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Gut microbiome alterations may play a paramount role in determining the clinical outcome of clinical COVID-19 with underlying comorbid conditions like T2D, cardiovascular disorders, obesity, etc. Research is warranted to manipulate the profile of gut microbiota in COVID-19 by employing combinatorial approaches such as the use of prebiotics, probiotics and symbiotics. Prediction of gut microbiome alterations in SARS-CoV-2 infection may likely permit the development of effective therapeutic strategies. Novel and targeted interventions by manipulating gut microbiota indeed represent a promising therapeutic approach against COVID-19 immunopathogenesis and associated co-morbidities. The impact of SARS-CoV-2 on host innate immune responses associated with gut microbiome profiling is likely to contribute to the development of key strategies for application and has seldom been attempted, especially in the context of symptomatic as well as asymptomatic COVID-19 disease.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for the development coronavirus disease 2019 (COVID-19) globally, described initially from a wet market in Wuhan, China, back in September 2019 (Chan et al., 2020). The World Health Organization (WHO) has reported 114,751,575 confirmed global cases and 2,549,260 deaths as of 3rd March 2021 due to COVID-19 (He Y et al., 2020; Shankar et al., 2021). The high rates of morbidity and mortality in COVID-19 results from the onset of a severe acute respiratory distress syndrome (ARDS) and systemic inflammatory response syndrome (SIRS), which afflicts the pulmonary compartment initially eventually leading to multi-organ failure (MOF) (Chen et al., 2020). The predominant involvement of the respiratory system in COVID-19 pathogenesis mainly stems from the mode of entry of the virus into the host, i.e., respiratory tract, and also owing to the high expression of angiotensin-converting enzyme 2 (ACE2), the classical receptor to which the viral spike protein ligand can engage with, on the respiratory and the gastrointestinal epithelia. Reports also suggest that SARS-CoV-2 inhibits the absorption of nutrients in the GI tract that drive the onset of gastroenteritis in a sizeable number of affected individuals (Zhou et al., 2020).

The human gut microbiota represents a highly complex and dynamic microbial community that plays a critical role in protecting the host from pathogenic microbial invaders (Vemuri et al., 2018). An extensive and integrated network of gut microbiota works in concert with the host to promote health, and any event that disrupts the homeostasis likely entails disease development (Vemuri et al., 2020). It is widely believed that the diversity of gut microbiota directly impacts the overall health of the host. It is also likely that alterations in gut microbiome could determine the natural history and clinical outcome of COVID-19, together with the described underlying co-morbid conditions like type 2 diabetes (T2D), cardiovascular disorders, and obesity warranting manipulation of the gut microbiota by employing several combinatorial approaches.



Overview of ACE2-Microbiota Nexus in Host Immunity 

It has been shown that ACE2 expression reportedly alters the lung and gut microbiomes during certain underlying conditions involving the cardiac and pulmonary compartments (Cole-Jeffrey et al., 2015). It has also been known that ACE2 is involved in regulating inflammation and maintaining a healthy microbial community in the host (Hashimoto et al., 2012). Gut microbiome is involved in the regulation of genes involved in immune responses and metabolism in the host (Li et al., 2019). Furthermore, ACE2 has been shown to regulate intestinal metabolism of tryptophan, which drives the release of antimicrobial peptides to maintain and sustain the composition of gut microbiota. It has become clear that down-regulation of ACE2 reduces the intestinal absorption of tryptophan that lowers the secretion of antimicrobial peptides entailing gut dysbiosis (He Y. et al., 2020). Bacterial species such as Bacteroides dorei appear to have a significant role in regulating host immune responses by suppressing the expression of colonic ACE2 (Yoshida et al., 2018) supported by the finding that critically ill COVID-19 patients develop gastrointestinal symptoms (Du et al., 2020). Hence, gut microbiota seemingly plays a determining role in SARS-CoV-2 infection through the gut-lung axis (Marsland et al., 2015). Evidence suggests that influenza virus-driven lung injury could be enhanced by alteration in gut microbiota that in turn is believed to be associated with a significant reduction in host antiviral surveillance (Ichinohe et al., 2011). Interestingly, over-expression of fecal calprotectin is suggestive of the role of gut inflammation as a critical baseline finding in clinical COVID-19 (Zuo et al., 2020). Hence, it is imperative to address the role of indigenous microbiota as a key target in the development of anti-SARS-CoV-2 therapeutics and strategies.



Gut-Lung Microbiome Axis: Lessons Learnt from Classical Respiratory Viral Infections

The gut microbiome is reportedly involved in digestion and protection against pathogens in the host (Hall et al., 2017), and often encompasses phyla Actinobacteria, Firmicutes, Proteobacteria, and Bacteroidetes. The healthy human colon has a greater abundance of bacterial families such as Bacteroidaceae, Prevotellaceae, Rikenellaceae, Lachnospiraceae, and Ruminococcaceae. Evidence suggests that the gut has a preponderance of Bacteroidetes and Firmicutes whereas the pulmonary compartment harbors a considerable population of Bacteroidetes, Firmicutes, and Proteobacteria (Zhang et al., 2020). Gut microbiota appears to have a serious impact on lung infection mediated via the gut-lung axis (Dumas et al., 2018). Gut microbiota regulates the optimal functioning of the innate and adaptive immune systems, and antimicrobial peptides and secondary metabolites derived from intestinal commensals are involved in cellular homeostasis (Negi et al., 2019a). Microbe-associated molecular patterns (MAMPs) as well as pathogen-associated molecular patterns (PAMPs) are recognized by toll-like receptors (TLRs) of host cells that drive the regulation of pro- and anti-inflammatory signals (Negi et al., 2019b), and hence a depletion in gut microbial diversity could inflict significant damage on host health (Mosca et al., 2016). Gut commensals, bacteroides, lactobacillus, and bifidobacteria reportedly release a plethora of short-chain fatty acids (SCFA) such as butyrate, acetate and propionate, which bind with dendritic cells (DCs) and macrophages that drive immunomodulation (Jia et al., 2018). Recent findings suggest that gut microbiota could play a significant role in the induction of ARDS (Dickson, 2016) setting clues to advance our understanding of the likely possibility of the same in determining the onset of SARS-CoV-2-mediated tissue damage originating from hypercytokinemia (Girija et al., 2020) and SIRS (Dhar and Mohanty, 2020). Respiratory viral infections such as influenza virus and respiratory syncytial virus (RSV) reflect a significant impact of alteration in gut microbiome with disease severity and prognosis (Deriu et al., 2016). Influenza virus infection induces alterations of gut microbiome through a type I interferon-dependent mechanism (Abt et al., 2012). It appears that the normal gut microbiota elicits the activation and assembly of inflammasome and T-cell responses by inducing the migration of DCs and macrophages in influenza virus infection (Steed et al., 2017). Microbe-derived secondary metabolites such as SCFAs, produced commonly by bacteroidetes and/or clostridia enhanced the protection attributes against influenza virus infection largely by inducing CD8+ T-cell functions and type I IFN signaling in macrophages (Abt et al., 2012). Hence, gut microbiome plays a significant role in regulating immune responses in systematic and distant mucosal sites, including the lungs (Gu et al., 2020).

The gut-lung axis is bidirectional which means metabolites that are derived from gut bacteria effect on the lung through blood whereas inflammation of the lung modifies the level of gut microbiota. Dysbiosis of gut microbiota induces lung dysfunction via alteration of immune responses of neutrophils, T cells, TLRs, and inflammatory cytokines. SARS-CoV-2 induces infection in the lung to activate an immune response in the gastrointestinal tract and disruption of epithelial cells in the lung (Fanos et al., 2020). SARS-CoV-2 induces alterations of lung microbiota such as a higher abundance of Klebsiella oxytoca, and Rothia mucilaginosa that drive inflammation in the lung (Han et al., 2020). Higher level of proinflammatory cytokines in the blood due to viral infections induce dysbiosis of gut bacteria and disruption of the gut barrier. Dysbiosis of gut microbiota breaks the integrity of gut barrier which induces the translocation of SARS-CoV-2 from the lung into the gut through the circulatory and lymphatic systems. Inflammation in the gut induces leaky gut that drives the development of sepsis in COVID-19 patients through translocation of bacterial antigens and toxins into the systemic circulation (Figure 1). Dysbiosis of gut microbiota also induces pathogenesis in the lung of respiratory distress syndrome (Aktas and Aslim, 2020). SARS-CoV-2 induces alterations of lung microbiota such as a higher abundance of Klebsiella oxytoca, and Rothia mucilaginosa that drive inflammation in the lung (Han et al., 2020).




Figure 1 | Schematic representation of a role of gut-lung axis with dysbiosis of the gut microbiota for COVID-19 disease management. The gut-lung axis is bidirectional which means metabolites that are derived from gut bacteria effect on the lung through blood whereas inflammation of the lung modifies the level of gut microbiota. SARS-CoV-2 primarily affects the lung. Dysbiosis of gut microbiota breaks the integrity of gut barrier which induces the translocation of SARS-CoV-2 from the lung into the gut through the circulatory and lymphatic systems. The virus binds with the ACE2 on the enterocytes. Inflammation in the gut induces leaky gut that drives the development of sepsis in COVID-19 patients through translocation of bacterial antigens and toxins into the systemic circulation. Dysbiosis of gut microbiota also induces pathogenesis in the lung of respiratory distress syndrome. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; ACE2, angiotensin-converting enzyme 2.



Streptococcus sp., Escherichia sp., and Shigella sp., showed a higher abundance in COVID-19 and H1N1 patients (Gu et al., 2020). The relative abundance of phyla Actinobacteria and Firmicutes was significantly reduced in H1N1 patients as compared to COVID-19 patients and healthy controls. At the family level, the number of Lachnospiraceae and Ruminococcaceae, which includes butyrate-producing bacteria (BPB) was drastically reduced in H1N1 patients. Further, the abundance of Blautia, Agathobacter, Anaerostipes, Fusicatenibacter, Eubacterium hallii group was significantly reduced. Recent findings also suggests that the frequency of Fusicatenibacter, Anaerostipes, Agathobacter, and E. hallii from the Lachnospiraceae family was significantly reduced in COVID-19 patients. On the one hand Streptococcus, Rothia, Veillonella, Erysipelatoclostridium, and Actinomyces were highly abundant in COVID-19 patients, and on the other hand, bacterial genera such as Blautia, Romboutsia, Faecalibacterium, Fusicatenibacter, Collinsella, Bifidobacterium, and Eubacterium hallii were reportedly high among healthy subjects. Patients of H1N1 Influenza have higher abundance of Enterococcus, Prevotella, Finegoldia, and Peptoniphilus. Prevotella, Ezakiella, Murdochiella, and Porphyromonas showed a higher abundance in H1N1 patients as compared to COVID-19 patients suggesting that respiratory viral pathogenesis seems to be determined also by inflammatory gut microbiome. H1N1-enriched bacteria has shown a positive association with inflammatory cytokines IL-2, IL-4, and IL-6, the later being the predominant culprit behind the onset of cytokine storm in COVID-19 (Gu et al., 2020). Whilst Rothia is involved in the development of pneumonia in immunocompromised individuals (Ramanan et al., 2014), both Streptococcus and Rothia are associated with disease severity in avian H7N9 virus infection (Lu et al., 2017). Further, H1N1 as well as H7N9 patients showed a higher abundance in opportunistic pathogens such as Prevotella, Finegoldia, and Peptoniphilus and elevated levels of IL-2 and IL-4 (Qin et al., 2015). The abundance of Faecalibacterium prausnitzii, Eubacterium rectale, and Ruminococcus bromii belong to Firmicutes and Bifidobacterium adolescentis, Bifidobacterium pseudocatenulatum, and Collinsella aerofaciens belong to Actinobacteria is reduced in COVID-19 patients. B. adolescentis prevents the activation of proinflammatory cytokine by inhibiting the activity of NF- κB (Yeoh et al., 2021). Dysbiosis of the lung microbiome enhances susceptibility to viral infections and also induces the development of secondary bacterial infections to increase mortality rates in COVID-19 patients. Streptococcus salivarius K12 showed inhibitory activity against SARS-CoV-2 (Di Pierro, 2020), and the abundance of certain oropharyngeal microbiomes such as haemophilus or streptococcus could likely contribute to severity of SARS-CoV-2 disease (https://doi.org/10.21203/rs.3.rs-127621/v1).

Given the aforementioned observations, it could be assumed that microbial dysbiosis in the lungs of COVID-19 patients likely predict the onset of hyperinflammation-driven ARDS. It has been shown that gut-associated Enterobacteriaceae showed a higher abundance in individuals progressing to develop ARDS. A higher abundance of Lachnospiraceae in ARDS patients showed an association with reduced survival. It is also hypothesised that microbiome alterations in gut and lung may predict the development of ARDS in COVID-19 patients (Dickson et al., 2020). Higher abundance of Proteobacteria and Bacteroidetes and a lower abundance of Firmicutes have been reported in influenza virus infection (Groves et al., 2018). Most prevalent bacterial genera such as Acinetobacter, Chryseobacterium, Burkholderia, Brevundimonas, Sphingobium and Enterobacteriaceae were reported in necropsy lung tissues of deceased patients with COVID-19. Among Acinetobacter, Acinetobacter calcoaceticus, Acinetobacter baumannii, Acinetobacter nosocomialis, and Acinetobacter pittii, with A.baumannii (AB) were highly abundant. Of the members belonging to Enterobacteriaceae, Klebsiella, Escherichia coli, Proteus, and Enterobacter were highly abundant (Fan et al., 2020). Further, a higher abundance of Clostridium hathewayi, Actinomyces viscosus, and Bacteroides nordii has also been reported in antibiotic naïve COVID-19 patients. Antibiotic treated COVID-19 patients showed a significant depletion of beneficial symbionts such as Fecalibacterium prausnitzii, Lachnospiraceae bacterium 5_1_63FAA, Eubacterium rectale, Ruminococcus obeum, and Dorea formicigenerans in the gut relative to antibiotic naïve COVID-19 patients. Bacterial genus Coprobacillus, Clostridium ramosum and Clostridium hathewayi belong to phylum Firmicutes showed a positive correlation with COVID-19 severity whereas Alistipes onderdonkii and F. prausnitzii showed a negative association with disease severity. Furthermore, opportunistic pathogens such as C.hathewayi, Bacteroides nordii, Actinomyces viscosus appear to be highly abundant in the gut of COVID-19 patients. Bacteroidetes species such as Alistipes onderdonkii and Bacteroides ovatus showed a negative correlation with severity of COVID-19. Bacteroides dorei, Bacteroides thetaiotaomicron, Bacteroides massiliensis, and Bacteroides ovatus belonging to phylum Bacteroidetes showed an inverse negative correlation with SARS-CoV-2 viral loads in fecal samples of COVID-19 patients (Zuo et al., 2020). Interestingly, B.dorei has been shown to down-regulate ACE2 expression in the human colon (Yoshida et al., 2018). It also appears that Alistipes species are involved in tryptophan metabolism whereas F. prausnitzii showed anti-inflammatory properties (Vatanen et al., 2016).

Adding further the likely role of gut microbiota with disease progression, the outer membrane vesicles (OMVs) of Acinetobacter nosocomialis have been shown to augment inflammatory responses in epithelial cells (Nho et al., 2015). Enterobacteriaceae such as E.coli, Klebsiella sp., and Proteus sp. are colonisers of the gut albeit at low levels. It appears that the level of Enterobacteriaceae become elevated during inflammatory conditions engendering from exaggerated release of ROS and nitrogen intermediates by epithelial cells and transmigrating neutrophils in the gut lumen. Enterobactin of E. coli prevents the intracellular killing of action of myeloperoxidase of PMNs in the inflamed gut (Zeng et al., 2017). Gut K. pneumoniae enhances inflammatory response in human airway epithelial cells through activation of TLR4 and TLR2. Evidence also suggests that MAPKs p38, ERK and JNK regulates the secretion of inflammatory mediators and defensins from epithelial cells during Klebsiella infection. Klebsiella enhances inflammatory response by preventing the action of host proteins such as CYLD and MKP-1 which are involved in immune homeostasis post-inflammation. Klebsiella blocks IL-23/IL-17 and IL-12/IFN-γ signalling (Bengoechea and Sa Pessoa, 2019). Peptidoglycan and teichoic acid of streptococci bind to TLR-2 of epithelial and endothelial cells, monocytes and macrophages, which induce secretion of IL-1β, IL-6, IL-8, and TNF-α (Loughran et al., 2019). Actinomyces induces inflammatory lesions in tissues having PMNs, macrophages, and plasma cells (Engel et al., 1976). Besides, alteration in the gut microbiota has been demonstrated to have an association with several other respiratory infections, inflammatory bowel disease, depression, T2D, cardiovascular disease and hypertension (Schmidt et al., 2018). Studies have revealed that gut microbiota plays an eminent role in the pathogenesis of sepsis and ARDS (Dickson et al., 2016). Similarly, a study from China showed that some patients with COVID-19 presented with gut dysbiosis with decreased levels of Lactobacillus and Bifidobacterium (Xu et al., 2020).

Higher abundance of Coprobacillus, Clostridium ramosum, and Clostridium hathewayi led to disease severity in COVID-19 patients. Drugs such as chloroquine phosphate, lopinavir, ritonavir, and remdesivir used for the treatment of COVID-19 are also involved in gut dysbiosis. Application of short-term antibiotics use in COVID-19 treatment may also lead to alterations in gut bacteria. Prolonged use of doxycycline and hydroxychloroquine significantly reduced Bacteroidetes, Firmicutes, and Lactobacillus in the gut of COVID-19 patients. Interestingly, dysbiosis of gut bacteria is noticed even after recovery from COVID-19. FMT may be used to alter the gut microbiota in COVID-19 patients. It is essential to screen the presence of SARS-CoV-2 and gut microbiota profile in stool samples of patients after 35 days from recovery to provide the highest protection for FMT recipients. Stool samples of donors are also needed to screen the presence of SARS-CoV-2 (Kaźmierczak-Siedlecka et al., 2020).



Gut Microbiome in the Elderly Covidants: Does It Explain High Mortality Rates?

The increased rates of mortality among the elderly in COVID-19 seem to stem from alterations in gut microbiota. The potential rationale underlying increased rates of mortality among the elderly in COVID-19 due to likely higher abundance of inflammatory bacteria (Table 1). The abundance of beneficial bifidobacterial may be depleted in the elderly peoples (Nagpal et al., 2018). Elderly people may be more susceptible to SARS-CoV-2 infection due to less diverse beneficial microorganisms.


Table 1 | List of elevated bacteria in COVID-19 patients associated with inflammation and immunity.



It has also been hypothesized that drugs used to treat diabetes mellitus and hypertension might upregulate the expression of ACE2 facilitating SARS-CoV-2 infection (Fang et al., 2020). Taking these factors into consideration, it can be easily speculated that SARS-CoV-2 infection might contribute to gut dysbiosis resulting in generalized inflammation contributing to MODS and other serious clinical worsening, especially in the elderly and patients with underlying clinical conditions.

Previous studies showed that dietary supplementation of probiotic formula with Bifidobacterium lactis in aged individuals enhanced the tumoricidal functions of natural killer (NK) cells. Probiotics such as L. johnsonii, L. fermentum, L. reuteri, L. paracasei, L. rhamnosus, L. acidophilus, L. plantarum, belonged to genera Lactobacillus and B. longum, B. breve, B. bifidum, and B. animalis subsp. lactis were involved in alleviating inflammatory manifestations via regulation of innate immune responses (Dhar and Mohanty, 2020). Probiotic bacteria like L. rhamnosus, B. lactis, and B.breve are involved in the down-regulation of inflammation through elevation of Treg cells (Feleszko et al., 2007).

Prebiotics such as inulin, fructo-oligosachharides (Fos), galactosachharides (Gos), and polydextrose are involved in the development of host immunity through alterations of gut microbiome. Prebiotics reportedly reduce the levels of the proinflammatory IL-6 that tends to be the prime culprit behind the hitherto described grave prognosis in COVID-19 and enhance the levels of anti-inflammatory IL-10 (West et al., 2017). Protein enriched diet enhances the abundance of gut commensals such as bifidobacteria and lactobacilli simultaneously reduces the pathogenic gut microbiota (Świątecka et al., 2011). Probiotic strains such as bifidobacteria or lactobacilli are not only involved in the clearance of virus from the respiratory tract but also augments the activity of antigen presenting cells, NK cells, T cells to drive the enhanced release of mucosal antibodies in lung fluids (Zelaya et al., 2016). Lactobacillus casei induces the phagocytic activity of alveolar macrophages and over expression of IgA, IFN-γ, and TNF-α in the host to protect against flu virus infections. Bifidobacterium, Lactobacillus paracasei, and Lactobacillus rhamnosus enhanced the efficacy of vaccine response against respiratory infections such as H1N1, H5N1, and H3N2 (He L. H. et al., 2020). Probiotic strains are involved in the regulation of proinflammatory and anti-inflammatory cytokines that likely could ameliorate ARDS complications in COVID-19.

Elderly individuals with hypertension, obesity, and diabetes are more prone to develop severe symptoms due to COVID-19 infections because dysbiosis of the gut microbiome reduces the integrity of the gut barrier, which in turn allows other pathogens to bind the enterocytes. Disruption of the integrity of tight junctions in between enterocytes of the gut called “leaky gut” in COVID-19 patients is responsible for the development of diarrhea, and inflammation due to higher levels of IL-6 in plasma and fecal calprotectin. This also allows SARS-CoV-2 to enter into the blood stream and bind with ACE2 of other body parts. F. prausnitzii belonging to class Clostridia and family Ruminococcaceae is responsible for the synthesis of a short-chain fatty acid (SCFA) such as butyric acid in the gut (Figure 1). The abundance of this bacteria was reduced in COVID-19 patients. Butyric acid maintains the integrity of gut barrier and shows anti-inflammatory activity through inhibition of NF-κB activity, activation of G protein-coupled receptors such as GPR41 and GPR43, suppression of histone deacetylase activity, and activation of regulatory T cells (Treg) cells. Fecal microbiota transplantation (FMT), and enhancement of abundance of next-generation probiotics such as butyrate-producing gut bacteria through daily intake of dietary fiber may be used to prevent inflammation and severity in COVID-19 patients (Kim, 2021). Protein extracts of whey and pea enhanced the abundance of Bifidobacterium, and Lactobacillus whereas reduced the abundance of pathogenic bacteria Bacteroides fragilis and Clostridium perfringens (Świątecka et al., 2011). SCFAs mainly acetate, propionate, and butyrate which are produced by the gut microbiota through the metabolism of resistant starches and dietary fibers provide energy to gut epithelial cells, maintain the integrity of the gut barrier, and suppressed inflammation by blocking the action of LPS and prevention of proinflammatory cytokine productions (Corrêa-Oliveira et al., 2016). Acetate may provide protection against respiratory syncytial virus (RSV) in the lung through the activation of IFN-β via GPR43 and IFNAR (Antunes et al., 2019).

Azithromycin which is a commonly used antibiotic for COVID-19 treatment reduced Shannon diversity index of bacterial communities particularly the abundance of Bifidobacterium genus. Other drugs such as metformin, statins, and psychiatric drugs are also involved in the alteration of the gut microbiota as well as enhance the risk of viral infections. Combinatorial approaches of probiotics, prebiotics, and natural products are used to control the balance of gut bacteria. Probiotics suppressed diarrhea by blocking the TLR expression and controlling the humoral and cellular immune responses. Bacterial genera such as Lactobacillus and Bifidobacterium showed strong antiviral action against influenza virus type A. These probiotics suppressed the growth of candida, E. coli, pseudomonas, and staphylococci during antibiotic administration in COVID-19 patients. Prebiotics and probiotics inhibit viral replication and infection via production of interferon (IFN) by activating plasmacytoid DCs via TLR9. LPS of Gram-negative and peptidoglycans (PG) of Gram-positive bacteria interact with viral proteins (Kiousi et al., 2019; Donati Zeppa et al., 2020). Gut microbiota effects on ACE2 at the gut and lung in such a way that probiotics may control the severity of the disease. Following gut colonization, probiotics could contribute to development of immunity against viral infections. Probiotics strains such as Lactobacillus rhamnosus GG and Bifidobacterium longum are involved in compressing the infection of ICU patients. Bacteriocins which are produced by Lactobacilli and Bifidobacteria are effective against pathogenic bacteria and viruses. Probiotic Lactobacillus sp. augments gut immunity through the synthesis of antiviral agents such as mucins and mucus in the intestine. Probiotics control innate and adaptive antiviral immunity through an interaction with dendritic cells, monocytes/macrophages, and lymphocytes. Lactic acid bacteria induces the synthesis of cytokines or chemokines through binding with intestinal epithelial cells via toll-like receptors. This also drives the abundance of IgA producing cells of bronchus, mammary glands and intestine which in turn stimulates mucosal immune system. Probiotics stimulate the secretion of IgG and IL-10 from the activated T-cells. It is essential to use probiotics along with prebiotics for the treatment of COVID-19 individuals (Din et al., 2021). Bacteriocin compounds such as staphylococcin 188, enterocin AAR-74, erwiniocin NA4 showed antiviral activity against HIV, HSV, Coliphage, influenza virus, and H1N1 virus (Gohil et al., 2021).

Together, gut microbiome alterations may play a paramount role in determining the clinical outcome of clinical COVID-19 with underlying co-morbid conditions like T2D, cardiovascular disorders, obesity, etc. Research is warranted to manipulate the profile of gut microbiota in COVID-19 by employing combinatorial approaches such as use of prebiotics, probiotics and symbiotics. Prediction of gut microbiome alterations in SARS-CoV-2 infection may likely permit the development of effective therapeutic strategies. Novel and targeted interventions by manipulating gut microbiota indeed represents a promising therapeutic approach against COVID-19 immunopathogenesis and associated co-morbidities. The impact of SARS-CoV-2 on host innate immune responses associated with gut microbiome profiling is likely to contribute to development of key strategies for application and has seldom been attempted, especially in the context of symptomatic as well as asymptomatic COVID-19 disease.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.



Author Contributions

IC and ES led the writing of this opinion article. All authors contributed to the article and approved the submitted.



Funding

ES is supported by the Department of Science and Technology-Science and Engineering Research Board, Government of India (Grant number CRG/2019/006096), the Indian Council of Medical Research, Government of India (No. 45/2/2020-DDI/BMS) and the Swedish Research Council (VR 2014-02836).



Acknowledgments

The views, opinions, assumptions, or any other information set out in this article are solely those of the authors and should not be attributed to anyone. The authors salute all the health care workers who are at the front lines of the COVID-19 pandemic, helping patients and their families.



References

 Abt, M. C., Osborne, L. C., Monticelli, L. A., Doering, T. A., Alenghat, T., Sonnenberg, G. F., et al. (2012). Commensal bacteria calibrate the activation threshold of innate antiviral immunity. Immunity 37, 158–170. doi: 10.1016/j.immuni.2012.04.011

 Aktas, B., and Aslim, B. (2020). Gut-lung axis and dysbiosis in COVID-19. Turk J. Biol. 44 (3), 265–272. doi: 10.3906/biy-2005-102

 Antunes, K. H., Fachi, J. L., de Paula, R., da Silva, E. F., Pral, L. P., Dos Santos, AÁ, et al. (2019). Microbiota-derived acetate protects against respiratory syncytial virus infection through a GPR43-type 1 interferon response. Nat. Commun. 10 (1), 3273. doi: 10.1038/s41467-019-11152-6

 Bengoechea, J. A., and Sa Pessoa, J. (2019). Klebsiella pneumoniae infection biology: living to counteract host defences. FEMS Microbiol. Rev. 43 (2), 123–144. doi: 10.1093/femsre/fuy043

 Chan, J. F., Yuan, S., Kok, K. H., To, K. K., Chu, H., Yang, J., et al. (2020). A familial cluster of pneumonia associated with the 2019 novel coronavirus indicating person-to-person transmission: a study of a family cluster. Lancet 395 (10223), 514–523. doi: 10.1016/S0140-6736(20)30154-9

 Chen, N., Zhou, M., Dong, X., Qu, J., Gong, F., Han, Y., et al. (2020). Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study. Lancet 395, 507–513. doi: 10.1016/S0140-6736(20)30211-7

 Cole-Jeffrey, C. T., Liu, M., Katovich, M. J., Raizada, M. K., and Shenoy, V. (2015). ACE2 and microbiota: Emerging targets for cardiopulmonary disease therapy. J. Cardiovasc. Pharmacol. 66 (6), 540–550. doi: 10.1097/FJC.0000000000000307

 Corrêa-Oliveira, R., Fachi, J. L., Vieira, A., Sato, F. T., and Vinolo, M. A. (2016). Regulation of immune cell function by short-chain fatty acids. Clin. Transl. Immunol. 5, e73. doi: 10.1038/cti.2016.17

 Deriu, E., Boxx, G. M., He, X., Pan, C., Benavidez, S. D., Cen, L., et al. (2016). Influenza virus affects intestinal microbiota and secondary salmonella infection in the gut through type I interferons. PLoS Pathog. 12, e1005572. doi: 10.1371/journal.ppat.1005572

 Dhar, D., and Mohanty, A. (2020). Gut microbiota and Covid-19- possible link and implications. Virus Res. 285, 198018. doi: 10.1016/j.virusres.2020.198018

 Di Pierro, F. (2020). A possible probiotic (S. salivarius K12) approach to improve oral and lung microbiotas and raise defenses against SARS-CoV-2. Minerva Med. 111, 281–283. doi: 10.23736/S0026-4806.20.06570-2

 Dickson, R. P., Erb-Downward, J. R., Martinez, F. J., and Huffnagle, G. B. (2016). The microbiome and the respiratory tract. Annu. Rev. Physiol. 78, 481–504. doi: 10.1146/annurev-physiol-021115-105238

 Dickson, R. P., Schultz, M. J., Van Der Poll, T., Schouten, L. R., Falkowski, N. R., Luth, J. E., et al. (2020). Lung microbiota predict clinical outcomes in critically iII patients. Am. J. Respir. Crit. Care Med. 01, 555–563. doi: 10.1164/rccm.201907-1487OC

 Dickson, R. P. (2016). The microbiome and critical illness. Lancet Respir. Med. 4 (1), 59–72. doi: 10.1016/S2213-2600(15)00427-0

 Din, A. U., Mazhar, M., Waseem, M., Ahmad, W., Bibi, A., Hassan, A., et al. (2021). SARS-CoV-2 microbiome dysbiosis linked disorders and possible probiotics role. BioMed. Pharmacother. 133, 110947. doi: 10.1016/j.biopha.2020.110947. 110947.

 Donati Zeppa, S., Agostini, D., Piccoli, G., Stocchi, V., and Sestili, P. (2020). Gut microbiota status in COVID-19: An unrecognized player? Front. Cell Infect. Microbiol. 10:576551. doi: 10.3389/fcimb.2020.576551

 Du, M., Cai, G., Chen, F., Christiani, D. C., Zhang, Z., and Wang, M. (2020). Multiomics evaluation of gastrointestinal and other clinical characteristics of SARS-CoV-2 and COVID-19. Gastroenterology 158 (8), 2298–2301. doi: 10.1053/j.gastro.2020.03.045

 Dumas, A., Bernard, L., Poquet, Y., Lugo-Villarino, G., and Neyrolles, O. (2018). The role of the lung microbiota and the gut–lung axis in respiratory infectious diseases. Cell Microbiol. 20 (12), e12966. doi: 10.1111/cmi.12966

 Engel, D., Epps, D. V., and Clagett, J. (1976). In vivo and in vitro studies on possible pathogenic mechanisms of Actinomyces viscosus. Infect. Immun. 14 (2), 548–554. doi: 10.1128/IAI.14.2.548-554.1976

 Fan, J., Li, X., Gao, Y., Zhou, J., Wang, S., Huang, B., et al. (2020). The lung tissue microbiota features of 20 deceased patients with COVID-19. J. Infect. 81 (3), e64-e67. doi: 10.1016/j.jinf.2020.06.047

 Fang, L., Karakiulakis, G., and Roth, M. (2020). Are patients with hypertension and diabetes mellitus at increased risk for COVID-19 infection? Lancet Respir. Med. 8 (4), e21. doi: 10.1016/S2213-2600(20)30116-8

 Fanos, V., Pintus, M. C., Pintus, R., and Marcialis, M. A. (2020). Lung microbiota in the acute respiratory disease: from coronavirus to metabolomics. J. Pediatr. Neonat. Individualized Med. 9 (1), 90139. doi: 10.7363/090139

 Feleszko, W., Jaworska, J., Rha, R. D., Steinhausen, S., Avagyan, A., Jaudszus, A., et al. (2007). Probiotic-induced suppression of allergic sensitization and airway inflammation is associated with an increase of T regulatory-dependent mechanisms in a murine model of asthma. Clin. Exp. Allergy 37 (4), 498–505. doi: 10.1111/j.1365-2222.2006.02629.x

 Girija, A. S. S., Shankar, E. M., and Larsson, M. (2020). Could SARS-CoV-2-induced hyperinflammation magnify the severity of coronavirus disease (CoViD-19) leading to acute respiratory distress syndrome? Front. Immunol. 11, 1206. doi: 10.3389/fimmu.2020.01206

 Gohil, K., Samson, R., Dastager, S., and Dharne, M. (2021). Probiotics in the prophylaxis of COVID-19: something is better than nothing. 3 Biotech. 11 (1), 1. doi: 10.1007/s13205-020-02554-1

 Groves, H. T., Cuthbertson, L., James, P., Moffatt, M. F., Cox, M. J., and Tregoning, J. S. (2018). Respiratory disease following viral lung infection alters the murine gut microbiota. Front. Immunol. 9, 182. doi: 10.3389/fimmu.2018.00182

 Gu, S., Chen, Y., Wu, Z., Chen, Y., Gao, H., Lv, L., et al. (2020). Alterations of the gut microbiota in patients with COVID-19 or H1N1 influenza. Clin. Infect. Dis. 4, ciaa709. doi: 10.1093/cid/ciaa709

 Hall, A. B., Tolonen, A. C., and Xavier, R. J. (2017). Human genetic variation and the gut microbiome in disease. Nat. Rev. Genet. 18 (11), 690–699. doi: 10.1038/nrg.2017.63

 Han, Y., Jia, Z., Shi, J., Wang, W., and He, K. (2020). The active lung microbiota landscape of COVID-19 patients. medRxiv 2008, 2020. doi: 10.1101/2020.08.20.20144014. 20144014.

 Hashimoto, T., Perlot, T., Rehman, A., Trichereau, J., Ishiguro, H., Paolino, M., et al. (2012). ACE2 links amino acid malnutrition to microbial ecology and intestinal inflammation. Nature 487, 477–481. doi: 10.1038/nature11228

 He, L. H., Ren, L. F., Li, J. F., Wu, Y. N., Li, X., and Zhang, L. (2020). Intestinal flora as a potential strategy to fight SARS-CoV-2 infection. Front. Microbiol. 11, 1388. doi: 10.3389/fmicb.2020.01388

 He, Y., Wang, J., Li, F., and Shi, Y. (2020). Main clinical features of COVID-19 and potential prognostic and therapeutic value of the microbiota in SARS-CoV-2 infections. Front. Microbiol. 11, 1302. doi: 10.3389/fmicb.2020.01302

 Ichinohe, T., Pang, I. K., Kumamoto, Y., Peaper, D. R., Ho, J. H., Murray, T. S., et al. (2011). Microbiota regulates immune defense against respiratory tract influenza A virus infection. Proc. Natl. Acad. Sci. U. S. A. 108 (13), 5354–5359. doi: 10.1073/pnas.101937810

 Jia, W., Xie, G., and Jia, W. (2018). Bile acid–microbiota crosstalk in gastrointestinal inflammation and carcinogenesis. Nat. Rev. Gastroenterol. Hepatol. 15 (2), 111–128. doi: 10.1038/nrgastro.2017.119

 Kaźmierczak-Siedlecka, K., Vitale, E., and Makarewicz, W. (2020). COVID-19 - gastrointestinal and gut microbiota-related aspects. Eur. Rev. Med. Pharmacol. Sci. 24 (20), 10853–10859. doi: 10.26355/eurrev_202010_23448

 Kim, H. S. (2021). Do an altered gut microbiota and an associated leaky gut affect COVID-19 severity? mBio 12 (1), e03022–e03020. doi: 10.1128/mBio.03022-20

 Kiousi, D. E., Karapetsas, A., Karolidou, K., and Panayiotidis, M. I. (2019). Probiotics in extraintestinal diseases: Current trends and new directions. Nutrients 11, 788. doi: 10.3390/nu11040788

 Li, N., Ma, W. T., Pang, M., Fan, Q. L., and Hua, J. L. (2019). The commensal microbiota and viral infection: a comprehensive review. Front. Immunol. 10, 1551. doi: 10.3389/fimmu.2019.01551

 Loughran, A. J., Orihuela, C. J., and Tuomanen, E. I. (2019). Streptococcus pneumoniae: Invasion and inflammation. Microbiol. Spectr. 7 (2). doi: 10.1128/microbiolspec.GPP3-0004-2018. 10.1128/microbiolspec.GPP3-0004-2018.

 Lu, H. F., Li, A., Zhang, T., Ren, Z. G., He, K. X., Zhang, H., et al. (2017). Disordered oropharyngeal microbial communities in H7N9 patients with or without secondary bacterial lung infection. Emerg. Microbes Infect. 6 (12), e112. doi: 10.1038/emi.2017.101

 Marsland, B. J., Trompette, A., and Gollwitzer, E. S. (2015). The gut-lung axis in respiratory disease. Ann. Am. Thorac. Soc. 12, S150–S156. doi: 10.1513/AnnalsATS.201503-133AW

 Mosca, A., Leclerc, M., and Hugot, J. P. (2016). Gut microbiota diversity and human diseases: should we reintroduce key predators in our ecosystem? Front. Microbiol. 7, 455. doi: 10.3389/fmicb.2016.00455

 Nagpal, R., Mainali, R., Ahmadi, S., Wang, S., Singh, R., Kavanagh, K., et al. (2018). Gut microbiome and aging: physiological and mechanistic insights. Nutr. Healthy Aging 4 (4), 267–285. doi: 10.3233/NHA-170030

 Negi, S., Das, D. K., Pahari, S., Nadeem, S., and Agrewala, J. N. (2019a). Potential role of gut microbiota in induction and regulation of innate immune memory. Front. Immunol. 10, 2441. doi: 10.3389/fimmu.2019.02441

 Negi, S., Pahari, S., Bashir, H., and Agrewala, J. N. (2019b). Gut microbiota regulates mincle mediated activation of lung dendritic cells to protect against Mycobacterium tuberculosis. Front. Immunol. 10, 1142. doi: 10.3389/fimmu.2019.01142

 Nho, J. S., Jun, S. H., Oh, M. H., Park, T. I., Choi, C. W., Kim, S. I., et al. (2015). Acinetobacter nosocomialis secretes outer membrane vesicles that induce epithelial cell death and host inflammatory responses. Microb. Pathog. 81, 39–45. doi: 10.1016/j.micpath.2015.03.012

 Qin, N., Zheng, B., Yao, J., Guo, L., Zuo, J., Wu, L., et al. (2015). Influence of H7N9 virus infection and associated treatment on human gut microbiota. Sci. Rep. 5:14771. doi: 10.1038/srep14771

 Ramanan, P., Barreto, J. N., Osmon, D. R., and Tosh, P. K. (2014). Rothia bacteremia: a 10-year experience at Mayo Clinic, Rochester, Minnesota. J. Clin. Microbiol. 52 (9), 3184–3189. doi: 10.1128/JCM.01270-14

 Schmidt, T. S. B., Raes, J., and Bork, P. (2018). The human gut microbiome: From association to modulation. Cell 172 (6), 1198–1215. doi: 10.1016/j.cell.2018.02.044

 Shankar, E. M., Che, K. F., Yong, Y. K., Girija, A. S. S., Velu, V., Ansari, A.W., et al. (2021). Asymptomatic SARS-CoV-2 infection: is it all about being refractile to innate immune sensing of viral spare-parts?-Clues from exotic animal reservoirs. Pathog Dis 9, 79 (1), ftaa076. doi: 10.1093/femspd/ftaa076

 Steed, A. L., Christophi, G. P., Kaiko, G. E., Sun, L., Goodwin, V. M., Jain, U., et al. (2017). The microbial metabolite desaminotyrosine protects from influenza through type I interferon. Science 357, 498–502. doi: 10.1126/science.aam5336

 Świątecka, D., Narbad, A., Ridgway, K. P., and Kostyra, H. (2011). The study on the impact of glycated pea proteins on human intestinal bacteria. Int. J. Food Microbiol. 145, 267–272. doi: 10.1016/j.ijfoodmicro.2011.01.002

 Vatanen, T., Kostic, A. D., d’Hennezel, E., Siljander, H., Franzosa, E. A., Yassour, M., et al. (2016). Variation in microbiome LPS immunogenicity contributes to autoimmunity in humans. Cell 165, 842–853. doi: 10.1016/j.cell.2016.05.056

 Vemuri, R., Gundamaraju, R., Shastri, M. D., Shukla, S. D., Kalpurath, K., Ball, M., et al. (2018). Gut microbial changes, interactions, and their implications on human lifecycle: An ageing perspective. BioMed. Res. Int. 2018, 4178607. doi: 10.1155/2018/4178607

 Vemuri, R., Shankar, E. M., Chieppa, M., Eri, R., and Kavanagh, K. (2020). Beyond Just bacteria: Functional biomes in the gut ecosystem including virome, mycobiome, archaeome and helminths. Microorganisms 8 (4), 483. doi: 10.3390/microorganisms8040483

 West, C. E., Dzidic, M., Prescott, S. L., and Jenmalm, M. C. (2017). Bugging allergy; role of pre-, pro- and synbiotics in allergy prevention. Allergol. Int. 66 (4), 529–538. doi: 10.1016/j.alit.2017.08.001

 Xu, K., Cai, H., Shen, Y., Ni, Q., Chen, Y., Hu, S., et al. (2020). [Management of corona virus disease-19 (COVID-19): the Zhejiang experience]. Zhejiang Da Xue Xue Bao Yi Xue Ban 49, 147–157. doi: 10.3785/j.issn.1008-9292.2020.02.02

 Yeoh, Y. K., Zuo, T., Lui, G. C., Zhang, F., Liu, Q., Li, A. Y., et al. (2021). Gut microbiota composition reflects disease severity and dysfunctional immune responses in patients with COVID-19. Gut 1. doi: 10.1136/gutjnl-2020-323020. gutjnl-2020-323020.

 Yoshida, N., Emoto, T., Yamashita, T., Watanabe, H., Hayashi, T., Tabata, T., et al. (2018). Bacteroides vulgatus and Bacteroides dorei reduce gut microbial lipopolysaccharide production and inhibit atherosclerosis. Circulation 138, 2486–2498. doi: 10.1161/CIRCULATIONAHA.118.033714

 Zelaya, H., Alvarez, S., Kitazawa, H., and Villena, J. (2016). Respiratory antiviral immunity and immunobiotics: beneficial effects on inflammation-coagulation interaction during influenza virus infection. Front. Immunol. 7, 633. doi: 10.3389/fimmu.2016.00633

 Zeng, M. Y., Inohara, N., and Nuñez, G. (2017). Mechanisms of inflammation-driven bacterial dysbiosis in the gut. Mucosal Immunol. 10 (1), 18–26. doi: 10.1038/mi.2016.75

 Zhang, D., Li, S., Wang, N., Tan, H. Y., Zhang, Z., and Feng, Y. (2020). The cross-talk between gut microbiota and lungs in common lung diseases. Front. Microbiol. 11, 301. doi: 10.3389/fmicb.2020.00301

 Zhou, P., Yang, X. L., Wang, X. G., Hu, B., Zhang, L., Zhang, W., et al. (2020). A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 579 (7798), 270–273. doi: 10.1038/s41586-020-2012-7

 Zuo, T., Zhang, F., Lui, G. C. Y., Yeoh, Y. K., Li, A. Y. L., Zhan, H., et al. (2020). Alterations in gut microbiota of patients with COVID-19 during time of hospitalization. Gastroenterology 159 (3), 944–955.e8. doi: 10.1053/j.gastro.2020.05.048



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.

Copyright © 2021 Chattopadhyay and Shankar. 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/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        SARS-CoV-2-Indigenous Microbiota Nexus: Does Gut Microbiota Contribute to Inflammation and Disease Severity in COVID-19?

      

        		

          Introduction

        



        		

          Overview of ACE2-Microbiota Nexus in Host Immunity

        



        		

          Gut-Lung Microbiome Axis: Lessons Learnt from Classical Respiratory Viral Infections

        



        		

          Gut Microbiome in the Elderly Covidants: Does It Explain High Mortality Rates?

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-11-590874-g001.jpg
SARS-CoV-2 g’.ﬁ ﬂ Inflammed eaky gutand ysbosis
@}@ N e B

ACE2661
symptoms
Primary infection
in the upper
respiatory tract Microbial
Vi aerosols or translocation and
contact leakage into
peripheral

cirulation

Uncontrolled inflammatory response

Poor binding of
SARS.Cov-2t0
ACE28n0GH
symptoms.

Nomicrobial
translocation and
noleakage

Regulatory T cells and controlled

inflammatory responses

't

Complications in various
visceral organs expressing
ace2





OEBPS/Images/fcimb.2021.590874_cover.jpg
, frontiers

in Cellular and Infection Microbiology

SARS-CoV-2-Indigenous Microbiota
Nexus: Does Gut Microbiota
Contribute to Inflammation and
Disease Severity in COVID-19?





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Bacterial
Genus/
Species

Phylum

Steptococcus Fimicutes

fctinomyces
viscosus
Burkhoderia

Acinetobacter
baumanni
Acinetobacter
nosocomialis

Actinobacteria

Proteobactera

Mode of action associated with inflammation

Induces secretion of pro-nfammatory cytokines
such as IL-1B, L6, L8, and TNF-a from
epithetal cels.

Induces inflammatory lesions in issues having
PMNs, macrophages, and plasma cels.

Type V1 effector, TecA of B. cenocepacia
induces the activation of pyrin infammasome
through the deamidation of Rho GTPases that
diive nfammation

K. pneumonias enhances inflammatory
tesponse in human airway epithelal ol
through activation of TLR4 and TLR2 and
preventing the acton of host proteis such as
‘GYLD and MKP-1 which are involved in imrmune
homeostass post infammation event.
Enterobactin of £. cof prevents action of
acteriocidal enzyme myeloperoxidase which is
‘secreted from the neutroph in the nflamed gut
HiSF gene of this bacteria s responsibie for the
reduction of innate immune response.

Outer membrane vesices (OMVS) induce
inflammatory responses in epithelial cells





