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We propose therapy with extracellular vesicles (EVs) for dominant central nervous system aspects of chronic Long COVID Syndromes (LCS). These clinical conditions have a delayed onset of 1–3 months following the cessation of active SARS-CoV-2 virus infections that cause an acute disease called COVID-19. The therapy of LCS will be achieved by direct access to the central nervous system (CNS) by nasal administration of small EVs derived from Mesenchymal Stromal Cells (MSC). When administered nasally, they target CNS microglia and endothelia involved in LCS encephalopathy, as indicated by experimental animal models and human autopsy and spinal fluid studies. Underlying this approach is the discovery that MSC-sEV treatment for healing neuro injury targets, microglia, and macrophages that then likely release secondary trophic EVs that affect the local capillary endothelial cells to restore vascular integrity. It is postulated that the pathways of endothelial and neural pathologies in acute SARS-CoV-2 virus infections may carry over to produce underlying vascular and neurological defects mediating LCS that are susceptible to this proposed nasal therapy with MSC-sEVs.
Keywords: long COVID syndromes, COVID-19, exosomes, extracellular vesicles, mesenchymal stromal cell-small EVs
INTRODUCTION TO LONG COVID SYNDROMES
Long COVID Syndromes (LCS) are debilitating chronic illness that follow acute SARS-CoV-2 virus infections that cause the disease COVID-19 in 10 %–30 % of recovered patients after a gap of time of 1–3 months. Thus, LCS are not a disease continuation but are independent with a delayed onset (Davis et al., 2021; Nasserie et al., 2021). A retrospective cohort study of nearly 250,000 United States patients showed that the incidence of neuro/psychiatric diagnoses in 6 months post COVID-19 was about 33 %, with 12 % of patients diagnosed for the first time with such disorders (Taquet et al., 2021). These neuro/psychiatric aspects of post COVID, when examined by employing high-resolution MRI imaging of intracranial vessel walls and tissue microstructures in 60 COVID-19 3 month-recovered patients vs. age- and sex-matched non-COVID-19 controls, showed disruption and a disturbed functional brain integrity in the recovery stages of COVID-19 (Lu et al., 2020). Therefore, LCS patients constitute a potentially enormous looming health-care crisis, with many demonstrating neuro/psychiatric aspects that will likely represent a major clinical proportion.
In a web-based survey of 3,762 respondents with LCS from 56 countries, the majority had COVID-19 without hospitalization (only 8.4 % were hospitalized) and 96 % reported symptoms beyond 90 days after the initiation of infections. Of 203 symptoms in 10 organ systems the most frequently reported after 6 months were: fatigue (78 %), post-exertional malaise (72 %), and cognitive dysfunction (55 %) (Davis et al., 2021). Respondents with symptoms over 6 months experienced an average of 13.8 symptoms in 7 months and 86 % experienced relapses, with exercise or physical or mental activity and stress as the main triggers (Davis et al., 2021). The trajectory of LCS is unpredictable, episodic and has a relapse-remitting nature with worsening unpredictably or in response to any physical or mental exertions (Twomey et al., 2022).
Many who were infected have had acute severe manifestations, even respiratory failure in some (Evans et al., 2021) and indeed there is a high proportion of LCS in cases surviving more than a year from ICU discharge (Heesakkers et al., 2022). Indeed, early systems biology analysis emphasized that quantitated viral load and the severity of clinical infection predicted subsequent long COVID symptoms (Su et al., 2022). However, and peculiarly, with time, it has been determined that mild and even sub-clinical active COVID-19 infections, even in young previously entirely healthy people infected with the SARS-CoV-2 (Fernández-Castañeda et al., 2022; Tabacof et al., 2022) can also develop significant LCS lasting months and even years (Carfì et al., 2020; Tenforde et al., 2020). People who have had COVID, that subsequently are not complaining of daily long COVID symptoms, nevertheless can demonstrate degraded attention and memory for up to 6–9 months.
Furthermore, LCS can occur no matter which SARS-CoV-2 virus variant has been involved, since there is no evidence yet that there are any differences in the subsequent development of LCS between beta and delta or the present omicron infections (Su et al., 2022). Currently there is no clear unified idea on the pathogenesis of these syndromes (Maltezou et al., 2021; Yoo et al., 2022; Zhao et al., 2022), but the general idea is emerging that these are principally vascular diseases; judging by aspects of the active SARS-CoV-2 viral infection of COVID-19 patients (Kalafatis, 2021; Lei et al., 2021; Ostergaard, 2021; Siddiqi et al., 2021) and elements of the subsequent LCS (Charfeddine et al., 2021; Christensen and Berg, 2021). In fact, brain single-photon emission-computed tomography in fourteen LCS Long COVID patients seen in family practice with severe neurocognitive problems demonstrated vascular encephalopathy that was thought due to persistent coagulation disorders (Jamoulle et al., 2021).
PROPOSED NASAL THERAPY OF LONG COVID SYNDROME WITH MESENCHYMAL STROMAL CELL-DERIVED SEVS
There are as yet no recommendations for specific immune or biological therapies (Greenhalgh et al., 2020; Nalbandian et al., 2021), but here we postulate the ultimate healing effects of MSC-derived sEVs on the abnormal vasculature in LCS patients providing unique properties for beneficial treatment. Thus, this article emphasizes the neurological and neurovascular aspects as the most commonly occurring in LCS and particularly susceptible to the healing effects of MSC-derived sEVs. The idea is proposed of an appropriate protocol for treatment employing the use of particular healing mesenchymal stromal cell (MSC)-derived sEVs administered directly into the brain by direct application via the nose. The use of these MSC-derived sEVs and the nasal route of treatment have considerable histories of positive healing affecting the vascular and neurological abnormalities of neural and psychiatric illnesses that mainly underlie the pathogenesis of LCS.
NEUROLOGICAL AND PSYCHIATRIC ASPECTS ARE MAJOR PARTS OF LONG COVID SYNDROME
Long COVID Syndromes consist of complex clinical processes, with literally hundreds of possible symptoms, in which a significant patient subpopulation has neurological dominant manifestations. These may persist for months after infection as a major part of the total constellation of symptoms that are now called Long COVID Syndromes (LCS) (Davis et al., 2021). Such neuro-dominant LCS variably consist mainly of intractable profound fatigue, myalgias, impaired concentration, headache, poor memory, sensory disturbances, dizziness, and the inability to accomplish everyday tasks, as well as depression, and in severe cases, delusions, paranoia, and even psychosis. In some patients, these occur along with respiratory aspects consisting of dry cough, sore throat, palpitations, shortness of breath, and chest tightness.
Individuals can long continue to suffer from cognitive symptoms such as difficult concentration, known as brain fog, as well as forgetfulness and of course, the severe fatigue for many months. There can be a reduced capacity for memory, decreased attention, and cognitive abilities (“walk into a room and forget what you came in for”), expressive aphasias, like forgetting people’s names, how to spell, and having trouble typing or writing. Furthermore, speech can be slower, more measured, and paced, than previously, with having to focus on pronouncing words clearly, or one’s voice becomes “slurry” like after a stroke. Despite debilitating exhaustive fatigue, there are poor fitful sleep disturbances, awakening with soaking diaphoresis, and depression. The chronic over-powering fatigue is a persistent distressing feeling of extreme weariness or exhaustion that is neither alleviated by rest nor proportional to activity and can be increased by attempts at activity; interfering with usual daily functions and negatively impacting the quality of life.
In some patients, there is a characteristic loss of smell and taste (anosmia/hypogeusia) and even smell distortions, (“phantom smells, i.e. perfume can smell like sewage”) (Misra et al., 2021). In more severe and later LCS, evolved neurologic conditions can even include stroke, delirium, brain inflammation, primary psychiatric syndromes, and peripheral nerve abnormalities (Varatharaj et al., 2020; Spudich and Nath, 2022). These can include sensory disturbances, like numbness in the limbs and strange vibrating sensational paresthesias (pins and needles feelings), along with pain or numbness in the hands and feet, weakness, twitching, and burning in the feet and/or hands, and also swallowing difficulties. There frequently is a characteristic post-exercise symptom exacerbation, called post-exertional malaise (Davis et al., 2021) and in a few individuals exhibit extreme vibratory disturbances that can be so severe as to lead to suicide (Massey et al., 2021).
Also, some individuals can have photophobia (sensitivity to light), vertigo, nausea, incredible swings in blood pressure, and severe body and joint pains. Additionally, there can be panic and a feeling of spiraling out of control (Novak et al., 2022). The results can be an inability to return to work because of difficulties performing basic activities of living. Furthermore, there can be a recurrence of similar patterns of symptoms, like a symptom memory when patients attempt over doing an effort. This requires LCS patients to institute careful pacing, since in this case, driving oneself can induce more suffering with repetitive delayed recovery.
THE PROPOSED LONG COVID SYNDROMES TREATMENT PROTOCOL
We are proposing a therapy of CNS aspects of LCS by nasally administered small extracellular vesicles (sEVs) that are derived from the endoplasmic intracellular pathway of mesenchymal stromal cells (MSC). MSC are harvested as a minor subpopulation of connective tissue cells from a variety of sites like bone marrow, placenta, umbilical, cord amniotic fluid, etc., then cultured in vitro and passaged for enrichment as adherent and self-replenishing stromal cells (Lankford et al., 2018; Nakazaki et al., 2021). Enriched plastic adherent MSC are then detached and changed to serum-free media for a final 2-day culture in order to collect the released sEVs by using differential centrifugation to 10,000 g, or size exclusion chromatography. Then, differential buoyant density centrifugation is advised to harvest floating vesicles and discard pelleted aggregates. The protein content is assessed, and the composition is evaluated for sizes of vesicles by nanoparticle-tracking analysis. This results in great in vitro enrichment to 100 % from generally about only 0.01 % of connective tissue precursors. Tetraspanin protein markers of sEVs are assessed by Western blotting and flow cytometry with appropriate monoclonal antibodies (Lankford et al., 2018; Nakazaki et al., 2021).
MSC-SEVS HAVE PROVEN HEALING ABILITY IN MANY CHRONIC IMMUNE, INFLAMMATORY, AND TRAUMATIC INJURIES
In 2014, a remarkable benefit of MSC EV therapy based on its demonstrated in vitro immune suppressive actions was reported in a patient with a severe graft vs. host response that was resistant to all therapies. There was a remarkable reduction of daily diarrhea volume and curative effects on severe skin and necrotic oral mucosal lesions (Kordelas et al., 2014). Prior work had shown that the MSC, when given systemically, had trophic healing actions in a variety of injury models in experimental animals. These included myocardial infarction, acute respiratory distress, renal reperfusion injury, and the rat model of obesity-induced type 2 diabetes (Kotikalapudi et al., 2022).
Very importantly, it was then repeatedly found that the therapeutic effects of systemic MSC can be replicated by the systemic transfer of the sEVS secreted by the MSCs in a variety of experimental injury models, as we reviewed (Askenase, 2020). Recently, we showed that with MSC therapy via intravenous (IV) injection, the cells become entrapped in the lungs for 2–3 days, and in reality, it is the sEVs that release in vivo and then mediate the numerous healing effects (Nakazaki et al., 2021). In fact, our quantitative study showed that multiple IV injections of the sEVs over days can be needed to reach quantitative maximum healing that is produced by single MSC injections (Nakazaki et al., 2021). More clinical studies of similar benefits of MSC and MSC-EVs in patients have been published (Weiss et al., 2013; Nassar et al., 2016; Stolk et al., 2016; Mrahleh et al., 2021) Currently, there are 199 listed NIH clinical trials involving MSC, 52 trials on sEVs, some with MSC-secreted EVs, that are now just beginning to come to favorable published conclusion.
PRODUCTIVE NASAL THERAPY EMPLOYING SEVS
In an important studied example, the nasal delivery of EVs was encapsulated with the anti-inflammatory effectors for delivery non-invasively to the CNS of mice that produced very favorable therapeutic results (Zhuang et al., 2011). Three very different inflammation disease models were tested with similar beneficial results (Zhuang et al., 2011). This favorable result with the Multiple Sclerosis model in 2011 was repeated by others in 2020 (Upadhya et al., 2020a) and in 2021 (Fathollahi et al., 2021). These data demonstrate that nasal administration of sEVs likely will provide a non-invasive and novel therapeutic approach for treating brain inflammatory-related encephalopathy in patients with these aspects in LCS.
ADVANTAGES OF NASAL THERAPY EMPLOYING SEVS COMPARED TO INTRAVENOUS ADMINISTRATION
Compared to IV administration, the use of EVs nasally has advantages from a therapeutic perspective. It represents a painless, non-invasive entry into the brain that is manageable and easily repeatable. The EVs can immediately cross the blood–brain barrier and thus are able to be delivered into the brain without complex neurosurgical interventions. Therefore, there is a rapid onset of action and a profile of favorable drug delivery and tolerability (Arora et al., 2002). Importantly, nasal administration increases bioavailability by avoiding first-pass loses in non-specific hepatic and splenic uptakes and thus reduce the systemic side effects. Intranasal delivery is of particular interest in the treatment of chronic conditions such as LCS when multiple dosing is likely required and self-dosing becomes possible.
Data showing the larger brain accumulation administrating sEVs nasally compared to the usual IV route employed gold-labeled EVs in mice (Betzer et al., 2017). Similar observations were made in a different model (Perets et al., 2018). Furthermore, pertinent recent results indicate rapid clearance of EVs from the circulation after IV administration (Lai et al., 2014) that might be related to the very small amount of EVs able to reach the CNS after IV administration compared to nasal delivery. Finally, DiR-lipid-labeled EVs with their detection by confocal microscopy were used to study the biodistribution of macrophage-derived EVs administered by different routes. On a practical level, non-invasive nasal delivery was judged the best for achieving long duration in the CNS and thus best for chronic dosing (Haney et al., 2020).
PRODUCTIVE NASAL THERAPY EMPLOYING MESENCHYMAL STROMAL CELL-DERIVED SEVS
These sEVs can be administered directly to the CNS by nasal administration. This is because they naturally pass the blood–brain barrier (BBB) after transit through spaces around the cranial nerves traversing the cribriform plate in the ventral skull (Zhuang et al., 2011). Then, as physiologic, they have the ability to traverse the epithelial and endothelial cells of the BBB by undergoing transcytosis (Banks et al., 2020; Saint-Pol et al., 2020). Once in the brain, these sEVs are subsequently taken up by phagocytic cells like macrophage-related microglia (Zhuang et al., 2011; Kodali et al., 2019; Sabel et al., 2021) to mediate healing effects by restoring the diverse normal functions in a variety of local pathological conditions.
Regarding questions about MSC-sEVs crossing the BBB, in several studies of stroke or traumatic brain injury, intravenous or intranasal administration of MSC-EVs that was labeled with lipophilic dyes or carried the typical EV tetraspanin marker CD63 labeled with GFP, resulted in fluorescent signals in neurons, glia, and cerebral endothelial cells (András and Toborek, 2015; Zhang et al., 2015; Di Rocco et al., 2016; Xiong et al., 2017; Upadhya et al., 2020b).
ADMINISTRATION OF MSC-EVS, IN MANY INSTANCES VIA THE NASAL ROUTE, HAS PROVIDED TO BE EFFECTIVE THERAPY FOR A VARIETY OF CENTRAL NERVOUS SYSTEM PATHOLOGIES.
This has included studies in ischemic and hemorrhagic strokes (Xin et al., 2013a; Xin et al., 2013b; Doeppner et al., 2015a; Chen et al., 2016; Otero-Ortega et al., 2017; Venkat et al., 2019; Mahdavipour et al., 2020; Rohden et al., 2021) and perinatal brain injury (Drommelschmidt et al., 2017; Sisa et al., 2019; Kaminski et al., 2020), some treated with intranasal MSC-EVs (Thomi et al., 2019a; Thomi et al., 2019b). Importantly, for this discussion regarding nasal sEV therapy of the neuro-psychiatric aspects of LCS, this includes the treatment of various neurodegenerative diseases with nasal sEVs, that has succeeded in diminishing pathologies in animal models of Parkinson’s disease (Laso-Garcia et al., 2018; Clark et al., 2019; Narbute et al., 2019; Chen et al., 2020; Jafarinia et al., 2020; Zhu et al., 2021), amyotrophic lateral sclerosis (ALS) (Bonafede et al., 2016; Gugliandolo et al., 2019), and Alzheimer’s disease (Alvarez-Erviti et al., 2011; Ding et al., 2018a; Elia et al., 2019; Reza-Zaldivar et al., 2019; Losurdo et al., 2020a; Ma et al., 2020a; Cone et al., 2021a); as well as psychiatric disorders such as autism (Perets et al., 2018; Alessio et al., 2020) and schizophrenia (Tsivion-Visbord et al., 2020), and further in neurotraumas such as traumatic brain injury (Patel et al., 2018; Ni et al., 2019; Williams et al., 2019; Sun et al., 2020; Williams et al., 2020), spinal cord injury (Guo et al., 2019), penetrating hippocampal injury (León-Moreno et al., 2020), and status epilepticus (Long et al., 2017; Herman et al., 2021), some treated intranasally (Kodali et al., 2019).
SUMMARY REGARDING THE NASAL ADMINISTRATION OF MESENCHYMAL STROMAL CELL-DERIVED SEVS FOR NEURO/PSYCHIATRIC ASPECTS OF LONG COVID SYNDROMES
These numerous and diverse results support the therapeutic usefulness of nasal administered MSC-derived sEVs in the neuro/psychiatric aspect of LCS. At sites of CNS involvement in these aspects of LCS, such EVs tend to specifically target and be taken up by macrophage family healing cells like microglia, and perhaps trophic M2-type macrophages as well. This can often lead such cells to produce secondary sEVs that usefully target other local cells like endothelial cells and pericytes to mediate the microvascular clearing of pathology and permeability stabilization, as in our work to be reviewed below. This makes the cultured, isolated, and enriched MSC-derived sEVs ideal therapeutic agents for treating the dominant CNS neuro/psychiatric and neuro-vascular effects of clinical LCS by their direct effects in the CNS after nasal administration.
ACUTE SARS-COV-2 VIRAL INFECTION CAUSES NEURO INJURIES POTENTIALLY LEADING TO LONG COVID SYNDROMES
Although there was an early emphasis on respiratory complications with serious pneumonia so dominant, the evidence of neurological manifestations of SARS-CoV-2 during infection contributing to the morbidity and mortality has grown rapidly. SARS-CoV-2 may affect the CNS by neuronal or hematogenous dissemination. Thus, CNS complications with COVID-19 can include encephalitis, acute necrotizing encephalopathy, diffuse leukoencephalopathy, stroke (both ischemic and hemorrhagic), venous sinus thrombosis, meningitis, and neuroleptic malignant syndromes (Zhou et al., 2020; Borah et al., 2021), that could, especially in milder forms, lead to subsequent neurologic syndromes driving the LCS. Also, to be considered as contributing are hypoxic and immune-based neuro injuries (Jha et al., 2021). Brain CTs in intensive care unit patients confirmed the severe vascular pathology (Castellano et al., 2020).
AUTOPSY STUDIES CONFIRM BLOOD VESSEL-DAMAGE AND INFLAMMATION IN THE BRAINS OF ACTIVELY SARS-COV-2-INFECTED PATIENTS, BUT NO LOCAL INFECTION
Autopsy studies showed CNS damage caused by thinning and leaky brain blood vessels from patients who died shortly after contracting infectious SARS-CoV-2 disease. However, there were no signs of SARS-CoV-2 in the brain tissue samples; suggesting that the damage was not caused by a direct viral attack on the CNS. Microvascular changes in the olfactory bulb and brainstem showed infiltrating macrophages with activated microglia and astrocytes in the perivascular spaces. High-resolution magnetic resonance imaging showed punctate hyperintensities, representing areas of microvascular injury and fibrinogen leakage indicating vascular permeability (Lee et al., 2021).
The corresponding antibody-staining confirmed the dominant microvascular changes, showing thinned basal lamina of endothelial cells and punctate hypo-intensities corresponding to congested blood vessels with surrounding fibrinogen leakage interpreted as microhemorrhages. The microvascular injury was accompanied by perivascular-activated microglia, macrophage infiltrates, and hypertrophic astrocytes that were frequently adjacent to neurons (Lee et al., 2021). There were CD8-pos T cells in the perivascular spaces adjacent to the endothelial cells that may have contributed to the vascular injury in the endotheliitis of COVID-19 (Varga et al., 2020). Other autopsy studies confirmed hypoxia of brain areas; many hemorrhages were likely caused by vascular insufficiencies, with similarly activated microglia (Thakur et al., 2021).
Summary
COVID-19 damage of cerebral small vessels likely causes many neurological symptoms. In the brains of severe acute-infected individuals with increased numbers of empty basement membrane tubes, the so-called “string vessels” represent remnants of lost capillaries of the microvascular brain pathology (Wenzel et al., 2021). Other and similar autopsies in COVID-19 patients confirm these processes demonstrating that megakaryocytes and platelet–fibrin thrombi characterize multi-organ thrombosis (Rapkiewicz et al., 2020). Overall, the autopsy findings confirm that endotheliopathy is a crucial aspect of the CNS pathology of acute SARS-CoV-2 infections. These could explain the confusion and delirium seen in some patients with severe infections and prominent lingering “brain fog” of subsequent LCS in those with mild infections (McAlpine et al., 2021; Ruhl et al., 2021). The fact that injury models show MSC-EVs target brain-healing macrophages that produce secondary sEVS-healing local micro vesicles (Nakazaki et al., 2021) makes this a particularly attractive therapy for patients with LCS.
EXAMINATION OF SPINAL FLUID FROM LIVING SARS-COV-2 ACTIVELY-INFECTED PATIENTS CONFIRM NEUROPATHY IN THE BRAINS, BUT NO LOCAL CENTRAL NERVOUS SYSTEM INFECTION
Examination of cerebrospinal fluid (CSF) samples from infected patients reveals neuroinflammation and aberrant neuroimmune responses during acute COVID-19 infections not seen in the cells of the peripheral blood plasma (Song et al., 2021). Additionally, a CSF-specific clonal expansion of T cells and the presence of antibodies that recognize the epitopes of SARS-CoV-2 spike protein that cross-react with neural antigens suggest compartmentalization of the immune response (Franke et al., 2021a; Song et al., 2021); i.e., the potential of an auto immune role in the subsequent LCS (Bhadelia et al., 2021; Ortona et al., 2021; Rojas et al., 2022). This was emphasized by finding a neurovascular injury with complement activation and inflammation in COVID-19 (Lee et al., 2022) and a high frequency of CSF auto-antibodies in COVID-19 patients with neurological symptoms (Franke et al., 2021b). During this acute phase, with neuronal injury, monocytes with markers of immune activation were detected in CSF (Edén et al., 2021).
In another CSF study, severe COVID-19 patients with neurologic presentations, compared to disease controls with other inflammatory neurologic disorders, had anti-SARS-CoV-2 IgG antibodies in the CSF, but with little upregulation of cytokines and chemokines compared to the controls. However, ICU patients exhibited higher concentrations of chemokines and VEGF in the CSF (Bernard-Valnet et al., 2021). Lumbar punctures in a large cohort of patients with active SARS-CoV-2 infections and neurological symptoms confirmed negative RT-PCR for SARS-CoV-2 in the CSF of all cases, as well as no WBC, as confirmed in other studies (Neumann et al., 2020; Jarius et al., 2022). Thus, the preponderance of evidence from CSF and the brain tissue autopsy examination suggests that immune neuro cell activation with some inflammation within the CNS is the primary driver of neurologic diseases in acute COVID-19 with no evidence of active replication of SARS-CoV-2 to account for subsequent LCS.
LONG COVID SYNDROME PATIENTS WITH NEW COGNITIVE SYMPTOMS HAVE IMMUNOLOGIC ABNORMALITIES OF CEREBROSPINAL FLUID
Examination of CSF in LCS patients even after mild non-hospitalized COVID infections showed increased proteins of inflammation and unexpected antibodies indicating an activated local immune system, while white blood cells, glucose, and IgG levels typical of neuroinflammation were not found (Matschke J et al., 2020). Consistent with this, abnormal oligoclonal banding immunoglobulin patterns were identified in two-thirds of the samples with cognitive changes compared to none in the cognitive controls (Apple et al., 2022). Some such oligoclonal bands were found in the blood and CSF, implying that these resulted from systemic inflammation.
Humans experiencing LCS with cognitive symptoms had spinal fluid elevation of the chemokine CCL11 (eotaxin), often seen similarly without the resulting eosinophils in diverse neurologic (AmandaHuber et al., 2018) and psychiatric syndromes (Teixeira et al., 2018), and in cancer with analogous brain fog (Gibson and Monje, 2021), compared to those with LCS who lacked cognitive symptoms. Eotaxin/CCL11 is immunologically well-known for its effects on eosinophil chemotaxis. Instead, in neurologic disorders, it has been associated with the inhibition of neurons inducing cognitive changes, such as impaired memory and learning (Villeda et al., 2011; de Miranda et al., 2015), likely by an indirect action on microglia (Parajuli et al., 2015a) that are known to be strongly activated in LCS (Fernández-Castañeda et al., 2022). Finding this unusual chemokine response suggests that LCS patients have immunologically abnormal brains, just like individuals with diverse neurologic diseases and several psychiatric syndromes (Villeda et al., 2011; Parajuli et al., 2015a; de Miranda et al., 2015).
ENDOTHELIOPATHY IN ACUTE SARS-COV-2 INFECTIONS THAT LIKELY CARRIES OVER TO PRODUCE DEFECTS IN LONG COVID SYNDROMES
The observations summarized previously strongly suggest that acute COVID-19 is dominantly a vascular endothelial disease, with its endotheliopathy in the CNS microvasculature resulting from inflammation, cytokine storm, oxidative stress, and coagulopathy. Multiple pathways may lead to this dominant endotheliopathy of acute COVID-19 infections that are postulated to carry over to dominate in many CNS aspects of LCS, and are proposed herein to be susceptible to the vascular healing properties of sEVs derived from MSC (Nakazaki et al., 2021) and when given nasally.
As part of the COVID macrophage activation syndrome’s inflammatory cytokines, besides responding to the viral infection with innate and acquired immune responses, there is further stimulation of macrophage/microglial vascular-acting inflammatory cytokines by the RNA of the SARS-CoV-2 pathogen via its pattern recognition receptor TLR-7. Furthermore, there is a release of monocyte-derived microvesicles with the surface tissue factor that triggers the extrinsic coagulation pathway (Cañas et al., 2021), and macrophage-derived EVs carrying microRNAs that drive COVID-19 micro thromboses of vessels (Parajuli et al., 2015b; Sahu et al., 2017).
Additionally, neutrophil extracellular traps (NETs) frequent in severe COVID-19 infections (Veras et al., 2020), releasing DNA with histones that activate platelets and the direct coagulation activating clotting factor XII (Hernández-Huerta et al., 2021). Furthermore, NETs release neutrophil elastase and myeloperoxidase (MPO) that cleave and inactivate natural anticoagulants to promote microvascular bleeding (Goshua et al., 2020; Bonaventura et al., 2021; Fernández et al., 2022). The induction of NETS also comes from SARS-CoV-2 binding to angiotensin-converting enzyme-2 as a viral receptor, increasing the production of reactive oxygen species that decreases vaso protective nitric oxide and prostacyclin, inducing endothelial cell damage, dysfunction, and finally apoptosis (Kuriakose et al., 2021). Furthermore, the release of involved proinflammatory and prothrombotic factors leads to more vascular inflammation, platelet aggregation, and thrombosis (Fodor et al., 2021).
VASCULAR EFFECTS IN LONG COVID SYNDROMES
In LCS, there may be persistent microclots and hyperactivated platelets perpetuating coagulation and vascular pathology, resulting in cells not getting enough oxygen in the tissues to sustain bodily functions, causing a variety of possible symptoms. Widespread hypoxia may be central to the numerous reported debilitating symptoms of LCS; including those in the CNS. This can be indicated by elevated biomarkers such as persistently elevated D-dimer and C reactive proteins (Mandal et al., 2020) in LCS often due to fibrinolytic-resistant microclots (Grobbelaar et al., 2021; Pretorius et al., 2021).
Additionally, SARS-CoV-2 viral proteins can directly affect vascular permeability. Interestingly, the tight junction microvascular proteins cadherin-5, ZO-1, and β-catenin, that in spinal cord injury are positively affected by the therapeutic healing mediated by MSC-sEV-released M2 macrophage-derived secondary sEVs (Nakazaki et al., 2021), are affected by four different SARS-CoV-2 proteins likely participating in endothelial dysfunction (Hui Shi et al., 2022).
Thus, autopsy studies conducted during active COVID-19 infections repeatedly confirm the importance of endotheliopathy dominance in the absence of active viral infections. This endothelial centric pathogenesis conceptually stimulates several possible pathways whereby vascular injury of the acute infection can cause neurologic defects to possibly carry over to account for the CNS defects of LCS that we propose to treat by the CNS actions of nasal-administered MSC-derived sEVs that likely target macrophages/microglia, and secondarily the local microvasculature (Nakazaki et al., 2021).
MSC-SEVS ARE AMELIORATING TREATMENT FOR NEURO INFLAMMATION AND VASCULAR INJURY IN ISCHEMIC STROKE
Stroke and traumatic brain injuries trigger CNS inflammation that exacerbates brain damage. Several preclinical studies of stroke models of the focal cerebral ischemia in rodents have shown that the systemic treatment with MSC-derived EVs reduces this inflammation (Doeppner et al., 2015b). In further stroke studies, these sEVs ameliorated intense responses of CNS microglia and astrocytes, reduced levels of IL-1β (Kim et al., 2016), and cognitive impairment (Wang et al., 2022). In other studies, like the transient middle cerebral artery occlusion with reperfusion, MSC-derived sEVs significantly decreased the infarct volume and neuronal injury, decreased brain infiltration of neutrophils, monocytes/macrophages, and lymphocytes, and reduced blood–brain barrier permeability (Wang et al., 2020).
Another prominent power of the healing actions of MSC-sEVs in ischemic stroke is the promotion of cerebral angiogenesis (Xin et al., 2017; Zhang et al., 2019). This is especially true when employing sEVs harvested from MSCs cultured under hypoxia (1 % O2) that act via the transfer of distinct sets of upregulated pro-angiogenic miRNAs and via the downregulation of others (Gong et al., 2017; Baruah and Wary, 2020), along with differentially abundant EV proteins (Gregorius et al., 2021). Such pro-angiogenic sEVs are able to act positively on endothelium in vitro (Shabbir et al., 2015). These positive effects of MSC-EVs on vessels in models of stroke encourage our contention that these EVs will be useful in LCS where vascular lesions may dominate.
Of course, MSC are not monoclonal and contain multiple miRNAs in diverse EVs, so such complex possible positive effects in models of stroke are not unexpected (Liu et al., 2021a; Liu et al., 2022). They do show that there may be multiple pathways by which the MSC-EVs can contribute to the healing of neurologic and vascular lesions in the complex entity that is stroke and certainly LCS. Furthermore, these results likely reflect a major seemingly chaotic aspect of this field given that an individual miRNA can affect the function of multiple mRNAs and a given mRNA can be affected by multiple miRNAs (Pillai, 2005; Bartel, 2009; Wu et al., 2010). Thus, similar diverse results should be expected in the MSC EV nasal treatment of the pathological neuro and vascular lesions of the CNS in patients with LCS.
IN ALZHEIMER’S DISEASE MODELS, SYSTEMIC MSC-SEVS ARE AN AMELIORATING TREATMENT
Studies of the MSC-EV treatment of stroke and spinal cord injury offer interesting data about how such a treatment affects severe neuro pathologies. However, it is doubtful that these pathologies relate to LCS. We actually do not yet have detailed data on the anatomic and molecular pathologies of the brains of patients with LCS. Of potential of having great pertinence, there is a long history of treatment of Alzheimer’s animal models with MSC-sEV. Here, following initial dozens of articles demonstrating the value of MSC themselves, likely due to their endogenous production of therapeutic EVs, in the last few years there have been many follow-up studies with MSC-derived sEVs successfully treating Alzheimer’s models, showing that this is highly effective and this is most relevent to our recommendation of this therapy in LCS.
In one such study, human MSC-sEV injection repaired cognitive disfunctions, helped to clear Aβ protein deposits, modulated the activation of microglia to alleviate neuroinflammation, and in vitro alternatively activated microglia from M1 to the M2-type (Ding et al., 2018b). Another systemic treatment with MSC-EVs showed reduced β-amyloid plaque expression and restored expression of neuronal memory/synaptic plasticity-related genes. In a related in vitro study, a human neural cell culture model with familial Alzheimer’s mutations was established and co-cultured with purified MSC-EVs. The uptake of 18F-deoxy-glucose as an objective measure of the brain glucose metabolism, PET imaging, and cognitive function improved significantly in AD transgenic mice (Chen et al., 2021). Yet, in another study of a murine Alzheimer’s model receiving intravenous MSC-EVs, there were improved cognitive impairments and reduced hippocampal Αβ aggregates and neuronal loss, restored brain electrical activities, as well as favorable mitochondrial changes (Wang et al., 2021).
IN ALZHEIMER’S DISEASE MODELS, NASAL-ADMINISTERED MSC-SEVS ALSO ARE A DIRECTLY ACTING AMELIORATING TREATMENT
Pertinent to our therapy proposal for LCS, some studies of the MSC-EV treatment of stroke have employed nasal rather than systemic treatment. These successful nasal administrations for stroke models thus provide strong evidence that our protocol of nasal treatment with the MSC-EVs of patients with significant LCS would be an effective approach. Thus, in very similar Alzheimer’s disease models where the MSC-EVs were delivered intranasally, the MSC-EVs exerted powerful neuroprotective effects on the Aβ1-42 oligomer or glutamate-induced neuronal toxicity, effectively ameliorating the neurologic damage in the whole brain, remarkably increasing newborn neurons and powerfully rescuing memory deficits in APP/PS1 transgenic mice. Following this nasal MSC-EV treatment, a proteomic analysis showed that these EVs contained multiple proteins possessing neuroprotective and neurogenesis activities, and neuronal RNA sequencing showed genes enriched in neuroprotection and neurogenesis (Ma et al., 2020b).
Yet in other studies employing the nasal administration of MSC-sEV for Alzheimer’s disease models in mice, there were improvements in cognitive impairments, reduced hippocampal Aβ aggregates, and favorable mitochondrial changes, along with a dampened activation of the microglia and increased density of dendritic spines; structures in the brain that provide cognitive resilience (Losurdo et al., 2020b; Cone et al., 2021b). Observed effects were achieved by only two intranasal injections of MSC-EVs delivered just hours apart and were evident threeweeks later; possibly because the EVs delivered intranasally could reach higher levels than those delivered by other methods, again in Alzheimer’s disease models in mice (Losurdo et al., 2020b; Cone et al., 2021b). These multiple favorable studies of Alzheimer’s disease models in mice treated with nasal MSC-EVs bode well for the prospects of this therapeutic approach for LCS that has many overlaps with the involved pertinent pathogenic mechanisms. Obtaining greater effects by repeated intranasal injections needs to be undertaken for LCS.
BRAINS OF INDIVIDUALS WHO DIED OF COVID-19 ARE SIMILAR TO ALZHEIMER’S DISEASE
Similar to the autopsy and spinal fluid findings described previously, a comprehensive molecular analysis of RNAomes in tissues from the brains of patients who died of COVID-19 acute infections reveals extensive signs of inflammation and neurodegeneration, but there is no sign of the causative virus. Using single-cell RNA sequencing, the activation levels of the transcriptomes of thousands of genes in each of the 65,309 individual cells taken from the brain-tissue samples of the COVID-19 patients and the controls were examined. Activation levels of hundreds of genes in all major cell types differed in the COVID-19 patients’ brains vs. controls. Many of these genes were associated with inflammatory processes and degenerative neuro diseases such as Alzheimer’s and Parkinson’s diseases (Yang et al., 2021; Reiken et al., 2022). The findings may help explain the neurological problems of patients with LCS. Note that acutely, about one-third of individuals hospitalized for COVID-19 reported symptoms of fuzzy thinking, forgetfulness, difficulty in concentrating, and depression and that these become major difficulties of individuals with LCS.
Important related findings were of numerous Alzheimer’s-like focal β-amyloid deposits without the characteristics of amyloid plaques of Alzheimer’s disease in brains of young dead COVID patients’ under 60 years of age, correlating with hypoxia in the neocortex, but the absence of other Alzheimer-type changes that may be precursors of amyloid plaques (Harker Rhodes et al., 2021). A similar examination of brains of patients dying of acute respiratory distress before the COVID era had similar deposits. This suggested that these findings are not unique to COVID-19, but relate to hypoxia (Harker Rhodes et al., 2021). Another study confirmed beta-amyloid aggregation and plaque formation, tauopathy, neuroinflammation, and cell death. Furthermore, SARS-CoV-2 was shown to invade the brain’s cognitive centers, triggering Alzheimer’s-like gene programs in healthy neurons and exacerbating such Alzheimer’s neuropathology in existing patients (Shen et al., 2021). Thus, SARS-CoV-2 can invade the cognitive centers of the brain and induce Alzheimer’s -like neuropathology or enhance Alzheimer’s -like neuropathology. These carried on to LCS may be susceptible to nasal therapy with MSC-derived sEVs as they likely have similar abnormalities in animal models of Alzheimer’s disease.
MSC-SEV THERAPY FAVORABLY INFLUENCES MICROGLIAL HEALING-ASSOCIATED MACROPHAGE-LIKE POLARIZATION
Microglia are nervous system tissue‐resident macrophages that demonstrate similar and unique features regarding M1/M2-type phenotype polarization. Microglia can be stimulated by LPS or the IFN‐γ to M1- phenotype for expression of pro‐inflammatory cytokines or instead by IL‐4/IL‐13 to an M2 phenotype for resolution of inflammation and tissue repair. In a rat middle cerebral artery occlusion and reperfusion stroke model, treatment with MSC-sEVs significantly improved motor, learning, and memory abilities. The intake of these EVs into microglia was visualized through immunofluorescence staining and MSC-sEV-treatment significantly inhibited M1 microglia polarization and increased M2 microglia cells. The production of pro-inflammatory factors decreased, while the anti-inflammatory cytokines and neurotrophic factors increased, both in the cortex and hippocampus of the ischemic hemisphere as well as in the in vitro culture supernatant of microglia. Furthermore, Western blot analysis demonstrated that M1-polarizing CysLT2R expression and ERK1/2 phosphorylation were downregulated both in vivo and in vitro (Zhao et al., 2020).Therefore, MSC-sEv attenuated brain injury and inhibited microglial inflammation by reversing microglia M1 polarization to healing M2-type that should be a powerful aspect of the benefit of nasal administered MSV-EVs (Nakazaki et al., 2021) that we are recommending for therapy of patients with LCS.
Another study in this system confirmed the neuroprotective effects of MSC-sEVs by similarly modulating microglial polarization, associated with the attenuation of NLRP3 inflammasome-dependent pyroptosis and apoptosis, dose dependently reducing the brain infarct area and water content, and improving the neurological function up to 5 weeks after stroke (Liu et al., 2021b). These results were replicated in a spinal cord injury model confirming that MSC-sEVs promote the functional behavioral recovery by shifting microglial polarization from M1 to M2 in vivo and in vitro (Nakazaki et al., 2021). Furthermore, shuttling of miRNA-216a-5p by these sMSC-EVs was involved and TLR4 was identified as the targeted downstream gene (Liu et al., 2020).
Additionally, in mouse models of stroke such MSC sEV therapy, it also regulated the polarization of microglia, increasing the repair-promoting M2-type and decreasing the pro-inflammatory M1-type via transferring miRNAs acting on STAT1 and PTEN downstream-signaling targets. Furthermore, there was reduced volume of brain atrophy, improved neuromotor and cognitive functions, as well as an attenuated loss of oligodendrocytes, and importantly, there was increased vascular endothelium in the peri-ischemia area (Hu et al., 2022).
Conclusion
Microglia are central players of CNS homeostasis and inflammatory response in COVID-19 that exert their crucial functions in coordination with other CNS cells. This indicates that SARS-CoV-2 likely directly infects and/or immunologically affects human microglia, eliciting M1-like pro-inflammatory responses, leading to other neurological complications featuring the activation of astrocytes and T-lymphocytes, and further disturbing the blood–brain barrier; all together causing neuronal damage and death.
By targeting and prospering M2 healing and trophic macrophages, therapy with MSC-sEVs results in restoring balance by dampening the effects of pathogenic M1-leaning microglia in neurological abnormalities of COVID-19 patients, and likely in LCS as well. Our studies of spinal cord injury in rats showed definitively that MSC sEVs very specifically target M2 macrophages at the site of injury. This stimulates their maturation, proliferation, production of inhibitory TGF-β, and most importantly induces them to produce secondary trophic sEVs that target the local microvasculature. This induces further healing and decline in the altered vascular permeability by activating genes encoding intercellular adhesive molecules (Nakazaki et al., 2021) that together would be quite desirable in improving the neuro function in LCS patients.
IN SPINAL CORD INJURY, MSC-SEV HEALING INVOLVES A PREFERENTIAL UPTAKE BY M2-MACROPHAGES RELEASING SECONDARY EXTRACELLULAR VESICLES TARGETING TROPHIC ENDOTHELIAL GENES
Our recent studies of spinal cord injury in rats showed that MSC-derived sEV therapy leads to secondary suppressive EVs derived at the site of neuro injury from a specifically targeted healing subpopulation of M2-type macrophages, expressing the M2 marker CD206, and not the M1 marker iNOS (Lankford et al., 2018). Furthermore, these targeted M2-macs produce local healing, anti-inflammatory, and immune suppressive TGF-β to positively influence the local endothelium targeted by their locally secreted secondary EVs (Nakazaki et al., 2021) (Figure 1).
[image: Figure 1]FIGURE 1 | IV-injected primary MSC‐sEVs specifically target M2-type macrophages at the site of spinal cord injury, inducing secretion of healing TGF‐β and production of secondary M2-derived sEVs with surface TGF‐β to induce and bind TGF‐βR2 on local vascular cells, and inducing the production of endothelial cell junctional proteins to restore the blood–spinal cord barrier integrity.
Figure 1 shows the proposed mechanisms underlying the therapeutic effects of MSC‐sEVs in spinal cord injury. Circulating MSC‐sEVs [primary (1°)] MSC‐sEVs: blue circles produced either by the release of sEVs from IV-infused MSCs trapped in the lungs or by repeated IV dosing three times with derived MSC‐sEVs, are quite specifically taken up by M2-type macrophages in the spinal cord lesion. sEV uptake by a M2 macrophage subpopulation promotes an increased production of TGFβ (red squares) and sustained M2 polarization. Furthermore, there is induced TGFβ and/or TGFβ surface expressing secondary sEVs (2° sEVs) released by the MSC‐sEV‐stimulated spinal cord infiltrating M2 macrophages (green circles) that then bind to the induced TGF‐βR2 on local vascular endothelial cells and/or pericytes. Complexing with TGF‐βR1 is via enhanced avidity due to a surface array of TGF-β to activate downstream endothelial cell pathways, that lead to the upregulation of three vascular junctional proteins (ZO‐1, occludin, and N‐cadherin) contributing to the restoration of the blood–spinal cord barrier’s integrity. This vascular restoration provides a more favorable environment for neuronal functions and promotes greater recovery of locomotor activities.
There are three unique findings. Firstly, the quantative effects of treatment with MSC alone were compared to the treatment with their released EVs. We considered 2 × 106 MSCs as their IV dose and the sEV output in 24hrs of culture as the sEV dose of 2.5 × 109 nano vesicles (4.6 ± 0.5 µg protein). However, at this dose, the EVs did not significantly improve the locomotion effects attained with the MSC that could be achieved by three doses of the EV over 3 days (Nakazaki et al., 2021).
Secondly, these primary injected MSC-derived sEVs specifically targeted M2-type macrophages in the injured cord (Lankford et al., 2018) to in turn produce M2-Mac-derived endogenous secondary EVs that targeted the loal endothelium. Crucially, these secondary EVs likely transfer miRNAs that favorably alter the genetic programming of their targeted endothelium (Nakazaki et al., 2021).
Thirdly, these 2° Mac-2 EVs induce the synthesis of downstream microvascular proteins to favorably alter the recipient local endothelial cells and pericytes to express not only TGF-β receptors, but also tight adheren junction mRNAs and their corresponding occluden proteins such as zona occludence protein-1 and N-cadherin (Nakazaki et al., 2021).
This results in microvascular stabilization by tightening the occluding cell surfaces of the local endothelial cells, to seal the pathway of intercellular junctional complexes consisting of multiple proteins whose canonical function is to prevent vascular leakage. Thus, there was consequent vascular functional recovery demonstrated by reduced permeability and clearing of pathology (Nakazaki et al., 2021). These secondary sEVs can have a surface array of TGF-β that stimulates the induced neighboring microvasculature endothelial cell TGF-β receptors and pericytes resulting in prolonged targeted cell signaling compared to free-TGFβ-1 (Shelke et al., 2019). These unique local microvascular aspects of spinal cord healing by MSC-sEV therapy might also apply to the treatment of Long COVID neuro/psychiatric patients receiving these nasally applied sEVs.
SAFETY AND EFFICACY OF TREATING MODERATE AND SEVERE CLINICAL SARS-COV-2 PULMONARY INFECTIONS WITH MESENCHYMAL STROMAL CELLS
A variety of studies have demonstrated the benefits of MSC therapy with the MSC in active COVID-19 infections (Kaushal et al., 2020; Yang et al., 2020; Hashemian et al., 2021; Kouroupis et al., 2021; Lanzoni et al., 2021). The next completed level has been a few favorable double-blind, randomized, controlled trials of therapy with MSC alone in active COVID-19 infections (Payares-Herrera et al., 2021; Shi et al., 2021). A recent strictly controlled use of the standard bone marrow-derived MSC therapy in severe COVID-19 pneumonia produced very strong data of efficacy (Grégoire et al., 2022). MSC infusions were tolerated well without adverse effects. Survival was significantly higher at 100 % in the MSC-treated group vs. 71 % in the controls at 60 days (p = 0.0082), as well as equally strongly reduced D-dimer levels. This anti-COVID infectious knowledge was recently added by the demonstration that MSC-EV treatment of SARS-CoV-2-infected human lung epithelial cells suppresses viral replication and mitigates the production/release of infectious virions (Chutipongtanate et al., 2022). All together, these strong data suggest that if residual viruses or viral antigens are driving LCS, which has been reported (Zuo et al., 2021; Cheung et al., 2022; Das et al., 2022; Natarajan et al., 2022; Tejerina et al., 2022), the nasal MSC EVs will be an appropriate efficacious therapy for LCS.
USE OF MESENCHYMAL STROMAL CELL-DERIVED EVS FOR THE TREATMENT OF CLINICAL SARS-COV-2 INFECTIONS
Therefore, there now is the obvious need for further trials employing MSC-secreted sEVs for severe active infections. Recently, there was a prospective non-randomized open-label cohort study of a commercial EV agent derived from 24 SARS-CoV-2 PCR-pos patients at a single hospital center (Sengupta et al., 2020). The patients were injected IV with this agent and monitored daily for 14 days. There were no adverse events and most patients recovered (83 % survival) with improved oxygenation (192 %), decreased blood marker neutrophils (32 %), C Reactive Protein (CRP), ferritin, and fibrin d-dimer (42 %–77 %), with increased lymphocyte counts (46 %); all statistically significant (Sengupta et al., 2020).
Although this study involved an undocumented extracellular vesicle product with no details per the actual composition (Lim et al., 2020), it demonstrated the potential safety and efficacy of BM-MSC-derived sEVs in COVID pneumonia, that may therefore be a promising therapeutic approach for late COVID. This would be after satisfying the cautions of international societies and FDA approval. A subsequent article provided the details about this commercial EV agent derived from allogeneic bone marrow MSC that were requested by experts (Sengupta et al., 2021).
In a similar study, eight subjects experiencing mild-to-moderate COVID-19 infections were treated with another experimental commercial product of sEVs from amniotic fluid-derived MSCs (positive for CD63, CD81, and CD9) (Bellio et al., 2021a). This product was from sterile endotoxin low-cultured sEVs given systemically at 2.63 × 1011/ml. It was administered as a suppressor of cytokine activation to reduce COVID-19 infection severity by targeting TNF-α, IL-6, IL-8, and other associated immune response genes via its carried miRNAs (Bellio et al., 2021a). This is one of a variety of registered patient MSC-derived sEV treatment protocols for COVID-19 lung diseases employing that there are among a variety of 197 current MSC protocols listed at www.clinicaltrials.gov (its identifier: NCT04384445).
Here again, there were no adverse events and all COVID-19-associated symptoms were resolved; including: fatigue, cough, shortness of breath, chest x-rays, inflammatory biomarkers (CRP, IL-6, TNF-α), and absolute lymphocyte counts (Bellio et al., 2021a). Findings from this proof-of-concept, expanded the access trial for treatment of significant COVID-19 infections showing safety and effective prevention of COVID-19 disease progression.
All together, these properties demonstrate the therapeutic potential of MSC-EVs as a suppressor of cytokine activation for the reduction of clinical manifestations of COVID-19 infection, and perhaps the infection itself, with severe respiratory failure, and might indicate one pathway for the treatment of long COVID due to residual viruses or viral antigens.
BEGINNING UNCONTROLLED USE OF MESENCHYMAL STROMAL CELL-DERIVED SEVS ADMINISTERED SYSTEMICALLY FOR CLINICAL LONG COVID SYNDROMES
So far, COVID long haulers receive little to no guidance from physicians with almost no treatment options available. A commercial MSC-derived sEV product of the human amniotic fluid is beginning to be investigated for long COVID therapy. Initially, FDA and IRB approvals were obtained to investigate the therapeutic use of this commercial MSC-derived EV product in a single long hauler patient experiencing prolonged shortness of breath and respiratory impairment in an uncontrolled manner to start.
In careful preparatory testing, this group first used this EV product to successfully treat an experimental model of bronchopulmonary dysplasia (Bellio et al., 2021a). Then, in a first move to LCS patients, they published a case report using these amniotic fluid-derived nanoparticles, said to contain extracellular vesicles and exosomes, in three severely ill COVID-19 patients suffering from severe, multi-organ complications induced by the COVID-19 infection. In this initial uncontrolled clinical trial, all patients had been diagnosed with COVID-19, developed respiratory failure, and were hospitalized for more than 40 days. All the patients showed amelioration in the ICU clinical status with objectively determined respiratory improvements, resolution of acute delirium, and diminution of elevated inflammatory biomarkers (Mitrani et al., 2021a; Bellio et al., 2021b).
Finally, in a subsequent uncontrolled use of this commercial MSC-derived EV product in a single long hauler patient experiencing prolonged shortness of breath and respiratory impairment, intravenous and multi-dose administrations of this agent were safe and well-tolerated without any reported serious adverse events. The patient demonstrated respiratory improvements in chest X-rays and measured oxygen saturation. This long hauler patient had become infected with SARS-CoV-2 two months prior to treatment and suffered from chronic respiratory distress with continuing bilateral pneumonia and shortness of breath. There had been no elevation in the blood laboratory results or in the inflammatory biomarkers linked to these persistent symptoms. The patient began to experience improvements in shortness of breath early in this MSC-EV treatment and continued to improve throughout. By conclusion of the study, the patient returned to normal with no respiratory impairments (Mitrani et al., 2021b).
The advancement represented by this admittedly single patient study of a commercial MSC-derived sEV product derived from human amniotic fluid for the treatment of severe chronic LCS demonstrated the potential therapeutic potential of MSC-EVs in Long COVID, for scientific biologic treatment of patients, beyond use of MSC themselves. Recently, the company announced a U.S. FDA approval of a much needed double-blinded, placebo-controlled, randomized phase I/II trial to investigate the safety and potential efficacy of this MSC-EV product in treating COVID-19 long haulers. It is hoped that this initial success with respiratory dominant long COVID will lead to similar trials of such therapy in neuro/psychiatric-dominant LCS that could eventually lead to trials of nasal treatment with similar MSC-EVs.
OVERALL CONCLUSION
LCS frequently are neuro vascular diseases. We recommended appropriate therapy with nasal-administered MSC-derived sEVs when able to meet the recommendations of the ISEV (Witwer et al., 2019) and the FDA, as well as meeting the challenges for their clinical use (Mendt et al., 2019; Gowen et al., 2020). MSC are not stem cells but stromal cells with diverse healing properties in a variety of illnesses and injuries in multiple organs; including the CNS, and importantly in neuro psychiatric syndromes such as Alzheimer’s and Parkinson’s diseases that have parallel aspects with LCS. MSC-sEVs are like broadly effective corticosteroids with diverse polyvalent positive properties when given acutely in hyper physiological doses, but the results of MSC-sEV chronic use are not yet clear. With some times inducing a prominent role of TGF-β in the healing processes, clinical care will be needed to carefully judge the treatment doses and duration of MSC-sEV therapy so that there does not develop excessive fibrosis, along with other unwanted side-effects.
The key to efficient use of MSC-sEV therapy for LCS is the direct approach to the involved CNS by administration via the nasal route enabling the physiologic passage of the blood–brain barrier of numerous EV subgroups to target elements of dominant cerebrovascular vascular diseases involving the micro vessels. Furthermore, MSC-sEV therapy particularly targets macrophage-type cells; especially microglia in the altered nervous system of LCS patients that often subsequently lead to the stimulation of neighboring micro vascular cells via macrophage/microglial release of secondary healing/trophic sEVs that positively affect vascular junctions, reduce vascular permeability, and restore vascular functions.
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