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Mesenchymal stromal cells (MSCs) are under active consideration as a treatment strategy for controlling the
hyper-inflammation and slow disease progression associated with coronavirus disease 2019 (COVID-19). The
possible mechanism of protection through their immunoregulatory and paracrine action has been reviewed
extensively. However, the importance of process control in achieving consistent cell quality, maximum safety
and efficacy—for which the three key questions are which, when and how much—remains unaddressed. Any
commonality, if it exists, in ongoing clinical trials has yet to be analyzed and reviewed. In this review, the
authors have therefore compiled study design data from ongoing clinical trials to address the key questions
of “which” with regard to tissue source, donor profile, isolation technique, culture conditions, long-term cul-
ture and cryopreservation of MSCs; “when” with regard to defining the transplantation window by identify-
ing and staging patients based on their pro-inflammatory profile; and “how much” with regard to the
number of cells in a single administration, number of doses and route of transplantation. To homogenize
MSC therapy for COVID-19 on a global scale and to make it readily available in large numbers, a shared
understanding and uniform agreement with respect to these fundamental issues are essential.

© 2021 International Society for Cell & Gene Therapy. Published by Elsevier Inc. All rights reserved.
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Pathogenesis and Complications of Coronavirus Disease 2019

The coronavirus disease 2019 (COVID-19) pandemic caused by
novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
arose in 2019 and quickly spread around the globe in 2020. The dis-
ease presents with a wide range of clinical symptoms, ranging from
asymptomatic to mild flu-like symptoms to severe acute respiratory
distress syndrome (ARDS), resulting in widespread fatalities from
respiratory insufficiency, thrombosis and multi-organ failure. The
progression of COVID-19 is further characterized using a three-stage
classification system from Siddiqi and Mehra [1] that involves grades
of increasing severity defined by distinct clinical symptoms and clini-
cal signs. During stage I, at the time of inoculation and multiplication
of SARS-CoV-2, the major symptoms that arise are fever, malaise, dry
cough and loss of taste or smell [1,2]. Diagnosis at this stage is
through polymerase chain reaction using a nasal or throat swab,
serum testing for SARS-CoV-2 IgG and IgM antibodies, chest imaging
and tests for complete blood count and liver function. Lymphopenia
and neutrophilia are reported during stage I [1]. During stage II, the
pulmonary phase of the disease is initiated, featuring mainly short-
ness of breath. Patients develop pneumonia with cough, fever and
hypoxia (defined as PaO2/FIO2 �300 mmHg). Lymphopenia and trans-
aminitis are also observed at this stage. Further, computed tomogra-
phy of the lungs reveals ground-glass opacities at this stage, similar
to those seen in conventional ARDS. In both COVID-19 and conven-
tional ARDS, bilateral infiltrates are observed [3]. The symptoms of
fever, dry cough and shortness of breath are also similar to symptoms
reported in conventional ARDS and acute lung injury (ALI). Finally,
stage III of the illness manifests as an extrapulmonary systemic
hyper-inflammatory syndrome with symptoms of ARDS, systemic
inflammatory response syndrome/shock, vasoplegia and respiratory
and cardiac failure. However, this severe stage of the illness is
observed in a minority of COVID-19 patients. Similar to secondary
hemophagocytic lymphohistiocytosis, systemic multi-organ failure
may occur in this advanced stage [4].

Although the mechanisms of pathophysiology remain unclear, the
critical role of the immune system in advancing the disease has been
well documented [5,6]. Assessment of these immunopathological fea-
tures has revealed two key events: (i) direct tropism of SARS-CoV-2
toward angiotensin-converting enzyme 2 (ACE2)-positive epithelial
cells of the lungs, which results in epithelial cell death and is a “local-
ized” event, and (ii) concurrent increased secretion of interferons
(IFNs) by infected cells as an anti-viral defense response that then
stimulates secretion of other pro-inflammatory cytokines. Crucially,
SARS-CoV-2 appears capable of disrupting these anti-viral inflamma-
tory reactions by blunting type I/III IFN cytokines while increasing
other pro-inflammatory cytokines—mainly IL-6 and tumor necrosis
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factor (TNF) a [7]—which results in an acute hyper-inflammatory
response known as the cytokine storm, which is a “systemic” event.
Wauters et al. [7] have also presented a compelling model cross-link-
ing these two pathologies and culminating in the classic symptoms of
COVID-19.

Although the term “cytokine storm” has been used widely over
the last year in describing the disease pathophysiology, recent
reports have questioned its relevance to the disease. The hyper-
inflammatory response in COVID-19 has been compared with cyto-
kine release syndrome, a life-threatening toxicity seen in ARDS, chi-
meric antigen receptor T-cell therapy and sepsis [8,9]. Comparison
with previously published data has revealed that although COVID-19
patients present with a higher than normal plasma IL-6 value, it is 42,
five, 85 and 27 times lower than that seen with hyper-inflammatory
ARDS, hypo-inflammatory ARDS, chimeric antigen receptor T-cell
therapy and sepsis, respectively [9]. In addition, other pro-inflamma-
tory cytokines (IL-8 and TNF-a) appear to be significantly lower in
severe COVID-19 compared with these conditions. Following these
data, the descriptor “cytokine storm” in COVID-19 may be mislead-
ing; however, despite its lower intensity, the occurrence of extrapul-
monary systemic inflammation seen in COVID-19 is undeniable.
Patients with severe COVID-19 typically present with elevated serum
levels of pro-inflammatory cytokines and markers IL-6, TNF-a, IL-1b
and C-reactive protein (CRP) in addition to other interleukins that
drive hyper-inflammation. Additionally, post-mortem analysis of
lungs from severe COVID-19 patients has revealed lymphocyte and
M1/pro-inflammatory macrophage infiltration that also might cause
a hyper-inflammatory response [10].

However, the impact of COVID-19 is not limited to the respiratory
system alone. Though it was initially thought to be a severe respira-
tory disease, several reports of fatalities from multi-organ dysfunc-
tion and failure have surfaced [11]. ACE2 is a component of the
renin�angiotensin�aldosterone system, which plays a crucial role in
controlling blood pressure by maintaining fluid and electrolyte bal-
ance in the physiological functioning of various organs and other
body tissues, including the heart, vasculature, kidneys, adrenal cor-
tex, basal ganglia and brainstem, where it regulates vasoconstriction
[6,11]. ACE2 is abundantly expressed on vascular smooth muscle
cells, arterial and venous endothelial cells and pericytes, thus facili-
tating entry of the virus into the vasculature [12]. Once the virus
gains entry, ACE2 is unavailable to cleave angiotensin I, thus activat-
ing the classical arm of the renin�angiotensin�aldosterone system
pathway, resulting in vasoconstriction, fibrosis, oxidative stress and
inflammation [6]. Upon infection, endothelial cells undergo apopto-
sis, disrupt intercellular junctions and lose contact with the basal
membrane, resulting in the loss of integrity of the endothelium. By
contrast, the uncontrolled hyper-inflammation causes endothelial
cell activation and a pro-thrombotic phenotype. Platelet aggregation,
vasoconstriction and increased reactive oxygen species generation
eventually impair vascular tone [12�14]. Consequently, thrombocy-
topenia, reduced anticoagulants and blood clots lead to the dissemi-
nated intravascular coagulopathy (DIC) that is observed in patients
with severe COVID-19 [15,16]. A key aspect that differs from conven-
tional ARDS and sepsis is the profound coagulopathy that COVID-19
patients suffer from [16]. The ACE2 receptor is extensively expressed
in various organs (heart, kidneys, lungs and intestines), which
explains fatalities resulting from blood clots and multi-organ failure.
Patients with underlying comorbidities of diabetes and hypertension
and those with immunocompromised conditions are more likely to
experience severe COVID-19 symptoms [17�19]. Furthermore, a
growing number of cases of encephalopathy and ischemic and hem-
orrhagic stroke are being reported with COVID-19 and have resulted
in higher morbidity and mortality [20,21]. Elevated levels of CRP,
fibrinogen and D-dimer in patients with severe COVID-19 are clini-
cally relevant biomarkers and are indicative of a pro-thrombotic state
and a high probability of developing DIC. Assessment of serum
D-dimer levels has proven beneficial in rapidly identifying patients
who are at risk of developing DIC or pulmonary thromboembolism
and require intensive care [22�25].

Mesenchymal Stromal Cells to Target Hyper-Inflammation in
COVID-19

The failure of anti-viral drugs has prompted the reorientation of
treatment strategies toward reversing the cytokine storm and
rebuilding the host immune system. To achieve this, immunomodu-
latory drugs (e.g., corticosteroids, chloroquine and hydroxychloro-
quine) and anti-IL-6 antibodies or cytokine blockers (e.g.,
tocilizumab) have been proposed [26�28]. However, as cytokines are
pleiotropic, blocking them could hamper the balance of a regulated
immune response, resulting in autoimmune effects, tissue damage
and a compromised host immune system. Further, cytokine functions
have mutual redundancy: the function of a blocked cytokine can be
compensated by another [29]. In a recent study, clinical improvement
and mortality were statistically comparable between tocilizumab and
standard treatment patients in the cohort. Also, the same study found
that bacterial or fungal infections were recorded in 13% of tocilizu-
mab patients and 12% of standard treatment patients, suggesting that
the IL-6 blocker alone was insufficient for controlling the dysregu-
lated immune cascade [30].

Use of adult mesenchymal stromal cells (MSCs) may be a more
effective approach for achieving immunosuppression and immuno-
modulation. The mechanisms by which MSCs achieve this through
their paracrine action or by direct cell�cell contact with immune
cells (Figure 1) have been well established. In summary, MSCs sup-
press the proliferation and activation of cytotoxic T cells via the
release of TGF-b and hepatocyte growth factor (HGF), resulting in
decreased cyclin D2 and increased p27kip1 expression in T cells, thus
arresting proliferation in the G1 phase [31�33]. Moreover, MSCs
induce apoptosis of activated T cells via the Fas/Fas ligand-dependent
pathway, suppress IFN-g and IL-17 secretion and promote IL-10 pro-
duction by inducing the generation of regulatory T cells [34,35]. How-
ever, these effects can be achieved only when MSCs are pre-
stimulated by certain inflammatory cytokines (IFN-g and TNF-a, IL-
1a or IL-1b). Therefore, transplantation into an inflammatory milieu
may actually help in “activating” or “licensing” their immunosup-
pressive response [36�38]. In response to stimulation by these
inflammatory cytokines, MSCs upregulate their inducible nitric oxide
synthase and cyclooxygenase 2 expression levels, resulting in robust
production of nitric oxide and prostaglandin E2 (PGE2) [39].
Interaction of the inhibitory molecule programmed death 1 (PD-
1) with its ligands PD-L1 and PD-L2 has also been demonstrated
in the inhibition of T-cell proliferation by MSCs via direct
cell�cell contact [40]. In addition, MSCs inhibit differentiation of
monocytes into dendritic cells (DCs) and thus DC maturation, giv-
ing rise to immature DCs that render T cells anergic, in addition
to inducing upregulation of anti-inflammatory cytokine IL-10 and
downregulation of pro-inflammatory cytokines IFN-g , IL-12 and
TNF-a, inducing a more anti-inflammatory DC phenotype [41,42].
MSCs also suppress proliferation of natural killer cells and
decrease the secretion of IFN-g by IL-2-stimulated natural killer
cells. A combination of effects involving cell�cell contact and
paracrine factors, including TGF-b1, PGE2 and indoleamine-2,3-
dioxygenase (IDO), is reported to be responsible for this observa-
tion [43]. MSCs also suppress M1 type macrophages (pro-inflam-
matory) and induce M2 type macrophages (anti-inflammatory) in
a process that is mediated by secreted PGE2 [44,45].

In addition to the aforementioned immunosuppressive mechanisms,
MSCs bring about regeneration of damaged tissue by the secretion of a
plethora of growth factors. Previous studies in ARDS have demonstrated
the role of MSCs in lung regeneration through the production of kerati-
nocyte growth factor, vascular endothelial growth factor (VEGF) and



Figure 1. Immunomodulatory and regenerative effects of MSCs. MSCs assert their immunomodulatory functions by directly or indirectly interacting with innate and adaptive
immune cells and via paracrine secretion of cytokines, chemokines and growth factors. Their regenerative effects are attributed to homing to sites of inflammation; release of
growth factors, exosomes, EVs and MVs; and direct mitochondrial donation to affected cells. Figure was prepared using BioRender (https://biorender.com/). BDNF, brain-derived
neurotrophic factor; Breg, regulatory B cell; CNTF, ciliary neurotrophic factor; EVs, extracellular vesicles; MVs, microvesicles; NGF, nerve growth factor; NK, natural killer; NO, nitric
oxide. (Color version of figure is available online).
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HGF [46�48]. MSCs have also been shown to promote the regeneration
of ATII cells and contribute to repair of the alveolar�epithelial barrier of
ARDS-injured lungs [49]. Additionally, the promotion of alveolar fluid
clearance by MSCs has been shown to depend upon claudin 4, which
belongs to a family of proteins centrally involved in tight junction for-
mation. A clinical study conducted by Chen et al. [50] investigated the
safety and efficacy of menstrual blood-derived MSCs in improving lung
function in moderate to severe influenza A (H7N9)-induced ARDS. No
adverse effects were observed and multiple doses of MSCs were well
tolerated. Improvement was observed in CRP, creatine kinase, pro-
thrombin and D-dimer, indicating the efficacy of MSCs in treating the
condition [51].

Furthermore, MSCs are proven to bring about endothelial cell
repair. MSCs secrete VEGF, which brings about differentiation of
endothelial progenitor cells into endothelial cells [52]. An in vitro
study demonstrated that adipose-derived MSC (AD-MSC) exosomes
transfer miR-125a to primary human umbilical vein endothelial cells,
enhancing tube formation and increasing tube length and number of
branches and therefore promoting angiogenesis [53]. Another in vitro
study showed that an MSC�endothelial cell co-culture significantly
reduced endothelial paracellular and transcellular permeability via
secretion of HGF in an ALI model induced by lipopolysaccharides. The
effects were achieved by remodeling intercellular junctions and
increasing proliferation of human pulmonary microvascular endothe-
lial cells [54]. Furthermore, in a clinical study conducted by Premer et
al., 2015 [55] in which patients with idiopathic dilated and ischemic
cardiomyopathy were transplanted with autologous or allogeneic
MSCs, the allogeneic MSC treatment resulted in improved endothelial
function 3 months post-transplantation. Based on these preliminary
data, MSCs appear to be a strong candidate for treating COVID-19.

MSC Therapy for ARDS and ALI: Lessons from the Past

Over the past decade, MSCs have been extensively studied in vitro,
in vivo and in clinical trials as treatment for conventional ARDS and
ALI [3,56,57] and have been deemed safe for transplant in
conventional ARDS. However, ARDS is merely one of the conditions
seen in COVID-19—one that is to some extent a driver of the patho-
physiological state. COVID-19 also appears to be a microvascular or
“blood disease” that presents with unusual hematological effects.
Brault et al. [58] compared parameters between moderate and severe
ARDS related to COVID-19 and ARDS resulting from other factors
(mostly pneumonia and influenza) and observed that dissociation
between respiratory mechanics and gas exchange was comparable
between the two groups. About 60% of the COVID-19 cases presented
with predominant ground-glass opacities with alveolar consolidation
[58]. Similar findings in COVID-19 ARDS cases were also reported by
Haudebourg et al. [59]. Furthermore, the intensity of the systemic
inflammation in COVID-19 versus conventional ARDS was minimal.
Despite these similarities with conventional ARDS, COVID-19 is not
limited to the respiratory system alone. As discussed earlier, a hyper-
coagulable state is also prevalent, as evidenced by elevated D-dimer,
thrombin and factor V and VIII levels. In addition, the increased pro-
duction of pro-inflammatory cytokines triggers the release of pro-
coagulant mediators and results in platelet aggregation [60].

Several clinical trials have reported the safety of MSC administra-
tion in patients with severe ARDS, with very few or no infusion-
related adverse effects. Of note is the prospective, double-blind,
multi-center, randomized START study in which 10 £ 106 bone mar-
row-derived MSCs (BM-MSCs) per kilogram of body weight were
transplanted intravenously into 40 ARDS patients. A significant
decrease in Ang-2 levels was observed and attributed to reduced
inflammation [61]. In addition, the randomized, placebo-controlled,
phase 2a MultiStem study evaluated the safety and efficacy of adult
BM-MSCs and reported that MSC treatment was associated with a
higher score for number of ventilator-free days, better quality of life
outcomes and, more importantly, reduced levels of IL-6, IL-1b and
IFN-g 7 days post-transplantation [57].

Although these clinical trials demonstrated the safety of MSC
therapy in conventional ARDS, the safety of intravenous infusions in
COVID-19 remains a challenge owing to the predominant pro-coagu-
lable state. As MSCs express tissue factor (TF) or CD142 [16], there is
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a possibility of exaggerated coagulopathy upon intravenous adminis-
tration of MSCs during stage III, or the hyper-inflammatory phase [1],
of COVID-19. To avoid this, and to achieve a favorable risk�benefit
ratio, a transplantation window needs to be identified based on a dis-
ease staging system, keeping in mind the simultaneous pulmonary
and extrapulmonary manifestations.

Current Scenario of MSC Use for COVID-19

A pilot study conducted by Leng et al. [62] at Beijing YouAn Hospi-
tal, Capital Medical University, Beijing, China, tested the safety and
efficacy of intravenous transplantation of ACE2-negative MSCs (the
MSC tissue source was not specified) and showed promising results.
Seven patients (one critically ill, four severely ill and two moderately
ill) received a single dose of 1 £ 106 cells/kg body weight with or
without conventional anti-pyretic/anti-viral treatment and under-
went a follow-up period of 14 days. All patients recovered or were
discharged within 4�6 days of intervention. The improvement was
attributed to a decrease in CRP, normalized platelet count, increased
levels of regulatory CD4+ T cells and CD14+CD11c+CD11bmid regula-
tory DCs, decrease in pro-inflammatory cytokines, increase in IL-10,
VEGF and IP-10 and decrease in TNF-a. No adverse effects in response
to MSC transplantation were reported. Furthermore, the gene expres-
sion profile of MSCs showed that they were ACE2-negative and trans-
membrane serine protease 2-negative, suggesting that they could
protect themselves from viral attack. Another case report of a
severely ill COVID-19 patient was presented by Liang et al. [63] in
which three doses of 5 £ 107 allogeneic umbilical cord-derived MSCs
(UC-MSCs) administered intravenously with thymosin 1a at an inter-
val of 3 days were well tolerated. Serum bilirubin and CRP levels nor-
malized, with an increase in CD3+, CD4+ and CD8+ up to normal
levels. The researchers also suggested that the effects were largely
due to the immunomodulatory action of UC-MSCs and not thymosin
1a.

These two preliminary studies led to a snowballing of clinical tri-
als adopting allogeneic adult MSCs or their exosomes as an interven-
tion in controlling the progression of COVID-19 (Table 1). As of
November 17, 2020, 60 clinical trials investigating the safety and effi-
cacy of adult allogeneic or autologous MSCs for the treatment or pre-
vention of COVID-19 have been registered at www.clinicaltrials.gov,
with umbilical cord/Wharton's jelly being the predominant source of
cells (38.33%), followed by adipose tissue (16.67%) and bone marrow
(16.67%) (Figure 2A). Other stromal cell sources, such as dental pulp
(3.33%), placenta (3.33%), umbilical cord blood (1.66%), umbilical cord
lining (1.66%) and olfactory mucosa (1.66%), are also being investi-
gated. Although 58 of the 60 trials are investigating the safety and
efficacy of MSCs in treating COVID-19, two trials are evaluating the
prophylactic efficacy of MSCs in health care workers and persons in
high-risk jobs (NCT04348435 and NCT04349631, respectively)
(Table 1), with one of these two studies (NCT04349631) utilizing
autologous AD-MSCs. Only one study out of 60 has chosen the intra-
muscular route of injection, whereas all others have adopted the
intravenous route. A substantial variation is seen in the dosage of
MSCs used, ranging from a low of 10 million cells to a high of 400 mil-
lion cells per dose. There are also differences in the number of injec-
tions used and their frequency.

To homogenize MSC therapy for COVID-19 on a global scale and to
make it readily available in large numbers, a uniform understanding
with respect to fundamental issues, such as ideal tissue source, ideal
time of transplantation of MSCs, route of administration and dosage
quantity required, is essential. Although a substantial amount of data
will indeed be obtained from the results of these clinical trials, mak-
ing head-to-head comparisons between them will be quite difficult
owing to variability in inclusion criteria, tissue source, isolation and
culture conditions and, crucially, dosage. As MSCs are biological enti-
ties and not chemical drugs, communication between stem cell
biologists and clinicians is imperative in taking this approach from
bench to bedside. As stem cell biologists, the authors seek to address
the practical issues that are faced, from selecting donors to trans-
planting the cells into patients, so as to make MSC therapy available
quickly for COVID-19 on a global scale.

The International Society for Cell & Gene Therapy has defined
minimal criteria for characterizing MSCs that include the following:
(i) plastic adherence in standard culture conditions; (ii) positive
(95%) for CD105, CD73 and CD90; (iii) negative for CD45, CD34, CD14
or CD11b, CD79a or CD19 and HLA-DR; and (iv) in vitro differentia-
tion to osteoblasts, adipocytes and chondrocytes [64]. With these
basic characterization guidelines in place, standard operating proce-
dures for isolation, expansion, culture and freezing need to be devel-
oped to standardize the process of obtaining “clinical-grade” cells,
minimizing differences between manufacturers and batch-to-batch
variability.

MSC Tissue Source and Quality: The “Which”

Adult MSCs can be isolated from several tissue sources, including
bone marrow (gold standard), umbilical cord or Wharton's jelly, adi-
pose tissue, dental pulp, peripheral blood, umbilical cord blood and
menstrual blood. Of the currently registered clinical trials, umbilical
cord (or Wharton's jelly) is the most common source of MSCs and adi-
pose tissue is the second most common (Table 1). Although several
reports [65�67] have established the immunomodulatory and regen-
erative properties of UC/Wharton's jelly (WJ)- and AD-MSCs to be on
par or better than BM-MSCs (gold standard), the authors also empha-
size their easy availability, ease of isolation, scalability (i.e., obtaining a
high number of cells from comparatively little tissue) and possibility of
banking. Unfortunately, none of the current clinical studies specify the
passage number of the cells at the time of transplantation. An earlier pas-
sage would be a crucial factor in efficacy owing to the appearance of cell
senescence in later passages [68]. Some factors relating to the
manufacturing process that contribute to MSC quality and efficacy are
discussed in the following sections.

Tissue Source

The first issue is selecting an optimal source of tissue from which
the highest number of cells of reproducible quality can be obtained at
a reasonable cost. Therefore, discarded tissues like umbilical cord and
dental pulp, which are easily accessible, cheaply procured and trigger
the fewest ethical concerns, are better choices. However, as the quan-
tity of dental pulp isolated from one tooth is far less than the tissue
derived from one umbilical cord, several teeth may be required to
isolate the same number of cells. Furthermore, although bone mar-
row can yield only 0.001�0.01% mononuclear cells, adipose tissue
can yield 5 £ 103 MSCs per gram, and the yield from Wharton's jelly
has been reported to be the highest, at 1�5 £ 104 cells/cm umbilical
cord [69]. Also, WJ-MSCs have a faster proliferation capacity owing to
their shorter population doubling time compared with other sources
(Table 2), making them an optimal tissue source. Regardless of the
choice of tissue source, donor testing for HIV-1, HIV-2, hepatitis C
virus, hepatitis B virus, syphilis, human T-cell leukemia virus type 1,
human T-cell leukemia virus type 2 and cytomegalovirus remains
mandatory.

MSCs isolated from bone marrow, adipose tissue or perinatal tis-
sues are reported to express TF or CD142. Endothelial cell injury can
activate the coagulation cascade via TF/CD142 [22]. In a physiological
setting, the role of TF is to initiate extrinsic blood coagulation to
arrest bleeding from vascular beds in case of injury. TF overexpres-
sion is related to hyper-coagulopathy and is observed in diabetes,
cardiovascular disease and other inflammatory conditions [70]. How-
ever, TF expression in clinical MSC products positively correlates to
the degree of hemo-incompatibility and triggers the instant blood-

https://www.clinicaltrials.gov


Table 1
List of ongoing clinical trials using MSCs for COVID-19, with a focus on inclusion criteria, tissue source of MSCs, route of administration and dosage.

ClinicalTrials.gov
identifier

Inclusion criteria Intervention Route of
administration

Dosage No. of
injections

Interval between
injections, h

No. of cells/dose/62-kg
person, million

1 NCT04313322 Confirmed COVID-19 Allogeneic WJ-MSCs Intravenous 1 £ 106 cells/kg body weight 3 96 62
2 NCT04336254 COVID-19 with severe

pneumonia
Allogeneic DP-MSCs Intravenous 30£ 106 cells 3 96 30

3 NCT04315987 COVID-19-positive patients
with pulmonary
impairment �50%

NestCell (source not
specified)

Intravenous 20£ 106 cells 3 48 20

4 NCT04366323 COVID-19 with severe or
critical pneumonia

Allogeneic AD-MSCs Intravenous 80£ 106 cells 2 Not specified 80

5 NCT04252118 Confirmed COVID-19 with
pneumonia

Allogeneic MSCs (source not
specified)

Intravenous 30£ 106 cells 3 72 30

6 NCT04273646 Confirmed COVID-19 with
pneumonia

Allogeneic UC-MSCs Intravenous 0.5 £ 106 cells/kg body
weight

4 48 31

7 NCT04288102 Confirmed COVID-19 with
pneumonia

Allogeneic MSCs (source not
specified)

Intravenous 40£ 106 cells 3 72 40

8 NCT04346368 Severe case of COVID-19 Allogeneic BM-MSCs Intravenous 1 £ 106 cells/kg body weight 1 NA 62
9 NCT04382547 Confirmed COVID-19 with

pneumonia
Allogeneic Pooled Olfactory

Mucosa-derived MSCs
Intravenous Not specified Not specified Not specified Not specified

10 NCT04302519 Confirmed COVID-19 with
severe pneumonia

Allogeneic DP-MSCs Intravenous 1 £ 106 cells/kg body weight 3 48, 72 62

11 NCT04366063 Confirmed COVID-19 with
ARDS and pneumonia

Allogeneic MSCs (source not
specified)

Intravenous 100 £ 106 cells 2 48 100

12 NCT04339660 Confirmed COVID-19 with
pneumonia

Allogeneic UC-MSCs Intravenous 1 £ 106 cells/kg body weight 1 NA 62

13 NCT04371601 Confirmed COVID-19 with
severe pneumonia

Allogeneic UC-MSCs Intravenous 1 £ 106 cells/kg body weight 4 24 62

14 NCT04355728 COVID-19 with Severe ARDS Allogeneic UC-MSCs Intravenous 100 £ 106 cells 2 48 100
15 NCT04362189 Suspected COVID-19 Allogeneic AD-MSCs Intravenous 100 £ 106 cells 4 72 100
16 NCT04293692

(withdrawn)
Confirmed COVID-19 with

pneumonia
Allogeneic UC-MSCs Intravenous 0.5 £ 106 cells/kg body

weight
4 48 31

17 NCT04348461 Confirmed COVID-19 with
ARDS

Allogeneic AD-MSCs Intravenous 1 £ 106 cells/kg body weight 2 0 62

18 NCT04341610 Confirmed COVID-19 with
ARDS and pneumonia

Allogeneic AD-MSCs Intravenous 100 £ 106 cells 1 NA 100

19 NCT04371393 Confirmed COVID-19 with
moderate to severe ARDS

Allogeneic MSCs (source not
specified)

Intravenous 2 £ 106 cells/kg body weight 2 96 124

20 NCT04345601 Confirmed COVID-19 with
mild ARDS

Allogeneic BM-MSCs Intravenous 100 £ 106 cells 1 NA 100

21 NCT04269525 Confirmed COVID-19 with
severe pneumonia

Allogeneic UC-MSCs Intravenous 99£ 106 cells 4 48 99

22 NCT04361942 Confirmed COVID-19 with
pneumonia

Allogeneic MSCs (source not
specified)

Intravenous 1 £ 106 cells/kg body weight 1 NA 62

23 NCT04333368 Confirmed COVID-19 with
ARDS

Allogeneic UC-MSCs Intravenous 1 £ 106 cells/kg body weight 3 48 62

24 NCT04389450 Confirmed COVID-19 with
ARDS

PLX-PAD (allogeneic pla-
centa-derived MSCs)

Intramuscular Not specified 2 168 Not specified

25 NCT04367077 Confirmed COVID-19 with
moderate to severe ARDS

MultiStem (bone marrow) Intravenous Not specified Not specified Not specified Not specified

26 NCT04366830 Confirmed COVID-19 with
moderate to severe ARDS

Remestemcel-L (source not
specified)

Intravenous 2 £ 106 cells/kg body weight 2 Not specified 124

27 NCT04366271 Severe lung involvement
associated with SARS-
CoV-2 virus infection

Allogeneic UC-MSCs Not specified Not specified Not specified Not specified Not specified

28 NCT04399889 Confirmed COVID-19 with
ARDS

Allogeneic UC-MSCs Intravenous 1 £ 106 cells/kg body weight
(maximum dose 100 mil-
lion cells)

3 18�30 62

(continued on next page)
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Table 1 (Continued)

ClinicalTrials.gov
identifier

Inclusion criteria Intervention Route of
administration

Dosage No. of
injections

Interval between
injections, h

No. of cells/dose/62-kg
person, million

29 NCT04348435 (Prevention) High-risk job Allogeneic AD-MSCs Intravenous 50£ 106 cells, 100 £ 106

cells or 200 £ 106 cells
5 336, 672 50, 100 or 200

30 NCT04400032 Confirmed COVID-19 with
ARDS

Allogeneic BM-MSCs Intravenous 25£ 106 cells, 50 £ 106 cells
or 90 £ 106 cells

3 24 25, 50 or 90

31 NCT04352803 Confirmed COVID-19 but not
severe pneumonia

Allogeneic AD-MSCs Intravenous 0.5 £ 106 cells/kg body
weight

1 NA 31

32 NCT04349631 (Prevention) Health care workers or high-
risk workers with under-
lying health conditions

Autologous AD-MSCs Intravenous Not specified 5 Not specified Not specified

33 NCT04377334 Confirmed COVID-19 Allogeneic BM-MSCs Intravenous Not specified Not specified Not specified Not specified
34 NCT04390152 Confirmed COVID-19 with

moderate to severe ARDS
Allogeneic WJ-MSCs Intravenous 50£ 106 cells 2 Not specified 50

35 NCT03042143 Confirmed COVID-19 with
ARDS

Allogeneic UC-MSCs Intravenous 400 £ 106 cells 1 NA 400

36 NCT04444271 Confirmed COVID-19 with
moderate to critical
pneumonia

Allogeneic BM-MSCs Intravenous 2 £ 106 cells/kg body weight 2 144 124

37 NCT04429763 Confirmed severe COVID-19 Allogeneic UC-MSCs Intravenous 1 £ 106 cells/kg body weight 1 NA 62
38 NCT04565665 Confirmed COVID-19 with

moderate to severe ARDS
Allogeneic UCB-MSCs Intravenous Not specified Not specified Not specified Not specified

39 NCT04611256 Confirmed COVID-19 with
ARDS

Allogeneic AD-MSCs Intravenous 1 £ 106 cells/kg body weight 2 48 62

40 NCT04456361 Confirmed COVID-19 with
ARDS

Allogeneic WJ-MSCs Intravenous 100 £ 106 cells 1 NA 100

41 NCT04625738 Confirmed COVID-19 with
moderate to severe ARDS

Allogeneic WJ-MSCs Intravenous 1 £ 106 cells/kg body weight
or 0.5 £ 106 cells/kg body
weight

3 72 62 or 31

42 NCT04629105 ARDS and acutely infected
with SARS-CoV-2

Longeveron MSCs (source
not specified)

Intravenous 100 £ 106 cells 3 Not specified 100

43 NCT04527224 Confirmed COVID-19 with
pneumonia

AstroStem-V (allogeneic AD-
MSCs)

Not specified Not specified Not specified Not specified Not specified

44 NCT04428801 Healthy persons highly sus-
ceptible to SARS-Cov-2
infections

Allogeneic AD-MSCs Intravenous 200 £ 106 cells 3 48 200

45 NCT04573270 COVID-19 patients or health
care providers

PrimePro (allogeneic UC-
MSCs)

Intravenous Not specified Not specified Not specified Not specified

46 NCT04490486 Confirmed COVID-19 with
moderate to severe ARDS

Allogeneic UC-MSCs Intravenous 100 £ 106 cells 2 72 100

47 NCT04457609 Confirmed COVID-19 with
pneumonia

Allogeneic UC-MSCs Intravenous 1 £ 106 cells/kg body weight 1 NA 62

48 NCT04461925 Confirmed COVID-19 with
severe pneumonia

Allogeneic placenta derived-
MSCs

Intravenous 1 £ 106 cells/kg body weight 3 72 62

49 NCT04535856 Mild or moderate COVID-19 Dae Woong (DW)-MSCs
(Phamaceutical Co. Ltd.)

Intravenous 50£ 106 cells or 100 £ 106

cells
1 NA 50 or 100

50 NCT04452097 Confirmed COVID-19 with
moderate to severe
pneumonia

Allogeneic UC-MSCs Intravenous 0.5 £ 106 cells/kg body
weight, 1.0 £ 106 cells/kg
body weight or 1.5 £ 106

cells/kg body weight

1 NA 31, 62 or 93

51 NCT04397796 Confirmed COVID-19 with
moderate to severe ARDS

Allogeneic BM-MSCs Intravenous Not specified Not specified Not specified Not specified

52 NCT04494386 Confirmed COVID-19 with
ARDS

Allogeneic umbilical cord
lining stem cells

Intravenous 100 £ 106 cells 2 48 100

53 NCT04390139 Confirmed COVID-19 with
moderate ARDS

Allogeneic WJ-MSCs Intravenous 1 £ 106 cells/kg body weight 2 48 62

(continued on next page)

866
P.Shahaniand

I.D
atta

/Cytotherapy
23

(2021)
861�

873



Ta
bl
e
1
(C
on

ti
nu

ed
)

Cl
in
ic
al
Tr
ia
ls
.g
ov

id
en

ti
fi
er

In
cl
us

io
n
cr
it
er
ia

In
te
rv
en

ti
on

Ro
ut
e
of

ad
m
in
is
tr
at
io
n

D
os
ag

e
N
o.

of
in
je
ct
io
ns

In
te
rv
al

be
tw

ee
n

in
je
ct
io
ns

,h
N
o.

of
ce
lls

/d
os
e/
62

-k
g

pe
rs
on

,m
ill
io
n

54
N
CT

04
49

25
01

Co
nfi

rm
ed

CO
V
ID

-1
9
w
it
h

ho
sp

it
al
iz
at
io
n

A
llo

ge
ne

ic
BM

-M
SC

s
In
tr
av

en
ou

s
2
£

10
6
ce
lls

/k
g
bo

dy
w
ei
gh

t
1

N
A

12
4

55
N
CT

04
39

27
78

Co
nfi

rm
ed

CO
V
ID

-1
9
w
it
h

pn
eu

m
on

ia
A
llo

ge
ne

ic
U
C-
M
SC

s
In
tr
av

en
ou

s
1
£

10
6
ce
lls

/k
g
bo

dy
w
ei
gh

t
3

72
62

56
N
CT

04
46

70
47

Co
nfi

rm
ed

CO
V
ID

-1
9

A
llo

ge
ne

ic
BM

-M
SC

s
In
tr
av

en
ou

s
1
£

10
6
ce
lls

/k
g
bo

dy
w
ei
gh

t
1

N
A

62
57

N
CT

04
39

83
03

Co
nfi

rm
ed

CO
V
ID

-1
9
w
it
h

m
od

er
at
e
to

se
ve

re
A
RD

S
A
llo

ge
ne

ic
U
C-
M
SC

s
In
tr
av

en
ou

s
1
£

10
6
ce
lls

/k
g
bo

dy
w
ei
gh

t
1

N
A

62

58
N
CT

04
44

78
33

Co
nfi

rm
ed

CO
V
ID

-1
9
w
it
h

se
ve

re
A
RD

S
A
llo

ge
ne

ic
BM

-M
SC

s
In
tr
av

en
ou

s
1
£

10
6
ce
lls

/k
g
bo

dy
w
ei
gh

t
or

2
£

10
6
ce
lls

/k
g
bo

dy
w
ei
gh

t

1
N
A

62
or

12
4

59
N
CT

04
43

78
23

M
od

er
at
e
to

se
ve

re
CO

V
ID

-
19

A
llo

ge
ne

ic
U
C-
M
SC

s
In
tr
av

en
ou

s
0.
5
£

10
6
ce
lls

/k
g
bo

dy
w
ei
gh

t
3

48
31

60
N
CT

04
46

60
98

Co
nfi

rm
ed

CO
V
ID

-1
9
w
it
h

m
od

er
at
e
to

se
ve

re
A
RD

S
A
llo

ge
ne

ic
M
SC

s
(s
ou

rc
e
no

t
sp

ec
ifi
ed

)
In
tr
av

en
ou

s
30

0
£

10
6
ce
lls

3
48

30
0

D
at
a
ob

ta
in
ed

fr
om

w
w
w
.c
lin

ic
al
tr
ia
ls
.g
ov

.
D
P-
M
SC

s,
de

nt
al

pu
lp
-d
er
iv
ed

M
SC

s;
N
A
,n

ot
ap

pl
ic
ab

le
;U

CB
-M

SC
s,
um

bi
lic

al
co

rd
bl
oo

d-
de

ri
ve

d
M
SC

s;
D
W

-M
SC

s,
D
ae

W
oo

ng
(C
om

pa
ny

na
m
e)

M
SC

s.

Figure 2. (A) Various tissue sources of MSCs in current COVID-19 clinical trials. MSCs
from umbilical cord, adipose tissue and bone marrow appear to be the predominant
MSC tissue sources. (B) Number of MSC doses employed in current COVID-19 clinical
trials. One and three doses of MSC infusions are most commonly employed in ongoing
trials. Five doses is the highest number of doses observed. Figure data taken from
https://clinicaltrials.gov/. (Color version of figure is available online).
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mediated inflammatory reaction (IBMIR) [71�73]. AD-MSCs and
MSCs derived from perinatal tissues have been reported to have
higher TF expression and substantial clotting (i.e., lesser hemocom-
patibility) compared with BM-MSCs [72]. However, TF expression
varies between donors and passage numbers and can become
enhanced in an inflammatory micro-environment [71�73]. Since
patients with severe COVID-19 and underlying comorbidities like
diabetes or hypertension appear to be predisposed to hyper-coagul-
opathy, screening for TF/CD142 expression via flow cytometry in
addition to the existing panel of CD markers is a key criterion in
choosing the optimal source in this scenario.

It should also be noted that MSCs isolated from Wharton's jelly are
not the same asMSCs isolated from umbilical cord blood. Wharton's jelly
is a gelatinous matrix within the umbilical cord; sometimes the terms
“UC-MSCs” and “WJ-MSCs” are used synonymously.

Donor Profile

Once the optimal source of tissue is identified, the next issue to be
addressed is the definition of inclusion/exclusion criteria for MSC
donors. Several reports have established that donor age is a crucial
factor affecting MSC functions. Siegel et al. [74] reported that BM-
MSCs isolated from young female donors were higher in number, had
higher proliferation and were more immunosuppressive compared
with older counterparts [74]. Also, age-related decline in adipogenic,

https://clinicaltrials.gov/


Table 2
Comparison of ease of isolation, quantity of tissue and population doubling time of MSCs from different tissue sources.

MSC source Ease of isolation Population doubling time

Bone marrow Requires surgical aspiration; painful procedure; smaller quantity of tissue obtained 40 h
Adipose tissue Requires liposuction surgery; high quantity of tissue can be obtained 96�120 h
Wharton's jelly (umbilical cord) Discarded tissue; easily obtainable in high numbers; high number of cells can be isolated from small quantity

of tissue
30 h

Dental pulp Discarded tissue; quality of cells obtained varies drastically between donors owing to tooth decay;
comparatively lowest quantity of tissue

30�40 h

Data taken from [112,113].
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osteogenic and neurogenic differentiation potential has been observed in
BM-MSCs [75]. In addition, diseases like diabetes, obesity and autoim-
mune disorders are known to influence the stem cell niche and affect
endogenous MSC functions [76�79]. These factors limit the pool and
require the identification of “perfect control” donors, which could be
rare owing to lifestyle choices. WJ-MSCs, being perinatal in origin, retain
the highest telomere length and are protected from years of lifestyle-
induced disease conditions and exposure to anti-inflammatory drugs
like non-steroidal anti-inflammatory drugs [69], again making umbilical
cord an ideal tissue source.
Isolation Technique

Extensive research has been conducted on the effects of different
isolation protocols—from explant cultures to the use of various enzy-
matic digestion techniques—on yield, phenotype, proliferation and
functional aspects of MSCs. Because of the blood-like texture of bone
marrow, MSC isolation is performed by plating the buffy coat (con-
taining MSCs, red blood cells and other immune cells) on a tissue cul-
ture dish and eventually eliminating non-adherent cells (red blood
cells and immune cells). Only the plastic-adherent MSCs remain
behind. However, both explant and enzymatic digestion can be used
for tissues like adipose tissue, Wharton's jelly and dental pulp. Yoon
et al. [79] reported that explant cultures of Wharton's jelly yielded
2.8 times more cells per gram of tissue and had higher proliferation
rates and basic fibroblast growth factor secretion compared with
enzymatic digestion [80]. Further, longer incubation in enzymes
results in loss of cell viability and lower cell yields, requires a greater
number of reagents and consumes more media and time. As a very
large number of cells are required for transplant into one patient
(approximately 30�100 £ 106 cells/dose), explant cultures would be
cost-effective and efficient with respect to cell quality and time con-
sumed in a Good Manufacturing Practice facility.
Culture Conditions

A major drawback of studies deploying human MSCs in clinical,
pre-clinical and in vitrosettings, irrespective of the disease condition,
is the variability in culture conditions. Even slight changes in the per-
centage of fetal bovine serum (FBS) used in culture media have been
shown to affect BM-MSC proliferation and immunosuppressive prop-
erties [81]. As FBS is an ill-defined medium component, variations
exist between countries of origin, manufacturers and even produc-
tion lots [82,83]. These hamper proliferation and growth factor and
cytokine secretion and may even induce immunogenicity [84]. In
addition to variability, concerns about xenogenic contaminants such
as viruses, bacterial endotoxins, prions and unknown zoonotic patho-
gens have led to the adoption of serum/xeno-free alternatives
[84,85], including StemPro MSC SFM XenoFree (Invitrogen), Mesen-
Cult XF medium (Stem Cell Technologies), stemgro human MSC
medium (Corning), PowerStem MSC1 (PAN-Biotech) and TheraPEAK
MSCGM (Lonza), as standard commercially available products. These
are chemically pre-defined and contain recombinant, highly purified
hormones and growth factors. In a 2014 study, culture of human WJ-
MSCs in MesenCult XF medium resulted in increased proliferation,
higher number of colony-forming units, improved immunosuppression
and higher angiogenic potency compared with standard KnockOut Dul-
becco's Modified Eagle's Medium/10% FBS medium [86]. Although these
commercially available media are chemically pre-defined and superior
to media containing FBS, variations in cellular properties are observed
between manufacturers [84,86]. The authors recommend that a pilot
study be performed in which several commercially available media are
extensively compared using the same cell type, isolation technique,
seeding density and passages in a single laboratory setup, if possible, to
establish standard practices.
Long-Term Culture and Cryopreservation

Owing to the large number of cells required in a single dose and the
low yield of MSCs from any tissue source at passage zero, long-term in
vitro passaging/expansion of MSCs is inevitable. However, decreased
proliferation and increased replicative senescence appearing in later
passages are a point of concern. Widowati et al. [87] reported that with
increasing passage number, proliferation capacity of AD-MSCs reduced,
though morphology was unaffected. By contrast, Koltsova et al. [88]
showed that WJ-MSCs displayed higher population doubling time and
underwent replicative senescence by passage 13, accompanied by mor-
phological changes. A similar observation was reported by Zhuang et al.
[89] in which UC-MSCs became senescent by passage 15 compared
with passage three, though passage 13 MSCs showed higher immuno-
modulatory potential in vitro as a result of increased heme oxygenase 1,
IL-10, IL-6 and inducible nitric oxide synthase gene expression, with no
significant change in the anti-inflammatory cytokine TGF-b. In addition,
functional analysis of senescent BM-MSCs revealed that their immuno-
regulatory properties were diminished and they were ineffective in
treating endotoxemia-induced septic mice. Moreover, in vitromigration
toward lipopolysaccharide-stimulated macrophages was affected Sepul-
veda et al., 2014 [90]. Moghadam et al. [91]demonstrated significant
reduction in messenger RNA (mRNA) expression of IL-10 at passage
nine compared with passage seven AD-MSCs. Additionally, vascular cell
adhesion protein 1 and IL-6 mRNA expression in BM-MSCs declined sig-
nificantly by passage seven compared with passage three. Another
study performed by de Witte et al. [92] reported that the capacity to
inhibit T-cell proliferation in vitro declined with increasing passage
numbers of both BM-MSCs and UC-MSCs. That being said, further inves-
tigation establishing superior functional efficacy of late passages of
MSCs obtained from a particular tissue source compared with earlier
passages of another source is essential in determining an optimal pas-
sage number.

Biodistribution studies have demonstrated impaired kinetics of
intravenously transplanted MSCs, with the cells getting trapped in lung
capillaries and then rapidly being cleared within 24 h. This phenome-
non, known as the first-pass effect, has been attributed to increases in
cell size and phenotypic changes occurring over repeated passaging as
well as the triggering of innate and adaptive immune cell responses,
resulting in IBMIR [93]. Moll et al. [71] demonstrated a highly significant
increase in TF expression in passage six versus passage three BM-MSCs,
indicating a higher IBMIR-inducing capacity at higher passages.
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Considering this, the authors suggest finding a middle ground with
respect to the extent of passaging/expansion. Use of cells from passages
three to six will avoid loss of MSC proliferation ability and replicative
senescence and preserve immunoregulatory efficacy while minimizing
the risk of IBMIR due to TF activation. For this, a higher amount of start-
ing material will of course be required, and the umbilical cord again
appears to be the most appropriate choice.

Another variable in determining the quality of MSC preparations
is the cryopreservation. To achieve bedside transplantation, a com-
mon practice is to thaw the vial containing a pre-determined dose,
resuspend in an electrolyte solution and inject. Although this method
is logistically convenient, allows rapid access and availability and
eases the process of quality control [94,95], it can severely hamper
viability if not done quickly by experienced handlers. Although the
majority of the literature suggests minimal to no adverse effects of
cryopreservation on MSC morphology, immunophenotype, prolifera-
tion and trilineage differentiation [95,96], very few studies have
investigated immunomodulatory parameters. Moll et al. [97] demon-
strated a significant increase in IBMIR after blood exposure of thawed
early passage (two to four) MSCs compared with fresh cultures in
addition to increased complement-mediated cell lysis. Also, fresh
MSCs expressed significantly higher IDO mRNA upon stimulation for
24 h with IFN-g compared with freeze-thawed cells. However, IDO
expression of freeze-thawed MSCs was restored after 7 days of IFN-g
licensing, suggesting stabilization in immunosuppressive activity.
Another review article extensively details the effect of freeze-thaw-
ing on the membrane physiology and metabolism of MSCs [93].
Freeze-thawing was reported to affect MSC membrane asymmetry,
heat-shock protein expression and cytoskeletal aberrations, leading
to cell shrinkage, cytoplasmic leakage and apoptotic body formation
and resulting in an increased risk of host immune system recognition
and, ultimately, attack on infused MSCs. Furthermore, freeze-thawed
cells, when resuspended in single-cell suspensions, display hampered
aggregation, antigen adsorption, microvascular toxicity and reduced
hemocompatibility. By contrast, some studies have reported restora-
tion of these cellular parameters and functional recovery shortly
upon subculture. These data indicate that a restart period could help
regain functionality of physiological processes. Further investigation
using a cryorecovery approach is indicated.

Another significant concern is the cryopreservation used. As we
move toward a serum/xeno-free approach, methods of eliminating
the conventional 10% dimethyl sulfoxide (DMSO)/90% FBS cryopres-
ervation medium are being developed. Also, the use of DMSO is a
probable reason for impaired MSC membrane physiology and
increased vulnerability to complement activation and IBMIR [93].
Grein et al. [98] reported a post-thaw viability of 72% in human
MSC�telomerase reverse transcriptase cultures after cryopreserva-
tion with 10% Ectoin compared with 10% DMSO. In another attempt
to avoid the use of DMSO, Shivakumar et al. [99] showed that freezing
in a cocktail solution of advanced Dulbecco's Modified Eagle's
Medium containing 10% (v/v) FBS, 0.05 M glucose, 0.05 M sucrose
and 1.5 M ethylene glycol resulted in 72.2% post-thaw viability.
Although these studies suggest alternatives for DMSO, they are lim-
ited to cell survival, phenotype and differentiation and do not exten-
sively address effects on the immunomodulatory functions of MSCs.
Also, serum-free cryopreservation media with reduced concentra-
tions of DMSO, including CryoStor CS2 and CryoStor CS5 (Stem Cell
Technologies) and STEM-CELLBANKER (Amsbio), are commercially
available, though studies analyzing their effect on the phenotypic
and functional properties of MSCs are required.

Defining a Transplantation Window: The “When”

Recently, concerns regarding potential lethal consequences of
MSC transplantation into patients at risk of DIC have been voiced
[16]. These concerns are due to the differential expression of TF/
CD142 among MSCs isolated from different sources and were first
raised by Moll et al. [16], who recommended caution when infusing
TF-rich MSCs in a hyper-coagulable state. Christy et al. [100] showed
that although AD-MSCs and BM-MSCs both expressed TF/CD142, the
expression varied drastically between donors and population dou-
blings, indicating a pro-coagulant phenotype. Further, Oeller et al.
[101] showed that intravenous injection of TF-deficient BM-MSCs did
not produce thromboembolism in the lungs, liver or spleen of rats
compared with the massive intravascular thrombosis observed in the
TF-expressing BM-MSC group. Considering this variability in TF/
CD142 expression between sources and donors, the authors of the
current study also suggest adding TF/CD142 to the standard pheno-
typic characterization panel of MSCs for elimination of samples with
high CD142 expression as well as the use of anticoagulants like hepa-
rin during transplantation. Another approach to aid in decreasing
complications associated with the use of intravenous “pro-coagulant”
MSCs in the “hyper-coagulable” COVID-19 condition would be identi-
fying a transplantation window by staging patients based on their
pro-inflammatory profile, as outlined by Siddiqi and Mehra [1]. Early
transplantation during the pulmonary phase, or stage II, during
which there is moderate pulmonary involvement without hypoxia,
accompanied by anticoagulants might provide the highest benefit
and even slow disease progression. As inflammation is confined to
the lungs at this stage, intravenously administered MSCs will get
licensed and assert their regenerative effects locally. An alternative
approach could be the use of the intramuscular route of injection, as
it directly avoids the lung vasculature and potentiates MSC dwell
time, as shown in previous studies [102,103]. Furthermore, in a previ-
ous report, the authors showed that dental pulp stem cells
transplanted intramuscularly into physiologically healthy, immuno-
competent rats migrate to the bone marrow in 24 h and also over-
come the first-pass effect seen with the intravenous route, wherein
the larger-sized MSCs are entrapped in lung capillaries, resulting in
diminished efficacy [104].

Identifying an Optimal Dosage: The “HowMuch”

As mentioned earlier, the 60 clinical trials (Table 1) reviewed by the
authors show extensive variability in their dosage regimens, defined as
either “X” million cells/kg body weight or ballpark numbers like 25, 100
or 300 million cells per dose (irrespective of body weight). To be able to
easily compare these dosages, the authors calculated each dose (per
injection) for an average body weight of 62 kg. The most common dose
was 1£ 106 cells/kg body weight (i.e., 62£ 106 cells for a person weigh-
ing 62 kg), which was used in 33.33% of registered trials. Only 8.33% of
the studies employed a dose of 2£ 106 cells/kg (i.e., 124£ 106 cells for a
person weighing 62 kg), whereas 10% used 0.5 £ 106 cells/kg (i.e.,
31 £ 106 cells for a person weighing 62 kg) and 18.33% injected
100£ 106 cells irrespective of body weight. A total of 16.66% of these tri-
als used doses below 100 £ 106 cells (range, 20 £ 106 cells to 99 £ 106

cells). By contrast, 6.66% adopted higher numbers, ranging from
200 £ 106 cells to 400 £ 106 cells per dose. In addition to variations in
the number of cells per dose, differences were observed in the frequency
of injections (Figure 2B). Use of a single dose or three repeat doses was
the most common, being performed by 16 studies each. Thirteen of the
60 studies chose two repeat doses, whereas five studies chose four
repeat doses and two studies chose five repeat doses. Furthermore, the
interval between repeat injections ranged from 24 h to 28 days (i.e., 672
h) (Table 1), with 48 h being the most common (14 of 60). Two studies
specified 24 h, eight studies specified 72 h and three studies specified 96
h, whereas 13 of the 60 trials did not specify the interval.

Given that the scenario of COVID-19 pathophysiology has
emerged only recently and is still evolving, it is no surprise that clini-
cal data supporting the use of MSCs in treating the disease are lim-
ited. Thus far, only three studies for compassionate use of MSCs have
been published [62,63,105]. Leng et al. [62] reported that a single
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intravenous dose of 1 £ 106 cells/kg body weight with or without
conventional anti-pyretic/anti-viral treatment was safe and efficient.
All seven patients recovered or were discharged within 4�6 days of
intervention. By contrast, Liang et al. [63] reported that three doses of
50 £ 106 allogeneic UC-MSCs administered intravenously at intervals
of 3 days were well tolerated in a 65-year-old critically ill COVID-19
patient, and recovery was observed owing to the immunomodulatory
mechanisms of MSCs. Furthermore, Zhang et al. [105] transplanted
1 £ 106 WJ-MSCs into a 54-year-old critically ill COVID-19 patient
and reported recovery within 6 days as well as a negative test for
COVID-19 nucleic acid. Even though these studies were performed
on very small samples and were not powered for significance, a dose
of 1 £ 106 cells/kg appears to be efficient. However, since a first-pass
effect is seen in intravenously transplanted MSCs in which >80% of
the administered MSCs accumulate immediately in the lungs and are
cleared with a half-life of 24 h [106], the use of very high doses (up to
200 million) in current clinical trials is justified. Nonetheless, dose
escalation studies performed in other diseases like type 2 diabetes,
diabetic neuropathy and hip arthroplasty report that the use of cells
in the mid-range (i.e., 100�150 million) leads to significant improve-
ment in clinical symptoms compared with a very low dose (20 mil-
lion) or very high dose (200�300 million) [107], suggesting that the
use of higher numbers of cells does not equate to greater recovery.
Moreover, higher and more severe incidents of immediate systemic
adverse events were reported in phase 1b/2a clinical studies of multi-
ple sclerosis and moderate to severe Crohn disease employing very
high doses (4 units of 600 £ 106 cells) of placenta-derived MSCs [72].
Also, serious infusion-related adverse effects, including pulmonary
embolism, lung infarcts, elevated D-dimer levels and venous throm-
bosis, were seen in multiple studies transplanting 300 £ 106 cells to
1200 £ 106 cells, which correlated with the adverse effects seen with
the use of perinatal-derived or AD-MSCs [72].

By contrast, repeated MSC administrations are consistently prov-
ing to be significantly more efficacious compared with a single dose.
As mentioned earlier, given that approximately 80% of intravenously
transplanted MSCs are cleared within 24 h, repeat injections might
overcome cell loss and maximize efficiency. Castro et al. [108]
showed that three consecutive doses of 105 AD-MSCs transplanted
intravenously into an experimental house dust mite�induced allergic
asthma mouse model reduced lung inflammation and reversed
remodeling compared with one or two doses. In a previous study, the
authors also showed that two doses of 1 £ 106 dental pulp-derived
MSCs administered intramuscularly into a rat model of diabetic neu-
ropathy not only resulted in a significant reduction in systemic
inflammation as well as improved nerve conduction velocity and
reduced pain but also suggested that the second dose was essential
for maintaining the improved state [109].

As far as the interval between repeated MSC administrations is
concerned, the clearance rate of MSCs from the body can serve as a
reference point for the next dose. However, this can only be deter-
mined using biodistribution studies. By now it is well established
that intravenously transplanted MSCs first reach the lungs and then
migrate to sites of inflammation. For example, Gholamrezanezhad et
al. [110] showed that intravenously transplanted BM-MSCs in
patients with advanced liver cirrhosis migrated to the liver and
spleen by the 10th day post-infusion. As systemic inflammation and
organ damage are observed in COVID-19 as well, the expectation is
that transplanted MSCs will migrate to these sites and/or assert their
regenerative effects via paracrine- or direct cell�cell-mediated
mechanisms. Again, more definitive answers to this question can be
obtained only through biodistribution experiments.

Discussion

The last few months have seen a rapid emergence of MSC therapy
for COVID-19. Although investigators at academic institutions and
eminent manufacturers like Mesoblast, Athersys, Pluristem and Cella-
vita are extensively involved in these studies, a scientific consensus
with respect to quality, design, dosage and administration schedules
for MSCs has yet to emerge. To minimize these inconsistencies, the
authors propose that standardized protocols be established through
a global consortium network. At the very least, existing regulatory
bodies should consider coming together to establish a single unified
protocol for fast-tracking the use of MSCs and making them available
on a larger scale.

The authors also urge all MSC manufacturers to come forward and
take the lead in making COVID-19 treatment widely available
through their resources or existing MSC biobanks. A starting point for
this would be a standardization of the production process and source
protocols. In a recent review, Pittenger [111] rightly stated that “the
MSC process is the MSC product,” underlining the importance of pro-
cess control in achieving consistent quality. In this review, the
authors have emphasized not just the immunomodulatory and
regenerative effects of WJ-MSCs but also their easy availability and
potential for upscaling. Furthermore, the authors have discussed
three other critical points of concern: (i) quality of MSCs (i.e., culture
conditions); (ii) time of administration and dosage, the most impor-
tant aspect of which is screening for TF/CD142 expression; and (iii)
standard immunophenotyping, which needs to be integrated into the
design of clinical trials.

Conclusions

The scientific community has conducted basic and clinical
research on MSCs in many disease conditions for more than 20 years
now and has already established their immunomodulatory and
regenerative effects in COVID-19. Utilizing MSCs for COVID-19 will
not only help in treating this disease but may also change the face of
MSC therapy in other inflammatory and degenerative conditions.
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