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Background: Although only a small percentage of patients with COVID-19 deteriorate to a
critical condition, because of the associated high mortality rate and the sheer number of cases, it
imposes a tremendous burden on the society and unprecedented strains the health care resources.
Albeit lung is the primary organ involved resulting in acute respiratory distress syndrome (ARDS),
many patients additionally present with secondary multiorgan failure. Unfortunately, there is no
definitive or curative treatment for this condition, and the management has been predominantly
confined to supportive care, which necessitates an urgent need for novel therapies. Mesenchymal
stem cell (MSC) therapy has a vast array of preclinical data and early, preliminary clinical data that
suggests its potential to regenerate and restore the function of damaged tissues and organs. To
date, there has been no review of all the clinical trials that have assessed the safety and efficacy
of MSC therapy in organ failure commonly seen in seriously complicated COVID-19 patients.

Objectives: To evaluate the effectiveness of MSC therapy in managing multiorgan failure,
utilizing currently available literature.

Study Design: A review of human randomized controlled trials (RCTs) and observational
studies assessing the role of MSC therapy in managing multiorgan failure.

Methods: PubMed, Cochrane Library, US National Guideline Clearinghouse, Google Scholar,
and prior systematic reviews and reference lists were utilized in the literature search from 1990
through May 2020. Studies that included embryonic stem cells, induced pluripotent stem cells,
differentiated MSCs into specific lineage cells, and hematopoietic stem cells were excluded. Trials
with intraorgan infiltration of MSC were also excluded.

Outcome Measures: The primary outcome evaluated the improvement in clinical assessment
scores and indices of organ function. The secondary outcome assessed the safety of MSC therapy
in the clinical trials.

Results: Based on search criteria, 12 studies were found for lung, 52 for heart, 23 for liver, 16
for stroke, and 9 for kidney. Among the 6 studies that specifically assessed the effectiveness of
MSC therapy in ARDS, 4 showed positive outcomes. Forty-one of the 52 trials that examined
ischemic and nonischemic heart failure reported beneficial effects. Twenty of 23 trials for
liver failure from different etiologies revealed favorable outcomes. Nine out of the 15 studies
evaluating stroke had satisfactory effects. However, only 3 out of the 9 studies for kidney failure
showed positive results. Nonexpanded bone marrow mononuclear cells were used in most of
the negative studies. The incidence of disease worsening or major complications was extremely
rare from MSC therapy.

Limitations: Among the studies evaluated, although there were many RCTs, there were also
numerous case series. Additionally, most recruited a small number of patients.
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Conclusions: MSC therapy seems to be promising to treat multiorgan failure from COVID-19. More studies are urgently needed

to assess both safety and efficacy.
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he coronavirus (COVID-19) disease continues

to spread, with over 1.6 million cases and

nearly 100,000 deaths in the United States
as of May 25, 2020, making it a leader in the world,
however, it remains ninth in the world in terms of
deaths per population. A survey showed that 80%
of Americans were “very concerned” or “somewhat
concerned” about COVID-19 in April 2020, as it has
had serious social, economic, and health implications.
The personal finances of Americans were more
severely impacted compared with the Germans and
the English (1). Physicians are not immune to this
morass. The negative financial effect is a result of
having postponed nonemergency care, ranging from
office visits to elective surgery. These are the cases
from which physicians and hospitals derive most of
their profits. Elective care has declined across the
country, with reductions in some services of over 80%.
If the COVID-19 shutdown lasts for months or the
normal business of health care does not resume until
the fall, the implications for physicians, in general,
and interventional pain management physicians, in
particular, are unprecedented (2-4). Interventional
pain physicians have been particularly affected as
the vast majority of services they provide are deemed
“nonemergent” (2).

In New York City, the outcome of 2,634 of 5,700
patients who were admitted in 12 hospitals for CO-
VID-19 from March 1st to April 4th was published (5).
The most common comorbidities were hypertension,
obesity, and diabetes, with 14.2% being treated in
the intensive care unit (ICU), and among them 12.2%
received invasive mechanical ventilation. Among all
patients, the mortality rate was 21% (5). Postmortem
findings in patients diagnosed with COVID include in-
filtrations with ground-glass opacity predominantly
in middle and lower lung fields detected by chest
x-ray, disseminated diffuse alveolar damage at differ-
ent stages (the histopathological correlate of acute
respiratory distress syndrome [ARDS]), mild lympho-
cytic myocarditis and signs of epicarditis along with
minimal periportal lymphoplasma cellular infiltra-

tion, and signs of fibrosis in the liver (6). According
to the World Health Organization (7), 213 countries
have registered COVID-19 cases. The largest cohort of
> 44,000 persons with COVID-19 from China showed
that illness severity can range from mild to critical (8):

e Mild to moderate (mild symptoms up to mild
pneumonia): 81%

e Severe (dyspnea, hypoxia, or > 50% lung involve-
ment on imaging): 14%

e  Critical (respiratory failure, shock, or multiorgan
system dysfunction): 5%.

In this study, all deaths occurred among patients
with critical illness, and the overall case fatality rate
was 2.3%. The case fatality rate among patients with
critical disease was 49% (8). Among U.S. COVID-19
cases, the proportion of persons who were hospital-
ized was 19%, and patients with COVID-19 admitted
to the ICU was 6% (9). Mortality among patients ad-
mitted to the ICU ranges from 39% to 72% depend-
ing on the study. The median length of hospitaliza-
tion among survivors was 10 to 13 days (9). Age is
a strong risk factor for severe illness, complications,
and death (9). Early US epidemiologic data suggests
that the case fatality was highest in persons aged >
85 years (range 10%-27%), followed by 3% to 11%
for ages 65 to 84 years, 1% to 3% for ages 55 to 64
years, and < 1% for ages 0 to 54 years (9). Patients
in China with no reported underlying medical condi-
tions had an overall case fatality of 0.9%, but case
fatality was higher for patients with comorbidities:
10.5% for those with cardiovascular disease, 7.3%
for diabetes, and approximately 6% each for chronic
respiratory disease, hypertension, and cancer (10).

According to the Centers for Disease Control and
Prevention (CDC), as of April 25, 2020, there are no
drugs or other therapeutics presently approved by
the U.S. Food and Drug Administration (FDA) to pre-
vent or treat COVID-19. Current clinical management
includes infection prevention and control measures
and supportive care, including supplemental oxygen
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and mechanical ventilatory support when indicated
(11). The National Institute of Health treatment
guidelines recommend the cautious use of Remde-
sivir, hydroxychloroquine, convalescent plasma, and
interleukin-6 inhibitors, and state that they must be
used mostly in the setting of clinical trials. The lack
of treatment options leads to a desperate need for
novel therapies in patients afflicted with serious
complications from COVID-19. Mesenchymal stem
cells (MSCs), also known as medicinal signaling cells,
mostly through their paracrine activity secrete growth
factors, cytokines, and chemokines resulting in tissue
regeneration and improved organ function. Here we
want to explore the possibility of MSCs in treating
severe complications from COVID-19 to decrease mor-
bidity and mortality.

Pathophysiology of Multiorgan
Complications with COVID-19

Even though respiratory compromise is the major
clinical manifestation of COVID-19, cardiovascular
and other organ involvement may be responsible for
eventual poor outcome. Autopsy reports have also
shown direct myocardial injury due to viral load on
cardiomyocytes, with systemic surge of inflammation
appearing to be contributing to cardiovascular and
other multiorgan injury. Even though the most domi-
nant clinical manifestation of COVID-19 starts with re-
spiratory symptomatology with a mild flu-like illness,
in some cases it progresses to potentially lethal ARDS
or life-threatening pneumonia, and preexisting car-
diovascular disease risk factors enhance vulnerability
to COVID-19, leading to deadly outcome.

Respiratory Complications of COVID-19

The pulmonary complication pneumonia, charac-
terized by cough, fever, and dyspnea, and bilateral
infiltrates seen on imaging studies, is the most fre-
guent and serious manifestation of COVID-19 infec-
tion. Fortunately, most patients will only experience
mild symptoms of the disease, and some patients may
experience rapid progression of their symptoms in
a few days. The study by Chen et al (12) found that
in those patients who developed ARDS, 65% rapidly
worsened and died from multiple organ failure. Wu
et al (13) reported that ARDS was frequently associ-
ated with older age (> 65 years), diabetes mellitus,
and hypertension. Imaging studies of these patients
showed bilateral lower zone consolidation in 10 to 12
days from the onset of symptoms. The severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) vi-
rus infects type Il alveolar epithelial cells and causes
COVID-19. After infection, COVID-19 progresses to a
viral replicative phase of this disease that clinically
may present as mild flu-like symptoms. This phase
is followed by a massive release of proinflamma-
tory cytokines causing heightened inflammatory
reaction and increased activity of immune cells. This
causes recruitment of inflammatory cells, such as
macrophages, to the lungs and disrupts the junctions
between alveolar epithelial cells and capillary endo-
thelial cells. Eventually an alveolar-capillary barrier is
formed causing influx of proteinaceous fluid into the
alveoli. Injury to the alveolar epithelial cells causes
accumulation of fluid in the alveoli that interferes
with normal gas exchange, subsequently causing
impaired oxygenation leading to hypoxemia. Wide-
spread pulmonary inflammation also induces the
hypoxic state and produces excessive extracellular
calcium levels leading to myocyte apoptosis contrib-
uting to extensive pulmonary injury .

Cardiovascular Complications in Patients
with COVID-19

The most common cardiovascular complication
in COVID-19 is acute myocardial injury marked by
elevated cardiac enzymes, specifically elevated car-
diac troponin | (cTnl). The overall incidence of acute
cardiac injury with elevated troponin (cTnl) varies
between 8% and 12% (14). The incidence of acute
cardiac injury has consistently shown to be a nega-
tive prognostic marker in patients with COVID-19
. A study by Wang et al (15) in 138 patients with
COVID-19 reported 16.7% incidence of arrhythmia.
The incidence was much higher (44.4%) in those re-
quiring ICU admission as compared with those not
requiring ICU admission (8.9%).

Pathophysiology of Cardiac Complications
The respiratory tract is the prime target for
SARS-CoV-2; however, the cardiovascular system is
involved in many different ways . The hyperinflam-
matory response due to cytokine surge, hemophago-
cytic lymphohistiocytosis, and increased myocardial
demand in the setting of acute infection can lead
to rupture of the atherosclerotic plaque leading to
acute myocardial infarction. The blood pressure ab-
normalities and cardiac arrhythmia of multifactorial
etiology, myocarditis, and hypoxic state due to ARDS,
may lead to reduced ejection fraction and heart en-
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largement (16).The exact mechanism of cardiovascu-
lar complications is not clearly understood, however,
there are some possible mechanisms, either single
or in combination, that seem to be responsible for
the poor outcome. Some observed mechanisms are
supported by the postmortem study of patients who
had died due to SARS during the Toronto SARS out-
break. This study reported that the viral ribonucleic
acid (RNA) was detected in 35% of the human heart
samples, providing evidence for direct myocardial
injury by the virus (17). Regardless of the relative
role of the different mechanisms described, the
direct (noncoronary) myocardial injury due to viral
myocarditis, and the direct effect of widespread in-
flammation appear to be the most likely mechanisms.
Following are the likely mechanisms. Xiong et al (18)
reported that SARS-CoV-2 enters human cells by
binding to angiotensin-converting enzyme 2 (ACE2),
an aminopeptidase highly expressed in myocardial
and pulmonary cell membranes. ACE2 is important
for neurohumoral regulation of the cardiovascular
system in various disease conditions. The binding of
SARS-CoV-2 to ACE2 can result in alteration of ACE2,
leading to acute myocardial and lung injury. The se-
vere forms of COVID-19 are characterized by acute
systemic hyperinflammatory response and cytokine
storm resulting in injury to multiple organ involve-
ment, including myocardium, and ultimately leading
to multiorgan failure. The studies have reported high
levels of proinflammatory cytokines in patients with
severe COVID-19 (14). The systemic inflammation
due to cytokine surge causes hyperdynamic state,
which subsequently increases shear stress secondary
to increased coronary blood flow causing rupture
of coronary plaque, creating ideal setup for coro-
nary thrombosis and precipitating acute myocardial
infarction. The type of arrhythmia is variable, and
etiology can be multifactorial, ranging from hypoxic
state due to ARDS to myocarditis. The patients with
severe COVID-19 are at the risk of developing hypo-
kalemia owing to interaction of SARS-CoV-2 with the
renin-angiotensin-aldosterone system. Hypokalemia
increases susceptibility to various tachyarrhythmia.
Electrolyte imbalance is not uncommon in critically
ill patients, especially in patients with underlying
cardiac disorder (19). Increased basal metabolic
rate because of the systemic infection coupled with
hypoxia caused by acute respiratory illness, further
compromising myocardial oxygen supply, and even-
tually altering myocardial demand-supply ratio .

Renal Complications of COVID-19

Cheng et al (20) reported that most patients
develop kidney injury within 7 days of admission.
The exact pathogenesis of kidney involvement in
COVID-19 infection is unclear, however, it is reported
to be due to a component of multiorgan failure sec-
ondary to systemic sepsis and shock, leading to acute
tubular necrosis (ATN). A study by Naicker et al (21)
reported ATN to be based on single-cell transcrip-
tome analysis of ACE2 receptor expression in kidney
cells, suggesting the possibility of direct renal cellular
damage from SARS-CoV-2. This report was supported
by the detection of the virus in a urine sample of an
infected patient (21).

Liver and Other Gastrointestinal
Complications of COVID-19

The injury to the gastrointestinal tract is not
well understood. However, a significant number of
patients reported diarrhea, nausea, vomiting, and
abdominal pain. In some patients these symptoms
were the only clinical presentation. This is supported
by detection of SARS-CoV-2 RNA in stool samples of
infected patients. It was postulated that ACE2 recep-
tors expressed in the gastrointestinal tract are also
affected by COVID-19 (22). Liver injury has been re-
ported in the study by Wong et al (22) starting from
mild liver injury to severe liver damage in COVID-19
patients. The blood chemistry had shown abnormal
liver function tests (LFTs), including increased levels
of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and bilirubin, during the course of
the COVID-19 disease.

Coagulopathy and Neurologic
Complications of COVID-19

Li et al (23) suggested that viral invasion of the
central nervous system by SARS-CoV-2 is possible and
can lead to several neurologic complications, includ-
ing seizures, unconsciousness, acute cerebrovascular
disease, and encephalopathy. Early reports from Wu-
han, China, described COVID-19 as a proinflammatory
and prothrombotic disease, with an increased risk
of pulmonary embolism, deep vein thrombosis, and
ischemic stroke (15). Massive systemic inflammatory
process is responsible for disseminated intravascular
coagulation (DIC) as another common complication
of COVID-19. The study by Tang et al (24) reported
a 71.4% incidence of DIC in nonsurvivors compared
with only 0.6% in survivors. This study also reported
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that use of anticoagulation with low-molecular-
weight heparin or unfractionated heparin improved
outcomes in severe cases with coagulopathy.

Stem Cell Therapy in Organ Failure:
Mechanism of Action

There are many types of stem cells and can be
broadly classified as totipotent, pluripotent, and
multipotent cells. Totipotent stem cells cannot only
differentiate into all the 3 primary germ layers but
also the extraembryonic tissue, such as the placenta.
The fertilized egg is the only example. Pluripotent
stem cells develop into all 3 germ layers. Embryonic
stem cells and induced pluripotent stem cells (iPSCs)
are classified as pluripotent. Although multipotent
stem cells can differentiate into all 3 germ layers,
they usually develop into 1 or 2 cell lines only. In each
cell line they can transform into different types of
cells. The adult MSCs that are most commonly used
in regenerative medicine belong to the multipotent
stem cell category. MSCs likely originate from the
mesoderm and have the capacity to differentiate
into a variety of mesenchymal tissue lineages, such as
osteoblasts, chondrocytes, and adipocytes . A divid-
ing MSC produces 2 daughter cells. One is another
stem cell, quiescent until it is needed, whereas the
other divides further and specializes into one or a
few types of cells. Such “self-renewal” is essential to
growth and healing.

The International Society of Cell and Gene
Therapy requires a cell to meet all the 3 criteria to be
defined as an MSC (25):

1. The cell must be plastic-adherent when main-
tained in standard culture conditions.

2. The cell must express CD105, CD73, and CD90, and
lack expression of CD45, CD34, CD14 or CD11b,
CD79a or CD19, and HLA-DR surface molecules.

3. The cell must differentiate to osteoblasts, adipo-
cytes, and chondroblasts in vitro.

MSCs can also be classified as embryonic, fetal,
adult, and iPSCs. Embryonic stem cells are derived
from the inner cell mass of the blastocyst. They are
immortal and highly proliferative. Ethical issues and
their propensity to cause tumors precludes clinical
utility. Fetal stem cells are mostly obtained from the
umbilical cord and placenta. Adult stem cells are
usually sourced from the bone marrow and adipose.
IPSCs are derived from skin or blood cells that have

been reprogrammed back into an embryonic-like
pluripotent state that enables the development of
any type of human cell. Clinical applications of iPSCs
face several major hurdles, such as low cellular repro-
gramming efficiency, epigenetic memory, oncogenic
risks, low efficiency of cardiomyogenesis, and cell
line-to-line variations.

MSCs are found in all the tissues in which they
replace diseased or aged cells. MSCs can be obtained
from multiple sources and are most easily accessible
from bone marrow, fat, dental pulp, umbilical cord,
amniotic tissue, synovium, and placenta. However, to
treat organ failure large doses of MSCs are required
for clinical efficacy and the most common route of
administration is intravenous (IV) followed by intra-
arterial (IA). Hence culture expansion to significantly
increase the number of MSCs remains a prerequisite.
Autologous MSCs (adipose and bone marrow) or allo-
geneic MSCs (umbilical cord, placental, endometrial,
and amniotic tissue) can be used for culture expan-
sion. For autologous purposes, adipose MSCs seem to
be more desirable than bone marrow MSCs primarily
because of the significantly higher number of MSCs
found in the adipose tissue when compared with the
bone marrow. Because the use of autologous MSCs
usually requires an invasive procedure, allogeneic
sources seem attractive. Moreover, in patients with
organ failure, the harvest procedure has inherent risks
in lieu of suboptimal health. Additionally, the MSCs
from older patients have aging stem cells, which are
inferior to younger stem cells, such as umbilical cord
MSCs in terms of proliferative, secretory, and differ-
entiation capabilities. This renders older autologous
MSCs less potent compared with fetal stem cells, such
as umbilical MSCs. Additionally, allogeneic cells are
not functionally impaired by the patient’s comorbid
conditions.

Additionally, allogeneic MSCs are immunoprivi-
leged and rarely evoke immune responses in the host
they express low level surface markers of major his-
tocompatibility (MHC) | and hardly express the sur-
face markers MHC II. Also, MSCs do not express the
costimulatory molecules, such as CD40, CD80, or CDS8.
Despite the low expression of MHC I, MSCs cannot
activate secondary signals of the immune response,
which will result in the absent response status of T
cells because of the lack of costimulatory factors .
MSCs also have inherent immunosuppressive activ-
ity that can prevent an immune response from the
host. Patients usually do not develop persistent do-
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nor specific anti-HLA antibodies to MSCs. However,
it should be emphasized that Unlike umbilical cord
blood, which has very few MSCs, the Wharton jelly
presents a rich source. Because the umbilical cord is
considered a medical waste, it can be easily obtain-
able and is a plentiful source of MSCs. Even though
umbilical MSCs share many surface markers and the
superior proliferative/differentiation capabilities of
embryonic MSC, unlike embryonic MSCs, they are not
known to be tumorigenic. Hence umbilical MSCs may
be well positioned for culture expansion to create an
“off-the-shelf” product.

To treat organ failure, intravenous infusion of
MSCs seems to be the most commonly used route
due to its easy accessibility and straightforward
approach. Intraarterial administration has been at-
tempted to increase engrafting of the cells in the
organ. Direct injection into the organ has also been
utilized, however, it has the disadvantage of being
an invasive procedure and leading to poor cell distri-
bution through the lesion. Furthermore, a growing
body of evidence indicates that cells do not need to
enter the organ to produce a therapeutic effect, and
very few cells remain in the organ in studies that use
IV or IA administration. Instead of direct cell replace-
ment, the functional effects of MSC therapies seem
to be mainly due to antiinflammatory and immuno-
modulatory properties and the release of trophic fac-
tors (26). Although the mechanism of action of cell
therapy remains elusive, there is compelling in vitro
evidence that transplanted cells modulate the func-
tion of various immune cell types via release of host
paracrine factors directly or through vehicles, such as
extracellular vesicles (27).

The fate of injected MSCs have been tracked in
animal and human studies (27). When injected intra-
venously, after 2 hours, the MSCs are mostly seen in
the lungs (20.9%), liver (13.5%), kidneys (3.2%), and
spleen (2%). After 24 hours, the MSCs concentration
decreased in the lungs (7.8%), but increased in the
liver (18.5%), kidney (7%), and spleen (3.2%). Very
few cells are seen in other organs. In the same study,
MSCs were injected into the middle cerebral artery.
After 2 hours, most of the cells were found in the liver
(40.6%), followed by the lung (7.1%), spleen (5.8%),
and kidney (4.2%). After 24 hours, the cell numbers
increased slightly in the liver (46.9%), spleen (6.5%),
and kidney (7.6%), but decreased in the lung (4.3%).
Interestingly, very few cells were noted in the brain
2 hours or 24 hours later, irrespective of IV (0.8%

and 0.9%) or 1A (0.8% and 0.6%) injection. Very few
cells were seen in organs despite IA administration.
In another study, after IV infusion of MSCs, scinti-
graphic images revealed an uptake of 5.4%, 4.3%,
and 2.3% of the total infused radioactivity in the
heart after 1, 3, and 24 hours, respectively (28). The
remaining activity was distributed mainly to the
liver, spleen, kidneys, and bladder at all time points.
Intraorgan injections, especially highly vascularized,
do not seem to enhance engraftment. Akker et al
(29) have shown that during direct intramyocardial
administration, substantial numbers of MSCs were
immediately flushed out of the heart via the venous
system within a few heart beats after the start of
injection. In another study, after IV infusion, MSCs
were detected in the lung within 30 minutes and
remained detectable after 24 hours, after which
uptake was detected in the liver, spleen, and bone
marrow up to 7 days postinfusion (30). However,
when MSCs were injected into the avascular lumbar
disc, they not only survived for 8 months, but also
duplicated, differentiated into chondrocytes, and
produced collagen and extracellular matrix (ECM)
(31). Using the IA approach, although very few
cells remain in the targeted organ, their number
is higher than IV administration, albeit transiently.
Whether this translates to better clinical outcomes
is unknown. IA transplantation decreased the “first
bypass” effect of bone marrow MSCs in the lungs
and increased uptake in other organs, especially in
the liver, spleen, and kidneys (32). Most of the IV-
infused cells are cleared from the circulation within
5 minutes, and almost all of them are entrapped in
the lungs primarily because MSCs are relatively large
cells and express various adhesion molecules (33). A
small number reappear in the circulation after a lag
period of approximately 10 minutes, probably after
release from the lung. Only a miniscule number
reaches the target organ and disappears by day 3
(27). In another study, the number of accumulated
cells in the lung decreased significantly from 6 hours
after transplantation and continued to diminish to
2% or less by day 10 (32). However, although there
were fewer cells in the liver and spleen, 2 hours af-
ter the infusion, the levels gradually increased with
time and had the highest signals by day 10. In one
study, the MSCs fell exponentially, with a half-life of
approximately 24 hours and practically completely
disappeared after 4 days (32). An overwhelming ma-
jority of cells die soon after transplantation . More
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than 90% of injected cells disappear in the first
few days, and < 2% can still be found 4 weeks after
transplantation (34). Immediately after delivery,
there is significant loss owing to failure of cells to
extravasate (34). Then, during the first weeks after
transplantation, most of the cells that were initially
retained die because of ischemia caused by poor
vascularization of the injected region, inflammation
with attendant oxidative stress and release of cyto-
toxic cytokines, immune destruction of allogeneic
cells, and apoptosis following disengagement of
anchorage-dependent cells from their ECM (anoikis)
(34). MSCs barely or not at all detectable in patients
after transplantation demonstrates that systemic
pathways to eliminate transplanted MSCs may be
operating, leading to barely detectable long-term
engraftment (32). In summary, regardless of the
route of administration, MSCs that get trapped in
the lungs and liver with poor homing to the target
organ are minimal with poor engraftment and they
disappear rapidly (14 days) after transplantation
(35).

However, failure of the MSCs to engraft, survive,
and differentiate does not preclude positive clinical
outcomes as seen in numerous studies, and this sa-
lubrious effect seems to result from a “hit and run”
systemic mechanism and their beneficial effects are
mediated by the release of various factors that act in
a paracrine manner to reduce scar formation, inhibit
apoptosis, augment angiogenesis, inhibit inflamma-
tion, and immunomodulate by suppressing innate
and adaptive immunity (27). After IV MSC infusion,
the paracrine factors released into the blood by cir-
culating MSCs or from trapped MSCs may indirectly
influence survival signaling and the fate of distal cells
previously compromised by injury or disease. Thus,
for effect, paracrine factors produced by MSCs ap-
pear to not depend on long-term MSC engraftment,
nor do they require the unlikely differentiation of
mesodermal progenitors into tissues of ectodermal
or endodermal lineages . Trapped MSCs in the lungs
secrete growth factors and immunomodulatory pro-
teins and through exosomes reach the target organ
to orchestrate repair and improve function (30,35).
In one animal study, the captured MSCs in the lung
secreted the antiinflammatory protein TSG-6, which
was responsible for decreasing the left ventricular
infarct size and improving the ejection fraction. In
another study, sequestration of CD8 T cells was de-
creased thereby improving ventricular function (33).

IV MSC resulted in decreased circulating natural killer
cells and improvement in cardiac function. Immune
cells are known to travel via the blood and lymph
between the hematopoietic organs (bone marrow
and spleen), lymphoid tissues, and various organs.
Because IV-injected MSCs can home to the spleen and
various lymphoid and nonlymphoid organs, it is con-
ceivable that they can regulate the locally residing
host immune cells, which in turn may affect systemic
and local organ inflammation (27). Studies strongly
indicate the existence of interactions between trans-
planted MSCs and cells of the immune system (32).
This way, MSCs also biodistribute to the immune
system through contact with different types of leu-
kocytes in the circulation or various tissues, such as
skin, spleen, and lymph nodes.

MSCs are known to be antiapoptotic, antiinflam-
matory, immunomodulatory, angiogenic, and anti-
fibrotic. Their antiapoptotic properties are through
3 mechanisms. First, they salvage dying host cells
by transferring their mitochondria (cell batteries)
through nanotubes thereby “reenergizing” the cells.
Second, they fuse with the sick cell and revitalize it.
This process is called cell fusion . Third, by transferring
mRNA through exosomes, and by secreting growth
factors, such as vascular endothelial growth factor
(VEGF), platelet-derived growth factor, hepatocyte
growth factor (HGF), insulin-like growth factor (IGF),
and others, they reinvigorate the cells. One of the
sentinel effects of infused MSCs is from reactivation
of the native stem cells in the organ. Regeneration
of native cells and production of ECM is one of the
capabilities of MSCs. However, it is still unclear if this
regeneration is from the differentiation of MSCs into
native cells or from stimulation of native MSCs in the
tissue (31). MSCs are known to be antiinflammatory.
MSCs are known as “protein factories” because they
produce mRNA and transfer them to native cells
through exosomes, which then secrete antiinflam-
matory proteins, such as interleukin (IL) 1 receptor
antagonist, IL-10, IL-11, transforming growth factor,
TSG-6, and others, to neutralize proinflammatory
proteins, such as IL-1, IL-6, IL-12, metalloproteinases,
tumor necrosis factor, and others. This transforms
the microenvironment from a proinflammatory to
an antiinflammatory state. Immunomodulation is
one of the most attractive characteristics of MSCs.
By secreting various chemokines and growth factors,
they influence the Treg cells to decrease the produc-
tion of the proinflammatory Th1 cells and increase
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the numbers of the antiinflammatory Th2 cells. This
change in the Th1/Th2 ratio reverses the negative
consequences of the body’s autoimmune attack on
its tissues. The paracrine secretion also alters the
proinflammatory macrophage (M1) and antiinflam-
matory (M2) ratio to promote tissue repair. Fibrosis
is generally defined as an accelerated accumulation
of ECM factors (predominantly collagen type I) that
prevents the regeneration of tissue. It can occur in
virtually any tissue because of trauma, inflammation,
immunological rejection, chemical toxicity, or oxida-
tive stress. Through immunomodulation and inhibi-
tion of myofibroblasts, MSCs decrease scar formation
and enhance tissue matrix remodeling. MSCs secrete
several angiogenesis factors, including IL-8, IGF, HGF,
and VEGF compared with mature cell types, such as
fibroblasts. These proangiogenic factors form vascu-
lar networks.

In summary, MSCs decrease cellular death (cell
fusion and mitochondrial transfer and growth factor
secretion), decrease fibrosis (decreasing fibroblast
activity), modulate tissue remodeling (antiinflamma-
tory activity and immunomodulation), and increase
blood supply (neovascularization), thereby enhanc-
ing organ function.

MSCs have been used since the early 2000s to
treat various conditions refractory to conventional
treatments. The first generation of MSCs were
mononuclear cells isolated from bone marrow aspi-
ration and are autologous and nonexpanded in all
the published studies. Unfortunately, bone marrow
is a relatively poor source of MSCs and despite that
some studies showed positive outcomes. Adipose tis-
sue has a significantly higher number of MSCs and is
currently positioned as the best autologous source.
However, treatment of systemic conditions and organ
failure does require a large quantity of MSCs, and
hence culture expansion may be a requisite. Multiple
tissues can serve as a cache of MSCs for expansion
with bone marrow, adipose, and perinatal tissues
being most frequently used. Because embryonic and
iPSCs are tumorigenic, we did not include them in our
analysis. Similarly, because differentiated MSC into
specific lineage cells may not possess paracrine activ-
ity, and because of the concern of poor engraftment
along with the possible expression of MHA | and I
surface markers, these studies were also excluded.
Hematopoietic stem cells were not considered as they
do not have secretory functions and differentiation
capabilities to nonhematopoietic cells.

REesuLts

MSC Treatment for Organ Failure

Lung Failure

Acute inflammatory and chronic fibrotic lung
diseases are a major cause of morbidity and mortal-
ity. This includes ARDS, bronchopulmonary dysplasia,
pulmonary arterial hypertension, silicosis, sarcoidosis,
chronic obstructive pulmonary disease (COPD), and
idiopathic pulmonary fibrosis (IPF).

ARDS is a major cause of acute respiratory failure
and is often associated with multiple organ failure
with a large financial burden due to long hospital
and ICU stays, poor survival rate, and increased use
of health services after discharge. No pharmacologic
agent has shown to reduce mortality in ARDS. Cur-
rent treatment remains primarily supportive, with
lung-protective ventilation and a fluid conservative
strategy. Although this has caused a modest decline
in mortality, however, it still remains high. Therapy
with MSCs is a potential new treatment for lung in-
jury in patients with ARDS.

We found 12 studies assessing the effect of MSCs
for treatment in patients with severe lung disease.
There are 6 clinical studies (2 randomized controlled
trials [RCTs], 3 case series, and 1 prospective con-
trolled trial) on cell therapy in patients with ARDS
(30,36-40), which are described in Table 1. Two stud-
ies focused on COPD (41,42) and IPF (43,44), and 1
each on acute lung injury (45) and bronchiolitis ob-
literans syndrome (BOS) (46) (Table 1). Most of the
studies used bone marrow MSCs, whereas 2 studies
used human umbilical cord MSCs, 1 study used ad-
ipose-derived MSCs, and the other used MSCs from
menstrual blood. Mesenchymal stromal cells were
administered intravenously in all trials. Among the 6
studies for ARDS, 4 showed positive outcomes rang-
ing from improved lung function, Sequential Organ
Failure Assessment (SOFA)/Lung Injury Scores (LSls) to
survival rates, and discharge rates from the hospital.
No complications were reported in any of these stud-
ies, however, Matthay et al (30) showed a nonsignifi-
cant increase in mortality in the MSC group than in
the placebo group. They opined that this was a result
of increased severity of illness, represented by SOFA
and APACHE Il scores, at baseline in the MSC group.
Out of the 2 studies on COPD, one was not favorable
as it did not show any decrease in the frequency of
COPD exacerbations, pulmonary function tests, or the
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during CABG improved LVEF, ventricular remodel-
ing, and desynchrony (50-52). Two trials evaluating
the effect of treating angina with MSCs revealed
clinical and functional improvement (47,53). All tri-
als that did not have a favorable outcome had bone
marrow mononuclear cells except one study, which
used expanded bone marrow stem cells. Among all
these studies only 2 serious complications were not-
ed. In one patient, during expanded bone marrow
MSC infusion, coronary occlusion was diagnosed
by electrocardiogram changes and was successfully
treated with tirofiban and balloon inflation at the
site of occlusion (54). In another study, one patient
experienced chest discomfort and showed ST-T wave
changes, but spontaneous remission was achieved
15 minutes after physiological saline solution flush-
ing (55). Both patients had an uneventful recovery.

Liver Failure

Liver disease, one of the major causes of human
mortality and morbidity worldwide, is a serious clini-
cal syndrome. Generally, acute, or chronic liver dam-
ages could be caused by alcohol consumption, hepa-
totoxic drugs, and virus infections, such as hepatitis
B virus and hepatitis C virus. Liver transplantation
offers an effective cure and is the criterion standard
for treatment of end-stage liver disease. However,
several limitations regarding transplantation current-
ly restrict its application, such as limited number of
donor organs, long waiting lists, high cost, potential
serious complications, and lifelong immunosuppres-
sion. Therefore it is an urgent task to explore new
treatment options for liver disease (56).

We identified 23 clinical studies that assessed
the ability of MSCs to treat chronic/acute liver failure,
including end-stage liver disease, from different eti-
ologies ranging from alcoholic cirrhosis/primary bili-
ary cirrhosis to hepatitis B. The studies are described
in Table 3. Most studies were prospective controlled
trials and case series along with 4 RCTs. In 10 studies,
hepatic artery infusion was performed, and in one
trial the MSCs were administered into the portal vein,
and the rest were IV. Eight studies utilized cultured
bone marrow MSCs, mostly autologous; 6 used al-
logeneic umbilical cord MSCs; and in the remaining,
nonexpanded bone marrow mononuclear cells were
given. All trials except 3 reported positive outcomes.
Expanded bone marrow MSCs were used in 2 trials,
and nonexpanded bone marrow MNCs were used in
the third. Improvements in LFTs, prothrombin time
(PT), model for end stage live disease (MELD) scores,

Child Pugh scores, and ascites were noted in various
studies. In 2 studies, when bone marrow MSCs were
infused in the hepatic artery in patients with cirrho-
sis, histological improvement along with decreased
fibrosis markers was seen (57,58). Another trial
showed that by injecting bone marrow mononuclear
cells into the hepatic artery, there was decreased inci-
dence of hepatic encephalopathy and bacterial peri-
tonitis (59). Xue et al (56) found that when umbilical
cord MSCs were administered through the hepatic
artery in patients with end-stage liver dysfunction,
there was a decrease in hospitalization and increase
in the quality of life. Increases in liver volumes were
reported in 2 studies when bone marrow mononu-
clear cells were used either IV or through the portal
vein (60,61). Importantly, 2 studies revealed increased
survival rates. One utilized umbilical cord MSCs in the
hepatic artery and the other used bone marrow MSCs
intravenously (62,63). It is significant to note that
no serious complications were noted in any of these
studies. Although in one trial, when umbilical cord
MSCs were administered through the hepatic artery,
elevations were seen in bilirubin and ALT levels but
interestingly, clinical improvement in terms of MELD
scores, ascites, and decreased hospitalizations were
noted (56).

Stroke

Ischemic stroke is a leading cause of death and
a leading cause of disability in the Western world.
IV thrombolysis remains the only proven therapy for
acute ischemic stroke. However, even in developed
countries, only a small minority of stroke patients cur-
rently receive this therapy due to difficulty in access
and also timing. In addition, several neuroprotective
strategies have failed to show any definite benefit af-
ter stroke. Acute ischemia causes irreversible damage
to neurons and glial cells, leading to severe functional
deficits and chronic sequelae. Cell therapy with bone
marrow-derived stem cells has shown to have ben-
eficial effects in animal models of stroke. Although
the mechanisms involved are still subject to debate,
it has been suggested that the injected cells release
cytokines and trophic factors and modulate neuronal
death and inflammation in the penumbra area. There
are no treatment options for the patients during
the poststroke period when they have difficulties in
performing activities of daily living, ambulation, and
self-care. Use of stem cell-based therapy is becoming
recognized as having the potential to improve the
neurologic function in poststroke patients.
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A total of 16 studies , many of
which are RCTs, have assessed the
ability of intravascular stem cells to
treat cerebral strokes of ischemic
and nonischemic etiology. These
are tabulated in Table 4.1n 10 trials,
MSCs were infused intravenously
and in 5 IA. All studies evaluated
the efficacy of MSCs in ischemic
stroke, except one that was in
hemorrhagic stroke. Cultured bone
marrow MSCs and nonexpanded
bone marrow mononuclear cells

were used in 6 studies each; one
study used both. One study utilized
umbilical cord MSCs. Ten of the 15

studies showed improved neuro-

logic functions, many measured by
neurofunctional tests. Five of the

15 trials showed improvement in
National Institutes of Health Stroke

Scale, 4 out of the 15 trials showed
improvement in Barthel index and

modified Rankin score. Some trials
have shown measurable increase in
modulatory cells or trophic factors
in the treated patients. No clinical

response was seen in 6 studies, and
nonexpanded bone marrow mono-
nuclear cells were used in most of
these trials. There were no serious

In one study

during the postprocedural period

adverse effects that were noticed
on these patients.

(64), there was a higher number of

safety measures in the treatment
group, including deep vein throm-

bosis, pulmonary embolism, sei-

zures, and rehospitalizations. Al-
though these adverse events were

not adjudicated as study-related,

their increased frequency raises
the possibility that they could have
been associated with the interven-

There were no long-term

teratogenic effects, and radiologic
imaging has not shown any change

tion.

in existing lesions or development
of any new procedural-related le-

sions in any of these trials.

“AyderSowroy payndwos 1 ssyoprerd 11 ‘Sniia
D snneday ‘ADH ‘Joquuinu a3essed ‘seq (S[[00 Wd)s ‘DS ‘djeardse morrew auog ‘VING ‘osersysuer) EEEEmymEEmw I.DD ‘S[[22 POO[q AMYM DM dutuneard 1) dwry unsejdoquioryy enred
‘LLd ‘0T unnapmaur ‘0T {(£171) “119dd Mm:::@oﬁwo::EE_ wnaas NS ‘oseIdJsueIjOUTUIR ajeyredse ISV {(£17T) ‘Sdd M:_Loﬁwoﬁoa ‘gDH 4593 poolq uruungpe-a1d ‘qTy-21d ‘eydye-10)oey stsoroou
Jown) “0- NI, {41 UD[NI[IUT 4T [ 9 UDNI[AUT ‘9] <[22 £T 12d[ay T, /[[o0 A103e[nSa1 T, ‘£ TY.L/S21], (S[[20 Wd)S MOLIEW dU0q SNOFO[0INE DSNTYV SISO[NdI2qN) WNLIAOLqOdAW T, ‘sarpoquue
spsnw yroows-eyd[e YINS-e ‘83oq-1010e] yimord Surwiojsuer) ‘[q-10 ], ‘Oseurwesuer) autuepe [Ty ‘AsejdorSue eurtunsuen snosueinorad Y1 109 YSL1 0Ae]y ‘YA ‘osereydsoyd surpexe
ATV ‘s19[01e[d ‘S I/Td 9SeI2)sauI[oyd WNIds ‘THD 9593 utwse[do[niao gD 9s9) poo[q urunqe ‘g TV Qwr uiquiolqioxd I,d ‘urqniifiq “JIg.L, ‘0nel pazZI[eulIou [eUONRILIIUT YN 95easI(] JoAT]
a8e1g-puq 10J [9POIA ‘A TAIN 1593 uonouny 1oA1[ 147 opndad [11-usdefjosord g1114 ‘uadnue reapnu oo Sunerdyoid ‘YNDJ ursioidolay-eydpe Vv oseasip 1oa1 a5eis-pua ‘qIsH ‘SniSuejoyd
Axerpiq Arewrtad <D q 95eISIpP ISAT] STUOIYD ‘(TD ‘Uondafur £12)re onjeday TVH U0nd2(Ur SNOUdALHUL ‘AT SU0T)O(UT UIdA [e310d ‘TA  $S[[20 WIS [EWAYDUISIW PIOD [BII[IqUIN DS D[] S[[2D W)S
Tewrypuasaur A[2( s, U0y DSIA [M $S[[20 WS [PWAYDUISIUW MOIIBUWE U0 “DSIA N ‘S[[20 Teappnuouowr morrewr auoq ONJA N 2[qeordde jou “yN {erny pafjonuod aandadsord 1Hg

‘uadefjoo
anssty xeiqy/reidas/feliod paseardap ym
. THQY/[ /1 P P U . 9901-6501:9Z
A S S SISOUAIID) 09 s Al| ON 1 0sz-00s 61 | somasaseD | £10 | ‘£10Z jupjdsupiy
‘sypuour g1 10§ pasoxdwr a100s ySng prryD SRR A I WINE JUOI[[IWI 76 : ’ o ¢ w‘ .
pue goH ‘syjuow ¢ 10§ pasoxdwr 1.4 1123 T 32 W
"a8uetp ou g, ‘Teak [ 10j paseaIdur gy
‘AQTIN ut 98ueyd
-7 se - :
ON "s1eaf  10j paseaidut 13 [1d ‘supuow SISOYLID) 174 9k Al Aumm_w uﬂm B VN 9z | sewesased | £10T Swwwoﬂww om
9 10J PAIAMO] L4 ‘sTeaf g 10§ pasearour souL 5o JUoT[[Iur | : [1u 21 wcm
g1V 1eak 1 03 dn paseardap urquuipg SO e 1
*S9JeI [BAIAINS aInyrej $ X 61260299
(9= sed) pajzodax 102
19YS1Y YIIM UOIIOSFUL JO DUIPIOUL PISLIIDIP |  ISAI] JTUOIYD 9 Sax. Al Sxj/uorrua o ¥S 1d | zioz (Bojorods
pue Q'THIN PUe UIqNIIIQ U 9SBAID3(] uo IOy OSIW INg 1-1°0 1ON ,‘ #PG2H
Te30 Ury
o dnoig
(sypuour) PO 1P ng Jo () | Juoumneaay, Apmg
sSurpur,g uonipuo,) sy waNg xTeax Joyny
dn-moqpoq Kroarp( 0 2dA] Tqumy VNG | wsimeneg | jo adLy,
y Jo "o\

"24n]1nf 12a1] suDaI] sa1pnIs Adnioyl SN ") U0D ¢ AR,

www.painphysicianjournal.com

5412



Intravascular Mesenchymal Stem Cells to Treat Organ Failure and Possible Application in COVID-19

-o1ouddorre oy ‘1oquunu afessed ‘seq ‘ojeridse morrewr suoq VING

{[DUNOY) Y2183y [BITPIN “DYIN TRAIN-[JNT INJ OedS 9011S YI[eaH JO Imnsu] [eUomIeN ‘SSHIN AI91Ie [eIqaI20 S[PPIW ‘YDA {[[20 WIS MOLIEW dU0q DS [[22 WIS DS [0 WIS
[BWAYOUISIUW PIOD [RIIIQUN “DSIA D[] ‘S92 Te[PNUOUOW MOLIBW dU0q ‘“DNIA JA {[2 WIS [eWAYDUISIW MOLIeW dU0q ‘DS NG 2[qedrdde jou YN ‘[ern pafjonuod aandadsoxd 1Dd

12-€1:(jddns
"SSHIN Ut Juswasoidur] | sypuour 9 Sk VI DN NG | uoruigg 0s 0z | seuesoasen | 10z | 1)1z ‘2107 jupjdsuni)
/12D ‘Te 32 YoLIpaLL]
‘uonouny YYCT-TveTiey fT10e
s18o[oInau 10 xopur yeq ut s8uvyp ony | STUOM9 oN VI ONIN N | uorru 65T 05 01 IOd | TI0T | 4y e 1o agprtiopy
unSea UPUAAPUL | (o, g saX Al v o 6T 6 ID¥ | /10T A4 mzwwﬂmmﬁmw.
[BUOTIOUN] PUE XPUI [aY3Ieg UT JudwaAorduuy sed) DSIN IND P81 Do Bovn
Xopul [ayieq pue VI S0T-T6T6€T 610
‘GSHIN 2100s UD{UBY PIYIPOuW ur 33ueyd ON aeah 1 N pnore) OSINd o € 0T 001 Lo | 610T uoIbNIID “Te 19 Z)1AeS
*S2100S 2[edS 3
uorssaxdap ormerra8 pue ‘wexs snjels ?LuE wﬁﬁwa SO AL v Mmmv JuoryTux m.ﬂ_ VN 9¢ 1Dd | eroz|. ) o.wwwm“mwmwmhwm
B S L R A ) OSWINEONY | "z g e ‘60T 240435 ‘T2 19 £a9]
706-668-6¢
"XOpUI [PIeg PayIpOW 3y} Ul juswasoxdwy | syuow 9 SK | VOW VI DN NG | uomIu 0g6 811 0z ID¥ | s10C ‘810 [0IppI0INaN
[wy e 10 eneyq
P CE POIPO O reak 1 ON Ar | ST sonusBord " zo%_m VN 9zt IOd | c10T "Mwﬂww&ﬁ
SSHIN 10 £19A0231 3x01s [eqo[S ur aSueyd oN Juajodnmig e P
'sdnoid o) wsamiaq o 81CT-LOTTHT
. Iroa 0S .
2ouaIapyIp Jueoyruds oN 'sdnoid asop-mof pue | sdep 0z1 Sax. Al DNIN NG 71| sewesase) | 10z 6102 3@ S[[2D
0v¢ pUue 0S¢ | pue T
-ySry yjoq ur s3109s GSHIN Jo Judawaaordury Wwajs e 39 ryongey,
. ¥29€-819€:G¥ “¥10T
Xapul [oy)aeq pue SSHIN Ul JustaAoxdur oN Teak 1 ON Al ONIN NG | uol[Ix 08¢ 80T 89 10d | ¥I0T 013 e 39 peseq
ons ( ) 86CC-16CTTT
518eyLIOWaY UT J0U INq OIS dIWYDSI Ul A[Uo | syjuow 9 SOK VO DS DN | uorur o7 VN g | samesase) | €10¢ €10Z Jupjdsup]
Ud9§ 2100S UR{URY payrpour ur judwdsordury vl 112D ‘e 10 Suer(
'$91028 DYIN PU® “YIOMYSY (¥ sed) worrw 800T-€00T:STI ‘€T0T
JA Ut 98ueyd ON] "SYOOM FZ I8 JOU NG SYIOM | SYOOM HT ON Al DSIN NG 10 owho - 05-0% 0z 1Dd | €10z Bansounap joinapy
8 78 A[uo paro1duwt Xaput [atreq PALIPOIN ONIN Ng o1y ulfD ‘e 19 uryseq
WNJOA 8TC-1TT9¢el
Joxejur ur 28UeLd ON 2100 UDURY PIPIPOW 1eaf | ON AL DN NG | uorru 68 STIT 11| sswasased | z10T 2107 59y paw [
pue xapur [pyireg ‘SSHIN Ut Jusurasoxduwr oN upipuj ‘Te 12 peseiq
91035 GSHIN PUE 2WMN[OA UOIS3] (s3] 10 ¢ seq) vorrwr | - LOST-06LT:VET 1102
JO UONR[O1I0D ‘$31008 SSHIN JO Juswaaoxduwy S SRk Al DSIN NG oy 091-09 £€470¢ CL | SSUSOSED | T10C uipig e 39 NOWUOH
2100s UDUEY PAYIpowr ur JustaAorduy ﬁm.wwsw SIK Al | DSININgomy | uoruioot S s 109 | oroc MWUH :mw%% Mwﬁwu%wmm
'9100s UDJUEBY payrpotx 788-¥.8:LS *S00T
T S T I TG 1034 1 sk Al | OSIW NG Oy | UOI[IW 00T S 0€ IO¥ | S00T | o.nan uuy e 1o Sueg
dn osgo | (quo | BEOEERL | gpms
sSurpurg _moqoq owodng | Amarp( | 1S Jo odLy, wquny | Vg .ﬂ“ wwﬂn”wmm 50 0d4 xIeax Joyny

‘oo.4]s %\:.23@: so1pnis

dvioyr DSV ¥ e,

S413

www.painphysicianjournal.com



$391-5420

Pain Physician: August 2020 COVID-19 Special Issue 23

"MO[J POO[q [URI {IY QUIUTIBIID WNIIS IS S[[20 Jeapnuouowr DN O1euddore

O[TV ‘9[qe[TeA. JoU YN ‘9)elidse MoITew auoq “VINY 9¥el uoneny HﬂEqu% IO ‘hiayre [eURI Y 9SISIP JR[NISBAOUI JTJOIISOIYIE ‘qAY ‘dnoin) juswussassy sndn sa[s] ysnug ‘OyTId
Xopu] AJIANOY 3seasi snojewrda Ay sndn orua)sAS Ty QATS el UOnen[Ij JB[NISWO[S pajetn}sa IO snojewrayiA1a sndny orura)sAs “qI§ oseastp LAoupny onsdoLjod jueururop ewosoine ‘qyJd
-V “Amfur Aoupn| 93noe YV 2seasIp ASUpy OTUOIYD (D S[[20 W}S [BWAYIUISIW MOLIEW 3UOQ DSIA I S[[22 WA}S [BWAYIUISIW PI0D [edI[IqUUN DSIA D) [el1} pa[[onuod dandadsord 1 Hd

“IDS 10 D2 U a3ueyd Juedsyrugis oN | syjuow gy @D oN Al OSIN | uoriur z-1 | pasopsip L | samesased | 8107 | 699-099:0C

N oy 10N 810C

Kdpiayz0365

‘®3

ySno[ypre

Juedyrusis sfep 06 £138ms ON | onioeenu] OSIN uoru g VN 951 IO¥ | 810z £97-09T:6T

A[Teonsne)s jou Taaamoy ‘dnoid DS serpres)sod N4 OV 8107 joaydan

ur 1oy 31y STSATerp 10j paau 10 AJI[e 10N DIV 205 wy [Te12

‘0qaoe]d 03 paredwod Ayifeyrow 10 UB(JRUTUIEMS
‘stsATe1p jo uorsiaoxd ‘uonouny Aouprny
JO £19A0531 0} dWIT} Y} ONPAI JOU PI

"paziiqels Y10 Lousred Arayre | syuow ¢ aad Sk v DS | M0ST-X00T VN i IDd | L10T | S842-LLLT:8T

[eua1 ur a8ueyd oN ‘paseardap erxodAy asodipe ££102 joaydapn

[eua1 pue dnoiS Jusuuiear ayy ur omny 205 wy [

paseanour Jqy pue uorsnjrad [esnIo) ‘[e 32 pees

“IDS 10 Y12 ut d8ueyd juesyrudis oN | sypuow g @day ON Al| OSWING oI 01 9| somesased | L10T | 9TI8:LI0T

a3y s3y |[2D

wajys e 3e

ySnorprey

‘pauopueqe | syjuow snigdou ON Al OSIW 1ede VN a LU | L10T | 6€F1-9€HT:9L

[BLLL, [O1)U0D UL (9/S) %¢8 pue sndn DN OV | oM [ $3s0p L1075

(T1/6) dno18 DS UT UOISSILIAT %G/, zuonnq wnayy uuy

Te 12 Suag

0¢< | spuow 61 | Apedorydau ON Al OSIN sjuaned VN 0T IOY¥ | 910T |  697-€9T:T1

WID? yim syusned ur 193199 asuodsay oneqelg NG OV | 0T ur uorfrur 910T

‘Juesyruis A[[eonIsness Jou TaAamMoYy 00¢ pue aunIpao1gy

«dnoid DS 2y Ul PIzZI[IqeIs YD syuaryed 1 ALRE]

worf[Iu 05 wepped

“uoIssTal a[dwod | syuow g snydou sag AI| (8S) OSIN uor[Iu | 0T 18 | somdsase) | FTI0T | 619T-TIOT:EE

10 [enred paAdIYIE 9509 “YAD Pue sndn on 1o (€7) HA(4

$91028 DY TI/IVAATS paaoadury N4 olIV Jo3pwinayy

uld e 30 no

sypuowr | sypuow 9 | Ayredorydou ON Al| ONW NG oy 791 T1| sauasased | €10T |  ¥SL-LVL6T

0 IOJ SUIJEID WUNIIS UL ISBIIOIP SNOUBIqUIATI 7€7-S8 0202 42g

PUE YIUOW [ J& UINQ[e WIS Ul sryyedorpy s|]aD wajs ‘Te

asearour pue eunurejoad ur aseandq 12 e1dnduag

MO ur juswasoxdwy ‘uonduny | syjuour g1 1S S Al DS uorIw | VN G1 | samasase) | 0102 €1-1 lozoz

[BUSI JO UOIJBZI[IqRIS *9100S [VATTS g OfV arxpuiyd

ur JuawaA0Idw S[QENIEWAT PAIMOYS e 32 Suery
syuaned § ‘eunurajord ur asea1da (]

sSurpury dp uonipuoy) | IwedIn() POIRIY | [[oD) wIAIg ISIN () dnoiq Apmg | aeax Joyny

-Mmo[[og KxaArpp(q JoodLy, | jo zoquny VIN | 1ueuneay, Jo adL],
ur sjuRne g
Jo Jquuny

“aumpnf Loupry Surwauy sarpnis Advioyr DS °S Qe ],

www.painphysicianjournal.com

5414



Intravascular Mesenchymal Stem Cells to Treat Organ Failure and Possible Application in COVID-19

Kidney Failure

Kidney disease can be either acute or chronic,
which can lead to decline in function and ultimately
organ failure. Acute kidney injury is characterized by
rapid loss of function and can occur from renal isch-
emia, crush injury, inflammation, or infection, whereas
chronic kidney disease (CKD) is characterized by pro-
gressive loss of kidney function leading to end-stage
renal disease. Many diseases and conditions, such as
diabetes, polycystic kidney disease, autoimmune con-
ditions, interstitial nephritis, recurrent infections, and
others, can lead to CKD. This is a significant global
public health problem causing significant morbidity
and mortality.

Numerous studies have investigated the feasibility,
safety, and efficacy of MSC-based therapies for kidney
disease, which are described in Table 5. We looked at
human clinical trials assessing the effect of MSCs in vari-
ous conditions causing kidney disease. We found a total
of 9 studies (5 case series, 3 RCTs, and 1 pragmatic clini-
cal trial). Among these, 3 trials were on lupus nephritis
, one on idiopathic membranous nephropathy, one RCT
on diabetic nephropathy, one on renal vascular disease
, and one RCT on acute kidney injury after cardiac sur-
gery . There are 2 case series, one on polycystic kidney
disease and one on CKD. Most of the studies used bone
marrow MSCs, whereas 2 studies used human umbilical
cord MSGCs, and one study used adipose-derived MSC.
Mesenchymal stromal cells were administered intrave-
nously in 7 trials, whereas they were given intraaortic
in one study, and via intrarenal artery in one study. Out
of the 9 studies, only 3 studies had favorable outcomes
(bone marrow mononuclear cells were used in only one
of these trials). Two of these trials treated lupus nephri-
tis and one treated patient with renovascular disease.
Both the lupus studies showed improvement in SLEDAI
(systemic lupus erythematosus disease activity index)
scores, British Isles Lupus Assessment Group scores, and
glomerular filtration rate. One of these studies also re-
ported 60.5% partial or complete remission resulting in
tapering the doses of the prednisone and immunosup-
pressive drugs. Cortical perfusion and renal blood flow
improved in the renal vascular disease study. The rest
of the studies failed to show any improvement in renal
function. No complications were noted.

Clinical Trials for Biologics to Treat
Seriously 1ll COVID-19 Patients

Although there are numerous media reports
purporting the success of parenteral expanded stem

cells in treating COVID-19 patients, there have been
very few published clinical trials. In the first reported
study, 7 patients who were severely affected by
COVID-19 and not responding to conventional treat-
ment were treated with an IV dose of 1 million/kg
cultured umbilical cord stem cells and compared with
3 patients in the control group receiving traditional
treatment (40). Approximately 2 to 4 days after MSC
treatment, patients had significant recovery with ma-
jor resolution of the pulmonary computed tomogra-
phy changes. Other organs apart from the lung were
also involved in the patients of this trial. Biochemical
indicators in the blood test showed that aspartic
aminotransferase, creatine kinase activity, and myo-
globin increased sharply, indicating severe damage to
the liver and myocardium and decreased glomerular
filtration rate (GFR), which reflected kidney failure.
However, the levels of these functional biochemical
indicators were decreased to normal reference values
in 2 to 4 days after MSC treatment. The decrease in
GFR also normalized after the infusion. All patients
in the treatment arm recovered. However, in the
control group, one patient died, whereas one patient
developed ARDS, and the third patient recovered. No
complications from MSC infusion were reported.

The second trial infused exosomes into 24 critical
patients with COVID-19 who had moderate to severe
ARDS (65). Significant improvements in oxygenation,
neutrophil/lymphocyte counts, D-dimer, ferritin, and
C-reactive protein were seen; 71% of patients recov-
ered, 13% remained critically ill, and 16% died. No
adverse reactions from the treatment were reported.

A case report of a 65-year-old woman diagnosed
with COVID-19 was admitted as she was worsening
symptomatically. She continued to deteriorate for the
next 9 days with decreasing oxygen saturation coin-
ciding with ground glass appearance on the x-ray and
computed tomography scan. She also developed gas-
trorrhea and anemia necessitating blood transfusion.
Elevated bilirubin and ALT/AST indicated liver failure.
Because she was not responding to conventional
treatment, including steroids, antivirals, antibiotics,
and immunoglobulins, 3 doses of 50 million umbilical
cord (UC) MSCs were infused 3 days apart. After the
second dose, her liver and blood indices normalized,
and she was eventually taken off the ventilator 5
days later. The patient was discharged from the ICU
after 9 days (66).

There were 17 patients with ARDS from influ-
enza A (H7N9) who were treated with 3 to 4 IV doses
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of 1 million/kg of cultured menstrual stem cells in
conjunction with standard treatment. Forty-four
similar patients receiving conventional therapy with-
out stem cell therapy served as controls. Matching
was comparable except that patients in the treat-
ment group had a higher incidence of shock, circu-
latory failure, fatigue, and shortness of breath than
the control cohort. Regardless, the survival rate was
significantly higher in the stem cell-treated groups
versus control group (82.4% vs. 45.5%). Among pa-
tients who survived, stem cell group patients had
significant improvement in procalcitonin, serum cre-
atinine, 5-aminolevulinic acid, creatinine kinase, PT,
and D-dimer levels when compared with the control
group indicating improvement in multiorgan failure.
No complications were noted during the trial and
also among 4 of these patients who were followed
for 5 years (39).

Early and preliminary data with small numbers
seem to suggest that biologics can be promising
and safe in patients with severe COVID-19 illness,
especially if they are not responsive to conventional
treatments.

Discussion

There is no treatment for COVID-19 complicated
by ARDS, septic shock, and multiorgan failure, which
is usually associated with a high mortality rate.
Conventional treatments, such as antivirals, immu-
nomodulators, such as chloroquine, hydroxychloro-
quine, and convalescent plasma, have not shown to
be very effective. In a large trial, touted as one the
best antiviral drugs for COVID-19, Remdesivir had a
mortality rate of 8.0% versus 11.6% for the placebo
group and this result was not statistically significant
(67). Therefore it is urgent to find a safe and effec-
tive therapeutic approach to treat COVID-19 com-
plications. Preliminary small studies with MSCs are
showing promise in managing organ failures from
different etiology and also in seriously ill COVID-19
patients who are not responding to traditional
treatments. These studies have demonstrated that
MSCs are capable of improving organ function by
regeneration. Bone marrow stem cells have a 30-year
history of safety and efficacy in the musculoskeletal
arena (68). A meta-analysis of various studies using
biologics to treat back pain has been encouraging
(69). Because bone marrow MSCs seem to be FDA al-
lowed, as they meet the “minimal manipulation” and
“homologous use” criteria, they have been the most

commonly used MSCs in the United States (68,70). De-
spite spending billions of dollars, conventional treat-
ment has been uninspiring in treating back pain. MSC
therapy seems to be filling this void and hopefully
can mitigate the numerous problems associated with
intractable pain, including opioid abuse (71). Early
clinical trials have demonstrated that MSCs can be a
valuable alternative for joint replacements and spinal
fusions (68,70). Because preliminary evidence shows
that MSCs have the potential to make strides in re-
calcitrant back and joint pain, especially in those who
have failed conventional therapies, it is worthwhile
to explore the role of MSCs in complicated COVID-19
patients, as meaningful alternatives do not currently
exist. Based on early evidence that MSCs are safe and
effective in seriously ill COVID-19 patients, a call for
FDA approval for compassionate use was published
as early as March 2020 (72). Fortunately, the FDA has
been considerate and has approved various types of
stem cell treatments to treat COVID-19, and as per
media reports, the initial response is encouraging.

Organ failure is the culmination of various insults
resulting in cellular death and dysfunction. Currently,
there are no pharmaceuticals that can reverse cellular
injury and unfortunately organs are not capable of
meaningful self-regeneration. The only remaining
option for severe liver, heart, or kidney failure is or-
gan transplantation, but has inherent shortcomings,
such as expense, accessibility (usually performed in
tertiary settings), availability of donor organs, surgi-
cal complications, and lifelong immunosuppression.
For certain organs, such as the brain, it is not an op-
tion. Based on the clinical evidence presented earlier,
although stem cells cannot engraft (regardless of the
route of administration) and differentiate into organ
cells, they are, however, through their paracrine
activity, capable of organ regeneration, restoring
function and increasing the survival rates. Most im-
portantly, as numerous studies have demonstrated, if
MSC therapy is conducted appropriately, the compli-
cation rate seems to be negligible. Although MSCs
are immunoprivileged they are not immune evasive.
However, immune rejection, even after repeated dos-
es of allogeneic MSCs, is a rare phenomenon (73). The
concern of tumorigenicity exists for embryonic and
iPSCs, however, it seems to be extremely low for adult
and fetal stem cells (74). Because these donor cells
rarely engraft and disappear within a few weeks, the
risk of altering the recipient’s karyotype or chimerism
seems unlikely (75).
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MSC therapy is fledgling science and hence
draws skepticism, which is only partially justified
(76). Unfortunately, this field has attracted a lot
of unconscionable actors who prey on desperate
patients primarily for financial reasons. Every step
should be taken by the regulatory agencies to curb
this malpractice. However, unwarranted criticism of
the whole MSC therapy can be a grave disservice
to suffering patients, conscientious physicians, and
medical progress. Calls for responsible and safe use
of MSCs have been made by principled physician
organizations (77-79). Clearly more research needs
to be performed to streamline the process of MSC
therapy to achieve consistent outcomes as this field is
still in its infancy. Some of the questions that remain
unanswered are:

Which is the best MSC?

What is the best route of administration?

What is the optimal dose?

How many doses should be given?

What is the ideal passage number?

What is the best device to manufacture cells for
"off-the-shelf” use?

What is the best medium to expand cells?

How to best cryopreserve the cells to preserve
high viability?

oA WN =
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Hopefully, in the near future, robust long-term
research will provide answers to these seemingly re-
solvable issues culminating with a modern and novel
therapy that can have a tremendous therapeutic
potential.

MSC therapy has risks and they have been well
summarized by Bauer et al (80). A total of 35 cases
describing acute/chronic complications and death
from MSC administration were identified: 19 cases
came from the scientific literature, and 16 cases were
mass media reports. Five of these were neoplastic in
nature, 6 were related to infections, 2 neurologic, 6
cardiovascular, 2 autoimmune, and loss of vision in 3
patients. Eight deaths were also reported in this arti-
cle. Additionally, 12 serious infections were reported
from another report from using tainted umbilical
cord product (81). Moreover, the CDC reported 6
more cases of infections from exosome therapy (82).
To avoid complications, it is paramount that these
procedures are performed by well-trained physicians
using appropriate MSCs, which are produced under
the strictest standards.

CONCLUSIONS

Serious complications from COVID-19 have a high
mortality due to pulmonary and multiorgan failure.
Currently, there are no treatments other than sup-
portive care. MSC therapy, which is presently in in-
fancy, seems to be promising in restoring functions of
damaged tissues and organs because it can function
as a "broad-spectrum” therapy. The medical com-
munity should harness the immunomodulatory, an-
tiinflammatory, regenerative properties of these cells
to heal patients who are refractory to conventional
methods. Clearly more research is urgently needed to
maximize the benefits of this novel treatment.
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