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Cell therapy strategies for COVID-19:
Current approaches and potential applications
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Coronavirus disease 2019 (COVID-19) continues to burden society worldwide. Despite most patients having a
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mild course, severe presentations have limited treatment options. COVID-19 manifestations extend beyond the
lungs and may affect the cardiovascular, nervous, and other organ systems. Current treatments are nonspecific
and do not address potential long-term consequences such as pulmonary fibrosis, demyelination, and ischemic
organ damage. Cell therapies offer great potential in treating severe COVID-19 presentations due to their custom-
izability and regenerative function. This review summarizes COVID-19 pathogenesis, respective areas where cell
therapies have potential, and the ongoing 89 cell therapy trials in COVID-19 as of 1 January 2021.

INTRODUCTION

Coronavirus disease 2019 (COVID-19) continues to strain patients,
providers, and health care systems worldwide. Since its discovery,
the disease has contributed to approximately 200 million infections
and 4 million deaths worldwide. The scientific community has
focused vast resources on understanding the virus causing COVID-19,
named severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), and the pathologies associated with the infection. Enormous
effort has been placed to shed light on the mechanisms of viral entry
and infection, the interaction between the virus and the host’s
immune system, and the mechanisms of injury underlying the
common manifestations of the disease.

SARS-CoV-2 initially emerged as a pathogen causing mainly viral
pneumonias; however, experience in the proceeding months showed
that the disease manifests throughout the body, leading to patholo-
gies of the immune, renal, cardiac, and nervous systems, among
others. While most patients have a mild course, over 15% develop
severe and critical disease (1), leading to a substantial number of
patients requiring prolonged hospitalization with intensive care
services and potentially facing subsequent chronic manifestations
related to pathological injuries from the disease process. In addition,
mortality can be as high as 61.5% in critically ill patients with the
disease (2).

As we begin to appreciate the subacute and chronic sequela of
COVID-19, it is crucial to focus research efforts on finding therapies
that not only dampen the acute damage but also can do so in a tar-
geted manner while restoring physiological function and addressing
the long-term sequela of the disease. Cell therapies have the poten-
tial to regenerate damaged tissue and tackle the immune system and,
hence, are a treatment option with great promise. Here, we provide
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an overview of the COVID-19 pathogenesis in various organ systems,
the overall advantages of cell therapies, potential cell targets and strat-
egies within each organ system, and a summary of current cell therapy
studies and trials for COVID-19 as of 1 January 2021.

VIRAL ENTRY AND TROPISM
SARS-CoV-2 first interacts with cells via binding of the viral spike
protein to angiotensin-converting enzyme 2 (ACE2) on the cell sur-
face (3, 4). After binding to ACE2, the spike protein is processed by
the host transmembrane protease serine 2 (TMPRSS2), priming it
for membrane fusion. This is considered to be the primary route of
infection in vivo. Alternatively, the virus can be taken up into the cell
via endocytosis and the spike protein processed by the endosomal
proteases cathepsins B and L (3). After fusion with the cell membrane
and release into the cytoplasm, the RNA replication machinery en-
coded in the first open reading frame of the viral genome is translated,
followed by RNA replication and viral protein translation. SARS-CoV-2
co-opts and alters numerous cellular proteins and pathways, many of
which are yet to be elucidated (5). It has been indicated that neuropilin 1
(NRP1) has a role in potentiating SARS-CoV-2 entry through the
ACE2 pathway (6, 7). Studies from other coronaviruses provided evi-
dence for CD147 and the 78-kDa glucose-regulated protein (GRP78)
as putative alternative receptors, but more investigations on how the
collective tissue distribution of these factors correlate with viral tro-
pism and disease symptoms are under active investigation (8, 9).
Cellular tropism of SARS-CoV-2 is considered to be largely
dictated by the distribution of ACE2. Bulk transcriptomic studies
found ACE2 primarily expressed in the lungs, intestinal tract, kidneys,
gallbladder, and heart; lower levels of expression were observed in
the brain, thyroid, adipose tissue, epididymis, ductus deferens, breast,
pancreas, rectum, ovary, esophagus, liver, seminal vesicle, salivary
gland, placenta, vagina, lung, appendix, and skeletal muscle (10-12).
In the respiratory tract, ACE2 is most highly expressed in nasal
epithelial cells, where SARS-CoV-2 is thought to initially infect fol-
lowed by propagation into the distal alveoli (13). Many organs that
express higher levels of ACE2 are not major sites of viral replica-
tion, indicating that expression of other host factors, including
TMPRSS2, NRP1, and host restriction factors likely contributes to
viral tropism (12).
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ADVANTAGES AND POTENTIAL FOR CELL THERAPIES

Although most patients infected with SARS-CoV-2 present with
mild symptoms (14), a considerable part of the population, includ-
ing elderly patients and those with underlying comorbidities, have
an increased risk of more severe outcomes, including death (15).
Current treatment options for severely ill patients, aimed at reduc-
ing inflammation during the acute phase of the infection, have their
limitations. Medications may be nonspecific for SARS-CoV-2 tar-
gets or are repurposed without a clear mechanism of benefit, while
others such as remdesivir and tocilizumab may not be readily acces-
sible because of federal allocations or cost barriers (16). In addition,
these treatments have not focused on long-term sequela of the dis-
ease such as regeneration of damaged tissue structure and function.
Cell therapies may thus be a promising class of therapies that could
overcome these challenges through their customizability, target-
ability, scalable manufacturing, and restoration of function.

Cellular therapies have shown success in treating conditions that
have otherwise been challenging to manage with mainstream treat-
ment modalities, including, but not limited to, oncologic, neuro-
degenerative, and immunologic disorders. Cell therapy approaches
including, but not limited to, mesenchymal stromal cells (MSCs),
induced pluripotent stem cells (iPSCs), and T cells have been widely
studied, and their efficacy has led to several U.S. Food and Drug
Administration (FDA) approvals of cell therapies including, most
famously, axicabtagene ciloleucel (Yescarta) and tisagenlecleucel
(Kymriah) (17-20). Extensive safety and efficacy data from cell
therapies trials in various indications suggest that cell therapies could
play a role in treating patients with COVID-19 as well.

Two potential concerns with cell therapies are immune rejection
and tumorigenicity. Immune rejection concerns for allogeneic cell
therapy have been discussed in the literature, especially as new cell
therapies emerge. MSCs, for example, are considered to be immune
suppressive and immune evasive, yet, the standard of treatment
using allogeneic MSCs is the addition of immunosuppressive regi-
mens alongside the cell therapy (21, 22). While immunosuppressive
therapy may be used to protect the graft, it may not always prevent
graft rejection and can come with its own adverse effects. Genome
engineering can help address the immune system by tackling both
the innate and adaptive immune systems. Potential strategies include
knocking out genes responsible for immune system activation, such
as major histocompatibility complex I and II (23, 24). These modifi-
cations could address both the acute and chronic rejection phases,
making the cell grafts more resistant to the host immune system.

Tumorigenicity is an important consideration with cell thera-
pies. The risk of tumorigenicity seems to be greater with MSCs,
iPSCs, and human embryonic stem cells (hESCs), and it can present
in the form of teratoma or as a true tumor (25-27). This risk can be
reduced by increasing the efficiency of differentiation to the target
cell type thereby reducing residual pluripotent cells, such as by tran-
scription factor-mediated cell programming or by incorporating
suicide genes into cell grafts that can be activated in the rare chance
a graft becomes malignant (28-30). Several suicide mechanisms
have been described in the literature, including a recent study by
Itakura et al. (31) in which iCaspase9 was inserted as a fail-safe
system in iPSC cell lines. If these cell lines become cancerous once
transplanted in mice, induction of the iCaspase9 with a small mole-
cule showed the formed tumors to rapidly reduce in size (31). These
approaches increase the safety profile of cell therapies for clinical
applications in patients with COVID-19 and beyond.
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COVID-19 PATHOGENESIS AND CELL THERAPY POTENTIAL BY
ORGAN SYSTEM

A clear understanding of COVID-19 pathogenesis is necessary to
appreciate the potential benefit of cell therapies. Cell therapies pro-
vide paramount benefit as potential targeted treatment strategies to
address localized damage inflicted by the disease and restore physi-
ological functions (Fig. 1). In 2020, March and April recorded a large
initial surge in global COVID-19 cases and deaths, as presented by
the World Health Organization. There was a concurrent increase in
the numbers of cell therapy-based clinical trials initiated during those
2 months (Fig. 2A). As of 1 January 2021, there are 89 cell therapy-
based clinical trials registered on clinicaltrials.gov (Table 1) target-
ing COVID-19 pathology. Most of the clinical trials are held in the
United States and China, 36% and 16%, respectively, with the rest of
the clinical trials spread across the globe (Fig. 1B). MSCs constitute
the majority cell type used in the cell therapy clinical trials, around
71%, with the rest using cell types such as natural killer (NK) cells,
T cells, early apoptotic cells, and others (Fig. 1C). About 88% of the
clinical trials are in phases 1 and 2, with one trial in phase 2/3 and
one in phase 3 (Fig. 2D). The enrollment in each clinical trial was
most frequently 21 to 30 patients but ranged up to 400 depending
on the phase of the trial (Fig. 2E). In addition, the variability of
patient enrollment numbers could be due to the varying statuses
of each clinical trial (Fig. 2F). It is also worth noting that over half
of the cell therapy-based clinical trials are sponsored and sup-
ported by the industry sector (Fig. 2G), which indicates the pivotal
role for industry in accelerating the necessary research to com-
bat COVID-19.

PULMONARY SYSTEM

Pulmonary symptoms are the mainstay of COVID-19 and may
include dry cough, dyspnea, pneumonia, and acute respiratory dis-
tress syndrome (ARDS) (32). Bilateral pulmonary infiltrates and ground-
glass opacities are seen radiographically in over 70% of hospitalized
patients (14). Furthermore, ARDS has shown to be present in over
90% of deceased patients (33). ARDS and the associated alveolar
damage are thought to be primarily due to immune-related response
(3, 34). Other pulmonary complications may include secondary
pulmonary hypertension, hypercoagulability-related pulmonary
emboli, and long-lasting fibrosis in patients who do recover from the
acute infection (35, 36).

Some preclinical data suggest that patients with COVID-19 may
benefit from cell therapies, particularly using MSCs in models of vi-
ral and inflammatory lung damage (37). For instance, MSCs were
found to reduce the impairment of alveolar fluid clearance caused by
influenza A H5NI infection in vitro and mitigate lung injury
in vivo (38). Another study showed that MSC treatment reduces
influenza HIN2-induced acute lung injury in mice and reduces
pulmonary inflammation (39). In another study, MSCs were shown
to promote macrophages to become anti-inflammatory and take on
a phagocytic phenotype through extracellular vesicles, thereby
ameliorating lung injury in mice (40).

Several studies have described promising treatment of pneumonia
and ARDS in critically ill patients with COVID-19 using cell thera-
pies. In China, Liang et al. (41) reported treatment of one patient
with severe COVID-19 unresponsive to steroid medications, after
three successive injections of 5 x 10’ human umbilical cord MSCs
at days 1, 4, and 7 of treatment initiation. The patient’s pulmonary
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- Acute respiratory distress
syndrome (ARDS)
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system

Cardiac complications
may include:

- Myocardial Infarction
- Myocarditis
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- Microthombi

- Acute kidney injury (AKI)
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CD34* cells,
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cells that can give
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- Hypercoagulability

- Disseminated intravascular
coagulation (DIC)

- Venous thromboembolism

- Vascular endothelial damage

rise to endothelial
progenitors, could
theoretically assist
vascular damage.

Fig. 1. Summary of COVID-19 pathogenesis and respective potential for cell therapies by organ system. Blue text boxes describe specific pathogenesis for each
organ system. Green text boxes describe potential and ongoing cell therapy applications for each organ system. ALT, alanine aminotransferase; AST, aspartate amino-

transferase.

lesions had begun to resolve by day 7 after the first MSC injection.
Tang et al. (42) reported treatment with allogeneic menstrual blood-
derived MSCs of two patients with COVID-19 with ARDS. Treat-
ment involved three successive injections of 1 x 10° MSCs/kg of
body weight at days 1, 2, and 4 of treatment initiation. Both patients
were discharged from the hospital. Leng et al. (43) reported a pilot
study where they transplanted a single dose of 1 x 10° MSCs/kg of
body weight in seven patients with mild, severe, and critical COVID-19,
with three patients on the placebo arm. Results from the study
showed overall safety of the treatment, with two severe patients
recovering and being discharged within 10 days of treatment. In
Spain, Sanchez-Guijo et al. (44) treated 10 patients under mechani-
cal invasive intubation with either one, two, or three doses of 1 x 10°
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adipose-derived MSCs/kg of body weight. Seven of the 13 patients
were extubated approximately 7 days after initiation of treatment.
Furthermore, the authors observed that patients who received cell
therapy earlier in their disease course had better outcomes. These
open label-uncontrolled administrations are important as they
demonstrate apparent safety with no obvious adverse events.
Various MSC-based strategies are assessing treatment of patients
with COVID-19 with pulmonary symptoms, especially pneumonia and
ARDS. One phase 1/2a randomized double-blind trial (NCT04355728)
assessed administration of two infusions of 1 x 10” umbilical cord-
derived MSCs for COVID-19 ARDS, showing improved 28-day
survival following therapy (91% in treatment group, n = 12 versus
42% in control, n = 12) (45). Another phase 3 study comparing

30f20



SCIENCE ADVANCES | REVIEW

25
AL B
SE 20
56
FEI
€3 10
ST
-2 .
5% 5
= 9
LT
E P \
S5& B T S S S Y
z RGO SR AN ORI  P\y
SR T T
& AR
C Mesenchymal stem cells (MSCs)

NK cells
Teels mmmg
Early poptoticcells mm3

Cellular stromal vascular fraction (cSVF) m 1
Multipotent adult progenitor cels (MAPCs) &1
TandNKcels =1
Immunity- and matrix-regulatory cells (IMRCs) & 1
034° cells w1
Platelet-rich plasma and cord blood (PRPCB)  m 1
Cardiosphere-derived cells (CDCs) 1 1
Cord blood stem cells (CB-SC) # 1
Umbilical cord fining stem cels (ULSC) = 1
Dedidual stromal cells (DSCs) u 1
Peripheral blood stem cells u 1

0 10 20 30 40 50 60 70
Number of clinical trials

Count

D Trial phase ) E / F Trial status G Industry support?
) 20
> 15 e
Early phase 1 - 5
| 3 10
o
<o | |
- I -
o J = N - . .
Phase 2 — i 0-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-90 91-100 101+ i __d
d Number of enrolled patients C
Phatea!s ! | mEnrolling by invitation m Withdrawn BYes ®No
Phase 3 ! = Not applicable ®Early phase1 ®Phase 1 wPhase 1|2 mPhase 2 m Phase 2 | 3 mPhase 3 | ®Completed W Active, not recruiting

Not yet recruiting Recruiting

Fig. 2. Descriptive summary of the 89 clinical trials using cell therapies for COVID-19. (A) Number of COVID-19 targeting cell therapy clinical trials started in each
month of the year 2020. (B) World map showing global distribution of the registered cell therapy clinical trials and their numbers per country. (C) Different cell types used
in the cell therapy-based clinical trials and their respective count. (D) Stages of the 89 cell therapy clinical trials registered as of 1 January 2021. (E) Distribution of patient
enrollment numbers across the 89 clinical trials. (F) Breakdown of the 89 cell therapy clinical trial statuses. (G) The percentages of cell therapies sponsored and supported

by the industry sector.

administration of two injections of 2 x 10° MSCs/kg of body weight
and standard of care compared to placebo injection and standard of
care in patients with COVID-19 with moderate to severe ARDS failed
to meet the primary end point of 43% reduction in mortality in an
interim analysis (NCT04371393). Thus, further investigation is
necessary to determine whether MSC-based therapy could improve
COVID-related lung injury.

COVID-19-related lung fibrosis has been characterized by fibro-
blast proliferation, airspace obliteration, and microhoneycombing,
which is thought to persist in patients who survive the acute infec-
tion (46). This pattern of fibrotic change may be similar to that of
idiopathic pulmonary fibrosis (IPF) (36), and prior cell therapy
studies in IPF may shed light on potential avenues for cell therapy
applications in patients with COVID-19. IPF is a progressive disease
of unknown etiology that leads to fibrosis of the lungs and is the
primary cause of more than half of all lung transplants worldwide
(47). Cell therapies using type II pneumocytes (PTIIs), which are
progenitors of the lung alveolar epithelium, have shown efficacy in
preclinical animal models of IPF by regenerating lung epithelium, re-
leasing surfactant, and reversing pulmonary fibrosis (48, 49). A
phase 1 clinical study also showed that targeted intratracheal delivery
of PTIIs showed safety and clinical stability at 12-month follow-up
of 16 patients with moderate to severe IPF (50). In addition to PT1Is,
MSCs have also been used in IPF. A recent randomized trial of
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patients with IPF treated with two doses of 2 x 10® allogenic bone
marrow MSCs every 3 months for 1 year showed safety and improved
respiratory function when compared to control participants (51).
This suggests that even patients with COVID-19 with residual chronic
fibrosis may benefit from cell-based therapies in the future, although
further data are necessary to support this conclusion. Ultimately,
cell therapies that can reverse fibrotic changes or supplement normal
pneumocyte function could address potential chronic pulmonary
effects from COVID-19.

IMMUNE SYSTEM

The host’s immune response toward SARS-CoV-2 has been studied
carefully since the outbreak, with many potential mechanisms of in-
teraction being elucidated on the basis of similarities of the virus to
SARS-CoV. Most patients with COVID-19 mount antibody re-
sponses to SARS-CoV-2, which vary in magnitude and potency (52).
Neutralizing antibodies appear to target the receptor binding domain
of the spike proteins (52, 53). Patients with high immunoglobulin M
(IgM) and immunoglobulin G (IgG) titers have a worse prognosis
(54), which could be correlated with high viral load but could also in-
dicate a harmful robust immune response through antibody-dependent
enhancement (ADE). ADE is a phenomenon that has been ob-
served in several viruses, including SARS-CoV, where viral-specific
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antibodies promote viral entry into immune cells expressing Fc re-  (56). With regard to T cells, several studies have compared leukocyte
ceptors (55), such as monocytes, macrophages, and B cells, leading  profiles between patients with mild and severe manifestations of the
to enhanced amplification of the virus. Implications of ADE in  disease and showed decreased T cell count in both CD4" and CD8" pop-
COVID-19 have been discussed in greater detail by Eroshenko et al.  ulations, more commonly in intensive care unit (ICU) patients but

Table 1. Cell therapy-based clinical trials for COVID-19. Search approach: performed 1 January 2021; Clinicaltrials.gov: advanced search; Condition - ~OVID;
Study Type -Interventi-nal; Intervention/treatment - Cell; of 157 studies, exclude— non-COVID-19 patients (n = 12) and non—cell therapy trials (n = 56); leaving 89
available studies. NCT, national clinical trial.

Cell type Title Status Phase Country NCT number

Mesenchymal
stem cells

Clinical trial of
allogeneic
mesenchymal cells
from umbilical cord
tissue in patients
with COVID-19

Recruiting Phase 2 Spain NCT04366271

Autologous adipose-
derived stem cells
(AdMSCs) for
COVID-19

Not yet recruiting Phase 2 United States NCT04428801

Treatment of severe
COVID-19
pneumonia with
allogeneic Recruiting Phase 2 Spain NCT04361942
mesenchymal
stromal cells
(COVID_MSV)
Mesenchymal stem cell
infusion for Recruiting Phase 2 Pakistan NCT04444271
COVID-19 infection
Mesenchymal stem cell
for acute respiratory
distress syndrome
due for COVID-19

Recruiting Phase 2 Mexico NCT04416139

Safety and feasibility of
allogenic MSC in the
treatment of
COVID-19

Not yet recruiting Phase 1 Brazil NCT04467047

BAttLe against
COVID-19 using
mesenchYmal
stromal cells

Not yet recruiting Phase 2 Spain NCT04348461

Mesenchymal stromal
cells for the
treatment of
SARS-CoV-2 induced Not yet recruiting Early phase 1 United States NCT04345601
acute respiratory
failure (COVID-19
disease)
Cellularimmuno-
therapy for COVID-19
acute respiratory Recruiting Phase 1 Canada NCT04400032
distress syndrome -
Vanguard
Cord blood-derived
mesenchymal stem
cells for the
treatment of Recruiting Phase 1 United States NCT04565665
COVID-19 related
acute respiratory
distress syndrome

continued on next page
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Cell type Title Status Phase Country NCT number

Safety and efficacy
study of allogeneic
human dental pulp
mesenchymal stem
cells to treat severe
COVID-19 patients

Recruiting Phase 1|phase 2 China NCT04336254

Study of intravenous
administration of
allogeneic adipose Not yet recruiting Phase 1 United States NCT04486001
stem cells for
COVID-19

Safety and efficacy of

mesenchymal stem

cellsin the

management of
severe COVID-19
pneumonia

Not yet recruiting Phase 2 Colombia NCT04429763

NestaCell mesenchymal
stem cell to treat
patients with severe Not yet recruiting Phase 2 Brazil NCT04315987
COVID-19
pneumonia

Use of mesenchymal
stem cells in acute
respiratory distress Active, not recruiting Early phase 1 Mexico NCT04456361
syndrome caused by
COVID-19
Efficacy of infusions of
MSC from Wharton
jelly in the
SARS-Cov-2 Not yet recruiting Phase 2 France NCT04625738
(COVID-19) related
acute respiratory
distress syndrome

hC1A'—F|{VEI)SSCs T GO Recruiting Phase 1|phase 2 United States NCT04399889
Clinical trial to assess
the efficacy of MSC
in patients with Recruiting Phase 2 Spain NCT04615429
ARDS due to
COVID-19
Treatment of Covid-19
associated
pneumonia with
allogenic pooled
olfactory mucosa-
derived
mesenchymal stem
cells

Enrolling by invitation Phase 1|phase 2 Belarus NCT04382547

Clinical trial to assess
the safety and
efficacy of
intravenous
administration of
allogeneic adult
mesenchymal stem
cells of expanded
adipose tissue in
patients with severe
pneumonia due to
COVID-19

Active, not recruiting Phase 1|phase 2 Spain NCT04366323

continued on next page
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Cell type Title Status

Phase

Country

NCT number

Regenerative medicine
for COVID-19 and
flu-elicited ARDS
using longeveron Recruiting
mesenchymal stem
cells (LMSCs)

An exploratory study of
ADR-001 in patients
with severe
pneumonia caused
by SARS-CoV-2

f

Novel coronavirus
induced severe
pneumonia treated
by dental pulp
mesenchymal stem

Il

Multiple dosing of
mesenchymal
stromal cells in Recruiting
patients with ARDS
(COVID-19)

Phase 1

Phase 1

United States

China

NCT04629105

NCT04522986

NCT04302519

NCT04466098

MSC-based therapy in
COVID-19-associated
acute respiratory
distress syndrome

Adipose mesenchymal
cells for abatement
of SARS-CoV-2
respiratory
compromise in
COVID-19 disease

Phase 1

United States

NCT04352803

Safety and efficacy of

intravenous

Wharton's jelly

derived

mesenchymal stem Not yet recruiting
cellsin acute

respiratory distress

syndrome due to

CoviD

Efficacy of intravenous
infusions of stem
cells in the treatment
of COVID-19 patients

Phase 1|phase 2

Colombia

NCT04390152

NCT04437823

Treatment with human
umbilical cord-
derived
mesenchymal stem Completed
cells for severe
corona virus disease
2019 (COVID-19)

Phase 2

China

NCT04288102

Therapeutic study to
evaluate the safety
and efficacy of Active, not recruiting
DW-MSCin
COVID-19 patients

Phase 1

Indonesia

NCT04535856

continued on next page
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Cell type Title Status Phase Country NCT number

Administration of
allogenic UC-MSCs
as adjuvant therapy Recruiting Phase 1 Indonesia NCT04457609
for critically-ill
COVID-19 patients

Clinical research of
human
mesenchymal stem
cells in the treatment
of COVID-19
pneumonia

Treatment of COVID-19
patients using
Wharton's Recruiting Phase 1 Jordan NCT04313322
jelly-mesenchymal
stem cells

Recruiting Phase 1|phase 2 China NCT04339660

Study of human
umbilical cord
mesenchymal stem Not yet recruiting Not applicable China NCT04273646
cells in the treatment
of severe COVID-19

Mesenchymal stromal
cell therapy for
severe Covid-19
infection

Recruiting Phase 1|phase 2 Belgium NCT04445454

Bone marrow-derived
mesenchymal stem
cell treatment for
severe patients with
coronavirus disease
2019 (COVID-19)

Not yet recruiting Phase 1|phase 2 China NCT04346368

A study of cell therapy
in COVID-19 subjects
with acute kidney
injury who are
receiving renal
replacement therapy

Recruiting Phase 1|phase 2 United States NCT04445220

Mesenchymal stem
cells in patients
diagnosed with
COVID-19

Use of UC-MSCs for
COVID-19 patients

Recruiting Phase 1 Mexico NCT04611256

Completed Phase 1|phase 2 United States NCT04355728
Mesenchymal stem cell
treatment for
pneumonia patients Recruiting Phase 1 China NCT04252118

infected with
COVID-19

Study to evaluate the
efficacy and safety of
AstroStem-V in
treatment of
COVID-19
pneumoni

Not yet recruiting Phase 1|phase 2 South Korea NCT04527224

continued on next page

highly prevalent in non-ICU patients as well (57). Lower levels of CD4"  and interferon-y (IFN-y) has been observed in patients with severe
T helper cells and CD8" cytotoxic T cells likely hinder the ability of COVID-19 (57, 58). In these cases, SARS-CoV-2 immune evasion
the immune system to neutralize and kill viral-infected cells. leads to a robust viral replication and a delayed and dysregulated

In addition, a marked increase of proinflammatory cytokines IFN-y response, resulting in recruitment and accumulation of inflam-
such as interleukin-1 (IL-1), IL-6, tumor necrosis factor-o (TNF-a),  matory macrophages and neutrophils (58, 59). Further IFN-y activation
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Cell type Title Status Phase Country NCT number

A randomized,
double-blind,
placebo-controlled
clinical trial to
determine the safety
and efficacy of Hope
Biosciences Enrolling by invitation Phase 2 United States NCT04348435
allogeneic
mesenchymal stem
cell therapy
(HB-adMSCs) to
provide protection
against COVID-19

A clinical trial to
determine the safety
and efficacy of Hope
Biosciences
autologous
mesenchymal stem
cell therapy
(HB-adMSCs) to
provide protection
against COVID-1

ASC therapy for
patients with severe Withdrawn Phase 1|phase 2 Denmark NCT04341610
respiratory COVID-19

Active, not recruiting Phase 2 United States NCT04349631

Safety and effectiveness
of mesenchymal
stem cells in the
treatment of Active, not recruiting Early phase 1 China NCT04371601
pneumonia of
coronavirus disease
2019
Cell therapy using
umbilical cord-
derived
mesenchymal Active, not recruiting Phase 1|phase 2 France NCT04333368
stromal cells in
SARS-CoV-2-related
ARDS
Clinical use of stem
cells for the
treatment of
Covid-19

Recruiting Phase 1|phase 2 Turkey NCT04392778

Mesenchymal stem
cells for the
treatment of
COVID-19

Completed Phase 1 United States NCT04573270

Treatment of
coronavirus
COVID-19
pneumonia
(pathogen Recruiting Phase 1|phase 2 Ukraine NCT04461925
SARS-CoV-2) with
cryopreserved
allogeneic P_MMSCs
and UC-MMSCs
Efficacy and safety
Study of allogeneic
HB-adMSCs for the Active, not recruiting Phase 2 United States NCT04362189
treatment of
COVID-19

continued on next page
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Cell type Title

Status

Phase

Country

NCT number

Use of hUC-MSC
product (BX-U001)
for the treatment of
COVID-19 With ARDS

Not yet recruiting

Phase 1|phase 2

United States

NCT04452097

Mesenchymal stem
cells (MSCs) in
inflammation-
resolution programs
of coronavirus
disease 2019
(COVID-19) induced
acute respiratory
distress syndrome
(ARDS)

Not yet recruiting

Phase 2

Germany

NCT04377334

Umbilical cord tissue
(UC) derived
mesenchymal stem
cells (MSCs) versus
placebo to treat
acute pulmonary
inflammation due to
COVID-19

Not yet recruiting

Phase 1

United States

NCT04490486

Repair of acute
respiratory distress
syndrome by stromal
cell administration
(REALIST) (COVID-19)

NCT03042143

The MEseNchymal
coviD-19 trial: A pilot
study to investigate
early efficacy of
MSCs in adults with
COVID-19

Australia

NCT04537351

Efficacy and safety
evaluation of
mesenchymal stem
cells for the
treatment of patients
with respiratory
distress due to
COVID-19

Recruiting

Phase 1|phase 2

Spain

NCT04390139

Study of the safety of
therapeutic Tx with
immunomodulatory
MSC in adults with
COVID-19 infection
requiring mechanical
ventilation

Recruiting

Phase 1

United States

NCT04397796

Open-label multicenter
study to evaluate the
efficacy of PLX-PAD
for the treatment of
COVID-19

Phase 2

NCT04614025

Therapy for pneumonia
patients ilnfected by
2019 novel
coronavirus

NCT04371393

NCT04293692

continued on next page
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Cell type Title Status Phase Country NCT number

Umbilical cord(UC)-
derived
mesenchymal stem
cells(MSCs)
treatment for the
2019-novel
coronavirus(nCOV)
pneumonia

Recruiting Phase 2 China NCT04269525

ACT-20in patients with
severe COVID-19 Not yet recruiting Phase 1|phase 2 United States NCT04398303
pneumonia

Double-blind,
multicenter, study to
evaluate the efficacy
of PLX PAD for the
treatment of
COVID-19

Natural killer (NK) cells

Recruiting Phase 2 United States NCT04389450

e forCovip1o  Notyetrecriting Phase Bras NCTO4634370
A phase /1l study of
universal off-the-
shelf NKG2D-ACE2 Recruiting Phase 1|phase 2 China NCT04324996
CAR-NK Cells for
therapy of COVID-19

Phase | /1l clinical study
of immunotherapy
based on adoptive
cell transfer as a
therapeutic Not yet recruiting Phase 1|phase 2 Colombia NCT04344548
alternative for
patients with
COVID-19in
Colombia
NK cells treatment for

COVID-19 Recruiting Phase 1 China NCT04280224

Natural killer cell
(CYNK-001) infusions
in adults with
COVID-19

Study of FT516 for the
treatment of
COVID-19in Recruiting Phase 1 United States NCT04363346
hospitalized patients
with hypoxia

Recruiting Phase 1|phase 2 United States NCT04365101

An experiment to
evaluate the safety
of agenT-797 in
COVID-19 patients
with severe difficulty
breathing

T cells

Recruiting Phase 1 United States NCT04582201

Part two of novel
adoptive cellular
therapy with
SARS-CoV-2 specific Recruiting Phase 1|phase 2 Singapore NCT04457726
T cells in patients
with severe
COVID-19

continued on next page

Zaki et al., Sci. Adv. 2021; 7 : eabg5995 11 August 2021 110f 20



SCIENCE ADVANCES | REVIEW

Cell type

Title

Status

Phase

Country

NCT number

RAPA-501-Allo
off-the-shelf therapy
of COVID-19

infuSion fOr lung
injury due to
COVID-19
PnEumonia

Recruiting

Recruiting

Recruiting

Phase 1|phase 2

Phase 1

Phase 1

United States

United States

United States

NCT04482699

NCT04468971

NCT04401410

REgulatory T cell

Anti-SARS Cov-2 T cell

infusions for COVID 19

Viral specific T-cells for

treatment of

Not yet recruiting

Phase 2

United States

NCT04406064

CovID-19

Early apoptotic cells

Study evaluating safety,
tolerability and
efficacy of
Allocetra-OTS in
patients with
COVID-19

COVID-19

Not yet recruiting

Active, not recruiting

Recruiting

Phase 1

Phase 1

Phase 2

Israel

Israel

Israel

NCT04659304

NCT04513470

NCT04590053

Allocetra-OTS in

Allocetra-OTS in
COVID-19, phase Il

Other

Cardiosphere-derived
cells

CD34" cells

Cellular stromal vascular
fraction (cSVF)

Cord blood stem cells

Decidual stromal cells

Immunity- and
matrix-regulatory cells

Multipotent adult
progenitor cells

continued on next page

Intravenous infusion of
CAP-1002 in patients
with COVID-19

COVID-19 induced

deployment for
residual lung
damage after
symptomatic

Recruiting

Withdrawn

Recruiting

Phase 2

Phase 1

Early phase 1

United States

United States

United States

NCT04623671

NCT04522817

NCT04326036

CLBS119 for repair of

pulmonary damage

Use of cSVF Via IV

COVID-19 infection

Stem cell educator

therapy treat the
viral inflammation in
COVID-19

stromal cells to treat
COVID-19 respiratory
failure

CAStem for severe
COVID-19 associated

Not yet recruiting

Not yet recruiting

Recruiting

Phase 2

Not applicable

Phase 1|phase 2

China

Canada

China

NCT04299152

NCT04451291

NCT04331613

Study of decidual

Safety and efficacy of

with/without ARDS

MultiStem

administration for
COVID-19 induced
ARDS (MAC

Recruiting

by these cells leads to additional cytokine and chemokine signals
[IFN-y, TNF-0, C-C motif chemokine ligand (CCL)2, CCL7, and
CCL12] that enhance infiltration and activation of monocytes and neu-
trophils, further exacerbating the inflammatory response and inducing
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Phase 2|phase 3

United States

NCT04367077

high cytokine levels, a phenomenon referred to as cytokine storm, which

has been linked to more severe manifestations of COVID-19 (60).
Several immune-based cell strategies can be proposed for target-

ing different pathologies of COVID-19. Several NK cell therapies
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Cell type Title Status

Phase Country NCT number

Study evaluating the
safety and efficacy of
autologous
non-hematopoietic
peripheral blood
stem cells in
COVID-19

Peripheral blood

Completed
stem cells P

Using PRP and cord
blood in treatment
of Covid -19

Platelet-rich plasma and
cord blood

Safety infusion of
NatuRal KillEr celLs
or MEmory T cells as
adoptive therapy in
COVID-19
pnEumonia or
lymphopenia

Tand NKcells Recruiting

Umbilical cord lining
stem cells (ULSC) in
patients with
COVID-19 ARDS

Umbilical cord lining

stem cells (ULSCs) Recruiting

for COVID-19 are under investigation (Table 1). NK cells are acti-
vated and recruited at the site of infection in response to IL-12 and
IL-18 signals. They control viral replication using perforin and
granzyme granules and induce Fas ligand- or TNF-o-related apoptosis-
inducing ligand-mediated apoptosis in infected cells (61). Cell
therapies involving NK cells and chimeric antigen receptor (CAR)
NK cells have shown clinical safety and efficacy in numerous onco-
logical indications (62), and they may have a role in treating various
infectious pathologies as well (63). As NK cells recognize viral in-
fected cells by identifying up-regulated stress markers and down-
regulated inhibitory ligands, exogenous administration of NK
cell-based therapies could thus assist in identifying SARS-CoV-2-
infected cells and promote viral clearance (64). A phase 1 study is
assessing the efficacy and safety of CYNK-001 cells, which are allo-
geneic, off-the-shelf, and cryopreserved NK cells derived from
CD34" human placental stem cells, in 14 adult patients with mild to
moderate COVID-19 (NCT04365101). In another phase 1 study,
FT516 cells, which are allogeneic, off-the-shelf, and cryopreserved
NK cells derived from iPSCs, are being tested for efficacy and safety
in 12 adult patients with COVID-19 who are hospitalized and fulfill
requirements for hypoxia (NCT04363346). With regard to CAR
NK cells, a phase 1/2 study in China is using off-the-shelf
NKG2D-ACE2 CAR NK cells to target viral infected cells while also
secreting IL-15 as a superagonist and granulocyte-macrophage
colony-stimulating factor neutralizing single-chain variable frag-
ment to reduce the likelihood of cytokine release syndrome
(NCT04324996). Intravenous infusion of 1 x 10® cells/kg of body
weight will be administered weekly in patients with COVID-19, and
the study is currently recruiting patients.

Given that immune system overactivation is a significant factor
in pathologies of COVID-19, another potential strategy could in-
volve CD4"CD25"Foxp3" regulatory T cells (Tregs). Tregs function
by secreting anti-inflammatory cytokines IL-10 and transforming
growth factor—B (TGF-B) as well as by contact-dependent signaling,
and have been shown to inhibit the influx of neutrophils to the lung,
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Phase 1|phase 2 United Arab Emirates NCT04473170

Spain NCT04578210

Phase 1|phase 2 United States NCT04494386

induce apoptotic cell clearance of activated neutrophils and macro-
phages, and decrease proinflammatory cytokine levels (65, 66).
Moreover, they can inhibit excessive innate immune responses via
induction of secondary immunosuppressive neutrophils that
generate anti-inflammatory cytokines and via enzymes indoleamine
2,3-dioxygenase and heme oxygenase-1, which further inhibit cellu-
lar proliferation (66). The safety and feasibility of Treg has been
clinically evaluated over the past decade, showing tolerability and
clinical improvement especially in the setting of solid-organ trans-
plantation and autoimmune disease (67). Hence, the immuno-
suppressive role of Tregs may be beneficial in quelling the cytokine
storm in patients with COVID-19. Potential strategies may include
using polyclonal expanded T versus engineered antigen-specific
T approaches. Polyclonal Ty, offer a more generalized immuno-
suppressive strategy, which may be similar to current immuno-
suppressive medications. Polyclonal T:ees have been clinically
evaluated with promising results in type 1 diabetes and other auto-
immune diseases (68), but they have not been clinically tested in
immune overactivation in viral infections. A concern with this therapy
would be the exacerbation of acute infection by excessive quelling of
the host immune response to SARS-CoV-2. Engineered antigen-
specific Tregs could help localize immunosuppressive effects (65),
but this could also facilitate enhanced viral replication. Overall, T:eq
therapies could aid in suppressing the overactive immune system in
patients with COVID-19 (69), but generalizing early safety data
from clinical trials of autoimmune and transplant patients toward
patients with COVID-19 would need careful evaluation. Two phase 1
clinical trials, which are not yet recruiting, are aiming to test the
efficacy and safety of allogeneic, off-the-shelf, and cryopreserved
Treg cell infusions in patients with COVID-19 with moderate to severe
ARDS (NCT04468971) or intubated and mechanically ventilated
(NCT04482699).

Besides Tregs, other T cell therapies are being evaluated for
COVID-19 (Table 1). Viral-specific T cells are currently under in-
vestigation in three trials, and they are using viral-specific T cells
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from healthy donors who have mounted an appropriate response to
the SARS-CoV-2 (NCT04457726, NCT04406064, and NCT04401410).
A better understanding of effective targets could aid in the develop-
ment of engineered T cells from more accessible and scalable sources
than previously infected healthy donors. In addition, a phase 1/2
trial evaluating the use of RAPA-501, a hybrid T helper 2/T\z pheno-
type, aims to suppress immune overactivation in a T cell receptor-
independent manner (NCT04482699). Engineered T cells,
particularly CAR T therapies, have shown promise in the treatment
of immune system overactivation in diseases such as pemphigus
vulgaris, type 1 diabetes, and lupus (70), and targeted T cell therapies
could play a role in treating COVID-19 immune overactivation and
facilitating viral clearance. Recent single-cell sequencing studies of
patients with COVID-19 have shown an increase in monocytes,
macrophages, and clonally expanded CD8" T cells, which may con-
tribute to the cytokine storm seen in severe cases (71, 72). This pro-
vides a rationale to direct cell therapies such as CAR T/NK cells to
target these enriched populations with the goal of reducing the ex-
cess cell population, and potentially decreasing the severity of the
cytokine storm. In addition, B lymphocytes could theoretically be
engineered to recombinantly express humanized monoclonal anti-
bodies with neutralizing anti-SARS-CoV-2 activity. However,
convalescent plasma or monoclonal antibodies likely have similar
benefits without the increased complexity of a cell therapy-based
modality (73).

In addition to their role in targeting COVID-19-related lung
damage, MSCs are also an intriguing target for immune-based cell
therapy because of their immunomodulatory capacities. In the lung,
MSCs mediate immune homeostasis by TNF-o- and IL-1-induced
up-regulation of anti-inflammatory cytokines such as protein
TNF-stimulated gene 6, IL-10, TGF-B, prostaglandin E2, and nitric
oxide (74, 75). Moreover, by modulating overactivation of the
immune system, MSCs have shown efficacy for the treatment of
immune-related conditions such as steroid-refractory graft-versus-
host disease and systemic lupus erythematosus (76, 77). Hence,
MSC therapy may play a role in suppressing COVID-19-associated
immune activation and cytokine storm. Several recent studies have
reported decreases in inflammatory marker levels after treatment
with MSCs that correlated with clinical improvement (41-44).
Moreover, ongoing clinical trials are assessing the immunomodulatory
capabilities of MSCs in patients with COVID-19 (NCT04348435,
NCT04377334, and NCT04397796). Another phase 1 clinical trial is
assessing the efficacy and safety of allogeneic umbilical cord blood-
derived MSCs as adjuvant therapy in patients receiving oseltamivir
and azithromycin (NCT04457609). Dosing for MSC trials varies
widely between 5 x 10° and 1 x 107 cells/kg or 2 x 10” and 2 x 10® cells
per dose with the number of doses ranging from one to four.
Cell sourcing for MSC trials includes the umbilical cord, placenta,
adipose tissue, intra-aortic tissue, olfactory mucosa, and the dental
pulp (78). More detailed reviews on mechanisms of MSC immuno-
modulation and potential benefits in COVID-19 have been previ-
ously explored (75, 78-89).

NEUROLOGICAL

Neurological manifestations are a significant consideration in
patients with COVID-19 and are reported in 57.4% of confirmed
cases (90). Presenting symptoms range from headache, anosmia,
and ageusia to more serious manifestations such as ischemic stroke,
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encephalitis, and encephalomyelitis (91). The innate immune response
is likely responsible for symptoms such as headache and encephalitis
through uncontrolled cytokine release. However, symptoms such as
anosmia, encephalomyelitis, and stroke suggest potential viral inva-
sion of the central nervous system (CNS). Proposed mechanisms of
CNS viral access include retrograde axonal transport through vagal
afferents peripherally (92) or via direct CNS invasion, as studies
have shown ACE2 receptors to be expressed in several regions of
the brain, especially in oligodendrocytes and astrocytes (93). The
symptoms of anosmia and ageusia were initially suggestive of CNS
invasion, especially as SARS-COV studies had shown that the virus
could enter the brain through the olfactory nerve within days of
infection, causing inflammation and demyelination (94). However,
analysis of human RNA sequencing and single-cell sequencing data
showed that ACE2 and TMPRSS2 are not expressed in olfactory
sensory nerves but instead in olfactory epithelium (95). Acute cere-
bral ischemic events have been reported in patients with COVID-19,
especially in younger patients without typical risks of cerebrovascu-
lar disease (96, 97). These manifestations are likely due to an overall
prothrombotic state, potential down-regulation of ACE2, which causes
an overall loss of neuroprotection, and hyperinflammatory cytokine
release. In addition, there has been an increasing number of reports
of Guillain-Barre syndrome and its variants, transverse myelitis,
and other demyelinating conditions in affected patients, some with
multifocal lesions in the brain and spine (98). The presence of de-
myelination has also been present in autopsy studies (98). The etiology
of these lesions is likely immune-related, potentially because of a
delayed immune reaction.

To date, there have been no reports of cell-based clinical trials
addressing neurologic manifestations in patients with COVID-19.
However, the high incidence of neurologic manifestations coupled
with increasing reports of demyelinating disease and ischemic stroke
in affected patients may require treatment options that focus on long-
term deficits, which can potentially be addressed via cell therapy.
Regarding demyelination, oligodendrocyte precursor cells (OPCs)
have been explored in the setting of spinal cord injury and have
showed safety, tolerability, cell engraftment, and improved motor
function at 12-month follow-up in patients (NCT02302157). In ad-
dition, human iPSC (hiPSC)-derived OPCs were shown to remyelinate
denuded axons in nonhuman primates with experimental auto-
immune encephalomyelitis (EAE), a common animal model for multi-
ple sclerosis (99). As COVID-19-related demyelination is likely due
to immune-mediated myelin damage, successful applications of OPCs
in other demyelinating animal models such as EAE suggest a potential
benefit of OPCs in COVID-19-related refractory demyelination.

Patients with COVID-19 who suffered acute ischemic strokes,
especially those with persistent deficits after mechanical thrombectomy
or thrombolytic therapy, could also be a target of cell therapy. The
long-term outcomes of patients suffering strokes, most of whom are
younger and suffer large vessel occlusions, could be devastating.
The prospect of stem cell therapies in stroke has expanded, with
several concluded and ongoing clinical trials using bone marrow-
derived stem cells and neural stem cells (100). MASTERS-2
(NCT03545607) and TREASURE (NCT02961504) are ongoing
phase 3 clinical trials assessing treatment outcomes after intravenous
administration of bone marrow-derived adult progenitor stem cells
in patients suffering from ischemic stroke in the acute setting.
Hence, this subpopulation of patients with COVID-19 may benefit
from neuroregenerative cell therapies in the future.
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CARDIACSYSTEM

Cardiac manifestations, such as elevated troponin levels and myo-
cardial ischemic infarctions, are commonly seen in patients with
COVID-19, particularly in severe presentations (101). Myocardial
injury was found in 22% of hospitalized patients and nearly 60% of
deceased patients (4, 14). Moreover, cardiac arrhythmias were
shown to be present in 44% of patients with COVID-19 in the ICU
(102). Although cardiac cells express high levels of ACE2 (11), it
remains unclear whether these cases constitute direct or indirect in-
jury. One study on hiPSC-derived cardiomyocytes from patients
with COVID-19 suggests viral invasion and cytopathic features in
cardiac tissue (103). As cell therapies are designed, one potential
way to mitigate the risk of SARS-CoV-2 viral entry of the treatment
may be to genetically modulate viral entry proteins within the cell
therapy itself. Indirect injury could be due to systemic hypoxia,
secondary pulmonary hypertension, arrhythmia due to metabolic
derangements, and cytokine storm damage (104).

Early cell therapy trials in acute myocardial infarct have largely
focused on bone marrow mononuclear cells (BMMNCs), and early
studies such as BOOST (105) and TOPCARE-MI (106) showed im-
provements in infarct size and left ventricular ejection fraction.
Subsequent trials such as BOOST-2 (107) and TIME (108) showed
no clinical benefit, however, questioning the role of BMMNCs in
acute myocardial infarction. Preclinical data using a combination of
cardiopoietic stem cells and MSCs have been promising and are un-
der investigation in human trials (NCT02501811) (109). Further,
Menasché et al. (110) showed that hESC-derived cardiac progeni-
tors given to six patients with ischemic left ventricular dysfunction
showed clinical improvement in systolic function without new tumors
or arrhythmias. Clinical applications of iPSC-derived cardiomyocytes
are also being explored (111). These advances in cell-based cardiac
therapy can potentially be exploited for patients suffering from
COVID-19-related cardiac ischemia. In addition, a recent clinical
study used cardiosphere-derived cells, which are cardiac progenitor
cells, to assess treatment of severe pulmonary manifestations in six
patients with COVID-19. Four of the six patients were discharged
from the hospital, while the remaining two were in stable condi-
tions at the time the study was published (112). A phase 2 trial
further assessing the efficacy of these cardiosphere-derived cells is
currently under investigation (NCT04623671).

GASTROINTESTINAL SYSTEM

Gastrointestinal manifestations occur in 5 to 10% of COVID-19
cases; however, symptoms have been mild and self-limited to nau-
sea, diarrhea, and vomiting, despite ACE2 and TMPRSS?2 being co-
expressed in the small and large intestines and SARS-CoV-2 being
detected in fecal samples of infected patients, suggesting direct viral
invasion of enterocytes (113). This suggests that chronic intestinal
sequela is unlikely to occur, negating the need for advanced treat-
ments such as cell therapy. Hepatic involvement also appears to be
frequent. Elevations in alanine aminotransferase and aspartate amino-
transferase have been reported in up to a third of patients (114).
ACE2 expression has been identified in cholangiocytes (115, 116);
however, histopathological examinations have yet to show direct
viral inclusions in the liver (117). Other possibilities for hepatic in-
jury may include immune-mediated damage, systemic hypoxia sec-
ondary to lung damage, and drug-induced liver injury (118). Stem
cell-derived hepatic cells have been studied in the setting of acute
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and chronic liver failure. Patients have received cell therapies through
the portal vein or splenic artery with improvement in serological
markers such as prothrombin time or severity of hepatic encepha-
lopathy (119). Although hepatocyte-based therapies have largely
been considered a bridge to transplantation rather than a curative
therapy itself, rare cases of patients with COVID-19 with acute liver
failure may benefit from hepatocyte-based therapies (120).

RENAL SYSTEM

Renal manifestations are frequent and range from mild proteinuria
to severe injury requiring renal replacement therapy (121). Pei et al.
(122) showed that 75% of patients with COVID-19 presenting with
pneumonia were found to have an abnormal urine dipstick. More-
over, the presence of acute kidney injury (AKI) was associated with
increased mortality, and only 46% of those patients who developed
an AKI showed complete resolution after 12 days of follow-up. Over
80% of AKIs were intrinsic, with the remainder being secondary to
rhabdomyolysis; there were no cases of prerenal AKI (122). Patho-
logical studies have demonstrated acute tubular necrosis, presence
of microthrombi, and mild interstitial fibrosis; however, no evi-
dence of lymphocytic infiltrate in affected patients was found (123).
While direct viral invasion is possible as ACE2 expression is present
in tubular epithelium and podocytes, secondary mechanisms appear
more relevant in inducing renal damage, which may include sys-
temic hypoxia, rhabdomyolysis, cytokine-mediated damage, micro-
emboli due to hypercoagulability, and cardiorenal congestion from
right heart strain (121).

Cellular therapies for kidney disease are currently being explored
and may benefit patients with COVID-19 suffering from perma-
nent kidney injury. For example, preclinical studies using iPSC-
derived renal precursor cells have shown the ability for these cells to
engraft into damaged tubules and improve renal function (124). In
addition, Swaminathan et al. (125) conducted a phase 2 trial using
intra-aortic allogenic MSCs in the setting of postcardiac surgery-
related AKI. However, the results showed no significant improve-
ment in time to recover from AKI, dialysis use, or 30-day mortality.
A phase 1 clinical trial, which is not yet recruiting, is aiming to assess
the efficacy and safety of allogeneic MSCs infused via continuous
renal replacement therapy (CRRT) in patients with COVID-19 with
AKI undergoing CRRT (NCT04445220). Patients will be divided
into three arms: low dose (2.5 x 107 cells), high dose (7.5 x 107 cells),
and control. These studies could shed light on a possible role for cell
therapies for the treatment of COVID-related renal damage.

HEMATOLOGICAL SYSTEM

Hematological and vascular sequela, especially hypercoagulability
and disseminated intravascular coagulation (DIC), are serious
manifestations of SARS-CoV-2 (126). The hypercoagulable state
increases the risk of venous thromboembolism, which can lead to
ischemic stroke and multisystem organ failure via microemboli
(127). Rates of venous thromboembolism in critically ill patients
with COVID-19 have been estimated to be as high as 31% (128).
Moreover, Tang et al. (129) reported that 70% of deceased patients
met criteria for DIC. The hypercoagulable state may be related to
stimulated production of antiphospholipid antibodies and comple-
ment activation, vascular endothelial damage, and prolonged im-
mobility in the ICU (130). Although the hypercoagulable state is

150f 20



SCIENCE ADVANCES | REVIEW

likely due to a variety of factors, endothelial disruption is one po-
tential cause that may contribute to multisystem end-organ damage
in COVID-19 (131). CD34" cells, hematopoietic stem cells that can
give rise to endothelial progenitors and restore vasculature, have
been approved for an investigational new drug by the FDA to assess
their efficacy and safety for lung damage repair. CD34" cells are
thought to promote vascular regeneration to counter ischemic
damage and have shown efficacy and safety in trials evaluating their
potential in cardiac and critical limb ischemia (132). Cord blood
CD34" cells also showed protective effects on acute lung injury in-
duced by lipopolysaccharide challenge in mice, similar to another
study that showed that peripheral blood CD34" cells attenuated
acute lung injury induced by oleic acid in rats (133, 134). Hence,
therapy with CD34" cells could prove feasible for promoting vascu-
lar growth in the lungs of patients with COVID-19 suffering from
significant pulmonary damage (NCT04522817).

FUTURE DIRECTIONS AND LIMITATIONS

Opverall, cell therapies show great promise in several diseases, and
data from other studies suggest that certain cell therapies may be
applicable in particular pathogenesis aspects of COVID-19. Specitic
factors such as dosing of the cells, route of administration, allogenic
versus autologous cells, role of immunosuppressive therapy, tolerance
of treatment in elderly patients, role of extracellular vesicles, and
readouts of effectiveness need to be better delineated. As an exam-
ple, risk for severe illness with COVID-19 increases with age. There
are lessons to be learned about recipient age from studies using he-
matopoietic stem cell transplantation (HSCT) or MSCs. For in-
stance, HSCT studies have shown that patient age is correlated with
transplant-related morbidity and mortality, but improvements such
as the use of cytokines and less toxic or reduced conditioning have
allowed older patients to receive these therapies. In the context of
MSCs, a study conducted to evaluate patient age on the efficacy of
MSC cell therapy in ischemic cardiomyopathy showed that older
patients did not have an impaired response. Although these studies
are not directly translatable to other cell types or patients with
COVID-19, they nevertheless represent a starting point for future
investigation (135-140). Cell dosing and number of injections should
be tailored to patient-specific responses and tolerance of treatment.
Route of administration should be localized as much as possible to
reduce the risk of unintentional side effects in distant organs while
maximizing efficacy at the infected organ system. Disseminated
coronavirus involving multiple organ systems, for example, may
benefit from intravenous infusion of cell therapy to allow treatment
to reach multiple infected organs. Various routes of administra-
tion have been previously explored for respiratory and pulmonary
diseases including intravenous, intratracheal instillation, inhala-
tion, aerosolization, and nebulizers. Intratracheal instillation could
be advantageous, as it provides highly precise, local delivery to
the respiratory tract using a small dose; however, instillation is
highly nonphysiological and may result in inconsistent and hetero-
geneous deposition focused on the upper airways (141). Five clini-
cal trials for lung cell therapies have used aerosolization as the route
of administration (NCT04313647, NCT04473170, NCT04389385,
NCT04491240, and NCT04276987). This route of administration
may be preferred because of the potentially broader distribution of
cells in the lung while reducing the probability of cell damage and
loss (141).
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Another interesting avenue to consider is the use of a combina-
tion of various cell therapies. MSCs, for example, have been studied
for their synergistic effects with other cell types, including pulmo-
nary endothelial cells and epithelial cells (142). For instance, MSCs
were shown to stimulate endothelial progenitors in patients with
heart failure and preserve endothelial integrity after hemorrhagic shock
(143, 144). These findings could support investigation of both cell
types as a combination cell therapy.

From a scalability standpoint, allogenic or off-the-shelf-based
therapies that are either human leukocyte antigen (HLA)-matched
or do not have HLAs present would be favored over autologous
cells. HLA matching or depletion may also reduce the need for immuno-
suppression. Clinical trial readouts should include COVID-19-
related outcomes and organ function related to the cell therapy being
administered. Last, the idea of leveraging the field of synthetic biology
to further adapt engineered cell lines should also be considered. For
example, cell therapies that modulate expression of viral entry pro-
teins, decrease residual potentially tumorigenic pluripotent cells, or
adopt genome-scale mammalian translational recoding to confer
viral resistance could be of keen advantage (145, 146).
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