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Madhan Jeyaraman'?, Albin John’, Santhosh Koshy’, Rajni Ranjan', TalagavadiChannaiahAnudeep®,
Rashmi J ains, Kumari Swati9, Niraj Kumar Jha6, Ankur Sharmag, Kavindra Kumar Kesari”* Anand
Prakash’, Parma Nand®, Saurabh Kumar Jha®” P. Hemachandra Reddy"

'Department of Orthopaedics, School of Medical Sciences and Research, Sharda University, Greater
Noida, Uttar Pradesh, India.

Research Scholar (Stem Cell & Regenerative Medicine), Department of Biotechnology, School of
Engineering & Technology, Sharda University, Greater Noida, Uttar Pradesh, India.

3 Internal Medicine, Texas Tech University Health Sciences Center3601 4th Street / MS / 9410 / 4B
207Lubbock, Texas 79430

*Senior Resident, Department of Plastic Surgery, Topiwala National V:~dical College and BYL Nair
Ch. Hospital, Mumbai, Maharashtra, India.

SResident, School of Medical Sciences and Research, Sharda ' ~ive rsity, Greater Noida, Uttar
Pradesh, India.

SDepartment of Biotechnology, School of Engineering & Tc.anology, Sharda University, Greater
Noida, Uttar Pradesh, India.

"Department of Applied Physics, School of Sci~=cc, Aalto University, Espoo, Finland

8Depaurtment of Life Science, School of Basic Sc ence and Research, Sharda University, Greater
Noida, Uttar Pradesh, India.

Department of Biotechnology, School of " .i‘e Science, Mahatma Gandhi Central University,
Motihari, Bihar, India.

"Internal Medicine, Neuroscience, ®harmacology, Neurology, Public Health Departments, and School
of Health Professions, Texas Tec!» University Health Sciences Center3601 4th Street / MS /9410 / 4B
207Lubbock, Texas 79430

*Address for correspondence

P. Hemachandra Reddy, Ph.D.

Professor of Internal Medicine, Neuroscience/Pharmacology, Neurology and Public Health
Texas Tech University Health Sciences Center

3601 4th Street / MS /9410 /4B 207

Lubbock, Texas 79430; Tel: 806-743-3194;Cell: 971-279-3626
hemachandra.reddy@ttuhsc.edu

#Address for Co-correspondence

Saurabh Kumar Jha, Ph.D., Assistant Professor,

Department of Biotechnology, School of Engineering & Technology,

Sharda University, Greater Noida, Uttar Pradesh, India — 201310

Phone: +91- 7827895545; Email: jhasaurabh(017@gmail.comsaurabh.jha@sharda.ac.in



ABSTRACT

The coronavirus disease 2019 (COVID-19) has been threatening the globe since the end of
November 2019. The disease revealed cracks in the health care system as health care providers across
the world were left without guidelines on definitive usage of pharmaceutical agents or vaccines. The
World Health Organization (WHO) declared COVID-19 as a pandemic on the 11"0f March, 2020.
Individuals with underlying systemic disorders have reported complications, such as cytokine storms,
when infected with the virus. As the number of positive cases and the death toll across the globe
continue to rise, various researchers have turned to cell based therap using stem cells to combat
COVID-19. The field of stem cells and regenerative medicine has pro ‘ided a paradigm shift in
treating a disease with minimally invasive techniques that prov.des maximal clinical and functional
outcome for patients. With the available evidence of immunc modulatory and immune-privilege
actions, mesenchymal stem cells (MSCs) can repair, rege. °rat > and remodulate the native homeostasis
of pulmonary parenchyma with improved pulmonary ~~tapliance. This article revolves around the

usage of novel MSCs therapy for combating COVID-_°.
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INTRODUCTION

The first known case of COVID-19 was recorded on the 1*'of December, 2019 in the city of
Wuhan, China as pneumonia of unknown aetiology. Soon, there was a surge of similar cases [1]. This
sudden emergence was initially attributed to the seasonal flu. However, later investigatory findings of
the point of outbreak uncovered a newer aetiology. The famous Hunan Seafood Market was found as
the point of outbreak and the virus was suggested to have a zoonotic origin [2,3]. Some reports that
showed the doubling of cases every 7.5 days suggested that this virus was highly contagious [4]. On
January 1% 2020, a common aetiological agent was found in four out of the total nine hospitalised
patients. This newly emerged strain of coronavirus has a hereditary :orrelation of 5% with severe
acute respiratory syndrome (SARS) and is a subclass of Sarbecovir< | .. The virus was named
SARS-CoV-2 and the disease it causes is called coronavirus diseasc 2019 (COVID-19) as per the
World Health Organization (WHO). On the 30"0f January, 2522 e WHO declared an International
Public Health Emergency due to the rampant spread of C(, vID-19 around the world. The outbreak of
SARS-CoV-2 was declared as a pandemic by the WHO o1 ti.» 11%f March, 2020. As a result, all
clinicians and researchers from various disciplines o 'Fi0 nedicine have come together in search of a
definitive therapy to combat this pandemic eff- . ve'v [5].

Researchers around the globe have gre.* y explored the potential uses of mesenchymal stem
cells (MSCs) in repairing damaged regions .d in re-establishing regional homeostasis. MSCs are
immature heterogeneous population of s.zc m 1l progenitor cells. They possess the property of self-
renewal, plasticity, lineage priming a: d homing, and differentiation of native environment cells [6].
MSC:s can take on the properties cfa particular lineage or shift into another lineage under the
influence of growth factors, cvton'n~.s and chemokines [7].

The purpose of ou. ar. ~le is to highlight recent developments of pathogenesis of COVID-19,
with a particular focus on Ster 1 Cells. This article also summarizes the usage of novel MSCs therapy

for combating COVID-19. Our article updates the current status clinical trials of MSCs in COVID-19.

MSCs and Immunomodulation

MSC:s possess unique non-differentiating cell surface markers such as CD146 and CD200 [8-
9] and expresses matrix and MSC markers such as CD 105, CD 44, CD 29, CD 71 and CD 73 [10].
They serve as an immunotolerant and immunomodulant cell in damaged tissues. They help regenerate
and rejuvenate the environment [11] by exerting their effects on T cells, B cells, Dendritic cells, and

macrophages.



T cells and MSCs

MSCs produce their immunomodulatory action on T cells through any of the following three

mechanisms:

1.

Inhibition of T Cell proliferation: 1t is a well-known fact that T cell mediated immunity
plays a key protective role against various autoimmune disorders, malignancies, and
infections [12]. Baboon MSCs, however, inhibit the proliferation of T cells [13]. Similar
results have been seen in in-vitro human bone marrow MSCs. By arresting T-cells at the
G1 phase via TGF-B (Transforming Growth Factor beta) and HGF (Hepatocyte growth
factor), MSCs inhibit the proliferation of T cells [14-15].

Apoptosis of T cells: Apoptosis of activated T cells is r.ea. ted by Fas/Fas ligand-
dependent pathway with the production of kynureni ¢ *om tryptophan [16-17].
Modulation of activation and differentiation of T ells: MSCs induce the production of IL-
10 and inhibit the production of both IFN-y ar. 1 IL. 17. Therefore, they reduce production
of regulatory T-cells. They also regulate dend.itic cells and natural killer cells [18-20].
Anti-inflammatory: MSCs induce the proc «et.on of IL-1Ra and IL-1f, which anticipates
the anti-inflammatory effects and -,roc zeas to heal such damaged tissues [21].
Immunomodulatory: The immunomoilatory potential of MSCs is triggered when they are
stimulated by the inflammator- cy.~kines like IFN-y and tumor necrosis factor (TNF)-a,
inter-leukin (IL-) la, or IL-16, *iich leads to the production of Nitrous oxide (NO) and
Prostaglandin E2 (PGE2) v.~ upregulation of iNOS and COX-2 (as shown in figure 1 & 2)
[22-24].

B cells and MSCs
The effect of MSCs >, B cells is mediated by CCL-2 via STAT3 inactivation and PAXS

induction. As a result, MSCs go on to cause:

1.

Arrest of cell cycle

. Inhibition of plasma cell production

2
3.
4
5

Impaired immunoglobulin secretion

. Reduced chemotaxis

. Production of IL-1Ra (Interleukin-1 receptor antagonist) to control B cell differentiation

and progression of arthritis
Extracellular vesicles, which are derived from MSCs, to suppress B cell proliferation,

differentiation, and immunoglobulin production



7. Induction of regulatory B cells which in turn produces IL-10 (Anti-inflammatory)

[25-32].

Dendritic cells and MSCs
Dendritic cells (DC) are the main antigen presenting cells. MSCs are known to exert

immunosuppressive effects on dendritic cells by [33-34]:
1. Inhibiting DC activation
. Decreasing endocytosis
. Decreasing IL-12 production

2

3

4. Cell maturation arrest

5. Inhibiting formation of dendritic cells from monocytes
6

Skewing mature DCs into an immature state

Macrophages and MSCs

Macrophages can be separated into M1 macrophages ‘b=t produce various pro inflammatory
molecules to combat the microbes and M2 macrophe zc , that are involved in tissue regeneration
because of their immunomodulatory action via the »rouuction of IL-10 [35]. MSCs have the potential
to augment macrophage regenerative activity 2t t.ie site of injury [36]. When MSCs are cultured with
macrophages, they differentiate into M2 . acrophages which will lead to high levels of anti-
inflammatory IL-10 and low levels of pr«-1 .9 ammatory molecules [37]. MSC’s interaction with
macrophages can combat local inflam.na“on by both increasing IL-10 and by decreasing the

production of TNF-a and IL-6 [38].

Natural Killer cells and MSCs

Natural killer cells play  key role in the elimination and cytotoxicity of tumor cells and viral
infected cells. High ratios of MSCs to NK cells restrains NK cell proliferation, production of
proinflammatory molecules, and cytotoxicity. These effects are mediated by IDO, PGE2, HLA-5, and
EVs. Blocking these molecules can reverse the effects of MSCs [39-44].

Neutrophils and MSCs

Neutrophils play a key role in acute inflammation. MSCs have the capacity to interact with
neutrophils to suppress apoptosis of resting neutrophils (IL-6 mediated) and to increase recruitment of
neutrophils (via IL-8 and macrophage migration inhibitory factor-MIF) [45-46]. Furthermore,
Superoxide dismutase 3 mediated inhibition of uncontrolled inflammation in a murine vasculitis model

demonstrates the anti-inflammatory properties of MSCs which decreases tissue damage [46]. MSC



derived micro vesicles have been shown to inhibit migration of neutrophils into the pulmonary

parenchyma of mice in E-coli endotoxin medicated acute lung injury [47].

As is evident from the above discussion, MSCs have the innate ability to interact with almost all
immune cells. Their action is either mediated through the various growth and immunomodulatory
factors or through direct cell-cell contact. Due to their immunomodulatory properties, they have been
used in many immune-mediated diseases for their known interaction with NK cells,

polymorphonuclear (PMN) cells, dendritic cells, macrophages, T and B cells [48-51].

PATHOGENESIS OF SARS-CoV-2

SARS-CoV-2 belongs to the Nidovirales order, a member »f th > genus B-coronavirus (3-CoV)
[21]. It is an encapsulated, positive-sense, single-stranded RN/ vir 1s (nucleocapsid) with a
79.6% similar sequence to SARS-CoV and accounts for having the largest genomic specifications
among RNA viruses [51].

With the help of ACE-2 receptors, this virus -,¢i, access into pulmonary alveolar cells. ACE-2
receptors are found not only in the pulmonary epit! eliun but also in renal, cardiac and liver
parenchymal cells, which explains the reasor. for development of multi organ dysfunction syndrome
(MODS) that often presents in the late sta_es of COVID-19 [52]. With the entry of SARS-CoV-2 into
the pulmonary parenchyma, it undergoes re 'ication, transcription and translation of viral proteins and
gets assembled in the Golgi apparatus. b’ exocytosis, millions of the newly assembled viral bodies
leave the infected cell and infect th: new pulmonary epithelium. The exocytosis causes further
epithelial and endothelial damag-= th:i.. leads to increased vascular permeability inside the pulmonary
environment. As a result of tl ese :vents, initiation of a ‘cytokine storm’ leads to secretion of pro-
inflammatory cytokines (IFN- v, TNF-y, IL-18, IL-6, IL-12, IL-8, IL-33, and TGF-f) [53]. The
mechanism of the cytokine storm leads to increased mortality in patients with systemic debilitating
illnesses. As a result of the cytokine storm, the patient develops acute respiratory distress syndrome
(ARDS), systemic inflammatory response syndrome (SIRS), multi-organ dysfunction syndrome
(MODS), and death. The immune-inflammatory mechanism leads to damage of pulmonary epithelium

at a cellular level as depicted in figure 3.

MESENCHYMAL STEM CELLS IN COVID-19

Amidst the COVID-19 rush for various vaccines and drugs, like Hydroxychloroquine and

Remdesivir, some researchers have turned to MSCs as a new avenue for treating COVID-19. At
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present, cell-based therapy, and stem cell therapy, in particular, is a ground-breaking medical area with

great potential to cure incurable diseases [54]. MSCs have drawn interest due to their source, high rate
of proliferation, minimally intrusive treatment protocols, and lack of ethical problems. Furthermore,
MSC rehabilitation is significantly better in comparison to that of other therapies. It is useful in the
treatment of COVID-19 for the following reasons:

1. COVID-19 causes a depletion of the CD4 and CD8 T Cells. MSCs can help in remodelling
the function of these immune cells and thus improve pulmonary function.

2. MSCs can decrease the cytokine storm via inhibition of T and B cell proliferation and
through effective regulation of pro-inflammatory cytokines to improve the
microenvironment for endogenous repair.

3. Gene expression profiles have shown that the therapeutic “fects of MSCs are long lasting
and actively maintained.

Currently, the US Food and Drug Administration (FDA) ha ‘e recently approved the use of

MSC:s for coronavirus treatment under the discretion of exnrand=d access. The choice of MSCs to be
administered is assessed via the availability and accessibili7 f MSCs. Among all the available
sources of stem cells, the usage of MSCs from bone .. row, adipose tissue, umbilical cord, and

placenta are well documented in the literature and *vill ve further discussed in this article.

Bone marrow derived MSC (BM-MSC):

BM-MSCs are versatile in nature. ~+e «sily accessible, and require less technical prowess to
procure. BM-MSCs possess enhanced ~ste ~~enic and chondrogenic potentiality [55]. In bone marrow,
after density gradient centrifugatior, ti.> yield of progenitor cell accounts for up to 0.001% to 0.01%
[56]. Although the yield of progeni.~r cells is low, the quality of progenitor cells remain preserved
with all properties of MSCs. "uc~e BM-MSCs can be cultured in vitro to exponentially increase the

concentration of progenitor «=li> and can be transplanted to the site of action.

Adipose derived MSC (AD-MSC):

The beginning of the 21* century marked the addition of adipose derived stem cell to the adult
stem cell population. The mesoderm-derived adipose tissue is ubiquitously present in the subcutaneous
plane and comprises of a plethora of cells. The stromal vascular fraction (SVF) of adipose tissues is
considered the warehouse of MSC-like cells [57]. The cellular components of SVF mixture have the
property of multi lineage differentiation and can differentiate along the mesenchymal lineage [58].
These cells are easily accessible [59]. Furthermore, isolation of these MSCs requires minimal
manipulation (mechanical centrifugation followed by filtration or by either automatic or manual

enzymatic digestion).The SVF mixture has a higher yield of nucleated cells (2%) than other sources,



such as bone marrow (0.001-0.004%) [60]. However, due to the presence of various components of

cells in SVF mixture, the use of SVF in allogenic clinical setting is questionable.

Umbilical cord derived MSC (UC-MSC):

Due to the consideration of umbilical cord as a medical waste, the collection of MSC from UC
needs no ethical approval [61]. Global researchers are interested in the umbilical cord blood for its
stem cell property. The four forms of stem cells identified in UC are [62]:

1) Whole UC-MSCs

2) UCWIJ (Wharton jelly), UCA (artery) and UCV (vein) MSCs (obtained as a result of

mincing after removing umbilical vessels)

3) UC lining and subamnion-derived MSCs

4) UC perivascular stem cells (UCPVC)

UC-MSCs are faster at self-renewal and differentiation than bc ne n arrow derived MSCs[63]. The
immunomodulatory effect of UC-MSCs are due to secretion 0. ealectin-1, HLA-GS5 and PGE2
molecules. The isolation of MSC-like cells from UC follow. »*cher explant culture or enzymatic
digestion with collagenases and hyaluronidases. UC-vi 3Cs are used widely in the fields of bone and

cartilage regeneration as well as neurological and ! epawocytic disorders.

Placenta derived MSC (P-MSC):

An immuno-regulatory organ, the p . ~enta maintains feto-maternal interface.The placental
stem cells are amnion MSC, chorion 1>, chorionic villi MSC, and decidua MSC [64]. Due to its
primitive origin, placental stem cel. ' possess higher differentiative potential than other sources of stem
cells [65]. These cells also displ~v vi.y low immunogenicity in both in-vivo and in-vitro studies as
they are from an immunonriy tleg d organ. P-MSCs can be used for autologous and allogenic
preparation. They represent n.ore homogeneous and primitive population of cells with homing and
priming potential. They have a high proliferative rate in culture than BM-MSCs [66]. P-MSCs are safe
in regenerating a tissue as they possess low telomerase activity. P-MSCs are widely used in treating

cancer, neurological diseases, and critical limb ischemia [66].

Other Sources of MSCs:
Synovium derived MSC-like cells (S-MSC) are found in the surface, the stroma, and the
perivascular region of synovial lining [67]. S-MSCs have a higher propensity for osteogenic and

chondrogenic differentiation [68].



Menstrual blood derived MSC (Mens-MSC) can be harvested from monthly endometrial
shedding and has the greatest capacity for self-renewal and differentiation [69]. Mens-MSC possesses
pluripotent cellular (Oct-4, SSEA-4, nanog, and c-kit) and MSC markers (CD9, CD29, CD44).

CLINICAL TRIALS OF MSCs IN COVID-19

MSCs have drawn attention among global researchers in treating COVID-19. A pilot study
was conducted by Leng and colleagues on MSC transplantation for seven positive cases of SARS-
CoV-2 [70]. They transplanted 1 x 10° clinical-grade MSCs per kilogram of body weight
intravenously and followed up with various haematological and pulmonary compliance protocols for 2
weeks of MSC therapy. They observed a significant clinical improvement in pulmonary compliance.
This pilot study also reported that MSCs are not infected by SARS-C. V-2 as they lack ACE-2 and
TMPRSS-2 receptors. The pneumonic consolidation disappeared « u th 2 post-treatment CT imaging.
MSC treated patients showed negative results for COVID-19 n icle c acid test 1.5 weeks average post
treatment. Liang and colleagues also treated one critically ill 07 -year-old patient with 3 doses 5 x 10’
allogeneic human umbilical cord MSC intravenously. The ;2*.ent showed a good clinical response
without any major adverse side effects [71].

Currently, there are a total of 69 trials that ! ave oeen registered for MSC therapy in COVID-
19. Out of 69 registered trials, only 29 trials . ve *.1 recruiting status. Three clinical trials have already
been completed (NCT04288102, NCT04472501, NCT04276987) but the results are not available yet.
The summary of these 3 trials are as follr.w,

1. NCT04288102: A Randomizer., u~uole-blind, placebo-controlled study conducted in China on
100 hospitalised patients with R1-PCR proven COVID-19 status to evaluate the efficacy and
safety of human umbilic>1 co d derived mesenchymal stem cells in the treatment of
severe COVID-19 pa tent: with pneumonia. The experimental group received 3 does of UC-
MSCs intravenously a. Day 0, Day 3, Day 6 and control group received Saline containing 1%
Human serum albumin.

2. NCT04492501: A non-randomised interventional clinical trial with factorial assignment
intervention model conducted in Pakistan with 600 participants to evaluate the role of
investigational therapies alone or in combination to treat moderate, severe and critical COVID-
19. The trial had 3 experimental arms: Therapeutic plasma exchange (TPE) arm, TPE with
other investigational treatment (ex: convalescent plasma, tocilizumab, Remdesivir, MSC
therapy), and a combination of, or single use of, tocilizumab, Remdesivir and MSCs.

3. NCT04276987: An interventional single-arm clinical trial conducted in Shanghai, China with
24 participants to explore the safety and efficiencyof aerosol inhalation of the exosomes

derived from allogenic adipose mesenchymal stem cells in the treatment of severe patients with



novel coronavirus pneumonia. The experimental arm received conventional treatment and 5

10

times aerosol inhalation of MSCs-derived exosomes for 5 days continuously. Time to clinical

improvement and adverse reactions were the primary outcome measures.

The details of the other trials are listed in the below table.

(https://clinicaltrials.gov/)

Table 1: Clinical trials of MSCs in COVID-19

Trial no Title of the study Place Intervention Phase
Treatment of COVID- . -
NCT04313322 | 19 patients using Jordan E‘lflodgelfsém;réon I
Wharton’s jelly MSCs JEHy ]
MSC infusion for . Drug: M.Cs
Pakist II
NCT04444271 COVID-19 infusion aristall Other Pla:ebo
Biulogcﬂ:
Safety and efficacy ¢dozeueic human
study of allogenic dc.tal pulp stem
NCT04336254 | human dental pulp China | cells n1
MSC:s to treat severe
COVID-19 patients Other: Intravenous
saline injection
MSCs for Acute ')
Respiratory Distress . Biological: Infusion
NCT04416139 Syndrome Due for Nageo IV of MSCs I
COVID-19 L
Clinical trial to assess |
the safety and effic..
of Intravenous Drug: Allogeneic
administration ot and exbanded
NCT04366323 | allogeneic adult N'SCs | Spain di p " /1T
of expande< . ipose Zeg)\?:g hl/lsglées_
tissue 1> ptiers with
severe pne. monia due
to COVIL -19
MSCs treatment for
pneumonia patients . . L
NCT04252118 infected with COVID- China Biologicals: MSCs | I
19
Efficacy of intravenous
infusions of stem cells Drug: Intravenous
NCT04437823 in the treatment Pakistan infusion of stem II
of COVID-19 patients cells
Clinical research of Biological: UC-
human MSCsin the . MSCs
NCT04339660 treatment of COVID- China Other: Placebo i
19 pneumonia
NCTO04366063 | MSC therapy for SARS- | Iran Biological: Cell I/111



https://clinicaltrials.gov/

CoV-2 related acute
respiratory distress

therapy protocol 1
and 2

syndrome
Biological:
Umbilical cord
MSCs + heparin
Use of UC-MSCs for | United along with best
NCTO04355728 | coviD-19 patients States supportive care. I
Other: Vehicle +
heparin along with
best supportive care
Clinical use of stem }Tsigell(t)r% gr?tl. MSC
NCTO04392778 | cells for the treatment Turkey Biological: Saline /i
of COVID-19 '
Contro.
Safety and efficacy of
NCT04331613 | CAStem forsevere oy, Bioleix~i: CAstem | VI
COVID-19 associated )
with/without ARDS
. . Bi logical:
NCT04371393 MSCs in COVID-19 United | R ‘mestemcel-L e
ARDS States
L.ug: Placebo
Efficacy and safety
evaluation of MSCs for Drug: XCEL-UMC-
NCT04390139 | the treatment of patients | sp2.n BETA /I
with respiratory distress Other: Placebo
due to COVID-19
Biological: Human
Repair of acute umbilical cord
respiratory distrese United derived CD362
NCT03042143 syn%romeyby str~ mai Kingdom enriched MSCs i
cell administrau, Biological: Placebo
(Plasma-Lyte 148)
Treatment of Biological:
NCT04361942 | Severe Cuviv- Spain Mesenchymal I
19 pneurr~ iia with stromal cells
allogeneic MSCs Other: Placebo
Umbilical cord (UC)-
derived MSCs treatment . Biological: UC-
NCTO4269525 | for the 2019 novel China MSCs I
coronavirus
Cell therapy using Biological:
umbilical cord-derived Umbilical cord
NCTO04333368 | mesenchymal stromal France Wharton's jelly- I/
cells in SARS-CoV-2 derived human
related ARDS Other: NaCl 0.9%
E?Jllltll)(lzz;llilelrn dS,tudy to United Biological: PLX-
NCT04389450 evaluate the efficacy of | States PAD I

PLX PAD for the

*Biological: Placebo

11



treatment of COVID-19

MultiStem

Admini - iod Biological:
NCT04367077 ministration for Unite MultiStem VIII
COVID-19 Induced States Biological: Placeb
ARDS iological: Placebo
) Drug: allogeneic
Ehe{apteuglc Sstutfi}t' to d mesenchymal stem
valuate the Safety an . 1l
NCT04535856 Efficacy of DW-MSC in Indonesia ce I
COVID-19 Patients Other: Placebo
The Mesenchymal
covid-19 Trial: a Pilot
Study to Investigate . Biological: CYP-
NCT04537351 Early Efficacy of MSCs Australia 001 /11
in Adults With COVID-
19 B
Cord Blood-Derived
Cells forfhe Treatment | Unitea | PI0E 0l
ells for the Treatmen nite Y fesoachvmal St
NCT04565665 of COVID-19 Related States ~ ee; chymaistem ) 1
Acute Respiratory |
Distress Syndrome
A Randomized, Double-
Blind, Placebo-
Controlled Clinical Trial
to Determine the Safety ‘ Drug: HB-adMSCs
and Efficacy of Hope Uw'ted
NCT04348435 L . II
Biosciences Allogeneic ' States .
Drug: Placebos
Mesenchymal Stem C u
Therapy to Provide
Protection Against
CovID-19
NestaCell® Biological:
Mesenchymal “tem Cell N
. . ) estaCell®
NCT04315987 | to Treat Pi tien s With Brazil II
Severe CQYTD-19 Biological: Placebo
Pneumonia
Drug: Oseltamivir
Safety and Effectiveness Drug: hormones
of Mesenchymal Stem
Cells in the Treatment . Device: oxygen
NCT04371601 of Pneumonia of China therapy I
Coronavirus Disease
2019 Procedure:
mesenchymal stem
cells
Clinical Research of
NCT04339660 | Human Mesenchymal = . il

Stem Cells in the
Treatment of COVID-

Biological: UC-
MSCs

12



19 Pneumonia
Other: Placebo
Biological:
Umbilical Cord
Mesenchymal Stem
Cells + Heparin
Use of UC-MSCs for United along with best
NCT04355728 COVID-19 Patients States supportive care. v
Other: Vehicle +
Heparin along with
best supportive care
Drug: Allogeneic
) and expanded
Battle Against COVID- adipose_ tissue-
NCT04348461 | 19 Using Mesenchymal | Spain derived II
Stromal Cells meset chy nal
streaact cells
Mesenchymal Stem
Cells in Inflammation-
Resolution Programs of |
NCT04377334 | Coronavirus Disease Germany viological: MSC 11
2019 Induced Acute
Respiratory Distress
Syndrome a
Biological:
Efﬁca}cy of Intravenous Intravenous
NCT04437823 Infusions of Stem Cells | Dakistan Infusions of Stem I

in the Treatment of
COVID-19 Patients

Cells

Clinical trial results of MSCs ir acu.c lung diseases

For a variety of lung « iso1 lers (acute lung injury, pneumoconiosis, post lung transplant,

13

radiation induced lung injury, COVID-19 pneumonia, ARDS, asthma, COPD, interstitial lung disease,

idiopathic pulmonary fibrosis), the several groups across the globe have investigated the usage of
mesenchymal stem cells to curb the disease pathology. A total of 69 clinical trials were enrolled in
clinical trials register and the research on the particular diseases were carried out. Out of 69 clinical
trials, only 2 trials have published the results thus far and details are given in Table 2. Of the 8
participants enrolled in NCT01385644, no patients experienced adverse effects of the two infusion amounts.
Both groups were also able to walk a greater distance (104% of baseline) in 6 minutes, 6 months after MSC
infusion. Other outcomes measured included FVC and DLCO. The study was limited by its sample size. The
NCT02097641 study noted that one dose of MSC is safe for patients with moderate to severe ARDS.

Concentrations of angiopoietin 2, a predictor of poor outcomes in ARDS patients, were significantly lower after



MSC infusion. While oxygen contented was measured, it was not statistically different from the placebo group.

The study was limited by its sample size [72].

Table 2: Mesenchymal stem cells usage in lung disorders

Disease NCT Title Source of | Dose of Results analysed
pathology | number stem cells | MSCs
& route of
delivery
Interstitial | NCT013 | A studyto | Allogenic | Group 1: 1 x | Immediately after 4 hours of
pulmonary | 85644 evaluate placental 10°MSC/kg | infusion, no serious adverse
fibrosis (Phase 1) | the derived for 4 effects were noted.
potential mesenchy | patients !
role of mal stem | After 6 months of infusion,
mesenchy | cells & IV | Group 2: 2 > | “orced vital capacity, 6
mal stem route 10°MSC/ke | riinute distance walk and
cells in the for 4 DCLO were analysed in both
treatment patiens the groups
of
idiopathic
pulmonary
fibrosis 4
ARDS NCTO020 | Human Allogenic | Sroup 1: Within 6 hours of infusion,
97641 mesenchy | bone Single dose | both the groups were
(Phase 2) | mal marre v of 10 analysed for transfusion
stromal d-rived million related complications and
cells for mesc. chy | cells/kg hypoxemia.
acute M7l .em predicted
respiratory | ~ens & IV | body weight | After 24 hours, all the
distress route over | for 40 patients were assessed for
syndrome ’ 60 — 80 patients mortality.
(START) | minutes
Group 2: The secondary parameters of
Single dose | PaO2:Fi02, SOFA score,
of lung injury score,
plasmalyate | oxygenation index, number
injection for | of ventilator free days, IL-6
20 patients | & 8, angiopoietin 2 and non-
pulmonary organ failure days
were analysed in both the
groups.

ETHICAL CONCERN WITH MSCs

Stem cells are a ray of hope in many diseases but their efficacy and safety profile are of utmost

concern [73]. Regulating the use of these cellular products was an uphill task that the US FDA started
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to work on in 1993. Currently, many regulatory bodies like the US FDA, International Society for

Stem Cell Research (ISSCR), and USP are working on establishing guidelines for MSC therapy.

The US FDA, through section 351 of Public Health Service (PHS), regulates these biological
products [73] and categorizes the cultured cells into two categories named: “minimally manipulated”
and “more than minimally manipulated”[74]. If the processing of cells/tissues does not alter its
biological characteristics, it is considered “minimal manipulation”. Section 361 provides the criteria
for minimal manipulation of human cellular and tissue based therapies or products (HCT/Ps) [73].
Density-gradient separation, cell selection, centrifugation, and cryopreservation constitute minimal
manipulation. Whereas, more-than-minimal manipulations includes cell activation, encapsulation, ex-
vivo expansion, and gene modifications. Pre-market review is not necessary for minimally
manipulated products.

According to 21 Code of Federal Regulations (CFR) 1271.10, « ellular products with minimal
manipulation, chosen for homologous administration and not ¢ ymb ned with any other articles (except
for preservation and storage) are regulated by section 361 of t..» PHS act. If they do not qualify for
exceptions under 21 CFR 1271.10 and 1271.15 , they are 1. .ated as a drug, device, or a biologic
product under section 351 of the PHS act [73].

DISCUSSION

Being anti-inflammatory, immunc.modulatory, and regenerative in nature, mesenchymal stem
cells (MSCs) have shown the capacity te cc. trol immune dysfunction and inflammation. After
intravenous infusion, MSCs are entray.pc? 1n the lung vasculature before they enter other organ
systems. Therefore, they may be ef: >ctive in treating lung diseases. There are various mechanisms by
which MSCs can be used to trec* brcuchial asthma, ARDS, chronic obstruction lung disease, and
interstitial lung diseases [75-'6]. The safety and efficacy of MSCs in human application have been
confirmed through small- anu large-scale clinical trials. MSCs can home to the site of injury in
ARDS and repair the damage via secretion of paracrine factors such as keratinocyte growth factor,
angiopoietin-1, and prostaglandin E2 that can further improve MSC migration and tissue repair
especially through direct MSC interaction [77]. The MSCs can also promote alveolar fluid
clearance, membrane permeability, and reduce inflammation. There is also a direct transfer of
mitochondria by MSCs to increase ATP concentrations to reactivate the alveolar cells [78]. Areas
for future study include improving homing of MSC to damaged lung tissue.

In the context of COVID-19, MSCs are not affected by the COVID-19 infection as per the
noteworthy ACE2" and TMPRSS2" gene expression profiling of these cells [70]. As a result, they can
be used to therapy of tissues that are affected. Furthermore, MSCs attenuate the cytokine storm

induced by pro-inflammatory cytokines, restrict mononuclear entry into alveolar cells, and clear the
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alveolar oedematous fluid as shown in figure 3. MSCs can regenerate the damaged alveolar epithelium

and improve pulmonary compliance.

There are ways to improve MSC therapy for COVID-19. Researchers have noticed that pre-
conditioning the stem cells to the environment (hypoxic, ischemic environments), can improve the
function and survival of the stem cells when transplanted into the area of injury [79]. Experimental
methods, such as culturing of MSCs in spheroids (approximately 500 uM) for short periods of time (3
days) can improve the adhesion of stem cells to their environments via increased expression of
CXCR4 [80]. Finding the optimal conditions, such as size of spheroid and incubation periods, can
improve the use of MSC therapy in COVID-19. Treatment of MSCs with drugs and supplements such
as Vitamin E can help counteract injury of MSCs [81]. Understanding dosages of drugs and

supplements can also help MSC activity and protection.

LIMITATIONS

Implementation of MSCs as a treatment for COVID-19 has 2 .>w limitations. They are as follows:
1. Standardization of isolation and harvesting prow>~<ls
2. Dose, frequency, and route of MSC deliv-.iv
3. Autologous or allogenic preparation pr- tocois
4. FEthical concern in selection and v ilif, among wide array of sources of mesenchymal stem
cells
5. Randomized controlled trials .0 .~ conducted with aforementioned sources of
mesenchymal stem cells.
Furthermore, further study into MS' s and their mechanism in immune regulation is required for better
homing of MSCs as well as efficacy «t site of damage. Unfortunately, high doses of MSC have been
noted to increase risk of hype rcos gulability and organ failure. As a result of the side-effects of MSCs,
researchers are looking into n.»difying the MSC to improve its efficacy. Researchers are looking into
use of the cytokine products, or the MSC secretome, to improve potency, production capability,
storage, specificity of use, and to reduce costs. Of note, the MSC derived exosomes are particularly
interesting as they are easy to produce and store while having comparable therapeutic efficacy as that
to MSC administration. While research is still in its infancy, there are multiple different methods of

embracing the MSC capabilities that can be further explored [82].

CONCLUSION

The field of stem cells and regenerative medicine has galvanized global researchers with a ray
of hope for treating various disorders with minimally invasive procedures. Due to their multipotent

nature and high differentiation potential, MSCs, can be used to treat severely ill COVID-19
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pneumonia patients. However, to reiterate, the safety and efficacy of MSCs for curbing pneumonia in

COVID-19 patients have to be tested in large randomized controlled trials before full implementation

to win the battle against COVID-19.
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Figure Legends

Figure 1: Secretion and modulation of cytokines by mesenchymal stem cells and their roles in T cell
differentiation and inflammation.

Figure 2: Various roles of mesenchytaal .tem cells.

Figure 3: Description of COVII-'¢ and possible MSC therapy intervention including a
demonstration of MSC’s imn uno nodulatory actions.
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Highlights

The coronavirus disease 2019 has been threatening the globe since the end 2019.

The World Health Organization declared COVID-19 as a pandemic in March, 2020.

The field of stem cells and regenerative medicine has provided a paradigm shift in treating
COVID-19.

Mesenchymal stem cells can repair, regenerate and remodulate the native homeostasis of
pulmonary parenchyma.
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