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Abstract

The human microbiome, especially the microbiomes of the gastrointestinal and respiratory tracts, are poten-
tially important in determining susceptibility to COVID-19 and the immunopathology that leads to severe
disease. Data is beginning to be gathered on the risk factors for severe disease in the coronavirus disease of
2019 (COVID-19). This data will be discussed in connection with some highlights of what is being learned
about the human microbiome and its relationship with viral illnesses and inflammation-related chronic dis-
eases. In particular, possible roles for diet, lifestyle, and microbiota manipulation as means of reducing
rates of severe viral disease will be explored. Some potential pharmaceutical approaches to treating severe
COVID-19 disease, involving the microbiome, mast cells and hypersensitivity responses, are also discussed.
It is proposed that chronic low-grade infections and/or dysbiosis may underlie the age-related diseases that
are risk factors for severe disease from SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2). It
is also suggested that the connection between these chronic diseases and COVID-19 may have implications
for understanding some of the reasons for the severity of COVID-19 in a proportion of patients. Whether or
not the hypothesis of a causal role for dysbiosis or prior infection is correct, some of the suggested treatment
approaches might still be worth investigating.

Keywords: microbiome, COVID-19, Westernized diet, exercise, stress, mast cells, cytokine storm, IL-6,
plant-based diet, inflammation, dysbiosis

Introduction

Researchers are rapidly gaining knowledge about COVID-19 to help address the current global pandemic,
with a focus on treatment and prevention of the spread of the disease[1–3]. This article has two primary aims.
The first aim is to examine the characteristics of the disease and the individuals who are most susceptible
to severe disease to see if they can help reveal how humans can become less susceptible. A second aim is
to explore whether these considerations might suggest treatment approaches that have potential to help at
least some of those who are already suffering from severe disease. It is hoped that this review will be able
to suggest areas of research that could be helpful in dealing with both the current pandemic and with other
similar diseases or future epidemics.

The emphasis here will be on the human microbiome and the diet, lifestyle and medical intervention factors
that often affect it. This emphasis arises from the increasing research showing the profound impact of
the human microbiome on immune function and many aspects of diverse disease processes[4,5]. The human
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genetic makeup is certainly important; however, the microbiotas inhabiting different parts of the human body
are increasingly being shown to be crucial factors. It has been estimated that there are as many bacterial
cells in the human body as human cells[6], and numerous microbial metabolites from the microbiome reach
the blood stream and are increasingly being investigated[7]. This has led to the human microbiome being
called the second genome[8]. One advantage of focusing on this second genome is that studies are showing
that it can be altered much more easily than the human genome, apparently with beneficial effects, such as
in the treatment of antibiotic-associated diarrhea due to Clostridiodes dificile infection using fecal microbiota
transplants[9].

The rapid changes in diet, lifestyle, environmental exposures and medical interventions in the last 75 years
has led to changes in the human microbiome that may not be optimally compatible with our evolved immune
responses to pathogens. This perspective is closely related to the hygiene hypothesis[10] and its newer forms,
such as the altered microflora hypothesis[11] and an extension of these earlier hypotheses that focuses on the
potentially pathogenic microbes within the post-hunter-gatherer era microbiota (PHM)[12]. Throughout this
review, attention will be paid to factors that might lead to the establishment of these potentially pathogenic
microbes, which include environmental microbes that are less coevolved with their human hosts and thus
could have greater immune suppressing/dysregulating potential.

The human microbiome is affected by changing diet, lifestyle, envi-
ronment and medical interventions

SARS-CoV-2 is part of a family of coronaviruses that cause a wide spectrum of disease, from the common
cold to the highly pathogenic severe acute respiratory syndrome and Middle East respiratory syndrome. A
large part of the reason that SARS-CoV-2 is so problematic is its broad range of effects, from asymptomatic
infections in some individuals to fatal disease in others. Other researchers have reviewed mechanistic details
regarding what is known about the virus. Here, the focus will be on the emerging data on host factors that
might contribute to the wide range of severity.

There are many risk factors, along with extensive research related to each, so this discussion cannot be
comprehensive. The focus of the first part of this review will be on the most common COVID-19 comorbidi-
ties[13] and what research suggests might be the safest and most easily altered lifestyle and dietary factors
that might ameliorate them and possibly reduce COVID-19 morbidity and mortality.

Aging-associated microbiota changes may be key to susceptibility rather than
aging itself

Age is clearly one of the primary factors correlated with severe outcomes of COVID-19 and may be related
to immunosenescence–the gradual reduction in immune function typically observed with age[14]. However,
chronological age alone may not be the most important factor in recovery from the viral infection, since
people under 40 years old have died, while others, who are over 90, have recovered. It is hypothesized here
that factors that are often, but not always, related to aging are more important than age itself.

Clues as to these age-associated factors may come from the observation that individuals with the most
severe outcomes frequently had preexisting conditions, including cardiovascular disease, hypertension, Type
2 diabetes mellitus and chronic lung diseases, such as chronic obstructive pulmonary disease (COPD) or
asthma[1,3]. Thus, a brief examination of some of these diseases in relation to the microbiome and respiratory
infections might be useful.

All these diseases are associated with inflammation and have been linked to various types of imbalances,
or “dysbiosis,” in the gut microbiota([15,16]. Microbes are also found in tissues in healthy controls, e.g.,
the blood[17] and lungs[18]. It has been hypothesized that what distinguishes the diseased state from a
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healthy state is increased levels of potentially pathogenic species from a variety of endogenous or exogenous
sources[12].

Extensive evidence for the role of the microbiome comes from studies of the interactions between immune
responses to various respiratory infections and the intestinal microbiome in animal models. A recent review[4]
comprehensively surveys the research regarding a wide array of types of microbiome-viral interactions, noting
that evidence supports the idea that a normal healthy microbiome tends to lead to resistance to viral
infections. For example, in a chicken model of influenza, antibiotic-treated mice are more susceptible to
influenza infection[19]. In a mouse model, the commensal bacteria, Clostridium orbiscendins, produces
desaminotyrosine, which primes Type I interferon signaling, thus mediating protection from influenza[20].
In a model of respiratory syncytial virus, a probiotic was able to restore protection from viral infection in
germ-free mice[21].

Many different microbes, including oral microbes associated with periodontal disease[22] and Chlamydia
pneumoniae[23], have been found in atherosclerotic plaques, and these microbes have been proposed to lead
to the chronic low-grade inflammation typical of atherosclerosis. COPD is associated with an abnormal
or dysbiotic microbial community in the lungs[18] and the gut[24]. Diabetes and the obesity that is often
associated with it are also characterized by inflammation and imbalanced microbial communities[25]. Al-
though it is a low-grade inflammation, elevations of IL-6 and CRP indicate that an inflammatory process is
occurring[26]. Although these inflammatory markers tend to increase with age, along with rates of aging-
associated diseases, they can be normal in those experiencing healthy aging[26] and can be high in younger
people under certain circumstances[27].

Although not the topic of this article, it should be noted in passing that there are other factors that might
influence susceptibility to COVID-19. A few of the possibilities include genetic effects on immune responses,
nutritional status, prior chronic disease or therapy effects on immune responses and immune memory to
coronaviruses or other potentially cross-reacting viruses. The infectious dose of the virus may also be
important in determining outcomes.

Air pollution effects on chronic disease and the potential role of the microbiome

Another important factor influencing inflammation from cardiovascular disease, diabetes and chronic lung
disease is air pollution. Increasing evidence is showing a quite substantial effect, even when the air pollution
levels are below national standards[28–30], indicating a direct or indirect effect on lung pathology and quite
possibly the microbiome. Although there are many potential effects of air pollution, this pattern is compatible
with a role for the colonization/infection of microbes associated with air pollution, as described previously[12].
Little research has been done on this so far; however, changes in the nasopharyngeal microbiota were observed
after a severe haze event in China[31]. It is also possible that hard-to-detect low-abundance microbes from the
rare biosphere may also produce pro-inflammatory effects[12]. It has been observed that COPD exacerbations
are often related to exposures to certain gases and particulate matter[32]. It seems possible that many of
these gases and types of particulate matter, especially from the burning of fossil fuel, may have microbial
strains associated with them that humans have not coevolved with. These relatively novel, potentially
non-coevolved microbes (PHM) might be more prone to cause increased hypersensitivity reactions[12].

Not only are the above chronic diseases related to air pollution on a long-term basis, but increases in
air pollution in the short-term lead to increases in emergency room visits, hospitalizations and deaths[33],
including deaths from respiratory infections[34]. It is estimated that indoor and outdoor air pollution-related
deaths annually exceed 7 million[35].

Recent studies in the U.S. and Italy also support a significant effect on mortality from COVID-19 from
long-term air pollution exposure[36,37]. These potential COVID-19 mortality effects and the longer-term
global effects mentioned above emphasize the need to reduce the use of polluting fossil fuels for health
reasons in addition to avoiding the worst effects of global warming on many other facets of human health
and well-being[38]. Smoking reduction is important, but it is also important to dramatically reduce and
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eventually eliminate unnecessary wood/biomass burning and fossil fuel-related pollution by adopting newer
clean energy technologies.

Diet, inflammation and the microbiome

A “westernized” diet, including higher animal fat and animal products, increased sugar and ultra-processed
foods and overconsumption of calorie-dense, low nutrient and low fiber foods appears to be an important
factor in increasing disease rates in many countries around the world[39,40]. Allergic and autoimmune
diseases have increased along with the adoption of this diet, but so have cardiovascular diseases, diabetes,
obesity and chronic lung diseases[41,42]. This suggests that diet may be playing an important role in these
diseases. This is supported by interventional studies in type 2 diabetes mellitus and cardiovascular disease
[43,44]. Diet also appears to play a significant role in COPD[45].

Interleukin-6 (IL-6) and C-reactive protein (CRP) are correlated with obesity[46]. CRP has been found to
decrease with weight loss independently of the type of diet or weight loss method[47]. Studies have found
that the traditional Mediterranean diet, in particular, lowers IL-6, with part of its effect being independent
of weight loss[48]. Dietary approaches to stop hypertension (DASH), emphasizes the consumption of low
fat, whole foods. The DASH approach has been found to be effective in reversing cardiovascular disease
and hypertension[44,49]. Another study showed that a diet with reduced saturated fat and increased fiber,
combined with exercise, prevented diabetes in a proportion of patients in a randomized controlled trial of
pre-diabetics[50]. Vegetarian or plant-based diets have shown benefit in cardiovascular disease[44] and other
inflammatory diseases[51], including inflammatory arthritis[52]. Vegetarian and vegan diets appear to be
generally safe, if vitamin B12 is supplemented and adequate attention is paid to other potentially deficient
nutrients[53]. Diets that tend to emphasize fruits and vegetables and reduce processed meats and added
sugar are associated with better outcomes with regard to lung function in COPD[45]. Typically, these diets
cause changes in the microbiota that are beginning to be explored[54]. All tend to increase consumption of
fiber, which many studies have found to affect short chain fatty acid production[55] and immune function[5].

Ruminococcus gnavus, a commensal microbe in the intestinal tract, was recently found to be potentially
involved in contributing to inflammatory arthritis[56] and inflammatory bowel disease[57]. This may be due
to several characteristics, including its ability to degrade mucus, which enhances its translocation across a
weakened epithelial barrier. R. gnavus is also increased in those with coronary artery disease[58] and has
been found to be decreased by a higher fiber, lower sugar Mediterranean diet[59]. A mutated clade of R.
gnavus that tolerates a high-oxygen, pro-inflammatory environment in the intestinal tract has been identified
in inflammatory bowel disease[60].

Enterococcus gallinarum, another commensal microbe with pathogenic potential, has been implicated in
systemic lupus erythematosus[61]. E. gallinarum can cause disease in a lupus mouse model when the intestinal
barrier is weakened, as can happen as a result of dietary factors, certain drugs, hyperglycemia and other
factors[62].

There is evidence of a high-fat diet being associated with increases in endotoxin-producing, gram negative
Enterobacteriaceae[63]. Endotoxin, as well as the bacteria that produce it, can cross the mucosal barrier of
the gut and have systemic inflammatory effects. Lower levels of fiber are thought to increase mucin degrading
bacteria that also increase intestinal permeability. Research indicates that this can negatively affect immune
function and, therefore, promote respiratory diseases[63].

There is growing support for the view that many of the effects of diet on health arise from the effects of
different types of food on the presence of pathogenic species or on the microbial balance in the intestines and
elsewhere[12,62,64]. Thus, dietary patterns can lead to inflammation and the overabundance of inflammation-
associated microbes, including Enterobacteriaceae or fungal species, such as Candida albicans, that have
greater pathogenic potential. It has also been proposed that microbes in food/beverages may have harmful
or beneficial effects, and microbes and other substances from ultra-processed foods may be more likely to
have harmful effects[12].
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The connection between the gut and lungs is increasingly apparent. One example is a study that found
Candida albicans overgrowth in the intestinal tract had a negative effect on an inflammatory lung disease[65].
C. albicans may overgrow due to antibiotic use, excessive sugar and refined carbohydrates[66] or low-grade
inflammation[67]. Other interactions between the gut and lung microbiotas have been discussed in recent
reviews[4,68]

With regard to weight loss interventions, recent evidence from a randomized controlled study of inpatient
adults indicates that increased consumption of ultra-processed foods is a key factor that leads to an overcon-
sumption of carbohydrates resulting in weight gain[69]. Whether a diet that focuses on reducing carbohy-
drates or reducing fat is most beneficial, appears to vary between individuals as a result of still undetermined
factors[70]. In fact, recent research using continuous blood sugar monitoring found that the precise foods
that will increase blood sugar most, and thus be more likely to cause significant negative metabolic effects,
differs among individuals[71,72]. Thus, the best approach to maintaining an optimal weight and blood sugar
level may need to be personalized to some degree. However, a common theme in the diet research is the
need to favor whole plant foods, particularly fruits and vegetables, and reduce ultra-processed food.

Recent research is showing the benefits of intermittent fasting, time-restricted eating[73] and fasting mim-
icking diets[74,75]. One benefit of a time-restricted approach appears to be related to it being typically more
compatible with human circadian rhythms[76]. This approach may also facilitate reduction of overall caloric
intake[73] and may improve sleep[76].

Recently, a carefully-designed diet that restricts overall calories and protein has been developed that is meant
to be used for a period of 5 days every few months[77]. This fasting mimicking diet is designed to be easier to
follow, yet have most of the benefits of fasting or caloric restriction. Studies suggest that it can increase stem
cell production and the beneficial process of autophagy with overall beneficial effects on immune function[78].
There is also evidence that it is beneficial with regard to insulin resistance and diabetes[74] and has positive
effects on the microbiota[79].

Besides these benefits and the benefit of weight loss programs in general, there may be other advantages
of these types of dietary interventions. Food/beverages from a westernized diet, particularly high levels of
high-fat, processed animal products and ultra-processed, high sugar/refined carbohydrate food, could cause
imbalances in the microbiome and be a direct or indirect source of increased levels of pro-inflammatory,
potentially pathogenic, microbes as discussed above[12]. Thus, dietary interventions that reduce these ultra-
processed foods/beverages may help give the immune system a better chance of reducing negative effects of
these microbes.

Overall, the various dietary interventions discussed above appear to reduce the tendency of a westernized diet
to contribute to insulin resistance, weight gain, microbial imbalances, infections and immune dysregulation.
The above research does not determine whether a particular diet will be beneficial for avoiding severe disease
from COVID-19, but it does suggest interventions that could help improve and, in some cases, prevent/reverse
the diseases that are risk factors for it. Some suggestions for research specific to COVID-19 will be discussed
near the end of this article.

The role of psychological and physical stress in relation to the microbiome

Chronic stress from psychological or physical factors has been shown to increase stress hormones, like cortisol,
as well as inflammation and there is some evidence that mind-body interventions can be helpful in reversing
these effects[80]. Chronic stress also can increase vulnerability to infection[81] and imbalances in the intestinal
microbiome[82]. Greater psychological and physiological stress can result from many sources[12] and lead
to reduction in secretory IgA[83], which is essential for protection from microbial invasion. A study in mice
showed that lack of secretory IgA led to a COPD-like condition, as bacteria invaded the epithelial lining of
the lung[84].

Stress reduction methods, such as diaphragmatic breathing, have shown benefits and a recent article[85]
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aimed at health care workers that must cope with intense psychological pressures in the current pandemic
have suggested a number of “micropractices,” including breathing practices. These methods could potentially
help reduce stress even when minimal time is available. A recent review of diaphragmatic breathing (taking
a deep breath, allowing the lung to expand toward a relaxed abdomen, holding it briefly and letting the
breath out slowly) showed that such breathing practices reduced cortisol and resulted in other benefits as
well[86].

The elevated cortisol associated with chronic stress and aging appears to be associated with inflammation[87]
and has been linked to susceptibility to infection and difficulty recovering from stressors such as surgery[88].
Elevated cortisol is also associated with insulin resistance, which is linked to obesity, cardiovascular disease,
hypertension and diabetes[89]. Interestingly, research is still clarifying the effects of cortisol on immune
function. There is evidence that the effects are complex, with moderate levels of cortisol having delayed
immune effects that can potentiate a pro-inflammatory response[90,91].

The hypothesis that stress, in some circumstances, may be part of a protective mechanism to cause avoidance
of toxins and microbes that elicit allergic host defense responses has been discussed in detail elsewhere[12]. In
2 studies stress-related neuropsychiatric disorders have been associated with allergies[92,93]. In support of the
causal role of allergy in this association, anxiety-like behavior has been observed in mice in response to small
amounts of allergens in their cages, and this was found to be dependent on classical allergic mechanisms
involving mast cells and IgE[94]. Cortisol releasing factor (CRF) increases in the brain along with the
anxiety-like behavior resulting from trace amounts of allergen in the cage was observed in similar rat model
experiments[95]. Thus, the potential for physiological stress to result from allergy/hypersensitivity responses
to both inhaled and ingested substances should be considered.

Exercise, stress, immunity and the microbiome

Over the last 100 years humans have tended to adopt a more sedentary lifestyle, and this appears to have
been accelerated with westernization. Appropriate levels of exercise are associated with multiple benefits
and appear to cause positive changes in the gut microbiome[96]. Even minimal amounts of exercise have
been shown to be beneficial in helping maintain physical function and avoiding falls in the frail elderly[97].
Exercise has also been associated with reduced cardiovascular disease and all-cause mortality, indicating
benefits even at only one third the recommended level[98,99].

However, excessive exercise, as in the overtraining syndrome, can increase stress and cause a decrease in
sleep quality and immune function[100]. Thus, care must be taken to maintain an appropriate level of
exercise for maximum health benefits. At least 150 minutes of moderate-intensity exercise per week has been
recommended to be beneficial for the average person and even greater benefits were found at 3 to 5 times
the recommended level[99]. However, the type and amount of exercise must be tailored to the health status
of the individual.

Unfortunately, many people in westernized societies do not achieve the optimal level of exercise. There may
be many reasons for this, including lack of energy and motivation. These problems might be ameliorated by
a diet that is less associated with inflammation. Inflammation appears to have negative effects on brain areas
associated with motivation[101] and has the potential to diminish energy production by mitochondria[102].
Neuroinflammation and impaired mitochondrial function have been linked to a highly processed high-fat diet
fed to mice[103]. Thus, diets such as those discussed above that emphasize whole plant foods and appear to
have anti-inflammatory effects may enhance the ability and motivation to engage in adequate exercise.

Thus, overall, there is evidence that air pollution and a westernized diet and lifestyle contribute to multiple
common chronic diseases and their associated elevations in inflammation. It has been suggested that both
air pollution and a westernized diet contribute to dysbiotic human microbiotas, both indirectly and directly,
through post-hunter-gatherer era microbes and various substances present in polluted air and a westernized
diet[12]. It might be postulated that the immune reactions to these pathogenic/dysbiotic microbes may be
kept to a relatively low-grade inflammation because immune system signaling only indicates the presence
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of a slow-growing chronic microbial colonization/infection rather than a rapidly increasing microbial threat.
However, this immune system signaling could change in the context of an acute infection, as discussed further
below.

Chronic low-grade inflammation transformed to acute life-threatening inflamma-
tion?

In COVID-19, a severe cytokine storm can occur with high levels of IL-6, which often leads to acute respira-
tory distress syndrome (ARDS), organ failure and death[3]. It is intriguing to consider that this involvement
of high IL-6 and other inflammatory markers might suggest that the excessive immune response of the cy-
tokine storm that occurs in severe COVID-19 might be at least partly related to the elevated inflammatory
markers in the comorbid conditions discussed above.

It is interesting to consider the hypothesis mentioned above that abnormal microbiota are causing low-grade
infection or dysbiosis, and chronically stimulating an immune response against them and, consequently,
elevating IL-6 and CRP. Then, when the acute increase in the innate immune response occurs during the
COVID-19 infection, the immune system reacts against the dysbiotic microbes as well as SARS-CoV-2. And
the overall immune activation leads to antibodies against the coronavirus, but also higher levels of antibodies
to some of the microbes of the dysbiotic microbiome.

Thus, the immune response targeting at least some microbial strains in the microbiome might be at least
part of what leads to the excessive, dysregulated immune response in those with severe COVID-19. At least
some of these dysbiotic microbes are likely to not be amenable to being eliminated by the immune system
for various reasons discussed elsewhere, such as heterologous infection and immunodominance[12]. Thus, the
increased immune response against these dysbiotic microbes during COVID-19 may not always be reversible
and instead may lead to prolonged intense inflammation culminating in organ failure.

Severe COVID-19 disease in younger people could be at least partly explained by dysbiotic microbiomes
occurring earlier than usual due to a variety of chemical and microbial exposures, inherited microbiomes, air
pollution, occupational exposures, diet and lifestyle factors, as well as previous antibiotic use, which might
also lead to elevated IL-6 and CRP. The ability of some healthy elderly patients to recover from infection
with COVID-19 could be due to a more balanced or “healthy” microbiome with little, if any, of the more
pathogenic/dysbiotic species or strains, as has been indicated in association with healthy aging[104].

Other factors are also likely to be involved; however, it is possible that the microbiome present prior to the
viral infection could play an important role in the outcome of COVID-19.

Some possible implications of microbiome and immune system inter-
actions for treatment of severe COVID-19

The drugs that are currently being tested to treat severe COVID-19 infection are primarily focused on
preventing or slowing viral replication or blocking the actions of IL-6 or other cytokines. In order to consider
a wide range of possibilities to help achieve the greatest potential for benefit, it seems worth considering the
role of other immune cells that contribute to the production of IL-6 and other inflammation-related changes.

As mentioned previously, the tendency for severe COVID-19 to be most common in individuals with chronic
diseases that may involve infections/dysbiosis that produce low-grade inflammation would suggest that other
approaches might also be beneficial. Previously, the growing evidence for a significant role for mast cells
in a number of chronic conditions that involve elevated pro-inflammatory cytokines and hypersensitivity
responses was discussed[12]. Mast cells also appear to play an important role in cardiovascular disease[105],
diabetes[106] and COPD[107]. The many effects of mast cells on inflammatory processes in cardiovascular
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disease, obesity, insulin resistance and diabetes, as well as established and experimental medications to
prevent or block these effects, was reviewed by Theoharides et al[108].

Hypertension, associated with elevated angiotensin II, has been linked to mast cells[109], and mast cell
stabilization has lowered angiotensin II in animal models[110]. It has been suggested that an approach to
treating hypertension that is focused on mast cells might be worth studying in humans[110]. Activation of
the renin angiotensin aldosterone system (RAAS) has been found to occur as a result of acute psychosocial
stress[111] and may also occur as a result of chronic stress[112]. Elevated angiotensin II appears to be
associated with more severe COVID-19[113]. The elevation is thought to be due to the actions of the
coronavirus binding ACE2 in a way that reduces its ability to degrade angiotensin II[114]. The fact that
hypertension seems to be found at a higher level among the most severe COVID-19 cases, suggests that
processes that were occurring before the viral infection might be relevant as well. It is interesting to consider
the possibility that a prior elevation of angiotensin II in hypertensive patients might play a role in the
severity of COVID-19. Research has shown that inflammation is interconnected extensively with activation
of the RAAS[115]. It seems reasonable to speculate that the prior inflammation and stress associated with
an increased activation of the RAAS might arise from low grade infections and/or dysbiotic microbiotas, as
discussed above[114], and might be a contributing factor leading to the development of severe COVID-19.

Mast cell stabilization has shown benefits in a randomized controlled trial of diabetes in humans[116] and is
discussed in a recent review on cardiovascular disease[105]. Additional research on the role of IgE and mast
cells has been reviewed[106,117], indicating a potential beneficial role of mast cell stabilization in obesity
and diabetes as well.

Besides their role in allergies/hypersensitivities, mast cells are important in the immune response to viral,
bacterial, fungal and parasitic infections[118] and there is evidence that they play a role in the immunopathol-
ogy in coronavirus infections[119,120]. Mast cells are important in immune defense; however, when mast cell
activation is excessive, it can cause more harm than benefit. Studies in mice support the role of excessive
activation of mast cells in viral respiratory illnesses, such as influenza, that cause death largely due to exces-
sive inflammation[121]. Sodium cromoglycate, which stabilizes mast cells, has been shown to be beneficial
in a mouse model of H5N1 influenza[122]. Mast cell stabilization using ketotifen reduced lung lesions and
apoptosis in another study using a mouse model of H5N1 influenza[123]. Kritas et al[119] has suggested
that a possible treatment approach to control the mast cell contribution to the high level of inflammation in
severe COVID-19 might involve anti-inflammatory cytokines of the IL-1 family.

Mast cell activation appears to be important in lung diseases[107], like COPD, one of the diseases that is a
risk factor for severe COVID-19 outcomes. Fibroproliferation that occurs in the acute respiratory distress
syndrome may not be initiated by mast cells; however, mast cells still appear to play an important role in
the increased inflammation[124]. Overed-Sayer[125] et al reviewed studies on the mast cell role in idiopathic
pulmonary fibrosis and fibrotic diseases of other organs, indicating that the role of mast cells is a promising
area of investigation.

Sepsis occurs in a subset of severe COVID-19 cases[126]. In animal models, sepsis has been linked to mast cell
involvement[127] and has been improved by mast cell stabilization[128] and histamine receptor blockers[129].
Mast cell activation seems to be beneficial at the local level or more moderate disease, but was detrimental
at the systemic level in the severe cecal ligation and puncture (CLP) mouse model of sepsis[118,130,131].
On the whole, these and other studies and reviews suggest that mast cell focused approaches are worth
investigating as treatment approaches in COVID-19.

COPD is a condition associated with severe outcomes of COVID-19 and may be linked to other risk factors
for severe COVID-19, such as diabetes[132] and heart disease[133]. It is estimated that an increasing portion
of the U.S. population has reduced airway function related to COPD and that 70% of these cases remain
undiagnosed[134,135]. Many cases are related to tobacco use; however, research[136] has also implicated
other factors, such as occupational and other environmental exposures, such as air pollution and mold
exposure[137].
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It is also interesting to consider a potential role for hypersensitivity-related mechanisms and treatments.
Asthma is often associated with reactions to allergens or chemicals/irritants, and asthma can be difficult to
distinguish from COPD, especially in the elderly[138]. It has even been proposed that asthma and COPD
may be part of the same disease process, particularly because prior asthma is associated with the development
of COPD[139]. Asthma-COPD overlap syndrome is increasingly being recognized and is found to benefit
from the IgE-blocking monoclonal antibody, omaluzimab[139]. Atopy has been found at a significant level
in dairy farmers with COPD[140].

Both allergic and non-allergic rhinitis are common comorbid conditions in COPD, and even though IgE may
not be elevated in the serum in many rhinitis patients, non-allergic rhinitis has been associated with local
elevations of IgE[141]. IgE levels are thought to decline to some degree with age, like other immunoglobulins,
as part of immunosenescence. However, allergic diseases can still be significant in the elderly, despite the
fact that they are often given less attention[142].

It is interesting to consider whether IgE responses might, under certain circumstances, shift over time, toward
excessive IgG responses that have the potential for pathogenic effects, as has been suggested in eosinophilic
esophagitis[143] and possibly other conditions[12]. Both IgE and IgG responses might be targeting at least
some microbes within the tissue microbiota and possibly cross-reacting self-antigens. Trost et al has found
cross-reactivity between microbes and tissue antigens to be extensive[144].

In severe viral infections, such as COVID-19, the activation of the immune system in response to the coron-
avirus might cause an increased immune response to the dysbiotic microbiota and cross-reacting self-tissues
and could be hypothesized to be a factor in the development of the acute respiratory distress syndrome and
multiple organ failure in COVID-19.

Based on the above connections between COPD and allergic conditions, IgE levels might be measured in
COVID-19 patients, especially in those with prior lung disease, like asthma or COPD. Typically, IgE levels
are high at the beginning of a viral respiratory infection and they decline over a 3-month period. But
perhaps, they would stay high in more severely ill COVID-19 patients. This pattern was found in atopic
individuals with viral infections[145]. If this were the case, or if local IgE levels were elevated, the IgE-
targeting monoclonal antibody drug, omaluzimab, might be considered in some patients as a treatment for
severe COVID-19 inflammation. Omaluzimab is thought to work through stabilizing mast cells as well as
binding IgE. The large numbers of those with undiagnosed COPD mentioned above might be reason to
consider this approach even in those without known prior chronic lung disease.

Other inflammatory markers are also being implicated in severe COVID-19 and a detailed discussion of this
topic is beyond the scope of this review. However, among 3 markers that Yang et al[146] found were associated
with worse outcomes of COVID-19 was IP-10 (aka interferon gamma-induced protein-10 or CXCL-10 or C-
X-C motif chemokine 10). They suggested IP-10 might be a therapeutic target to consider in the treatment
of COVID-19. This marker has also been associated with cardiovascular disease and risk of diabetes[147]
as well as the recruitment of mast cells in asthma[148]. Evidence suggests that IP-10 also plays a role in
COPD[149].

Another consideration relevant to a role for the microbiome or other infectious agents in COVID-19 is the
possibility of a bacterial or fungal strain being present in the alveoli of some individuals that might cross-
react with SARS-CoV-2 and thus might contribute to inflammatory symptoms (L. Carrasco, UAM, personal
communication). Interestingly, hydroxychloroquine has been found to have antifungal and antibacterial
effects. For instance, there was a case report of a skin infection with Aspergillus niger resolving in the weeks
after hydroxychloroquine was instituted for a rheumatic condition only to return when the patient had to
stop the hydroxychloroquine due to tinnitus[150]. There have been promising reports regarding the use of
hydroxychloroquine in SARS-CoV-2 with a focus on its antiviral effects[151]. Other recent studies have failed
to show benefit[152,153], however, further large randomized controlled trials are being conducted. If shown
to be effective in at least a proportion of patients, it might be acting via multiple antimicrobial mechanisms.
It might be that hydroxychloroquine or another antimicrobial would be most beneficial if administered before

9
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the severe inflammatory stage that requires anti-inflammatory medications. Since antimicrobials also may
have harmful effects, including disruptive effects on the microbiome, caution needs to be used. Microbiome
studies would be useful to test this hypothesis.

Suggested future research

Based on the above considerations, it is suggested that studies should be conducted to assess the dietary
patterns and other lifestyle factors of people who have asymptomatic, mild or severe COVID-19 infections
to determine what factors are most associated with various outcomes. During the pandemic crisis, it may
be difficult to do these types of studies, but it might be possible via telephone or online surveys of families
of those who are ill and/or hospitalized, to assess eating patterns and lifestyle factors of those who got sick
and those who did not. For those who are deceased, information on dietary patterns and lifestyle factors
could be obtained from close relatives.

Eventually, when there is improved availability of testing and more types of tests for COVID-19, including
tests for past exposure using antibody measurements, it should become easier to do these types of studies.
Of course, prospective studies are preferable, however, they may not be possible in many cases in the midst
of the current pandemic.

Preferably, samples of the microbiome from a variety of sites, perhaps including oral, fecal, blood, urinary
and respiratory tract, would be gathered before the illness develops to help assess microbiome-related risk
factors. If this is not possible, information on the microbiome might be inferred from diet and lifestyle data,
drawing on the growing amount of research on the relationship between these factors and the microbiome
composition. The use of large databases of previously gathered microbiome data might also be considered
for inclusion in these types of studies. In some cases, autopsy samples of many different organs could be
analyzed to attempt to detect microbiome-related patterns.

In addition, the expansion of the types of immune system manipulation methods being studied in cases of
severe COVID-19 might be considered. As mentioned above, research could be conducted on medications
that are related to mast cell function and/or inhibit hypersensitivity reactions. The use of microbiota manip-
ulation or antimicrobials that target components of a potentially dysbiotic microbiota could be considered.
These might be studied alone or in combination with other treatment approaches.

Conclusions

The age-associated diseases that appear to be most associated with severe COVID-19 are also associated
with elevated IL-6 and other inflammatory markers, along with evidence of microbiome dysbiosis and/or
low-grade infection. The imbalances in the immune system arising from this potentially microbiome-related
inflammation are possibly a contributing factor in the susceptibility to acute viral infection and the severe
cytokine storms that frequently lead to fatal outcomes in COVID-19.

In the long run, determination of how to achieve an optimal response to viral infections like COVID-19 will
likely benefit from increased studies on how the microbiome might be shifted toward a more normal, healthy,
youthful state. Based on the research discussed above, this state would be expected to be associated with
a lower likelihood of severe effects from COVID-19 and other infectious agents, along with benefit in other
debilitating diseases. It would be preferable to achieve this state with lifestyle and dietary factors; however,
medications, probiotics and other approaches discussed in this review could also be used if supported by
adequate research. To achieve this goal and the goal of improving COVID-19 outcomes, more research is
clearly needed.

Funding
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protection against influenza virus subtype H9N2 in chickens is associated with modulation of the innate
responses. Sci Rep 2018;8:1–12. doi:10.1038/s41598-018-31613-0.

[20] Steed AL, Christophi GP, Kaiko GE, Sun L, Goodwin VM, Jain U, et al. The microbial metabo-
lite desaminotyrosine protects from influenza through type I interferon. Science (80- ) 2017;357:498–502.
doi:10.1126/science.aam5336.

[21] Ji J, Sun Q, Wang Q, Zhang H, Qin F, Wang Q, et al. Probiotics Confers Protection Against RSV
Infections by Regulating Gut and Lung Microbiotas to Activate Antiviral Responses of Alveolar Macrophage.
SSRN Prepr 2019. doi:10.2139/ssrn.3471990.

[22] Liu X-R, Xu Q, Xiao J, Deng Y-M, Tang Z-H, Tang Y-L, et al. Role of oral microbiota in atherosclerosis.
Clin Chim Acta 2020;506:191–5. doi:10.1016/j.cca.2020.03.033.

[23] Joshi R, Khandelwal B, Joshi D, Gupta OP. Chlamydophila Pneumoniae Infection and Cardiovascular
Disease. N Am J Med Sci 2013;5:169–81. doi:10.4103/1947-2714.109178.

[24] Zhang D, Li S, Wang N, Tan H-Y, Zhang Z, Feng Y. The Cross-Talk Between Gut Microbiota and Lungs
in Common Lung Diseases. Front Microbiol 2020;11:301. doi:10.3389/fmicb.2020.00301.

[25] Adeshirlarijaney A, Gewirtz AT. Considering gut microbiota in treatment of type 2 diabetes mellitus.
Gut Microbes 2020;2020:1–12. doi:10.1080/19490976.2020.1717719.

[26] Arai Y, Martin-Ruiz CM, Takayama M, Abe Y, Takebayashi T, Koyasu S, et al. Inflammation, But
Not Telomere Length, Predicts Successful Ageing at Extreme Old Age: A Longitudinal Study of Semi-
supercentenarians. EBioMedicine 2015;2:1549–58. doi:10.1016/j.ebiom.2015.07.029.

[27] Beharka AA, Meydani M, Wu D, Leka LS, Meydani A, Meydani SN. Interleukin-6 Production Does Not
Increase With Age. J Gerontol A Biol Sci Med Sci 2001;56:B81–8. doi:10.1093/gerona/56.2.B81.

[28] Ward-Caviness CK, Weaver AM, Buranosky M, Pfaff ER, Neas LM, Devlin RB, et al. Associations
Between Long-Term Fine Particulate Matter Exposure and Mortality in Heart Failure Patients. J Am Hear
Assoc 2020;9:e012517. doi:10.1161/JAHA.119.012517.

[29] Shah AS, Langrish JP, Nair H, McAllister DA, Hunter AL, Donaldson K, et al. Global associati-
on of air pollution and heart failure: a systematic review and meta-analysis. Lancet 2013;382:1039–48.
doi:10.1016/S0140-6736(13)60898-3.

[30] Requia WJ, Adams MD, Arain A, Papatheodorou S, Koutrakis P, Mahmoud M. Global Association
of Air Pollution and Cardiorespiratory Diseases: A Systematic Review, Meta-Analysis, and Investigation of
Modifier Variables. Am J Public Health 2018;108:S123-s130. doi:10.2105/AJPH.2017.303839.

12



P
os

te
d

on
A

ut
ho

re
a

22
A

pr
20

20
|C

C
B

Y
4.

0
|h

tt
ps

:/
/d

oi
.o

rg
/1

0.
22

54
1/

au
.1

58
75

86
65

.5
86

22
49

5
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

[31] Qin T, Zhang F, Zhou H, Ren H, Du Y, Liang S, et al. High-Level PM2.5/PM10 Exposure Is As-
sociated With Alterations in the Human Pharyngeal Microbiota Composition. Front Microbiol 2019;10:54.
doi:10.3389/fmicb.2019.00054.

[32] Su Y-C, Jalalvand F, Thegerström J, Riesbeck K. The Interplay Between Immune Response and Bac-
terial Infection in COPD: Focus Upon Non-typeable Haemophilus influenzae. Front Immunol 2018;9:2530.
doi:10.3389/fimmu.2018.02530.

[33] Samek L. Overall human mortality and morbidity due to exposure to air pollution. Int J Occup Med
Environ Health 2016;29:417–26. doi:10.13075/ijomeh.1896.00560.

[34] Croft DP, Zhang W, Lin S, Thurston SW, Hopke PK, Masiol M, et al. The Association between Re-
spiratory Infection and Air Pollution in the Setting of Air Quality Policy and Economic Change. Ann Am
Thorac Soc 2019;16:321–30. doi:10.1513/AnnalsATS.201810-691OC.

[35] Babatola SS. Global burden of diseases attributable to air pollution. J Public Health Africa 2018;9:813.
doi:10.4081/jphia.2018.813.

[36] Wu X, Nethery RC, Sabath BM, Braun D, Dominici F. Exposure to air pollution and COVID-19
mortality in the United States. MedRxiv Prepr 2020. doi:10.1101/2020.04.05.20054502.

[37] Conticini E, Frediani B, Caro D. Can atmospheric pollution be considered a co-factor in extremely high le-
vel of SARS-CoV-2 lethality in Northern Italy? Environ Pollut 2020;2020:114465. doi:10.1016/j.envpol.2020.114465.

[38] Rossati A. Global Warming and Its Health Impact. Int J Occup Environ Med 2017;8:7–20. doi:10.15171/ijoem.2017.963.
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