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ABSTRACT

Ongoing studies indicate that the COVID-19 virus-induced pathobiology is still under the focus of worldwide
healthcare organizations, especially because of the fact that several affected individuals continue to suffer from
long-COVID-19 lingering discomforts, also known as post-COVID syndrome. Different symptoms have commonly
been observed in patients even after more than 12 weeks or longer after the infection subsided. These conditions are
reported to be caused by the very high production of proinflammatory cytokines, a condition known as “cytokine
storm”. High levels of proinflammatory cytokines can adversely affect any organ of the body including the nervous
system. Distinct neurological afflictions have been reported as one of several of related-conditions to the post
COVID syndrome; including acute cerebrovascular diseases, impaired cognition, memory loss, and mental health
disorders. Unfortunately, there are not many clinical tools available to efficiently address symptoms related to post-
covid syndrome. However, remarkable anti-inflammatory properties of mesenchymal stem cells (MSC) have been
reported useful for the treatment of immune imbalance and related cases of neurological conditions, commonly
found in patients with long-COVID syndrome. Although immunomodulation appears as one of the most logical
mechanisms involved in the therapeutic process, more studies are needed to completely elucidate the routes
involved. The established safety and therapeutic properties of the MSCs therapy make it a feasible option to treat the
immune imbalance and neurological afflictions recorded in post-COVID syndrome patients. We have discussed
some of the aspects involved in the light of recorded therapeutic properties of MSCs in cases of long COVID-19
syndrome.
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INTRODUCTION

Even though few years have passed since the emergence of COVID-19 pandemic, ongoing research activities
regarding the virus-caused pathobiology is still under the intense scrutiny of health organizations throughout the
world. The disease is caused by the infection of the SARS-CoV-2 virus, a single-stranded positive-sense RNA
coronavirus, with a genome size of 29,903 nucleotides; which contains 12 open reading frames, encoding 22 non-
structural proteins and 4 structural proteins named envelope (E), membrane (M), nucleocapsid (N), and highly
variable spike (S) proteins ™2, Particularly, the S protein which consists of a N-terminal S1 subunit and a C-terminal
S2 subunit is crucial for the recognition process by human host cell surface receptor, the angiotensin-converting
enzyme 2 (ACE2). It is the binding of the S protein of virus with the ACE2 receptor that facilitates the virus entry
into the cells and then infection initiate through viral genome replication processes®34l. Although most of the virus
variants are developed by nucleotide changes in the S protein, other mutation changes in proteins E, M, and N could
lead to new concern-raising variants of the virus. Of special interest is the B.1.1.529 variant, also known as
Omicron, which is caused by different mutations in E, M and N genes, in addition to more than thirty nucleotide
changes in the S protein encoding gene 21,

Most of the patients infected with SARS-CoV-2, developed pneumonia-like symptoms including cough, fever,
dysgeusia, anosmia, and myalgia [’ However, it was noticed that even after the viral infection was under control
and the host was free of the virus, a considerable number of patients could not cope with the lingering COVID 19
effects, named as long-COVID-19 syndrome, increasing the mortality rate. The long-COVID-19 effects, also known
as post-COVID syndrome are the related symptoms that persist longer than 12 weeks after the infection has subsided
81, One of the most harmful conditions observed is the excessive production of the proinflammatory cytokines, a
process named as “cytokine storm”. Higher cytokine production plays important roles in immunopathology during
any viral infection. However, extremely high levels of cytokines like IFN-y; IL-1, IL-6, IL-12, and TGF-§ can lead
to uncontrolled immune responses as well as to a significant downregulation of antiinflammatory cytokines such as
IL-10F1, This overwhelming immune response, observed in most of the severe cases of COVID-19 infection,
commonly trigger conditions like peripheral lymphopenia, high infiltration of macrophages into the lungs,
contributing to acute respiratory distress syndrome; thereby, leading to general organ failure and ultimately to
death®], Recent findings have pointed out the affliction of the nervous system due to the uncontrolled cytokine
production, causing cellular destruction leading to a number of neurological afflictions*>*%l, Nevertheless,
imbalances in cytokine production are not a unique event in COVID-19 patients. It has already been observed earlier

in cases of SARS, MERS, H5N1, and H7N9 influenza infections as well as in other common respiratory infections
9]

Considering the grim of medical and social impacts of COVID-19 infections, efforts to explore different treatment
options and tissue regeneration therapies were carried out globally. Of those, special interest was garnered by
mesenchymal stem cells (MSCs) which demonstrated promising results due not only to immuno-modulatory
activities of the stem cells to combat the cytokine storm observed during the infection, but also because of their

ability to promote tissue regeneration; ultimately leading to regaining of functions of affected organs. The
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extraordinary abilities of the MSCs to modulate the host’s immune response has been amply demonstrated in
regards to long-COVID-19 associated cytokine storm™+1516.171  |n addition, the regeneration of the lungs, one of the
most affected organs after COVID-19 infection, promoted by MSCs further facilitate the healing process 8%, On
the other hand, diverse studies have demonstrated that both COVID-19 and long COVID-19 can damage the nervous
system up to different levels, and sometimes even cause significant morphological changes in the brain. A very
interesting study demonstrated a visible reduction in the gray matter quantity and even in owverall brain size,
observable through magnetic resonance imaging in several patients, after COVID-19 infections %1, Severe cases of
infection have been correlated with the development of neurological disorders including acute cerebrovascular
diseases, impaired cognition, loss of memory, mental health disorders and skeletal muscle injury are few of the
indications. Very extensive analyses in this regard have been published by Mao et al and Xu and colleagues in 2022
(21221 Mitigation of the ill-effects of the cytokine storm observed in COVID-patients by MSC therapy offers a safe
and promising option for treating the neurological afflictions observed in long-COVID-19 patients. This manuscript

elaborates on the mechanisms of action of the MSC therapy in such patients.
Neurological disorders caused by COVID-19

COVID-19, first reported from China, is caused by SARS-CoV-2 which primarily infect ACE2 positive cells. Such
cells are more commonly found in vascular linings of the blood vessels of the lungs, liver, kidney, heart, and
intestines. Nevertheless, neurological disorders are also seen to frequently develop after the viral infection, because
of the cytokine storm developed during the infection leading to pathological alterations 1>, Recent studies have
demonstrated the expression of ACE2 receptors even in cells of tissues and organs previously considered to be not
expressing the receptor, including those of the nervous system. Many animal models have been used to investigate
the roles of the ACE2 receptor in the brain, and interestingly some of the findings demonstrate its participation in a
number of neuropathological indications as well as in neuronal recovery from strokes, in memory formation
mechanisms, and in neurogenesis 2425261 While more studies are needed to fully understand how the neurological
system is affected due to long-COVID-19 syndrome, distinct lines of evidence point to both direct and indirect
mechanisms involved leading to tissue and organ injury. Studies have reported two possible entry routes for the
SARS-CoV-2 into the central nervous system cells, which leads to the manifestation of neurological conditions.
One possible suggestion is the hematogenous route, which according to postmortem observations, the virus enters
the brain via the cerebral circulation. However, based on observations like the elevated incidences of olfactory
disorders in COVID-19 patients, some investigators suggest retrograde axonal transport of the virus through the
olfactory bulb as another potential route of entry. Overall, it is quite likely that both of the routes are at play during

the infection process(?728:29:30],

Moreover, patients diagnosed as complicated cases often in need of immediate hospitalization, have been reported to
be more prone to suffer from a number of symptoms observed in post-COVID-19 syndrome. A hypercoagulable
state, more commonly observed in feeble patients, could lead to the occlusion of cerebral vessels, and therefore, can

lead to brain damage. In addition, the neurotoxic effects of proinflammatory cytokines have been recorded to disrupt
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the integrity of the blood-brain barrier consequently leading to neurological disordersi**?*l, Based on a recent cohort
study, the authors reported increased risks of development of cerebrovascular disorders including transient ischemic
attacks, ischemic and hemorrhagic stroke, and cerebral venous thrombosis in patients who survived the first 30 days
of COVID-19%?%, During ischemic stroke events, commonly observed in long COVID syndrome patients, the
obstruction of blood flow leads to intricate pathophysiological conditions including elevation of oxidative stress,
inflammation, breakdown of blood-brain barrier (BBB), calcium overload, excitotoxicity, and dysfunctional
autophagy Y. These findings are in accordance to previous reports from Wuhan in which 36.4% of 214 COVID-19
patients were reported to present with both central and peripheral neurological manifestations?>*?, Other sensory
disorders like olfactory and gustatory impairments, hearing and vision abnormalities were reported to be the most
common disorders as part of post COVID-19 lingering problems®®l. In addition, fatigue, dizziness, memory
impairment, and encephalopathy represented other high parts of the post COVID-19 syndrome related symptoms,
commonly known as “brain fog”. These symptoms could be lasting up to six months or even longer after the

infection has been controlled and PCR tests were negative for the viral RNAR?234,
Therapeutic properties of MSCs in neurological disorders

The remarkable abilities of the MSCs to modulate the production of cytokines, especially during autoimmune
diseases which have been extensively studied, garnered a lot of attention after the COVID-19 outbreak in 2019. It
has been well documented both in vitro and in vivo that MSC therapy exerts immunomodulatory effects through
cell-to-cell communication as well as by paracrine activities. MSCs also have shown to exert influence onto
regulatory T-cells (Treg) and monocytes, as several studies have reported changes in the polarization of the
Macrophages into the M2 type of cells after interacting with the MSCs in a proinflammatory microenvironment.
This process is facilitated through different soluble signaling molecules like prostaglandin E2 (PGE2), indoleamine
2,3-dioxygenase (IDO), IL6 and hepatocyte growth factor (HGF) 5%, Similarly, it has been observed that MSCs
promote the proliferation and inhibitory capabilities of Treg cells while at the same time they can inhibit activation
of the T helper cells such as Thl and Th17. In the same way, production of IL-2 and nitric oxide by the MSCs could
lead to suppression of the cytotoxic T-cells to reduce cell death®’l. Overall, these processes can lead to the
attenuation of the immune response, allowing the activation of regeneration signaling cascades. Presence of the
inflammatory cytokines, observed in post-COVID-19 syndrome, activates MSCs in vivo to induce their
immunosuppressive activities. Production of immunosuppressive molecules, including IDO and nitric oxide (NO)
suppress the apoptotic effects of lymphocytes leading to an owverall downregulation in the production of
proinflammatory cytokines such as IL-1B, TNF-o, IFN-y; IL-B8 | At the same time, increases in the production of
anti-inflammatory mediators like 1L-10, basic fibroblast growth factor (b0FGF) can participate in preventing cellular

death and damage to organs!®%,

Several extensive studies focusing on the neuroprotective actions of MSCs have been carried out. Studies, both in
vitro and in vivo, have confirmed the neuroprotective properties of the MSCs in a variety of indications“>*!, A

variety of studies have reported the influence of MSC administration on the promotion or downregulation of the
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expression of distinct growth factors. Of special interest is the induced expression of the brain-derived neurotrophic
factor (BDNF), which is known to play important roles in the neurogenesis process, including cell survival and
differentiation of cells of the central nervous system (CNS); BNDF also plays significant roles in enhancing the
differentiation of neural precursor cells as well as promoting the formation of synapses!“>*?l, Although BDNF
activates different signaling pathways, specifically the cell signaling route PI3 kinase/Akt appears to be crucial in
imparting cell survival promoting effects. Besides promoting the cell-protective effects on neurons, this cell
signaling pathway has been reported to be participating in survival of other types of cells like sensory neurons,
cerebellar granule cells, and retinal ganglion cells“+“546], Interestingly, MSC administration, which has been used as

a vehicle for BDNF supplementation in treatment of an ischemic stroke model, has shown positive outcomes [#71,

Furthermore, upregulation in the expression and activation of members of the Bcl-2 gene family, which act like
transcription factors, has been reported to mediate endogenous neuroprotection, particularly against stroke and
forebrain ischemia. Accordingly, several neuroprotective drugs also mediate activation of this gene family members
with moderate resultsi*®l, A recent study carried out the neuroprotective effects of MSC administration during
ischemia events in animal models. The study results demonstrated that the MSC treated group showed significantly
reduced infarct size along with reduced levels of Bcl-2 and VEGF expression. Moreover, cell viability and ATP
levels were significantly increased at 6 and 24 hours after the MSC administration“’l. Similar to Bcl-2 expression,
another proto-oncogene named survivin, reported to regulate the increased apoptosis-related events. Interestingly,
survivin is localized with caspase 3 and 7 on microtubules within centrosomes to suppress apoptosis in cells in the
G2/M phases™. In a synergistic manner, survivin suppresses apoptosis as Bcl-2 regulates the permeability of
transition pores and release of cytochrome C during the apoptotic events. Studies have reported that intravenous
administration of MSCs upregulates the anti-apoptosis factors, including survivin and Bcl-2, ultimately preventing

cell deaths in ischemic brain tissues and promoting neuronal regeneration(®*52l,

Similarly, remarkable ability of the MSC therapy in promotion of the angiogenesis process leading to
neovascularization, has been extensively proven. Studies have recorded the mobilization and homing of MSCs into
the afflicted areas to help the healing process by differentiating into the cell types of the surrounding tissue along
with other healing activities mediated by their paracrine effects. Production of angiogenic growth factors like VEGF,
MCP-1, and IL6 promote the differentiation and incorporation of MSCs into the ischemic tissue microenvironment.
MSCs facilitate tissue regeneration by promoting new blood vessel formation thus help to increase blood supply to
the affected parts of the body™*55%1. A number of paracrine factors are secreted by the MSCs like VEGF-A, bFGF,
Ang-1, aFGF and PDGF which are known to be involved in promoting angiogenesis and tissue regeneration!®l, It
has been well documented that VEGF-A induces migration of endothelial cells while promoting vessel formation
which results in recruitment, retention, proliferation, migration, and differentiation of endothelial progenitor cells
571, Recently, in vitro studies have reported that umbilical cord derived MSCs potentially promote both angiogenesis
and vasculogenesis via paracrine factors, inducing the activation of the integrin 1/ ERK1/2/HIF-10/ VEGF-A in

endothelial cells®®®l. Although more studies are needed to elucidate the exact cell signaling routes involved in the
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promotion of angiogenesis, the production of VEGF observed after MSC administration, appears as one of the

principal mechanisms involved in neovascularization.

It also has been hypothesized that the neuroprotective effects imparted by MSCs may be related to mitochondrial
transfer from exogenous MSCs to damaged cells, leading to the regulation of distinct cellular functions™. During
oxygen deprivation, which occurs in COVID-19 related ischemic conditions or in stroke events, accumulation of
metabolic products like lactic acid, H+ and NADH+ is observed due to the anaerobic glycolytic metabolism switch.
This leads to low levels of ATP with increases in the ROS production and eventually cell death. Furthermore, high
levels of ROS could cause chronic astrogliosis impeding regeneration of several neural tissues® ¢, Although ROS
and NO have important roles in cell signaling and in neural cell communication processes, during neurological
disorders as those observed after the COVID-19 infection, the excessive levels and oxidative stress results in serious
damages. Detrimental effects include loss of the neuronal and glial cells, increased swelling and necrosis of
organelles, lipid peroxidation, protein denaturation, and eventually increased DNA mutations®?. MSCs transferring
mitochondria during reoxygenation after deprivation of oxygen-glucose observed in neurological disorders, has been
recently documented. One of the most studied proteins in regards to mitochondrial mobilization is the motor protein
Mirol. This GTPase has been located on microtubules favoring and regulating the trafficking of mitochondria
among cellsl®l, Interestingly, up regulation of protein Mirol has been reported after bone marrow derived-MSC
administration in an ischemia animal model™®!. Similarly, in a recent investigation, MSC mitochondrial transfer to
neurons were recorded after toxic oxidant exposure which was accompanied by upregulation of both Mirol and
tumor necrosis factor alpha (TNF-a) [63]. Specifically, mitochondrial mobilization has been recorded to occur via
the formation of tunneling nanotubes (TNTs). TNTs are membranous channels with a diameter of 50-200nm which
have an important role in delivering functional mitochondria between the plasma membranes of MSCs and adjacent
host cells. This therapeutic mechanism can have significant roles in the restoration of cell functions including
cellular respiration in the recipient cells, thereby, increasing ATP production and oxygen consumption(©6465],
Ultimately, this mechanism lead to restoration of cellular respiration and down regulation of ROS lewvels.

CONCLUSION

The cytokine storm, commonly observed in cases of COVID syndrome, can lead to neurological disorders and pose
a huge socio-economic burden worldwide. Therefore, a need for new therapeutic approaches for treating them has
been investigated globally. Distinct mechanisms of action involved in the therapeutic properties of MSCs,
specifically in relation to immune modulation, seems to be one of the most feasible and important mechanism that
appear to play crucial functions in this regard. More studies are needed to completely elucidate other cell signaling
and metabolic pathways, such as angiogenesis and mitochondrial transference involved. A review on the therapeutic
use of MSCs in neurological conditions has been explored by Rahman et al with promising results(®®l. Clinical trials
have been carried out using MSC therapy in the search for innovative and efficient treatments for neurodegenerative
disorders like Parkinson’s and Alzheimer’s disease, in which the primary symptoms are considered to be rooted in
the loss of specific neurons or neuroglia®" "¢, For other conditions in which neural cells are lost due to acute

damage or direct trauma, such as brain strokes or traumatic brain injuries, MSC therapy has also been considered
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with promising outcomes®’l, Different clinical trials related to the use of MSCs in neurological disorders are listed at

https://clinicaltrials.gov/ which include neurological disorders rooted in neuro-inflammation followed by cellular

and tissue damage by viral infection such as COVID-19. Though the administration routes for the best outcome have

been in debate, intracranial, intravenous, and intranasal routes have been reported to be in use for the MSC therapy

[69.701 ‘While the mechanisms of actions are still being studied, MSC therapy appears as a feasible and safe option for

treating the neurological disorders related to long-COVID syndrome.
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