MSC surface may be altered by the inflamma-
tory environment.

Third, emerging evidence indicates that MSCs have
a crucial role in drug resistance. MSC-mediated com-
pound/drug resistance frequently occurs in MSC-based

2223 resulting from tumor microenvir-

anti-cancer therapy,
onment protecting cancer cells against treatment. Likewise,
disease microenvironment can modulate MSC function.**
One previous pre-clinical research indicated that BM-
MSCs from osteoporotic donors of ovariectomized (OVX)
mice failed to prevent bone loss due to resistance of the
disease microenvironment, while AD-MSCs showed pro-
tective effects on bone.>> This pre-clinical study highlights
the influence of the disease microenvironments on the clin-
ical response of MSCs, which can manifest low therapeutic
efficiency.

Fourth, little is currently known about MSC homing to
the sites of inflammation or injury in vivo. Research on
homing capability of MSCs in vitro is inconclusive,
because in vitro assays do not mimic the cells’ journey
in vivo. Theoretically, the small blood vessels may be the
site of adhesion and migration of MSCs into the tissues,
but exogenous MSC engraftment seems to be rare due to
the physical properties of MSCs. Thus, this suggests that
the limited number of homing MSCs in vivo in turn
hampers their potential therapeutic efficacy. There are
several factors that affect MSC homing to the target tis-
sues. It is well known that homing-related molecules (eg,
chemokines, chemokine receptors and adhesion mole-
cules) and matrix metalloproteinases (MMPs) regulate
MSC homing to specific sites. Of special note, aging
MSCs downregulate chemokine receptors, such as CCR7,
CXC3CR1 and CXCRS, and MMP9,26 which may influ-
ence MSC homing capability. High culture confluence has
been shown to inhibit transendothelial migration of
expanded MSCs by an upregulation of MMP-inhibitor
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TIMP3.2” MSCs might lose certain surface receptors dur-
ing serial MSC passaging, which may also affect MSC
homing ability. For example, CXCR4, a chemotactic
receptor for stromal cell-derived factor-1, is usually lost
on the surface of culture-expanded MSCs.?® Interestingly,
hypoxic culture condition can promote MSC migration by
upregulating CXCR4 and MMPs.*® As mentioned already,
it is necessary to address such variability of MSC proper-
ties in order to improve MSC homing. Extracellular vesi-
cles (EVs), carrying a variety of substance including
bioactive molecules and enzymes, are being actively
investigated as a potential clinical candidate.”” MSCs are
known to secrete soluble paracrine factors, some of which
are contained in EVs (eg, exosome). MSC-derived exo-
somes can significantly increase the migration of MSCs in
a time- and dose-dependent manner.*® Importantly, the
release of exosomes from MSCs is increased through
a hypoxia-induced paracrine mechanism.*® One recent
clinical study suggests that MSC-exosome administration
is a therapeutic candidate for severe COVID-19."
However, MSC-exosome stability, storage, motility, distri-
bution and response in vivo need further optimization.
Finally, whilst a variety of strategies have emerged to
optimize MSC-base therapies, genetically modified MSCs
for ARDS are very attractive in translational medicine.”'
This may provide additional benefits of MSCs in the
treatment and management of COVID-19. For example,
CXCR4 transgene expression in genetically modified
MSCs enhances MSC homing toward the infarct region
of the myocardium and improves cardiac performance in

1.2 One pre-clinical study

a rat myocardial infarction mode
has reported the modified MSCs to overcome the detri-
mental lung microenvironment in acute lung injury.?' In
that study, treatment with modified MSCs carrying either
human hepatocyte growth factor or IL-10 resulted in
impressive reductions in lung injury state, fibrosis and
inflammation. Although genetic engineering strategies
can improve therapeutic potential of MSCs, safety issues
remain under debate, such as MSC transformation, trans-

differentiation and confliction of MSC innate properties.

Expert Opinions on Optimizing
MSC Therapeutic Regimens

Optimizing MSC therapeutic regimens is necessary to
derive beneficiary clinical outcomes with minimal jeo-
pardy to the patient. The timing of MSC administration
is critical, as life-threatening injury (eg, cytokine storm

syndrome) to organs often develops quickly. The current
clinical study suggests that the window period for cell
transplantation is the time when symptoms/signs are pro-
gressively getting worse.'' The optimized dose of MSCs,
however, has not been formally established. The intrave-
nous dose of 1x10° cells per kilogram of body weight
suggested in the previous clinical studies may be consid-
ered as a starting guide.'"'*'> The proposed dosing strat-
egy is using up to 4 separate MSC infusions with 3 days
apart each time, but optimized dosage regimens are cur-
rently undetermined. The population under study will
include patients with moderate to severe COVID-19 to
administer MSCs intravenously. The route of administra-
tion is intravenous infusion of MSCs. Aerosol inhalation
of MSC-derived exosomes (ChiCTR2000030261 and
NCT04276987) may be an apt route of administration to
avoid the impact of virus on MSCs. However, criteria for
optimization of exosome products have not been estab-
lished so far, such as exosome isolation, purification, char-
acterization and storage. With the primary goal of safety
and possible efficacy needing to be met, optimizing MSCs
must consider other inherent MSC properties, including
cell source, donor age, donor disease history, preparation,
passage, and cryopreservation and thawing of MSC

products.

Conclusions

In conclusion, MSCs are currently being explored as a new
treatment option for COVID-19. Given the urgency of
COVID-19 pandemic, it is of great importance to appreci-
ate learning more about MSCs and COVID-19 to guide
more safe and effective MSC-based therapies. Several
immediate and urgent challenges have to be addressed
for the development of the MSC-based approaches for
COVID-19. While the precise mechanisms of MSC action
towards COVID-19 are not fully understood, the therapeu-
tic benefits of MSCs for the treatment and management of
COVID-19 are expected to be better achieved as quickly
as possible.
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