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The COVID-19 pandemic has led to several pioneering scientific discoveries resulting in no effective solutions with the exception of vaccination. Moderate exercise is a significant non-pharmacological strategy, to reduce the infection-related burden of COVID-19, especially in patients who are obese, elderly, and with additional comorbidities. The imbalance of T helper type 1 (Th1) or T helper type 2 (Th2) cells has been well documented among populations who have suffered as a result of the COVID-19 pandemic, and who are at maximum risk of infection and mortality. Moderate and low intensity exercise can benefit persons at risk from the disease and survivors by favorable modulation in Th1/Th2 ratios. Moreover, in COVID-19 patients, mild to moderate intensity aerobic exercise also increases immune system function but high intensity aerobic exercise may have adverse effects on immune responses. In addition, sustained hypoxia in COVID-19 patients has been reported to cause organ failure and cell death. Hypoxic conditions have also been highlighted to be triggered in COVID-19-susceptible individuals and COVID-19 survivors. This suggests that hypoxia inducible factor (HIF 1α) might be an important focus for researchers investigating effective strategies to minimize the effects of the pandemic. Intermittent hypoxic preconditioning (IHP) is a method of exposing subjects to short bouts of moderate hypoxia interspersed with brief periods of normal oxygen concentrations (recovery). This methodology inhibits the production of pro-inflammatory factors, activates HIF-1α to activate target genes, and subsequently leads to a higher production of red blood cells and hemoglobin. This increases angiogenesis and increases oxygen transport capacity. These factors can help alleviate virus induced cardiopulmonary hemodynamic disorders and endothelial dysfunction. Therefore, during the COVID-19 pandemic we propose that populations should engage in low to moderate exercise individually designed, prescribed and specific, that utilizes IHP including pranayama (yoga), swimming and high-altitude hiking exercise. This would be beneficial in affecting HIF-1α to combat the disease and its severity. Therefore, the promotion of certain exercises should be considered by all sections of the population. However, exercise recommendations and prescription for COVID-19 patients should be structured to match individual levels of capability and adaptability.
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Introduction

The immune system is an anatomical defense system that protects an organism from diseases. The immune system is made up of two parts: the innate (general/cell mediated) and the adaptive (specialized/humoral) immune system. The systems perform different tasks individually, together and work in synergy with each other. In the early 20th century, the newly discovered science of immunology was involved in a fundamental debate regarding whether phagocytic cells provided immunity, or if the immunity responsibility was that of humoral antibodies? As the century progressed, the opposing theories coalesced into one paradigm of host immunity: type 1/type 2 immunity. An important biochemical constituent part of the immune system are T helper cells. Initially, all T helper lymphocytes are naive cells (Th0s) that can, following activation, “polarize,” or differentiate, into type 1 (Th1) or type 2 (Th2) lymphocytes (1, 2). The cluster of differentiation 4 (CD4) surface proteins appears on T-helper cells, whereas the cluster of differentiation 8 (CD8) surface protein appears on T-cytotoxic cells. CD4+ T helper cells induce antibody production in B cells and CD8+ T cytotoxic lymphocytes mediate lysis of intracellular pathogen-infected autologous cells. Type 1 immunity is characterized by intense phagocytosis driven by Th1 lymphocytes that secrete interleukin (IL)-2, interferon gamma (IFN-ϒ), and lymphotoxin-a (LT-a). Pro-inflammatory cytokines are primarily related to IFN-ϒ that stimulate phagocytosis (3, 4), the intracellular killing of microbes (5, 6) and the oxidative burst (7, 8). IFN-ϒ also upregulates the expression of class I (9, 10) and class II major histocompatibility complex (MHC) molecules (11, 12) on a variety of cells, thereby stimulating antigen presentation to T cells. Non-leukocytes, such as endothelial cells, are also induced by IFN- ϒ and LT-a (13), fibroblasts (14, 15), and keratinocytes (16), secreting pro-inflammatory cytokines, such as chemotactic cytokines called chemokines (17) and tumor necrosis factor (TNF).

Conversely, Type 2 immunity induced by Th2 cells, characterized by highly elevated antibody titers, is characterized by the secretion of interleukin-4, IL-5, IL-9, IL-10, and IL-13. Particularly, IL-4, IL-10, and IL-13 enhance proliferation, activate antibody production, and switch classes of antibodies (18, 19). Hematopoietic cytokine IL-5 is powerful in stimulating eosinophil development in the bone marrow (20–22), as well as activation of eosinophils (23, 24) and basophils (25, 26), whereas Mast cells are stimulated by IL-9, the equivalent hematopoietic factor (27, 28). In addition to their atopic and allergic effects, IL-4, IL-5, IL-9, and IL-13 are strongly implicated in airway inflammation seen in asthma and reactive airway disease (29–33). The T helper cell family include numerous subtypes in addition to Th1 and Th2. Th0, are lymphocytes that are immature or have not polarized during maturation, as well as taking on qualities of both Th1 and Th2 (34, 35). T helper 3 (Th3) and T-regulatory (Treg) are other lymphocyte populations of CD4+ T helper cells. Among mammals, Th3 cells produce transforming growth factor (TGF) β1 that regulates mucosal immunity (36–39). Unlike Th3 cells, Treg cells secrete unusually high levels of IL-10 and lower levels of TGF- β1, which may be implicated in the suppression of immunity in general (40, 41). T follicular helper cells (TFH) guide B cells to produce antibodies and secrete IL-21 (Figure 1). It is interesting to note that the imbalance between Th1 and Th2, Treg and Th17 have been well documented among those people who are most susceptible to infection by COVID-19 including the obese, the elderly and individuals with other underlying comorbidities. Patients of COVID-19 and people who have recovered following COVID-19 have also experienced an imbalance between Th1 and Th2, Treg and Th17.




Figure 1 | Summary of Naive T (T0) cells differentiation in (A) T helper 1 (Th1) cells due to the surrounding microenvironment of IL-12 and further secretes IL-2 and IFN-ϒ and activates macrophage and causes inflammation, (B) T helper 2 (Th2) cells due to the surrounding microenvironment of IL-4 and further secretes IL-4, IL-5, IL-13 and activates eosinophil and B cells, (C) T helper 17 (Th17) cells due to the surrounding microenvironment of IL-6 and TGF-β and further secretes IL-17, IL-22 to recruit neutrophils and causes inflammation, (D) T regulatory (Treg) cells that secretes IL-10, TGF-β and suppresses immune response, (E) Follicular helper T (TFH) cells and secretes IL-21, and guide B cells to produce antibodies. IL is interleukins, TGF-β is Transforming growth factor-β and a B cell is B lymphocytes.



Regular physical exercise promotes immune defense and decreases susceptibility to pathogenic microorganisms, including viruses by modulating the balance of Th1 and Th2 cells, Treg and Th17. A combination of innovative scientific discoveries and clinical observations has revealed several potential drug targets in the midst of the current COVID-19 pandemic. In the meantime, there are currently no effective and safe pharmacotherapies for this novel SARS coronavirus (SARS-CoV-2). Since Th1/Th2 imbalance is linked to SARS-CoV-2 infection, approaches such as non-pharmacological strategies, including moderate exercise, should be considered to reduce the burden of the disease as well as to reduce infection rates (Figure 2).




Figure 2 | Moderate to low intensity exercise upregulates Th1 and downregulates Th2 in people susceptible to COVID-19 infection (including obese, elderly and people with other comorbidities), COVID-19 patients and COVID-19 survivors with upregulated Th2 and downregulated Th1. Th1 is T helper cells 1 and Th2 is T helper cells 2.





Populations With Imbalanced Th1/Th2 Are Among the Most Susceptible to Become Infected by COVID 19


Obese People

COVID-19 courses and mortality are worse when patients are obese, particularly among young (age < 50 years) hospitalized patients (42, 43). In physiochemical terms, the Angiotensin-converting enzyme 2 (ACE2) is known to function as an entry receptor for COVID-19, and obesity may lead to greater levels of ACE2 expression in the lung epithelial cells. This highlights that the more adipocytes there are, the more chances of the virus spreading via ACE2 receptors (44). COVID-19 outcomes may be more severe in individuals with high endogenous ACE2 serum concentrations. ACE inhibitors suppress auto reactive Th1 and Th17 cells and promote antigen-specific Treg cells by inhibiting canonical nuclear factor kappa-light-chain-enhancer of activated B cells (NFkβ)-1 transcription factors and activating alternative NFkβ-2 pathways (45). In fact, early clinical results indicate that ACE inhibitor therapy can reduce Th1/Th2 cytokine ratios and inflammatory cytokine levels in patients with chronic heart failure (46). This may also apply to obese populations and warrant further investigation.

Studies conducted prior to the COVID-19 pandemic have demonstrated that intense aerobic exercise acutely raises plasma ACE2 levels in humans (47). The impact of short-term exercise on ACE2 serum concentrations as well as whether and how they will persist over time is unclear. Exercise also induces ACE2 expression in skeletal muscle, but lower levels of this molecule in the bloodstream are believed to impact on COVID-19 pathogenicity. Exercise appears to be a modifiable risk factor, especially for those who are more susceptible to acquiring COVID-19 infections (48). NETs (neutrophil extracellular traps) represent an innate organismic defense mechanism, in which neutrophils release intracellular material which engulf any external agents. The release of NETs is associated with an increase in inflammation and related metabolic diseases, including obesity. In order to treat and prevent obesity, continuous physical training is essential. The link between physical activity, obesity, and NETs has been outlined in a recent bioinformatics analysis. Following ontological analysis, the bioinformatics showed TNF-α to be the leading gene, followed by the regulation of inflammatory response, chemokines, and interleukin-6. The main results of the study indicated that NETs release was regulated by physical training, suggesting a role as a therapy target against NETs and inflammation (49) and modulating the immune system in favor of Th1.



Elderly Populations

Elderly people with immune compromised states are also associated with poor clinical outcomes from COVID-19 (50). One of the receptor proteins expressed on T cells, a cluster of differentiation 28 (CD28), is required for activating and maintaining T cells. As age progresses, CD28 expression declines and Th1/Th2 are unbalanced, which impairs T-cell-mediated immunity. In a previous study an elderly (age = 61 to 79 years) population of 48 subjects were tested for the effect of moderate exercise, of six months duration on CD28 expression as well as the balance between Th1/Th2 cells (51). The exercise group engaged in moderate-intensity exercise (between 65% and 75% of maximum heart rate maintained in the exercise sessions), including aerobics, light resistance training, and stretches. This study reported that close to 35% of IFN-associated Th1 cell subtypes increased, but Th2 cells associated with IL-4 remained unchanged (52, 53).

The mechanism of immune system improvement due to physical activity is not clearly understood in elderly populations, but one of the contributory factors is the production of free radicals (54–56). Exercise increases oxygen consumption up to 10-fold, resulting in an increase in the concentration of free radicals. The immune system becomes more efficient in combating free radicals in the blood. This is a consequence of increased anti-oxidant enzyme production including superoxide dismutase, catalase and glutathione. There are also increases in cell-mediated immunity, and increased CD4 and CD8 cells (54). Moderate exercise can compensate for decreased sympathetic activity and decreased β adrenergic receptor sensitivity due to aging and may also increase the secretion of catecholamines and stimulate the spleen, proliferation of T cells, CD4 and CD8 in lymph nodes, and lymphatic cells in the thymus (57). β adrenergic receptor stimulation may activate Cyclic adenosine monophosphate and result in lymphocyte production (58, 59) and favorable modulation. With aging, mitochondrial function declines, which increases mortality. According to Santosh Chenoy’s review, mitochondria play a key role in COVID-19 sepsis, specifically the interaction among innate immunity, viral replication, inflammatory state, and HIF-α/Sirtuin pathways. The evidence provided indicates that mitochondria in senescent cells may be dysfunctional, and incapable of maintaining the hypermetabolic demands associated with Covid-19 sepsis. Damage-associated molecular pattern (DAMP) may activate innate immunity through mitochondrial proteins. As oxidative phosphorylation pathways are disrupted, ROS levels increase, which activate the HIF- α/Sirtuin pathway and lead to sepsis. Replication and increased viral load may be enhanced by viral-mitochondrial interaction. In Covid-19 sepsis, hyperoxia and hyperinflammation contribute to increased mortality (60). COVID-19 exhibits immune responses during sepsis. With reduced TH1 responses, and post-septic immunity is characterized by increased TH2-type responses. After sepsis, IFN-γ/IL-4 producing CD4+ T cells appear tilted towards IL-4 (61). Further maintenance of TH1cells after sepsis are negatively affected by becoming more susceptible to activation-induced cell death and apoptosis (62, 63). Specifically, CD4+ T lymphocytes can show decreased proliferation capacity and improper cytokine responses following sepsis, and a defect in the correct regulation of the TH-specific cytokine pathway can negatively influence inflammatory processes post-sepsis. Previous researches suggest that TH1 responses are compromised in post-septic immunity (64).



Populations With Other Comorbidities

Individuals with comorbidities, such as hypertension, diabetes, coronary heart disease, and chronic obstructive pulmonary disease, are more susceptible to infection and also experience poorer clinical outcomes after COVID-19 (50). Autoimmune diseases are chronic conditions characterized by loss of tolerance to self-antigens. In response to physical activity, Treg1 is elevated, immunoglobulin secretion decreases, and the Th1/Th2 balance shifts. Additionally, physical activity can boost IL-6 levels in the body. Muscle-secreted IL-6 functions as a myokine and inhibits the production of IL-1 β and IL-10, thereby inhibiting inflammation. In most cases of autoimmune diseases such as lupus erythematosus (SLE), rheumatoid arthritis (RA), multiple sclerosis (MS), and inflammatory bowel diseases (IBD), physical activity is safe. In addition, patients less engaged in physical activity have a higher risk of developing RA, MS, IBD and psoriasis. The general trend in patients with autoimmune diseases is that they are less physically active than the general population. RA patients who were physically active had a milder disease course, improved joint mobility and cardiovascular disease (CVD) profile. Patients with MS benefit from physical activity in terms of fatigue reduction, improved mood, and cognitive abilities as well as improved mobility. A higher physical activity level and improved CVD profile have been documented among SLE patients. Exercise can decrease the risk of autonomic neuropathy and cardiovascular disease in people with diabetes mellitus type 1. Physical activity decreases the severity and pain of fibromyalgia and systemic sclerosis symptoms, as well as improving quality of life for patients (65). Researchers studied the relationship between body mass index (BMI) and changes in testosterone/cortisol ratio, serum IL-4/IFN-γ ratio (Th1/Th2 balance) in women with asthma, and to assess changes in cortisol, testosterone, estrogen, and progesterone levels after aerobic exercise training. A total of 21 women, who suffered from mild to moderate asthma and had regular menstrual cycles, participated in this study. The study reported that the exercise group showed a significant rise in Th1/Th2 and a fall in cortisol and BMI, in comparison to the control group. A significant correlation could not be found between cortisol levels, sex hormone levels, BMI, and the increase in Th1/Th2 ratios. It was suggested that in women with asthma, moderate aerobic exercise increased the Th1/Th2 ratio regardless of changes in steroid hormone levels or body mass index (66). An article published in the British Journal of Sports Medicine in 2008 showed that a 12-week program of Tai Chi exercises influenced type 2 diabetics’ Th1/Th2 ratios towards Th1. The study involved 60 patients with type 2 diabetes who were on average 54 years of age. After twelve weeks of tai chi exercises, Th2-inducing IL-4 was lowered and Th1-inducing IL-12 was increased. Whereas, the evidence for the therapeutic effects of higher-intensity exercise in Th2-dominated conditions like asthma or allergies is scarce in human studies, but the potential modulation of inflammation underlying these scenarios may be explored based on Th2-associated cytokines produced by muscle contractions (67).



COVID-19 Patients Exhibit Imbalanced Th1/Th2

Immune-system imbalances, such as autoimmune issues, allergies, and increased susceptibility to infection, result from an imbalance between Th1 and Th2 cells. The immune response type organized against viral infection is determinant in the prognosis of some infections. An observational prospective study reported Th polarization in acute COVID-19 and its possible relationship with outcomes, was very informative. In a hospital Medical Department, 58 COVID-19 patients were recruited, and 55 patients survived after losses to follow-up. Four Groups were created based on the maximum progression of the disease. Flow cytometry analysis of T-helper cell percentages and phenotypes, as well as Luminex analysis of serum cytokines, were performed upon obtaining the microbiological diagnosis of the disease. In contrast to the reference population, COVID-19 patients had significantly lower %Th1 and %Th17 cells with higher %Th2 cells activated. Senescent Th2 cells were found at higher levels in patients who died compared to those who survived. The senescent Th2 cell percentage (OR: 13.88) was independently associated with death, with a relationship between the total lymphocyte count (OR: 0.15). COVID-19 patients had a profile of serum cytokines that were pro-inflammatory when compared with controls, including IL-2, IL-6, IL-15, and IP-10. Comparing the patients and controls, they also had higher levels of IL-10 and IL-13. IL-15 levels and were significantly higher in patients who died than those who survived. The disease progression groups did not differ significantly from one another. IL-15 and high Th2 responses are associated with a fatal outcome in the study (68). Cytokine IL-15 plays a variety of biological roles in many kinds of cells. As an important player of both innate and adaptive immune responses, it modulates immune cells and causes inflammation and protection from microorganisms (69). Synergistic hypoxia/IL-15 interactions were observed for genes associated with key metabolic and regulatory enzymes based on RT-PCR. In a recent study, it was found that IL-15 stimulates NK cells to switch from glycolysis to anaerobic metabolism (70). The severity of disease was also linked to immune features in another study. It was reported that severe illness was associated with Immunotype 1, characterized by a higher level of CD4 T cell activation, reduced circulating effector CD8 T cells and the presence of B cells in peripheral blood. Moreover, immunotype 2 shows a predominantly effector CD8 T cell subset, less fully activated CD4 T cells, and a more prolific peripheral blood and memory B cell populations. Immunotype 3, in which approximately 20% of COVID-19 patients show minimal activation of lymphocytes, which may be a sign of a lack of antiviral T cell or B cell response. Death occurred in patients with all three immune types, illustrating a complex relationship between immune function and COVID-19 (71).

The SARS-CoV-2 virus binds and infects the cells utilizing ACE-2 as a receptor, which is found in the lungs, kidneys, heart and arteries. ACEs (ACE-1 and ACE-2) act oppositely on the pulmonary endothelium: ACE-2 functions as a vasodepressor, while ACE-1 functions as a vasoconstrictor. In physiological conditions, ACE-1 and ACE-2 are in dynamic equilibrium. Under hypoxemic conditions, such as those associated with COVID-19 infection, HIF-1 upregulates the ACE-1 gene (72). HIF-1α and HIF-2α are both hypoxia-inducible transcription factors that contribute to the hypoxic response and inflammation. Previous studies suggest that the post-translational regulation of both HIFα proteins is very similar. It is unclear how these two isoforms interact functionally. HIF factors control nitric oxide (NO) production in part by controlling macrophage polarization. HIF-1α and HIF-2α are differentially induced by Th1 cytokines during M1 macrophage polarization and by Th2 cytokines during M2 macrophage polarization, respectively. The differential response to polarizing macrophages was most apparent by regulating inducible NO synthase gene expression by HIF-1α and arginase1 gene expression by HIF-2α by different HIF isoforms (73).

As outlined previously, COVID-19 is a condition similar to hypoxia. The effect of exercise on hypoxic conditions has been outlined in many studies. A moderate amount of exercise in normoxia stimulates the immune system whereas a strenuous amount can suppress it. It is less clear how hypoxia influences cytokines during exercise. A previous study was conducted to determine the effects of hypoxic exercise similar to that performed at 4200-meter altitude on cytokine levels. The study demonstrated that under hypoxic conditions, IL-2, the IL-2/IL-4 ratio, and glutamine decreased, but IL-6 and IL-1ra increased. A positive IL-2/IL-4 ratio, an increase in IL-6, IL-1ra, and IL-10/TNF-α were reported in normoxia. In terms of cortisol or glucose, there was no difference. The study concluded that IL-2, IL-4 and TNF-α cytokines were changed by moderate exercise in hypoxia, suggesting a Th2-like response following 1 hour of rest (74). It has also been proposed that stress hormones are responsible for mediating the exercise- and hypoxia-induced changes in leukocyte subpopulations. Noradrenaline and adrenaline both contribute to the acute effects that adrenaline has on lymphocyte subpopulations, lymphokine-activated killer (LAK) cells and natural killer cells. LAK cells react to these cytokines, particularly IL-2, by lysing tumor cells that are already resistant to natural killer (NK) cells (75). Following prolonged exercise, growth hormone stimulates neutrophils quickly, while cortisol exerts its effects much more slowly, and contributes to maintaining lymphopenia and neutrocytosis. The mechanisms underlying both exercise and hypoxia differ markedly in terms of their impact on plasma IL-6 levels. The enormous increase in plasma IL-6 during strenuous exercise contributes only in a minor way to the increased level of adrenaline. In contrast, the prolonged increase in IL-6 during chronic hypoxia may be due to several factors, including hormonal changes. Although exercise is performed at the same relative workload in normoxia and hypoxia, the relative intensity of the exercise increases during hypoxia, which may explain why hypoxia induced changes in leukocyte subpopulations and plasma-IL-6 are more pronounced when exercising during hypoxic conditions. Increasing exercise intensity may partly be responsible for the more pronounced immune responses induced by exercise under hypoxic conditions. Several oxygen signaling molecules, including HIF-1α, seem to play some role in hypoxia-induced alterations (76), and the same factors may be involved during exercise at altitudes or during hypoxia (77). However, HIF-2α has not been studied in hypoxic exercise conditions.

COVID-19 is a relatively new disease, so there are still no definitive scientific guidelines on how patients should mobilize and exercise in the early stages of the disease. The most challenging aspect of exercise prescription for pulmonary patients, according to the American Association for Cardiovascular and Pulmonary Rehabilitation, is determining the appropriate intensity of exercise to ensure exercise does not cause adverse physiological effects, while promoting positive effects (78). Determining an ideal exercise intensity can be even more challenging when dealing with a new disease lacking in scientific baseline information. Some studies suggest the value of exercise as a rehabilitation tool for pneumonia patients with other etiologies (79, 80). Low intensity exercises are most often recommended for mild patients according to exercise prescription guidelines (81–84). Patients who develop severe COVID-19 and require mechanical ventilation and stay in hospital for a long time are at risk for ICU-acquired weakness. During these periods, mobilization can help improve the patient’s cognitive, respiratory, and functional conditions, allowing the patient to be discharged earlier (85). It has been noted that exercising can enhance the immune system in healthy, asymptomatic individuals and that exercise engagement is appropriate for the current epidemic of viral respiratory illnesses (86–88). Moderate exercise has been shown to have the following immunological benefits: increases neutrophils and NK cells counts, as well as enhancing stress hormone levels, which in turn reduce inflammation (89). Furthermore, aerobic exercises should be avoided during high fever in order to prevent a decrease in immunity (90).



COVID-19 Survivors Exhibit Imbalanced Th1/Th2

In the later stages of recovery, T1, T2, and Th17 cell percentages in patients were lower than those of healthy controls, whereas they increased when the disease was in remission. A significant reduction in IL-1α, IL-1β, IL-6, TNF-α, and IL-10 levels was reported in the late recovery stage. In the process of recovery, the level of TGF-β1 did not significantly change. TGF-β may be produced by Treg cells. In contrast, TGF-β1 production in T cells triggers Th1 and Th2 responses (91). When disease recovery occurs, the immune system improves and regulates immune responses and reduces the severity of the disease (92). COVID-19 survivors generally suffer from chronic fatigue, depression, stress, anxiety and psychological problems. People with chronic fatigue syndrome (CFS) suffer from severe fatigue that cannot be relieved by rest. It usually occurs after an infection or a stressful event. Activated lymphocytes in patients with CFS exhibit poor immune cell function and result in predominantly Th2-type cytokine responses. Th2 cells and their cytokines (IL-4, VIL-5, and IL-10) are the cellular factories for immunoglobulins that produce a Th2-type response and are responsible for producing these cytokines. Pathologies, such as autoimmunity, are characterized by an excess formation of immunoglobulins and, therefore, a Th2-type response predominates. As a result of COVID-19 recovery, patients usually suffer from stress, anxiety, and depression (93). Studies have demonstrated that anxiety and depression impair immunity (94–96). Moreover, stress plays a crucial role in morbidity and mortality rates associated with immune-mediated diseases (94). Psychological problems can affect immunity by altering the balance of immune cells, for example altering the balance of Th-1/Th-2 cells. During psychological stress and psychiatric disorders, the balance between cytokine Th1 and cytokine Th2 plays a critical role in modulating brain cellular responses. The plasma levels of IFN-ϒ, IL-4, and TGF-β1 were measured during admission as well as 8 weeks after treatment with antidepressants. Depressed patients had significantly higher plasma IFN-ϒ/IL-4 ratios and immune reactivity to both IFN-ϒ and IL-4 than controls. The IFN-ϒ/TGF-β1 ratio has also been reported to be higher in depressed COVID-19 patients, and TGF-β1 levels showed a significant negative correlation with depression on the Hamilton depression rating scale. An imbalance in Th1 and Th2 cytokines was observed in subpopulations of depressed patients. TGF-β1 appeared to play an important role in the pathophysiology of depression in this population (97). Academic exam stress and caregiver’s stress can shift the balance of Th1/Th2 cytokines to Th2, thereby promoting an inflammatory response in humans. In susceptible individuals, psychological stress can trigger the activity of indoleamine 2,3 dioxygenase and cause disorders related to serotonin depletion, such as depression. Psychological stress can lead to the production of cytokines which can lead to an increase in the risk of developing certain diseases, such as cardio-vascular disease and autoimmune disease. Importantly, psychological stress may cause the production of neurodegenerative cytokines in the brain (98). Stress increases Th1 cytokine production and its receptor expression. Acute stress results in increased catecholamine-mediated signal pathways to the nervous and immune systems, but not the glucocorticoid receptor, which is consistent with the hypothesis that the central nervous system and immune system play a fundamental role in acute stress-mediated immune disorders (99). In addition to increasing serum corticosteroids and catecholamines (CAs), stress might also cause a decrease in immunity (94). Corticosteroids are a class of steroid hormones, produced in the adrenal cortex of vertebrates. Glucocorticoids and mineralocorticoids are two of the two main types of corticosteroids, and they trigger stress response, immune response, regulation of inflammation, carbohydrate metabolism, protein breakdown, electrolyte balance, and behavioral response. The effects of corticosteroid therapy on the lungs appear to be related to the normal balance between Th1, Th2 cytokines and immunoglobulins (100). A CAs is a hormone produced by the adrenal glands, which are located on top of the kidneys. CAs include dopamine; norepinephrine; and epinephrine. When individuals are stressed physically or emotionally, our adrenal glands secrete CAs into our bloodstream. Cellular apoptosis and lymphocyte proliferation are regulated by the CAs produced by lymphocytes. A study explored how lymphocytes-derived CAs affects T cell differentiation and function. Lymphocytes synthesize and secrete CAs that regulate differentiation and function of Th cells, enabling the shift of Th1/Th2 balance toward Th2 polarization (101).

In many of the CFS therapies mentioned, the Th2-type response seen at baseline is decreased, allowing Th1 responses to predominate. It is generally reported that cancer survivors suffer from CFS. In a recent study, a 16-week Tai Chi exercise intervention was assessed for its effects on postoperative non-small cell lung cancer survivors. They reported that 16 weeks of Tai chi reduced the natural recovery process of the decreased T1/T2 ratio. A role for Tai Chi in treating the imbalance between cellular and humoral immunity may be possible (102). The association between exercise duration and mood variation has been demonstrated to be non-linear, and performing 10- to 30-minutes of aerobic exercise is enough to boost mood (103, 104). When the sympathetic system is stimulated by moderate-to-vigorous physical activity, CA’s such as adrenaline, noradrenaline, and dopamine are released which play a role in the metabolic processes and immune system. Depending on the intensity and duration of PE, there is a significant role for CAs in lipid and carbohydrate metabolism, immunity, and for generating reactive oxygen species (105). Increasing the aerobic capacity can significantly improve mood. Aerobic exercise may be responsible for this due to the effect on stress hormones, including corticosteroids and CAs hormones, which can help rebalance TH1/TH-2 relationship (106). In contrast, high-intensity workouts and long-term workouts raise Cortisol while low-intensity exercises and relaxing activities lower concentrations. Studies have shown that elevated levels of Cortisol can shift Th1 functions towards Th2 functions (107). It is also possible that high-intensity exercise will increase muscle-derived IL-6 (which has a different behavior from TNF-α-associated IL-6) and associated IL-10, causing a more Th2-dominant state in the body. IL-6, which is derived from muscle tissue, and IL-10 have anti-inflammatory action and influence the immune response of the body (108). Regular and sporadic physical activity apart from low-intensity exercise does not seem to significantly impact cell-mediated immunity (52, 109). Individuals with a poor physical condition or with underlying health conditions should avoid too much exercise and engage in low-intensity exercises such as yoga, which can help relieve stress. Despite yoga’s less restrictive breathing and physical strain, it is effective for the humoral defense system (110, 111). Yoga’s ability to enhance cellular immunity remains inconclusive. Through TGF β1, antidepressant treatment affects the Th1/Th2 balance (97). It is thought that exercise intensity contributes to Th1/Th2 imbalance by affecting the dynamics of cytokines and hormones. Walks, yoga, and tai chi elicit the Th1 response when performed at a low intensity (52, 53, 112), while increasing intensity and duration of workouts push Th2 to the other side of the equation (113–115). In numerous aspects of human health, regular moderate physical activity and the negative effects of severe exercise and/or overtraining have been documented, including the reduction of cardiovascular disease and certain types of cancer.



Is HIF-1α the Key Target for a Cure in the COVID-19 Era?

Cytokine storms triggered by SARS-CoV-2 is an essential characteristic of COVID-19 and a critical determinant of COVID-19 prognosis (116, 117). In a study published in 2021, researchers found that SARS-CoV-2 ORF3a and host HIF-1α play key roles in viral infection and pro-inflammatory responses. ORF3a (formerly called X1 or u264) (118) has been identified in several sarboviruses that cause SARS, including SARS-CoV (118, 119) and SARS-CoV-2 (120, 121). As the ORF3a of SARS-CoV-2 induces mitochondrial damage and mitochondrial ROS production, it promotes the expression of HIF-1α, which in turn facilitates SARS-CoV-2 infection and cytokine production. Moreover, HIF-1α also promotes infection by other viruses. As a collective unit, ORF3a increases HIF-1 α expression during SARS-CoV-2 infection, which in turn aggravates viral infection and inflammatory responses. As a result, HIF-1 α promotes SARS-CoV-2 infection and induces pro-inflammatory responses to COVID-19 (122). According to RNA sequencing, COVID-19 patients have dysregulated HIF-1α signaling, immune response, and metabolism pathways. In elderly patients, HIF-1 α production, inflammatory responses, and high mortality rates have been shown in clinical studies. Infected cells and patients are elicited to produce HIF-1α and pro-inflammatory cytokines. HIF-1α is a vital metabolic sensor involved in hypoxic responses (123). Sustained hypoxia is a primary pathophysiologic feature and main cause of mortality in patients with severe COVID-19 and it accompanies all the stages of the disease (124). We must also be aware that even in obesity (125), elderly (126), with other comorbidities (127, 128) and even COVID-19 survivors (129), HIF-1α has been reported to be upregulated compared to normal populations. HIF has been the dominant player reported to upregulate ACE in pulmonary smooth muscle cells and circulation (130) (reported high in obese subjects). By Stat3-dependent stimulation of Th17, HIF-1 mediates Foxp3 degradation and negatively regulates Treg development, HIF-1 attracts neutrophils and causes inflammation such as autoimmunity (131).

A variety of pathological conditions are associated with hypoxia and inflammation, especially inflammatory disorders. HIFs are mainly activated by hypoxia, but NFkβ transcription factors are primarily activated by inflammation (132). HIF-1α decreases mitochondrial encoded proteins, which leads to decreased SIRT1 gene expression, increasing their susceptibility to infections from COVID-19 (126). Additionally, HIF-1α and β heterodimers promote cell survival, glycolysis, and angiogenesis, and have been reported dysfunctional in people with type 2 diabetes (133) and cancer (134) making people with other comorbidities more susceptible to COVID-19 infection. In addition to the obese, and the elderly, and those with comorbidities who are more susceptible, the HIF-1α gene has been reported to be activated in patients who have survived COVID-19 infections (135). Research has shown that HIF-1α increases the glycolytic metabolic enzyme pyruvate dehydrogenase kinase 1(PDK1) which reduces nutrition in the brain in the long term, affecting neurotransmitters. The modulation of HIF-1α in adrenocortical cells in mice suggests that it is a key regulator of steroidogenesis (136). Since the HIF-1α gene regulates all three types of populations that struggle the most during COVID-19 infection, it might be the core regulator administering different roles in each type of population (Figure 3).




Figure 3 | Expected mechanism proposed in COVID-19 era. (A) HIF-1 α is already exacerbated in obese people and it might further exacerbates ACE in pulmonary smooth cells and circulation making the obese more susceptible to COVID-19 infection, (B) HIF-1 α is already exacerbated in people with other comorbidities and it might further exacerbates VEGF, iNOS, EPO, inhibits fatty acid B oxidation, produces cellular reactive oxygen species making the people with other comorbidities more susceptible to COVID-19 infection, (C) HIF-1 α is already exacerbated in elderly people it further reduces mitochondrial encoded protein including SIRT1 gene making the elderly people more susceptible to COVID-19 infection, (D) HIF-1 α is vital regulator of steroidenesis and it leads to shift towards glycolysis and reduces nutrition in brain affecting neurotransmitters that may be the reason behind stress depression and anxiety among COVID-19 survivors, interaction between (E) NFkβ and HIF-1α might be the reason behind sustained hypoxia in COVID-19 patients promoting Th17, Th1, Th2 and suppressing Treg cells. HIF-1 α is hypoxia induced factor 1 alpha, Th is T helper cells, ACE is Angiotensin-converting enzyme, VEGF is Vascular endothelial growth factor, iNOS is inducible nitric oxide synthase, EPO is Erythropoietin, SIRT1 is Sirtuin 1, NFkβ is nuclear factor kappa-light-chain-enhancer of activated B cells, RORϒT is Retineic-acid-receptor-related orphan nuclear receptor gamma, IFNϒ is interferon gamma, FoXP3 is forkhead box P3.





Can Exercise Target the Key Player HIF-1α During COVID-19 Infection?

Intermittent hypoxic preconditioning (IHP) is a method of exposing subjects to short (1 to 6 minutes) bouts of moderate hypoxia (9–12% Oxygen) interspersed with brief periods of normal oxygen (137). Possibly due to oxidative stress, intermittent hypoxia can result in a delayed response of HIF-1α, activating NFkβ inflammation (126). By applying IHP to patients, it can inhibit the production of proinflammatory factors, activate HIF-1α to activate target genes, and subsequently lead to a higher production of red blood cells and hemoglobin, while increasing angiogenesis to increase oxygen transport capacity. Additionally, activated HIF-1α may activate the peroxisome proliferator-activated receptor-gamma coactivator (PGC-1)-SIRT1/adenosine monophosphate-activated protein kinase (AMPK) pathway and inhibit the endothelin 1(ET-1) pathway. These factors can help reverse the virus induced cardiopulmonary hemodynamic disorder and endothelial dysfunction (135). A study suggests combined intermittent exercise with hypoxia enhanced glucose disposal and improved insulin resistance post-exercise was beneficial in the treatment of type 2 diabetes (138). Research has also shown that IHP has therapeutic benefits in other neuropathology’s such as alcohol withdrawal stress and Alzheimer’s disease (139) (Figure 4). In addition to relaxing airways and blood vessels and improving myocardial contractility, IHP can trigger the body’s endogenous protective mechanism. In addition, it increases cardiopulmonary endurance, reduces heart infarctions, increases blood vessel density, and coordinates the delivery of oxygenated blood. Thus, it has significant defense and protective effects against subsequent prolonged or severe ischemia’s and hypoxia (140). Apart from this, it also improves respiratory muscle function and relieves dyspnea, alleviates depression and anxiety associated with disease, and enhances upper and lower limb muscular function (141). It has been proven that IHP stimulates cellular defenses against oxidative stress and inflammation by improving rat immune systems (142), however such studies are lacking in humans. Secondly, IHP is also effective for reducing cardiopulmonary damage (143). Furthermore, studies revealed that IHP can not only activate HIF-1α, AMPK/SIRTl/PGC-1α but also reduce the protein and mRNA levels of ACE2 thereby inhibiting the ability of SARS-CoV-2 to enter host cells by reducing the number of receptors, improving endothelial dysfunction, promoting cardiovascular hemodynamic and inhibiting excessive inflammation and immune response. Changes like these will benefit individuals recovering from heart and lung injuries or dyspnea (130, 144–146). Further to this, inhibition of ACE2 by HIF-1α could provide a novel method of treating COVID-19 with IHP (Figure 4). Considering that there are no precise medical methods for treating or preventing COVID-19, we propose that the many benefits of IHP, has the potential to improve the immunity of individuals susceptible to the disease, accelerate patient recovery, and reduce the risk of positive rejuvenation after discharge. Kumbhaka (“breath retention”), a type of pranayama and swimming have both been demonstrated to induce a state of intermittent hypoxia (147, 148). Many exercise conditions may lead to intermittent hypoxia followed by periods of normoxia or less hypoxic conditions including high altitude mountaineering (149). These conditions need to be explored in detail as innovative and exciting developments in the treatment of COVID-19.




Figure 4 | Exercise that involves intermittent hypoxic preconditioning might be the solution for all populations who are at highest risk of infection and mortalities during the COVID-19 pandemic. It decreases cortisol levels, increases catecholamine levels, increases nutrition in brain modulating neurotransmitters, increases VEGF, iNOS, EPO, increases mitochondrial encoded protein including SIRT1 gene, inhibits over activated immune system, activates fatty acid β oxidation and reduces ACE2. ACE is Angiotensin-converting enzyme, VEGF is vascular endothelial growth factor, iNOS is inducible nitric oxide synthase, EPO is Erythropoietin, SIRT1 is Sirtuin 1.






Conclusion

In conclusion, moderate and low intensity exercise has beneficial effects for individuals who are at risk from COVID-19 as well as those who have recovered physically by increasing Th1/Th2 ratios. Also, the performance of low to moderate intensity aerobic exercises is beneficial in increasing the function of the immune system in patients with COVID-19. However, individuals who are immunosuppressed should avoid performing high intensity aerobic exercise, as this may have adverse effects on their health (150). The effects of aerobic exercise on decreasing immunity are also detrimental in populations with high fevers (90, 151) and therefore, exercise should be avoided in these individuals. There is no consensus of opinion concerning the amount and intensity of exercise that should be recommended for COVID-19 patients, as exercise may result in decreasing Th1/Th2 ratios. COVID-19 patients have shown that the severity of the disease is directly proportional to the decrease in the ratios of Th1/Th2. Adaptability should be considered when recommending exercise for COVID-19 patients. Additionally, we recommend that individuals of all ages, including people with COVID-19 should select exercises that include IHP. IHP involves increasing blood oxygen delivery and promoting tissue oxygenation responses resulting in a reduced susceptibility to COVID-19 infection. This type of activity reverses endothelial dysfunction, improves cardiovascular health, inhibits excessive inflammation, and improves mental health in COVID-19 survivors. Additionally, IHP has the advantage of being extremely safe, easy to perform, and without side effects (138). IHP seems a viable alternative to pharmacological interventions for COVID-19 patients. Providing that the exercise intensity is individually prescribed, specific and monitored. Research suggests that this type of activity may have profound effects for COVID-19 sufferers and may provide substantial relief pre and post infection.



Author Contributions

RS wrote the paper. JB and RS designed the study. JB, YG, and YDG contributed to discussion and editing. All authors contributed to the article and approved the submitted version.



Funding

Key Project of the National Social Science Foundation of China (19ZDA352), NSFC-RSE Joint Project (81911530253), Zhejiang Province Science Fund for Distinguished Young Scholars (R22A021199) and K. C. Wong Magna Fund in Ningbo University.



Acknowledgments

This study was supported by the Hong Kong Research Grants Council Post-doctoral Fellowship Scheme (PDFS2021-2H01).



References

1. Röcken, M, Müller, KM, Saurat, JH, and Hauser, C. Lectin-Mediated Induction of IL-4-Producing CD4+ T Cells. J Immunol (1991) 146:577–84.

2. Sad, S, and Mosmann, TR. Single IL-2-Secreting Precursor CD4 T Cell Can Develop Into Either Th1 or Th2 Cytokine Secretion Phenotype. J Immunol (1994) 153:3514–22.

3. Szulc, B, and Piasecki, E. Effects of Interferons, Interferon Inducers and Growth Factors on Phagocytosis Measured by Quantitative Determination of Synthetic Compound Ingested by Mouse Bone Marrow-Derived Macrophages. Arch Immunol Ther Exp (Warsz) (1988) 36:537–45.

4. Livingston, DH, Appel, SH, Sonnenfeld, G, and Malangoni, MA. The Effect of Tumor Necrosis Factor-α and Interferon-γ on Neutrophil Function. J Surg Res (1989) 46:322–6. doi: 10.1016/0022-4804(89)90195-9

5. Diamond, RD, Lyman, CA, and Wysong, DR. Disparate Effects of Interferon-Gamma and Tumor Necrosis Factor-Alpha on Early Neutrophil Respiratory Burst and Fungicidal Responses to Candida Albicans Hyphae In Vitro. J Clin Invest (1991) 87:711–20. doi: 10.1172/JCI115050

6. Dellacasagrande, J, Capo, C, Raoult, D, and Mege, JL. IFN-Gamma-Mediated Control of Coxiella Burnetii Survival in Monocytes: The Role of Cell Apoptosis and TNF. J Immunol (1999) 162:2259–65.

7. Johnston, RB, and Kitagawa, S. Molecular Basis for the Enhanced Respiratory Burst of Activated Macrophages. Fed Proc (1985) 44:2927–32.

8. Newburger, PE, Ezekowitz, RA, Whitney, C, Wright, J, and Orkin, SH. Induction of Phagocyte Cytochrome B Heavy Chain Gene Expression by Interferon Gamma. Proc Natl Acad Sci (1988) 85:5215–9. doi: 10.1073/pnas.85.14.5215

9. Lapierre, LA, Fiers, W, and Pober, JS. Three Distinct Classes of Regulatory Cytokines Control Endothelial Cell MHC Antigen Expression. Interactions With Immune Gamma Interferon Differentiate the Effects of Tumor Necrosis Factor and Lymphotoxin From Those of Leukocyte Alpha and Fibroblast Beta. J Exp Med (1988) 167:794–804. doi: 10.1084/jem.167.3.794

10. Johnson, DR, and Pober, JS. Tumor Necrosis Factor and Immune Interferon Synergistically Increase Transcription of HLA Class I Heavy- and Light-Chain Genes in Vascular Endothelium. Proc Natl Acad Sci (1990) 87:5183–7. doi: 10.1073/pnas.87.13.5183

11. Volk, H-D, Gruner, S, Falck, P, and Von Baehr, R. The Influence of Interferon-γ and Various Phagocytic Stimuli on the Expression of MHC-Class II Antigens on Human Monocytes — Relation to the Generation of Reactive Oxygen Intermediates. Immunol Lett (1986) 13:209–14. doi: 10.1016/0165-2478(86)90057-X

12. Male, DK, Pryce, G, and Hughes, CC. Antigen Presentation in Brain: MHC Induction on Brain Endothelium and Astrocytes Compared. Immunology (1987) 60:453–9.

13. Goebeler, M, Yoshimura, T, Toksoy, A, Ritter, U, Bröcker, E-B, and Gillitzer, R. The Chemokine Repertoire of Human Dermal Microvascular Endothelial Cells and Its Regulation by Inflammatory Cytokines. J Invest Dermatol (1997) 108:445–51. doi: 10.1111/1523-1747.ep12289711

14. Rathanaswami, P, Hachicha, M, Sadick, M, Schall, TJ, and McColl, SR. Expression of the Cytokine RANTES in Human Rheumatoid Synovial Fibroblasts. Differential Regulation of RANTES and Interleukin-8 Genes by Inflammatory Cytokines. J Biol Chem (1993) 268:5834–9. doi: 10.1016/S0021-9258(18)53395-0

15. Teran, LM, Mochizuki, M, Bartels, J, Valencia, EL, Nakajima, T, Hirai, K, et al. Th1- and Th2-Type Cytokines Regulate the Expression and Production of Eotaxin and RANTES by Human Lung Fibroblasts. Am J Respir Cell Mol Biol (1999) 20:777–86. doi: 10.1165/ajrcmb.20.4.3508

16. Teunissen, MBM, Bos, JD, Koomen, CW, de Waal Malefyt, R, and Wierenga, EA. Interleukin-17 and Interferon-γ Synergize in the Enhancement of Proinflammatory Cytokine Production by Human Keratinocytes. J Invest Dermatol (1998) 111:645–9. doi: 10.1046/j.1523-1747.1998.00347.x

17. Lundgren, M, Persson, U, Larsson, P, Magnusson, C, Smith, CIE, Hammarström, L, et al. Interleukin 4 Induces Synthesis of IgE and IgG4 in Human B Cells. Eur J Immunol (1989) 19:1311–5. doi: 10.1002/eji.1830190724

18. Punnonen, J, and de Vries, JE. IL-13 Induces Proliferation, Ig Isotype Switching, and Ig Synthesis by Immature Human Fetal B Cells. J Immunol (1994) 152:1094–102.

19. Lai, YH, and Mosmann, TR. Mouse IL-13 Enhances Antibody Production In Vivo and Acts Directly on B Cells In Vitro to Increase Survival and Hence Antibody Production. J Immunol (1999) 162:78–87.

20. Parsons, JC, Coffman, RL, and Grieve, RB. Antibody to Interleukin 5 Prevents Blood and Tissue Eosinophilia But Not Liver Trapping in Murine Larval Toxocariasis. Parasite Immunol (1993) 15:501–8. doi: 10.1111/j.1365-3024.1993.tb00637.x

21. Satoh, T, Sun, L, Li, MS, and Spry, CJ. Interleukin-5 mRNA Levels in Blood and Bone Marrow Mononuclear Cells From Patients With the Idiopathic Hypereosinophilic Syndrome. Immunology (1994) 83:308–12.

22. Simon, H-U, Plötz, SG, Dummer, R, and Blaser, K. Abnormal Clones of T Cells Producing Interleukin-5 in Idiopathic Eosinophilia. N Engl J Med (1999) 341:1112–20. doi: 10.1056/NEJM199910073411503

23. Ohnishi, T, Sur, S, Collins, D, Fish, J, Gleich, G, and Peters, S. Eosinophil Survival Activity Identified as Interleukin-5 Is Associated With Eosinophil Recruitment and Degranulation and Lung Injury Twenty-Four Hours After Segmental Antigen Lung Challenge. J Allergy Clin Immunol (1993) 92:607–15. doi: 10.1016/0091-6749(93)90085-T

24. Warringa, RAJ, Schweizer, RC, Maikoe, T, Kuijper, PHM, Bruijnzeel, PLB, and Koenderman, L. Modulation of Eosinophil Chemotaxis by Interleukin-5. Am J Respir Cell Mol Biol (1992) 7:631–6. doi: 10.1165/ajrcmb/7.6.631

25. Lie, WJ, Mul, FP, Roos, D, Verhoeven, AJ, and Knol, EF. Degranulation of Human Basophils Bypicomolar Concentrations of IL–3, IL–5, Orgranulocyte-Macrophage Colony-Stimulating Factor. J Allergy Clin Immunol (1998) 101:683–90. doi: 10.1016/S0091-6749(98)70178-2

26. Sarmiento, EU, Espiritu, BR, Gleich, GJ, and Thomas, LL. IL-3, IL-5, and Granulocyte-Macrophage Colony-Stimulating Factor Potentiate Basophil Mediator Release Stimulated by Eosinophil Granule Major Basic Protein. J Immunol (1995) 155:2211–21.

27. Renauld, J-C, Kermouni, A, Vink, A, Louahed, J, and Van Snick, J. Interleukin-9 and Its Receptor: Involvement in Mast Cell Differentiation and T Cell Oncogenesis. J Leukoc Biol (1995) 57:353–60. doi: 10.1002/jlb.57.3.353

28. Godfraind, C, Louahed, J, Faulkner, H, Vink, A, Warnier, G, Grencis, R, et al. Intraepithelial Infiltration by Mast Cells With Both Connective Tissue-Type and Mucosal-Type Characteristics in Gut, Trachea, and Kidneys of IL-9 Transgenic Mice. J Immunol (1998) 160:3989–96.

29. Lukacs, NW, Strieter, RM, Chensue, SW, and Kunkel, SL. Interleukin-4-Dependent Pulmonary Eosinophil Infiltration in a Murine Model of Asthma. Am J Respir Cell Mol Biol (1994) 10:526–32. doi: 10.1165/ajrcmb.10.5.8179915

30. Nicolaides, NC, Holroyd, KJ, Ewart, SL, Eleff, SM, Kiser, MB, Dragwa, CR, et al. Interleukin 9: A Candidate Gene for Asthma. Proc Natl Acad Sci (1997) 94:13175–80. doi: 10.1073/pnas.94.24.13175

31. Robinson, D, Hamid, Q, Bentley, A, Ying, S, Kay, A, and Durham, S. Activation of CD4+ T Cells, Increased T-Type Cytokine mRNA Expression, and Eosinophil Recruitment in Bronchoalveolar Lavage After Allergen Inhalation Challenge in Patients With Atopic Asthma. J Allergy Clin Immunol (1993) 92:313–24. doi: 10.1016/0091-6749(93)90175-F

32. Shi, H-Z, Li, C-Q, Qin, S-M, Xie, Z-F, and Liu, Y. Effect of Inhaled Interleukin-5 on Number and Activity of Eosinophils in Circulation From Asthmatics. Clin Immunol (1999) 91:163–9. doi: 10.1006/clim.1999.4699

33. Shi, H-Z, Deng, J-M, Xu, H, Nong, Z-X, Xiao, C-Q, Liu, Z-M, et al. Effect of Inhaled Interleukin-4 on Airway Hyperreactivity in Asthmatics. Am J Respir Crit Care Med (1998) 157:1818–21. doi: 10.1164/ajrccm.157.6.9710023

34. Firestein, GS, Roeder, WD, Laxer, JA, Townsend, KS, Weaver, CT, Hom, JT, et al. A New Murine CD4+ T Cell Subset With an Unrestricted Cytokine Profile. J Immunol (1989) 143:518–25.

35. Street, NE, Schumacher, JH, Fong, TA, Bass, H, Fiorentino, DF, Leverah, JA, et al. Heterogeneity of Mouse Helper T Cells. Evidence From Bulk Cultures and Limiting Dilution Cloning for Precursors of Th1 and Th2 Cells. J Immunol (1990) 144:1629–39.

36. Chen, Y, Kuchroo, V, Inobe, J, Hafler, D, and Weiner, H. Regulatory T Cell Clones Induced by Oral Tolerance: Suppression of Autoimmune Encephalomyelitis. Sci (80- ) (1994) 265:1237–40. doi: 10.1126/science.7520605

37. Fukaura, H, Kent, SC, Pietrusewicz, MJ, Khoury, SJ, Weiner, HL, and Hafler, DA. Induction of Circulating Myelin Basic Protein and Proteolipid Protein-Specific Transforming Growth Factor-Beta1-Secreting Th3 T Cells by Oral Administration of Myelin in Multiple Sclerosis Patients. J Clin Invest (1996) 98:70–7. doi: 10.1172/JCI118779

38. Powrie, F, Carlino, J, Leach, MW, Mauze, S, and Coffman, RL. A Critical Role for Transforming Growth Factor-Beta But Not Interleukin 4 in the Suppression of T Helper Type 1-Mediated Colitis by CD45RB(low) CD4+ T Cells. J Exp Med (1996) 183:2669–74. doi: 10.1084/jem.183.6.2669

39. Hafler, DA, Kent, SC, Pietrusewicz, MJ, Khoury, SJ, Weiner, HL, and Fukaura, H. Oral Administration of Myelin Induces Antigen-Specific TGF-?1 Secreting T Cells in Patients With Multiple Sclerosis. Ann N Y Acad Sci (1997) 835:120–31. doi: 10.1111/j.1749-6632.1997.tb48623.x

40. Buer, J, Lanoue, A, Franzke, A, Garcia, C, von Boehmer, H, and Sarukhan, A. Interleukin 10 Secretion and Impaired Effector Function of Major Histocompatibility Complex Class II–Restricted T Cells Anergized In Vivo. J Exp Med (1998) 187:177–83. doi: 10.1084/jem.187.2.177

41. Groux, H, O’Garra, A, Bigler, M, Rouleau, M, Antonenko, S, and de Vries, JE. Roncarolo MG. A Cd4+T-Cell Subset Inhibits Antigen-Specific T-Cell Responses and Prevents Colitis. Nature (1997) 389:737–42. doi: 10.1038/39614

42. Pettit, NN, MacKenzie, EL, Ridgway, JP, Pursell, K, Ash, D, Patel, B, et al. Obesity Is Associated With Increased Risk for Mortality Among Hospitalized Patients With COVID-19. Obesity (2020) 28:1806–10. doi: 10.1002/oby.22941

43. Intensive Care National Audit & Research Centre. ICNARC (2020). London: ICNARC (2020).

44. Jia, X, Yin, C, Lu, S, Chen, Y, Liu, Q, Bai, J, et al. Two Things About COVID-19 Might Need Attention. Preprints (2020). doi: 10.20944/preprints202002.0315.v1

45. Platten, M, Youssef, S, Hur, EM, Ho, PP, Han, MH, Lanz, TV, et al. Blocking Angiotensin-Converting Enzyme Induces Potent Regulatory T Cells and Modulates TH1- and TH17-Mediated Autoimmunity. Proc Natl Acad Sci (2009) 106:14948–53. doi: 10.1073/pnas.0903958106

46. Gage, JR, Fonarow, G, Hamilton, M, Widawski, M, Martínez-Maza, O, and Vredevoe, DL. Beta Blocker and Angiotensin-Converting Enzyme Inhibitor Therapy Is Associated With Decreased Th1/Th2 Cytokine Ratios and Inflammatory Cytokine Production in Patients With Chronic Heart Failure. Neuroimmunomodulation (2004) 11:173–80. doi: 10.1159/000076766

47. Magalhães, DM, Nunes-Silva, A, Rocha, GC, Vaz, LN, de Faria, MHS, Vieira, ELM, et al. Two Protocols of Aerobic Exercise Modulate the Counter-Regulatory Axis of the Renin-Angiotensin System. Heliyon (2020) 6:e03208. doi: 10.1016/j.heliyon.2020.e03208

48. Klöting, N, Ristow, M, and Blüher, M. Effects of Exercise on ACE2. Obesity (2020) 28:2266–7. doi: 10.1002/oby.23041

49. Valeria Oliveira de Sousa, B, de Freitas, DF, Monteiro-Junior, RS, Mendes, IHR, Sousa, JN, Guimarães, VHD, et al. Physical Exercise, Obesity, Inflammation and Neutrophil Extracellular Traps (NETs): A Review With Bioinformatics Analysis. Mol Biol Rep (2021) 48:4625–4635. doi: 10.1007/s11033-021-06400-2

50. Zhou, F, Yu, T, Du, R, Fan, G, Liu, Y, Liu, Z, et al. Clinical Course and Risk Factors for Mortality of Adult Inpatients With COVID-19 in Wuhan, China: A Retrospective Cohort Study. Lancet (2020) 395:1054–62. doi: 10.1016/S0140-6736(20)30566-3

51. Shimizu, K, Kimura, F, Akimoto, T, Akama, T, Tanabe, K, Nishijima, T, et al. Effect of Moderate Exercise Training on T-Helper Cell Subpopulations in Elderly People. Exerc Immunol Rev (2008) 14:24–37.

52. Nieman, DC, Henson, DA, Austin, MD, and Brown, VA. Immune Response to a 30-Minute Walk. Med Sci Sport Exerc (2005) 37:57–62. doi: 10.1249/01.MSS.0000149808.38194.21

53. Raghavendra, RM, Vadiraja, HS, Nagarathna, R, Nagendra, HR, Rekha, M, Vanitha, N, et al. Effects of a Yoga Program on Cortisol Rhythm and Mood States in Early Breast Cancer Patients Undergoing Adjuvant Radiotherapy: A Randomized Controlled Trial. Integr Cancer Ther (2009) 8:37–46. doi: 10.1177/1534735409331456

54. Finaud, J, Lac, G, and Filaire, E. Oxidative Stress. Sport Med (2006) 36:327–58. doi: 10.2165/00007256-200636040-00004

55. Baumann, CA, Badamchian, M, and Goldstein, AL. Thymosin α1 Antagonizes Dexamethasone and CD3-Induced Apoptosis of CD4+CD8+ Thymocytes Through the Activation of cAMP and Protein Kinase C Dependent Second Messenger Pathways1this Work Is Supported, in Part, by a Grant From SciClone Pharmaceuticals, San M. Mech Ageing Dev (1997) 94:85–101. doi: 10.1016/S0047-6374(96)01860-X

56. Abd El-Kader, SM, and Al-Shreef, FM. Inflammatory Cytokines and Immune System Modulation by Aerobic Versus Resisted Exercise Training for Elderly. Afr Health Sci (2018) 18:120. doi: 10.4314/ahs.v18i1.16

57. Bouissou, P, Guezennec, C, Galen, F, Defer, G, Fiet, J, and Pesquies, P. Dissociated Response of Aldosterone From Plasma Renin Activity During Prolonged Exercise Under Hypoxia. Horm Metab Res (1988) 20:517–21. doi: 10.1055/s-2007-1010872

58. Stock, C, Schaller, K, Baum, M, Liesen, H, and Weiss, M. Catecholamines, Lymphocyte Subsets, and Cyclic Adenosine Monophosphate Production in Mononuclear Cells and CD4+ Cells in Response to Submaximal Resistance Exercise. Eur J Appl Physiol Occup Physiol (1995) 71:166–72. doi: 10.1007/BF00854975

59. Saha, B, Mondal, AC, Majumder, J, Basu, S, and Dasgupta, PS. Physiological Concentrations of Dopamine Inhibit the Proliferation and Cytotoxicity of Human CD4+ and CD8+ T Cells In Vitro: A Receptor-Mediated Mechanism. Neuroimmunomodulation (2001) 9:23–33. doi: 10.1159/000049004

60. Shenoy, S. Coronavirus (Covid-19) Sepsis: Revisiting Mitochondrial Dysfunction in Pathogenesis, Aging, Inflammation, and Mortality. Inflammation Res (2020) 69:1077–85. doi: 10.1007/s00011-020-01389-z

61. Ferguson, NR, Galley, HF, and Webster, NR. T Helper Cell Subset Ratios in Patients With Severe Sepsis. Intensive Care Med (1999) 25:106–9. doi: 10.1007/s001340050795

62. Roth, G, Moser, B, Krenn, C, Brunner, M, Haisjackl, M, Almer, G, et al. Susceptibility to Programmed Cell Death in T-Lymphocytes From Septic Patients: A Mechanism for Lymphopenia and Th2 Predominance. Biochem Biophys Res Commun (2003) 308:840–6. doi: 10.1016/S0006-291X(03)01482-7

63. Ayala, A, Chung, C-S, Song, GY, and Chaudry, IH. IL-10 MEDIATION OF ACTIVATION-INDUCED Th1CELL APOPTOSIS AND LYMPHOID DYSFUNCTION IN POLYMICROBIAL SEPSIS. Cytokine (2001) 14:37–48. doi: 10.1006/cyto.2001.0848

64. Carson, WF, Ito, T, Schaller, M, Cavassani, KA, Chensue, SW, and Kunkel, SL. Dysregulated Cytokine Expression by CD4+ T Cells From Post-Septic Mice Modulates Both Th1 and Th2-Mediated Granulomatous Lung Inflammation. PloS One (2011) 6:e20385. doi: 10.1371/journal.pone.0020385

65. Sharif, K, Watad, A, Bragazzi, NL, Lichtbroun, M, Amital, H, and Shoenfeld, Y. Physical Activity and Autoimmune Diseases: Get Moving and Manage the Disease. Autoimmun Rev (2018) 17:53–72. doi: 10.1016/j.autrev.2017.11.010

66. Zarneshan, A, and Gholamnejad, M. Moderate Aerobic Exercise Enhances the Th1/Th2 Ratio in Women With Asthma. Tanaffos (2019) 18:230–7.

67. Yeh, S-H, Chuang, H, Lin, L-W, Hsiao, C-Y, Wang, P-W, Liu, R-T, et al. Regular Tai Chi Chuan Exercise Improves T Cell Helper Function of Patients With Type 2 Diabetes Mellitus With an Increase in T-Bet Transcription Factor and IL-12 Production. Br J Sports Med (2009) 43:845–50. doi: 10.1136/bjsm.2007.043562

68. Gil-Etayo, FJ, Suàrez-Fernández, P, Cabrera-Marante, O, Arroyo, D, Garcinuño, S, Naranjo, L, et al. T-Helper Cell Subset Response Is a Determining Factor in COVID-19 Progression. Front Cell Infect Microbiol (2021) 11:624483. doi: 10.3389/fcimb.2021.624483

69. Perera, P-Y, Lichy, JH, Waldmann, TA, and Perera, LP. The Role of Interleukin-15 in Inflammation and Immune Responses to Infection: Implications for Its Therapeutic Use. Microbes Infect (2012) 14:247–61. doi: 10.1016/j.micinf.2011.10.006

70. Velásquez, SY, Killian, D, Schulte, J, Sticht, C, Thiel, M, and Lindner, HA. Short Term Hypoxia Synergizes With Interleukin 15 Priming in Driving Glycolytic Gene Transcription and Supports Human Natural Killer Cell Activities. J Biol Chem (2016) 291:12960–77. doi: 10.1074/jbc.M116.721753

71. Mathew, D, Giles, JR, Baxter, AE, Oldridge, DA, Greenplate, AR, Wu, JE, et al. Deep Immune Profiling of COVID-19 Patients Reveals Distinct Immunotypes With Therapeutic Implications. Sci (80- ) (2020) 369:eabc8511. doi: 10.1126/science.abc8511

72. Afsar, B, Kanbay, M, and Afsar, RE. Hypoxia Inducible Factor-1 Protects Against COVID-19: A Hypothesis. Med Hypotheses (2020) 143:109857. doi: 10.1016/j.mehy.2020.109857

73. Takeda, N, O’Dea, EL, Doedens, A, Kim, J-w, Weidemann, A, Stockmann, C, et al. Differential Activation and Antagonistic Function of HIF- Isoforms in Macrophages Are Essential for NO Homeostasis. Genes Dev (2010) 24:491–501. doi: 10.1101/gad.1881410

74. Santos, SA, Lira, FS, Silva, ET, Caris, AV, Oyama, LM, and Thomatieli-Santos, RV. Effect of Moderate Exercise Under Hypoxia on Th1/Th2 Cytokine Balance. Clin Respir J (2019) 13:583–9. doi: 10.1111/crj.13061

75. Lafreniere, R, and Rosenberg, SA. Successful Immunotherapy of Murine Experimental Hepatic Metastases With Lymphokine-Activated Killer Cells and Recombinant Interleukin 2. Cancer Res (1985) 45:3735–41.

76. Lewis, JS, Lee, JA, Underwood, JCE, Harris, AL, and Lewis, CE. Macrophage Responses to Hypoxia: Relevance to Disease Mechanisms. J Leukoc Biol (1999) 66:889–900. doi: 10.1002/jlb.66.6.889

77. Pedersen, BK, and Steensberg, A. Exercise and Hypoxia: Effects on Leukocytes and Interleukin-6—Shared Mechanisms? Med Sci Sport Exerc (2002) 34:2002–12. doi: 10.1097/00005768-200212000-00022

78. Mezzani, A, Hamm, LF, Jones, AM, McBride, PE, Moholdt, T, Stone, JA, et al. Aerobic Exercise Intensity Assessment and Prescription in Cardiac Rehabilitation: A Joint Position Statement of the European Association for Cardiovascular Prevention and Rehabilitation, the American Association of Cardiovascular and Pulmonary Rehabilitat. Eur J Prev Cardiol (2013) 20:442–67. doi: 10.1177/2047487312460484

79. Larsen, T, Lee, A, Brooks, D, Michieli, S, Robson, M, Veens, J, et al. Effect of Early Mobility as a Physiotherapy Treatment for Pneumonia: A Systematic Review and Meta-Analysis. Physiother Canada (2019) 71:82–9. doi: 10.3138/ptc.2017-51.ep

80. José, A, and Dal Corso, S. Inpatient Rehabilitation Improves Functional Capacity, Peripheral Muscle Strength and Quality of Life in Patients With Community-Acquired Pneumonia: A Randomised Trial. J Physiother (2016) 62:96–102. doi: 10.1016/j.jphys.2016.02.014

81. Vitacca, M, Carone, M, Clini, EM, Paneroni, M, Lazzeri, M, Lanza, A, et al. Joint Statement on the Role of Respiratory Rehabilitation in the COVID-19 Crisis: The Italian Position Paper. Respiration (2020) 99:493–9. doi: 10.1159/000508399

82. Li, J. Rehabilitation Management of Patients With COVID-19: Lessons Learned From the First Experience in China. Eur J Phys Rehabil Med (2020) 56:335–38. doi: 10.23736/S1973-9087.20.06292-9

83. Zhao, H-M, Xie, Y-X, and Wang, C. Recommendations for Respiratory Rehabilitation in Adults With Coronavirus Disease 2019. Chin Med J (Engl) (2020) 133:1595–602. doi: 10.1097/CM9.0000000000000848

84. Righetti, RF, Onoue, MA, Politi, FVA, Teixeira, DT, de Souza, PN, Kondo, CS, et al. Physiotherapy Care of Patients With Coronavirus Disease 2019 (COVID-19) - A Brazilian Experience. Clinics (2020) 75:75–e2017. doi: 10.6061/clinics/2020/e2017

85. Candan, SA, Elibol, N, and Abdullahi, A. Consideration of Prevention and Management of Long-Term Consequences of Post-Acute Respiratory Distress Syndrome in Patients With COVID-19. Physiother Theory Pract (2020) 36:663–8. doi: 10.1080/09593985.2020.1766181

86. Zhu, Y, Wang, Z, Zhou, Y, Onoda, K, Maruyama, H, Hu, C, et al. Summary of Respiratory Rehabilitation and Physical Therapy Guidelines for Patients With COVID-19 Based on Recommendations of World Confederation for Physical Therapy and National Association of Physical Therapy. J Phys Ther Sci (2020) 32:545–9. doi: 10.1589/jpts.32.545

87. Rahmati-Ahmadabad, S, and Hosseini, F. Exercise Against SARS-CoV-2 (COVID-19): Does Workout Intensity Matter? (A Mini Review of Some Indirect Evidence Related to Obesity). Obes Med (2020) 19:100245. doi: 10.1016/j.obmed.2020.100245

88. Thevarajan, I, Nguyen, THO, Koutsakos, M, Druce, J, Caly, L, van de Sandt, CE, et al. Breadth of Concomitant Immune Responses Prior to Patient Recovery: A Case Report of non-Severe COVID-19. Nat Med (2020) 26:453–5. doi: 10.1038/s41591-020-0819-2

89. Wittmer, VL, Paro, FM, Duarte, H, Capellini, VK, and Barbalho-Moulim, MC. Early Mobilization and Physical Exercise in Patients With COVID-19: A Narrative Literature Review. Complement Ther Clin Pract (2021) 43:101364. doi: 10.1016/j.ctcp.2021.101364

90. Mohamed, AA, and Alawna, M. Role of Increasing the Aerobic Capacity on Improving the Function of Immune and Respiratory Systems in Patients With Coronavirus (COVID-19): A Review. Diabetes Metab Syndr Clin Res Rev (2020) 14:489–96. doi: 10.1016/j.dsx.2020.04.038

91. McGeachy, MJ, and Cua, DJ. T Cells Doing It for Themselves: TGF-β Regulation of Th1 and Th17 Cells. Immunity (2007) 26:547–9. doi: 10.1016/j.immuni.2007.05.003

92. Fathi, F, Sami, R, Mozafarpoor, S, Hafezi, H, Motedayyen, H, Arefnezhad, R, et al. Immune System Changes During COVID-19 Recovery Play Key Role in Determining Disease Severity. Int J Immunopathol Pharmacol (2020) 34:205873842096649. doi: 10.1177/2058738420966497

93. Huang, Y, and Zhao, N. Generalized Anxiety Disorder, Depressive Symptoms and Sleep Quality During COVID-19 Outbreak in China: A Web-Based Cross-Sectional Survey. Psychiatry Res (2020) 288:112954. doi: 10.1016/j.psychres.2020.112954

94. Marshall, GD. The Adverse Effects of Psychological Stress on Immunoregulatory Balance: Applications to Human Inflammatory Diseases. Immunol Allergy Clin North Am (2011) 31:133–40. doi: 10.1016/j.iac.2010.09.013

95. Gaspersz, R, Lamers, F, Wittenberg, G, Beekman, ATF, van Hemert, AM, Schoevers, RA, et al. The Role of Anxious Distress in Immune Dysregulation in Patients With Major Depressive Disorder. Transl Psychiatry (2017) 7:1268. doi: 10.1038/s41398-017-0016-3

96. Blume, J, Douglas, SD, and Evans, DL. Immune Suppression and Immune Activation in Depression. Brain Behav Immun (2011) 25:221–9. doi: 10.1016/j.bbi.2010.10.008

97. Myint, A, Leonard, B, Steinbusch, H, and Kim, Y. Th1, Th2, and Th3 Cytokine Alterations in Major Depression. J Affect Disord (2005) 88:167–73. doi: 10.1016/j.jad.2005.07.008

98. Kim, Y-K, and Maes, M. The Role of the Cytokine Network in Psychological Stress. Acta Neuropsychiatr (2003) 15:148–55. doi: 10.1034/j.1601-5215.2003.00026.x

99. Xiang, L, Del Ben, KS, Rehm, KE, and Marshall, GD Jr. Effects of Acute Stress-Induced Immunomodulation on Th1/Th2 Cytokine and Catecholamine Receptor Expression in Human Peripheral Blood Cells. Neuropsychobiology (2012) 65:12–9. doi: 10.1159/000328160

100. Milburn, HJ, Poulter, LW, Dilmec, A, Cochrane, GM, and Kemeny, DM. Corticosteroids Restore the Balance Between Locally Produced Th1 and Th2 Cytokines and Immunoglobulin Isotypes to Normal in Sarcoid Lung. Clin Exp Immunol (1997) 108:105–13. doi: 10.1046/j.1365-2249.1997.d01-979.x

101. Huang, H-W, Tang, J-L, Han, X-H, Peng, Y-P, and Qiu, Y-H. Lymphocyte-Derived Catecholamines Induce a Shift of Th1/Th2 Balance Toward Th2 Polarization. Neuroimmunomodulation (2013) 20:1–8. doi: 10.1159/000343099

102. Wang, R, Liu, J, Chen, P, and Yu, D. Regular Tai Chi Exercise Decreases the Percentage of Type 2 Cytokine–Producing Cells in Postsurgical Non–Small Cell Lung Cancer Survivors. Cancer Nurs (2013) 36:E27–34. doi: 10.1097/NCC.0b013e318268f7d5

103. Reed, J, and Buck, S. The Effect of Regular Aerobic Exercise on Positive-Activated Affect: A Meta-Analysis. Psychol Sport Exerc (2009) 10:581–94. doi: 10.1016/j.psychsport.2009.05.009

104. Chan, JSY, Liu, G, Liang, D, Deng, K, Wu, J, and Yan, JH. Special Issue – Therapeutic Benefits of Physical Activity for Mood: A Systematic Review on the Effects of Exercise Intensity, Duration, and Modality. J Psychol (2019) 153:102–25. doi: 10.1080/00223980.2018.1470487

105. Kruk, J, Kotarska, K, and Aboul-Enein, BH. Physical Exercise and Catecholamines Response: Benefits and Health Risk: Possible Mechanisms. Free Radic Res (2020) 54:105–25. doi: 10.1080/10715762.2020.1726343

106. Nabkasorn, C, Miyai, N, Sootmongkol, A, Junprasert, S, Yamamoto, H, Arita, M, et al. Effects of Physical Exercise on Depression, Neuroendocrine Stress Hormones and Physiological Fitness in Adolescent Females With Depressive Symptoms. Eur J Public Health (2006) 16:179–84. doi: 10.1093/eurpub/cki159

107. Hill, EE, Zack, E, Battaglini, C, Viru, M, Viru, A, and Hackney, AC. Exercise and Circulating Cortisol Levels: The Intensity Threshold Effect. J Endocrinol Invest (2008) 31:587–91. doi: 10.1007/BF03345606

108. Pedersen, BK, Steensberg, A, and Schjerling, P. Muscle-Derived Interleukin-6: Possible Biological Effects. J Physiol (2001) 536:329–37. doi: 10.1111/j.1469-7793.2001.0329c.xd

109. Terada, O, Suzuki, K, Kurihara, Y, and Moriguchi, S. Effects of Low-Intensity Brief Exercise and Training on Cell-Mediated Immunity. Japanese J Complement Altern Med (2007) 4:71–7. doi: 10.1625/jcam.4.71

110. Eda, N, Ito, H, Shimizu, K, Suzuki, S, Lee, E, and Akama, T. Yoga Stretching for Improving Salivary Immune Function and Mental Stress in Middle-Aged and Older Adults. J Women Aging (2018) 30:227–41. doi: 10.1080/08952841.2017.1295689

111. Chen, P-J, Yang, L, Chou, C-C, Li, C-C, Chang, Y-C, and Liaw, J-J. Effects of Prenatal Yoga on Women’s Stress and Immune Function Across Pregnancy: A Randomized Controlled Trial. Complement Ther Med (2017) 31:109–17. doi: 10.1016/j.ctim.2017.03.003

112. Esch, T, Duckstein, J, Welke, J, and Braun, V. Mind/body Techniques for Physiological and Psychological Stress Reduction: Stress Management via Tai Chi Training - A Pilot Study. Med Sci Monit (2007) 13:CR488–497.

113. Suzuki, K, Nakaji, S, Yamada, M, Totsuka, M, Sato, K, and Sugawara, K. Systemic Inflammatory Response to Exhaustive Exercise. Cytokine Kinetics. Exerc Immunol Rev (2002) 8:6–48.

114. Ostrowski, K, Rohde, T, Asp, S, Schjerling, P, and Pedersen, BK. Pro- and Anti-Inflammatory Cytokine Balance in Strenuous Exercise in Humans. J Physiol (1999) 515:287–91. doi: 10.1111/j.1469-7793.1999.287ad.x

115. Gleeson, M, and Bishop, NC. The T Cell and NK Cell Immune Response to Exercise. Ann Transplant (2005) 10:43–8.

116. Song, P, Li, W, Xie, J, Hou, Y, and You, C. Cytokine Storm Induced by SARS-CoV-2. Clin Chim Acta (2020) 509:280–7. doi: 10.1016/j.cca.2020.06.017

117. Ratajczak, MZ, and Kucia, M. SARS-CoV-2 Infection and Overactivation of Nlrp3 Inflammasome as a Trigger of Cytokine “Storm” and Risk Factor for Damage of Hematopoietic Stem Cells. Leukemia (2020) 34:1726–9. doi: 10.1038/s41375-020-0887-9

118. Liu, DX, Fung, TS, Chong, KK-L, Shukla, A, and Hilgenfeld, R. Accessory Proteins of SARS-CoV and Other Coronaviruses. Antiviral Res (2014) 109:97–109. doi: 10.1016/j.antiviral.2014.06.013

119. McBride, R, and Fielding, B. The Role of Severe Acute Respiratory Syndrome (SARS)-Coronavirus Accessory Proteins in Virus Pathogenesis. Viruses (2012) 4:2902–23. doi: 10.3390/v4112902

120. Kern, DM, Sorum, B, Mali, SS, Hoel, CM, Sridharan, S, Remis, JP, et al. Cryo-EM Structure of SARS-CoV-2 ORF3a in Lipid Nanodiscs. Nat Struct Mol Biol (2021) 28:573–82. doi: 10.1038/s41594-021-00619-0

121. Redondo, N, Zaldívar-López, S, Garrido, JJ, and Montoya, M. SARS-CoV-2 Accessory Proteins in Viral Pathogenesis: Knowns and Unknowns. Front Immunol (2021) 12:708264. doi: 10.3389/fimmu.2021.708264

122. Tian, M, Liu, W, Li, X, Zhao, P, Shereen, MA, Zhu, C, et al. HIF-1α Promotes SARS-CoV-2 Infection and Aggravates Inflammatory Responses to COVID-19. Signal Transduct Target Ther (2021) 6:308. doi: 10.1038/s41392-021-00726-w

123. Semenza, GL. HIF-1: Mediator of Physiological and Pathophysiological Responses to Hypoxia. J Appl Physiol (2000) 88:1474–80. doi: 10.1152/jappl.2000.88.4.1474

124. Serebrovska, ZO, Chong, EY, Serebrovska, TV, Tumanovska, LV, and Xi, L. Hypoxia, HIF-1α, and COVID-19: From Pathogenic Factors to Potential Therapeutic Targets. Acta Pharmacol Sin (2020) 41:1539–46. doi: 10.1038/s41401-020-00554-8

125. He, Q, Gao, Z, Yin, J, Zhang, J, Yun, Z, and Ye, J. Regulation of HIF-1α Activity in Adipose Tissue by Obesity-Associated Factors: Adipogenesis, Insulin, and Hypoxia. Am J Physiol Metab (2011) 300:E877–85. doi: 10.1152/ajpendo.00626.2010

126. Yeo, E-J. Hypoxia and Aging. Exp Mol Med (2019) 51:1–15. doi: 10.1038/s12276-019-0233-3

127. Simiantonaki, N, Taxeidis, M, Jayasinghe, C, Kurzik-Dumke, U, and Kirkpatrick, CJ. Hypoxia-Inducible Factor 1 Alpha Expression Increases During Colorectal Carcinogenesis and Tumor Progression. BMC Cancer (2008) 8:320. doi: 10.1186/1471-2407-8-320

128. Gunton, JE. Hypoxia-Inducible Factors and Diabetes. J Clin Invest (2020) 130:5063–73. doi: 10.1172/JCI137556

129. Chandrashekara, S, Jayashree, K, Veeranna, HB, Vadiraj, HS, Ramesh, MN, Shobha, A, et al. Effects of Anxiety on TNF-α Levels During Psychological Stress. J Psychosom Res (2007) 63:65–9. doi: 10.1016/j.jpsychores.2007.03.001

130. Zhang, R, Wu, Y, Zhao, M, Liu, C, Zhou, L, Shen, S, et al. Role of HIF-1α in the Regulation ACE and ACE2 Expression in Hypoxic Human Pulmonary Artery Smooth Muscle Cells. Am J Physiol Cell Mol Physiol (2009) 297:L631–40. doi: 10.1152/ajplung.90415.2008

131. Dang, EV, Barbi, J, Yang, H-Y, Jinasena, D, Yu, H, Zheng, Y, et al. Control of TH17/Treg Balance by Hypoxia-Inducible Factor 1. Cell (2011) 146:772–84. doi: 10.1016/j.cell.2011.07.033

132. D’Ignazio, L, Bandarra, D, and Rocha, S. NF-κb and HIF Crosstalk in Immune Responses. FEBS J (2016) 283:413–24. doi: 10.1111/febs.13578

133. Thangarajah, H, Vial, IN, Grogan, RH, Yao, D, Shi, Y, Januszyk, M, et al. HIF-1α Dysfunction in Diabetes. Cell Cycle (2010) 9:75–9. doi: 10.4161/cc.9.1.10371

134. Masoud, GN, and Li, W. HIF-1α Pathway: Role, Regulation and Intervention for Cancer Therapy. Acta Pharm Sin B (2015) 5:378–89. doi: 10.1016/j.apsb.2015.05.007

135. Cai, M, Chen, X, Shan, J, Yang, R, Guo, Q, Bi, X, et al. Intermittent Hypoxic Preconditioning: A Potential New Powerful Strategy for COVID-19 Rehabilitation. Front Pharmacol (2021) 12:643619. doi: 10.3389/fphar.2021.643619

136. Watts, D, Stein, J, Meneses, A, Bechmann, N, Neuwirth, A, Kaden, D, et al. Hif1α Is a Direct Regulator of Steroidogenesis in the Adrenal Gland. Cell Mol Life Sci (2021) 78:3577–90. doi: 10.1007/s00018-020-03750-1

137. Serebrovskaya, TV. Intermittent Hypoxia Research in the Former Soviet Union and the Commonwealth of Independent States: History and Review of the Concept and Selected Applications. High Alt Med Biol (2002) 3:205–21. doi: 10.1089/15270290260131939

138. Mackenzie, R, Maxwell, N, Castle, P, Elliott, B, Brickley, G, and Watt, P. Intermittent Exercise With and Without Hypoxia Improves Insulin Sensitivity in Individuals With Type 2 Diabetes. J Clin Endocrinol Metab (2012) 97:E546–55. doi: 10.1210/jc.2011-2829

139. Manukhina, EB, Downey, HF, Shi, X, and Mallet, RT. Intermittent Hypoxia Training Protects Cerebrovascular Function in Alzheimer’s Disease. Exp Biol Med (2016) 241:1351–63. doi: 10.1177/1535370216649060

140. Neubauer, JA. Invited Review: Physiological and Pathophysiological Responses to Intermittent Hypoxia. J Appl Physiol (2001) 90:1593–9. doi: 10.1152/jappl.2001.90.4.1593

141. Ponsot, E, Dufour, SP, Zoll, J, Doutrelau, S, N’Guessan, B, Geny, B, et al. Exercise Training in Normobaric Hypoxia in Endurance Runners. II. Improvement of Mitochondrial Properties in Skeletal Muscle. J Appl Physiol (2006) 100:1249–57. doi: 10.1152/japplphysiol.00361.2005

142. Shi, M, Cui, F, Liu, A-J, Ma, H-J, Cheng, M, Song, S-X, et al. The Protective Effects of Chronic Intermittent Hypobaric Hypoxia Pretreatment Against Collagen-Induced Arthritis in Rats. J Inflammation (2015) 12:23. doi: 10.1186/s12950-015-0068-1

143. Ding, H-L, Zhu, H-F, Dong, J-W, Zhu, W-Z, and Zhou, Z-N. Intermittent Hypoxia Protects the Rat Heart Against Ischemia/Reperfusion Injury by Activating Protein Kinase C. Life Sci (2004) 75:2587–603. doi: 10.1016/j.lfs.2004.07.005

144. Singh, M, Thomas, P, Shukla, D, Tulsawani, R, Saxena, S, and Bansal, A. Effect of Subchronic Hypobaric Hypoxia on Oxidative Stress in Rat Heart. Appl Biochem Biotechnol (2013) 169:2405–19. doi: 10.1007/s12010-013-0141-2

145. Yu, Q, Dong, L, Li, Y, and Liu, G. SIRT1 and HIF1α Signaling in Metabolism and Immune Responses. Cancer Lett (2018) 418:20–6. doi: 10.1016/j.canlet.2017.12.035

146. Gangwar, A, Paul, S, Ahmad, Y, and Bhargava, K. Intermittent Hypoxia Modulates Redox Homeostasis, Lipid Metabolism Associated Inflammatory Processes and Redox Post-Translational Modifications: Benefits at High Altitude. Sci Rep (2020) 10:7899. doi: 10.1038/s41598-020-64848-x

147. Bhargav, H, Metri, K, Raghuram, N, Ramarao, NH, and Koka, P. Enhancement of Cancer Stem Cell Susceptibility to Conventional Treatments Through Complementary Yoga Therapy: Possible Cellular and Molecular Mechanisms. J Stem Cells (2014) 7:1556–8539. Koka P.

148. Czuba, M, Wilk, R, Karpiński, J, Chalimoniuk, M, Zajac, A, and Langfort, J. Intermittent Hypoxic Training Improves Anaerobic Performance in Competitive Swimmers When Implemented Into a Direct Competition Mesocycle. PloS One (2017) 12:e0180380. doi: 10.1371/journal.pone.0180380

149. Powell, FL, and Garcia, N. Physiological Effects of Intermittent Hypoxia. High Alt Med Biol (2000) 1:125–36. doi: 10.1089/15270290050074279

150. Nieman, DC, and Wentz, LM. The Compelling Link Between Physical Activity and the Body’s Defense System. J Sport Heal Sci (2019) 8:201–17. doi: 10.1016/j.jshs.2018.09.009

151. Dick, NA, and Diehl, JJ. Febrile Illness in the Athlete. Sport Heal A Multidiscip Approach (2014) 6:225–31. doi: 10.1177/1941738113508373




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Supriya, Gao, Gu and Baker. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-761382-g002.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Role of Exercise Intensity on Th1/Th2 Immune Modulations During the COVID-19 Pandemic

      

        		

          Introduction

        



        		

          Populations With Imbalanced Th1/Th2 Are Among the Most Susceptible to Become Infected by COVID 19

        

          		

            Obese People

          



          		

            Elderly Populations

          



          		

            Populations With Other Comorbidities

          



          		

            COVID-19 Patients Exhibit Imbalanced Th1/Th2

          



          		

            COVID-19 Survivors Exhibit Imbalanced Th1/Th2

          



          		

            Is HIF-1α the Key Target for a Cure in the COVID-19 Era?

          



          		

            Can Exercise Target the Key Player HIF-1α During COVID-19 Infection?

          



        



        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2021.761382_cover.jpg
, frontiers
in Immunology

Role of Exercise Intensity on
Th1/Th2 Immune Modulations
During the COVID-19 Pandemic





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-761382-g003.jpg





OEBPS/Images/fimmu-12-761382-g001.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-761382-g004.jpg





