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Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), resulted in an unprecedented global crisis. Although primarily a respiratory illness, dysregulated immune responses may lead to multi-organ dysfunction. Prior data showed that the resident microbial communities of gastrointestinal and respiratory tracts act as modulators of local and systemic inflammatory activity (the gut–lung axis). Evolving evidence now signals an alteration in the gut microbiome, brought upon either by cytokines from the infected respiratory tract or from direct infection of the gut, or both. Dysbiosis leads to a “leaky gut”. The intestinal permeability then allows access to bacterial products and toxins into the circulatory system and further exacerbates the systemic inflammatory response. In this review, we discuss the available data related to the role of the gut microbiome in the development and progression of COVID-19. We provide mechanistic insights into early data with a focus on immunological crosstalk and the microbiome’s potential as a biomarker and therapeutic target.




Keywords: COVID-19, gut microbiome, cytokine release syndrome, gut–lung axis, dysbiosis, leaky gut



Introduction

Since it was first recognized, Coronavirus Disease 2019 (COVID-19), caused by the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), remains a global affliction (1). Although vaccines offer hope in curbing the pandemic (2), an improved understanding of its pathogenesis and concurrent efforts to explore preventive and therapeutic strategies remain a priority to consolidate the success of mass vaccination and herd immunity.

The clinical spectrum of COVID-19 ranges from asymptomatic to severe, life-threatening disease (3). Current understanding of pathogenesis postulates a rapid and intense hyperactivation of the immune system, resulting in critical illness and mortality (4). Older age, burden of comorbidities, obesity, immunocompromised states, malignancy or ongoing cancer treatment, and being a transplant recipient, have been strongly linked with severe, and sometimes fatal, outcomes (5–9). Evolving data suggest that a state of chronic inflammation or baseline activation of the immune system might influence the course of COVID-19 more than direct cytopathic effects of the SARS-CoV-2. Furthermore, a subgroup of patients have been noted to develop auto-inflammatory symptoms (such as Kawasaki-like disease in children and multi-system inflammatory syndrome) long after clearance of the SARS-CoV-2 virus from body, suggesting an immune dysregulation (8, 10).

In the human body, the gastrointestinal tract (GIT) is the largest immune organ (11). The pool of resident microorganisms (bacteria, viruses, and fungi) in the GIT, collectively known as the gut microbiota, not only supports mucosal immunity but also modulates the systemic immune response of the host (12). Current evidence from other respiratory illnesses indicates that the gut microbiota affects the immunity and inflammation in the lungs (13, 14). Lately, some studies have examined the association between gut microbiota and SARS-CoV-2. In this review, we present the existing data related to the intersection of gut microbiome and the host’s immune response to SARS-CoV-2. We further explore the role of gut microbiome diversity and its compositional differences as diagnostic biomarkers, and the potential of the gut microbiome as an interventional target in modifying COVID-19 outcomes.



Significance of Gut Microbiota

The human GIT is home to about 104–105 bacteria per millimeter of content in the small intestine, and 1011 bacteria per gram of colonic content (15). In a healthy person, the gut microbiota comprises more than 100 bacterial phyla and the majority of bacteria belong to Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria, with Firmicutes and Bacteroidetes phyla constituting over 90% of the entire gut microbiota (16). The microorganisms and their combined genetic material make up the gut microbiome, which outnumber the human genome by about 150 times (17). The proportion of the various phyla remains quasi-stable and unique for an individual, although a shift can be observed during a change in health status. For example, the gut microbiome in the elderly has been observed to drift away from Firmicutes and towards Proteobacteria and Alistipes (18).

The gut microbiota exists in a symbiotic relationship with its host. It facilitates the synthesis of vitamins and fermentation of carbohydrates and other undigested nutrients and aids in the delivery of essential nutrients like short-chain fatty acids (SCFAs) to colonic epithelial cells. In addition, it also regulates mucosal permeability and provides deterrence against pathogenic microbes. More importantly, the microbiota plays an indispensable role in the preservation of intestinal homeostasis by modulating local and systemic immune responses of the host (19). The microbiota protects the GIT by (a) acting as a competitor against binding of pathogenic microbes, (b) neutralizing pathogens with their anti-microbial metabolites, (c) keeping the local immune system in a perpetual vigilant state, and (d) regulating the innate and adaptive immunity.

In a healthy person, the proportion of the various phyla mostly remains quasi-stable and unique for an individual (18). An imbalanced state is described as “gut dysbiosis”, a condition characterized by an alteration in the abundance or composition of the microbiota. Gut dysbiosis may occur with aging, dietary effects, drugs, gastrointestinal infections, and anatomical alterations of the GIT. A significantly dysbiotic state may predispose to the diseases of GIT, such as Clostridioides difficile enterocolitis, which is associated with prolonged and recurrent broad-spectrum antibiotic usage (20). Since gut microbiota modulates the fine balance between pro- and anti-inflammatory systemic responses, a dysbiotic state has also been associated with non-gastrointestinal systemic illnesses such as malignancy (12), type 2 diabetes mellitus (21), non-alcoholic steatohepatitis (22), coronary artery disease (23), neurodegenerative diseases (24), and depression (25).



The Gut–Lung Axis

The GI and respiratory tracts share a common mucosal immune system, known as the gut–lung axis (26, 27). From birth, both tracts receive their quota of microbiota via the oral route (28), and subsequently establish a differing but internally quasi-stable genre of microorganisms or microbiota (29). Although the microbiota of both tracts consists of similar phyla, they differ at the level of species in composition and density. Understandably, studies on respiratory microbiota have been complicated by tedious and invasive methods for collection of uncontaminated lower respiratory samples, and most data have been derived from mice models where lung tissue can be aseptically obtained (30). Consequently, there is growing excitement in understanding this complex immunological intersection.

Throughout the lifespan of an individual, established microbiota of both tracts contribute to the gut–lung axis, modulating both local and systemic immune responses when faced with a pathogenic threat. The axis is believed to be bidirectional, affecting the immune response of either tract when one site is activated (31). Using a germ-free murine model, Ichinohe et al. demonstrated potentially deleterious effects on respiratory immune responses after alteration of the gut microbiota with antibiotics (32). Other studies have also found that gut microbiota alterations result in abnormal activation of the immune system, predisposing to respiratory illnesses such as asthma, lung allergic responses, and chronic respiratory diseases (27, 33). Conversely, animal studies have also revealed an alteration in the gut microbiota after respiratory viral and bacterial infections (34–36). This distant effect is believed to be communicated by activation of the systemic immune system, with dysbiosis of either tract feeding into the other.



Role of Gut Microbiota in Respiratory Virus Infection

While the immune-related interactions between resident gut and respiratory tract microbiota are yet to be explored, a conceptual understanding of the impact of the gut microbiota in patients with COVID-19 may be extrapolated by examining the existing evidence of its role in non-SARS-CoV-2 respiratory virus infections.


Evidence From SARS-CoV-1 Infection

Many respiratory viral illnesses are commonly accompanied by GI symptoms. Previous studies during the severe acute respiratory syndrome (SARS) outbreak in 2002 showed that diarrhea was a common symptom and occurred in 16%–73% of patients. The Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-1) was not only known to infect the lung epithelial cells but also the immune cells, triggering an intense immune response with elevation in Th2 cytokines (37). It was postulated that high levels of circulating pro-inflammatory cytokines altered the gut microbiota and compromised intestinal integrity. The resultant “leaky” gut allowed translocation of bacterial products and antigens into the circulation, further exacerbating the illness (38). Due to the bidirectional nature of the gut–lung axis, an alteration in gut microbiota further augments the respiratory immune responses, conceivably resulting in a vicious perpetuation of systemic inflammatory response (32).



Evidence From Other Community Respiratory Viruses

Using a mouse-model, Deriu et al. demonstrated that respiratory viral infection due to influenza resulted in gut dysbiosis predisposing to secondary Salmonella infection via circulatory type I interferons (34). Similarly, Wang et al. demonstrated indirect intestinal inflammation with influenza infection in a mouse-model occurring via microbiota-mediated Th17 cell-dependent inflammation (36). Several studies have reported gut dysbiosis after respiratory viral infection (39, 40). Groves et al. showed that gut dysbiosis, in the form of an increase in Bacteroidetes and a decrease in Firmicutes phyla abundance, occurred in mice models with respiratory syncytial and influenza virus infections, but not in those vaccinated with live attenuated influenza viruses (41). Furthermore, elevated levels of colonic Muc5ac and fecal lipocalin-2 in the pathogenic infection group suggest the presence of low-grade gut inflammation during respiratory virus infection.

Respiratory virus infection may also cause dysbiosis in lung microbiota, modulating both local immune responses within the lung parenchyma and systemically. Due to the difficulties in sampling of lung microbiota, only a few studies have examined the role of respiratory pathogens in altering lung microbiota. Molyneaux et al. reported an increased proportion of Proteobacteria and potentially pathogenic Haemophilus influenzae in the lower respiratory tract microbiota in rhinovirus-infected patients with chronic obstructive pulmonary disease (42). Using a mouse-model inoculated with intranasal H1N1 influenza virus, Gu et al. demonstrated a bacterial class shift in the lung microbiota, which persisted even during the recovery period (43). Notwithstanding the limitations in available studies, a common theme has emerged showing a link between respiratory virus infection and an alteration in the gut and respiratory tract microbiota, with the presence of inflammation of the GIT.




Role of Gut Microbiota in the Pathogenesis of COVID-19

Although no specific interaction between any gut microbial species and SARS-CoV-2 has been identified to date, there is indirect evidence (44, 45) that gut microbiota may have a role in the overall pathogenesis of COVID-19, as summarized in Figure 1. Taking the corollary further from non-SARS-Cov-2 virus-mediated gut dysbiosis, it is conceivable that infection with SARS-CoV-2 may also be impacted by immunological interactions with the gut microbiota.




Figure 1 | SARS-CoV-2 and the lung–gut axis: SARS-CoV-2 virus enters the alveolar cells by binding with ACE2 receptors, which are also abundant on the surface of enterocytes. The implication of direct infection of enterocytes by SARS-CoV-2 is still being explored. The circulatory cytokines from alveolitis (and/or direct viral infection of the enterocytes) cause the GI dysbiosis with resultant alterations in GI mucosal barrier. The entry of bacterial products and toxins from the GIT floods the circulatory system with more pro-inflammatory cytokines. Image was created with Biorender.com.




Pathogenesis of GI Symptoms in COVID-19

About half of patients with COVID-19 develop GI symptoms, which often precede the respiratory symptoms (45). In the respiratory tract, the SARS-CoV-2 infects the alveolar cells by binding to angiotensin-converting enzyme 2 (ACE-2) receptors. Interestingly, these receptors are also abundantly expressed on the surface of enterocytes (46), where they play an important role in maintaining the homeostasis of microbiota and mucosal inflammation (47). In one patient with COVID-19, Xiao et al. detected SARS-CoV-2 RNA, viral nucleocapsid protein, and ACE-2 in the epithelial cells of the esophagus, stomach, duodenum, and rectum (48). Several authors have also reported detection of SARS-CoV-2 RNA fragments, but not the whole virus, in stool samples (49, 50). A study by Lamers et al. also demonstrated that SARS-CoV-2 was able to infect enterocyte lineage cells in a human intestinal organoid model (51). Unfortunately, due to the scarcity of autopsy studies and pragmatic restrictions on endoscopic examinations of the GIT, there are only limited data to support this hypothesis in vivo. It also remains unknown how SARS-CoV-2 may survive the acidic gastric environment to directly infect enterocytes. Overall, it is unclear whether the GI symptoms of COVID-19 are a result of primary infection of the GIT or derived from other indirect mechanisms mentioned below.



Fecal Shedding of SARS-CoV-2

SARS-CoV-2 is principally transmitted by respiratory droplets, but evidence is accumulating for fecal-oral transmission. The hypothesis is supported by the presence of GI symptoms, detection of SARS-CoV-2 nuclear fingerprints in the GI mucosa, and detection of viral fragments in fecal samples. Interestingly, the first COVID-19 patient in the United States tested positive for SARS-CoV-2 via stool samples (52), and subsequent studies have consistently documented shedding of viral RNA in the stool samples in COVID-19 patients (53, 54). Furthermore, viral shedding in stool samples has been observed to persist longer than that in respiratory samples (55, 56).



Hypercytokinemia and the Leaky Gut

Elevated serum levels of pro-inflammatory markers, such as interleukin-6 (IL-6) and interleukin-10 (IL-10), are hallmarks of severe COVID-19 infection (57). These cytokines predispose to dysbiosis, which consequently alters intestinal permeability, a state known as the “leaky gut”. This enables further entry of a multitude of bacterial products and toxins, activating a pro-inflammatory cascade. In a study in 204 patients with COVID-19, Pan et al. reported that GI symptoms worsened with increasing severity of COVID-19 (58). In another study, fecal calprotectin levels (a marker of GI mucosal inflammation) were elevated in patients who had diarrhea during COVID-19 illness (59). A recent study by Prasad et al. measured several markers of gut permeability in the plasma (60). Levels of FABP2, PGN, and LPS were significantly higher among COVID-19 patients compared to healthy subjects, suggesting translocation of pro-inflammatory antigens from a leaky gut.



Association Between Gut Dysbiosis and Systemic Inflammation

Gu et al. first presented evidence of an altered gut microbiota in COVID-19 patients by using high-throughput sequencing of 16S ribosomal RNA to compare the gut taxa of patients with COVID-19, H1N1 influenza, and healthy controls (61). Compared to healthy controls, COVID-19 patients had significantly reduced bacterial diversity, increased abundance of opportunistic pathogens (such as Streptococcus, Rothia, Veillonella, and Actinomyces), and significantly less diverse symbiotic species. Interestingly, the altered microbial signature in COVID-19 was different from patients with the H1N1 strain.

In another study, Zuo et al. analyzed fecal samples of 15 patients with COVID-19 using shotgun metagenomic sequencing (62). The study revealed a marked increase in opportunistic pathogens and depletion of beneficial microbes as compared to healthy controls, which persisted even after clearance of SARS-CoV-2. These findings suggest an inverse correlation between gut dysbiosis and COVID-19 severity and are congruent with the conclusions of a larger multi-center study in which Yeoh et al. examined the gut microbiota in 100 patients using shotgun sequencing. Fecal samples from 27 patients were analyzed longitudinally over 30 days, showing significant dysbiosis that persisted despite clearance of SARS-CoV-2. Correlative blood samples demonstrated an association between gut dysbiosis, elevation in the inflammatory mediators, and severity of systemic inflammation (63).

Another study by Newsome et al. compared microbiota composition from stool samples of 50 COVID-19 patients with uninfected patients (64). Significant perturbations in the microbiota composition in the COVID-19 patients were observed, independent of antibiotic exposure. The gut “metabolome”, a biochemical signature derived from bacterial metabolic activity in the gut, is another method for detecting an alteration in the gut microbiota composition. In a recent study by Lv et al., fecal samples of COVID-19 patients had altered metabolomes, suggesting malnutrition and intestinal inflammation (65). These results provide new insights into the pathogenesis of COVID-19.



Gut Dysbiosis as a Biomarker of Viral Replication

Although it was previously believed that gut dysbiosis in COVID-19 was mainly driven by inflammatory mediators from respiratory tract infection, a recent study suggests that active replication of SARS-CoV-2 in the gut may be driving the dysbiosis (66). Using in vitro transcriptional analysis in a SARS-CoV-2-infected cell model (with samples obtained from stools), the 3’ end of the SARS-CoV-2 genome was detected more than the 5’ end, suggesting active viral replication. Interestingly, majority of the patients had no GI symptoms, suggesting a quiescent GI infection despite active replication of SARS-CoV-2 in the GIT with dysbiosis. Moreover, on functional analysis of the gut microbiota, fecal samples with signatures of high SARS-CoV-2 burden demonstrated high de novo nucleotide and amino acid biosynthesis, correlating with increased bacterial proliferation. Although this was a pilot study comprising only 15 patients, further studies on alterations in the functionality of the gut microbiota may unearth the pathophysiology of COVID-19 illness.

Overall, currently expanding evidence suggests that patients with COVID-19 suffer from an alteration in the gut microbiota during and after the illness. Both systemic inflammation and replicative potential of SARS-CoV-2 in the gut may contribute towards dysbiosis.




Clinical Implication of Gut Microbiota in COVID-19

Though limited in number, studies to date have consistently demonstrated gut dysbiosis in patients with COVID-19 (Table 1). A more important clinical implication lies in understanding whether, and how, gut microbiota predisposes to varying degrees of COVID-19 severity.


Table 1 | Studies exploring the role of gut microbiota in COVID-19.




Potential Role of Gut Microbiota in Asymptomatic/Subclinical and Mild COVID-19

As previously mentioned, clinical spectrum of COVID-19 ranges from asymptomatic to severe, life-threatening disease (3). A recent systematic review demonstrated that about one-third of patients remain clinically asymptomatic after infection with SARS-CoV-2 (68). However, a possibility of subclinical inflammatory process remains. In a systematic review involving 231 asymptomatic COVID-19 patients, almost two-thirds (63%) had inflammatory changes in the lungs on computed tomography (CT) scan (67). Irrespective of subtle inflammatory changes, a subset of patients may not mount the intense inflammatory response that portends severe illness. As this heterogeneity in clinical severity is less likely due to the existence of less virulent strains of SARS-CoV-2, or the protection from adaptive immunity given the novel nature of the virus, the immune response of the host remains the most probable factor in determining disease severity. It is unclear if any specific pattern of gut microbiota protects individuals from mounting a severe inflammatory state when infected with SARS-CoV-2. Kumar et al. highlighted a potential link between the environmental microbiota of a population and the burden of COVID-19. With data from 122 diverse countries, lower COVID-19-associated mortality was observed in countries with a higher percentage of rural population (alluding to higher gut microbial diversity), higher proportion of population residing in slums, and a lower water quality and sanitation score (69). While such observational data can be prone to confounders, these results offer some insight into the potential role of gut microbiota on the disease burden of COVID-19.



Gut Microbiota in Severe COVID-19

There is mounting evidence that being elderly and having a chronic inflammatory state (from chronic medical conditions) predisposes to a pro-dysbiotic state (70, 71). It is unlikely a coincidence that the highest rates of morbidity and mortality from COVID-19 have also been observed in the elderly, those with underlying chronic medical conditions, and among immunosuppressed patients with cancers (5–9). COVID-19 disease severity is likely host dependent and driven by the inflammatory response. In autopsy samples from a patient with severe COVID-19, inflammatory cells were observed in the lungs (72), suggesting an intense inflammatory response (8). Furthermore, studies have also reported elevated plasma levels of pro-inflammatory cytokines such as interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha (57, 73), in severe COVID-19. In patients prone to gut dysbiosis, further inflammatory triggers may tip the balance over to a leaky gut, resulting in a self-perpetuating inflammatory feedback circle. Notably, two small studies showed a direct correlation between severe COVID-19 and gut dysbiosis (62, 63) Another two studies have shown that patients with severe COVID-19 experienced more pronounced GI symptoms, along with higher levels of stool calprotectin (an indicator of GI inflammation and disrupted mucosal integrity) (58, 59). This supports the concept of an immunological crosstalk between the lungs and gut, presumably moderated by the gut microbiota (12). There is still a lack of data assessing the role of gut microbiota in a high-risk cohort (such as elderly or cancer patients) with COVID-19, although a study on the impact of probiotics on health and immunity in elderly and diabetic patients, and response to COVID-19 vaccination, is underway (Table 3).




Therapeutic Potential of Gut Microbiome for COVID-19

Given the association between gut dysbiosis and COVID-19 severity, the therapeutic potential for modulation of the gut microbiome to modify disease outcomes holds promise. However, there is no microbiota-directed therapy that has demonstrated efficacy in preventing the development or progression of COVID-19 currently.


Potential Role of Prebiotics

Plant-based fibers exert a prebiotic effect by promoting the growth of beneficial microorganisms in the gut microbiota (e.g., Bifidobacterium and Lactobacillus spp.) while decreasing the proportion of harmful species (e.g., Clostridia) (74). Moreover, the fermentation of soluble dietary fibers by certain bacterial species yields several beneficial metabolites, such as SCFAs, which serve to maintain colonic mucosal integrity and modulate the immune system (75). By-products of SCFAs are also absorbed into the circulatory system and have anti-inflammatory effects. In mice models, a high-fiber diet with elevated SCFA levels was protective against allergic inflammation in the lungs, while a low-fiber diet with decreased SCFA levels resulted in increased allergic airway disease (76). Interestingly, studies from other respiratory diseases have demonstrated a reduction in mortality with intake of whole grains (77, 78). Although the beneficial effects of dietary fibers are intuitive, there is currently no direct evidence that any specific amount or type of dietary fiber is beneficial in COVID-19 illness.



Potential Role of Probiotics

Oral probiotics are live bacteria of specific species that alter the composition of gut microbiota after reaching the intestines (74). A shift to beneficial bacterial species modulates the local and systemic inflammatory balance, with several studies demonstrating a positive impact on respiratory infections and other extra-intestinal illnesses. Using a probiotic bacterium, Lactobacillus gasseri SBT2055 in mouse models, prevention of infection with respiratory syncytial virus was demonstrated (79). In another study on 30 elderly volunteers, Bifidobacterium lactis HN019 ingestion was shown to enhance the cellular immunity (80). Placebo controlled clinical trials with probiotics (using Lactobacillus rhamnosus GG, Bacillus subtilis, and Enterococcus faecalis) have also demonstrated significant improvement in patients with ventilator-associated pneumonia (81, 82).

Naturally, if dysbiosis is indeed involved in the pathogenesis of severe COVID-19, probiotics appear to be among the more convenient, efficient, and potentially safe strategies. After initial reports of gut dysbiosis in patients with severe COVID-19, the National Health Commission (of China) recommended the use of probiotics to maintain gut microbial homeostasis and prevent secondary bacterial infections (83). Given the dearth of data pertaining to SARS-CoV-2 and the relative safety of probiotics, the rapid promulgation in favor of probiotics seems reasonable while awaiting further evidence. Although there is no direct evidence yet showing the efficacy of any specific strain of probiotic against COVID-19, several registered trials are currently examining the therapeutic potential of various probiotics formulations in COVID-19 (Table 3).



Potential Role of Fecal Microbiota Transplantation

FMT is a process of actively transferring colonies of fecal bacteria from a healthy person into the GIT of another individual. The process aims to restore the composition of gut microbiota back to a healthy state. As mentioned earlier, FMT is an effective therapy for recurrent or refractory C. difficile enterocolitis (84). Given the proposed role of gut microbiota in the abnormal activation of immune responses in the COVID-19, FMT can potentially be explored as a therapeutic strategy. A recent case report (85) described two patients with rapid resolution of COVID-19 after FMT was undertaken to treat concomitant C. difficile infection. However strong may be the hypothesis and surrounding speculations, FMT should not presently be recommended as a therapy against COVID-19 due to the scarcity of large-scale studies. To explore further, a clinical trial (FeMToCOVID) is currently registered at the clinicaltrials.org (NCT04824222), though it has not yet started recruiting patients.




Unanswered Questions and Future Directions

Despite the efficient pace of clinical trials evaluating new and repurposed agents for COVID-19, success has been modest at best. Although still in nascent stages, evolving evidence signals a probable link between gut microbiota and the host’s immune response to COVID-19. However, the exact mechanism and extent of the role of gut dysbiosis in disease severity remain to be elucidated. This is further compounded by the inherent challenges associated with designing microbiome studies. Another possible angle would be to define the state of a leaky gut more clearly with biomarkers and cutoff criteria, to also enable clarification on whether patients who have developed an inflammatory cascade are still amenable to therapeutic gut microbiota modulation.

Besides exploration of any potential role in the management of COVID-19, long-term consequences of gut dysbiosis should also be explored with longitudinal follow-up (Table 2). A search of ongoing clinical trials at the US National Library of Medicine reveals 24 registered studies assessing microbiota-targeted therapeutic options (Table 3).


Table 2 | Unanswered questions and potential research methodology.




Table 3 | Ongoing registered trials studying role of gut microbiota in COVID-19 (updated as of June 19, 2021).







Conclusion

The role of resident gut microbiota in other respiratory illnesses has been well recognized. Furthermore, the brunt of unfavorable COVID-19 outcomes has been on elderly patients and those with chronic medical diseases, both scenarios known to have senescence-driven gut dysbiosis. Increasingly, evidence is mounting for gut dysbiosis as a predisposing factor for severe COVID-19, through a leaky gut phenomenon and resultant spillage of bacterial products and toxins. Evidence is emerging that the degree of dysbiosis correlates with the severity of COVID-19 illness. This behooves us to explore potentially preventive and therapeutic targets, such as dietary intervention and probiotics. Several ongoing trials are evaluating various pathogenic routes and therapeutic approaches. While efforts for direct anti-viral agents and vaccines are of prime significance, the gut–lung axis could still hold therapeutic potential.
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OEBPS/Images/table2.jpg
Category

Question

Potential methodology

Susceptibility to infection with
SARS-CoV-2

Onset of symptoms after
infection with SARS-CoV-2
Development of severe
COVID-19 iliness

Alteration in gut microbiota by
the SARS-CoV-2

Persistence of gut dysbiosis
after SARS-CoV-2

Alteration in intestinal
permeability with SARS-COV-
2

Therapeutic and preventive
roles of prebiotics and
probiotics

Therapeutic role of FMT in
COVID-19

Does gut microbiota play a role in the onset of
infection with SARS-CoV-2?

Does gut microbiota influence development of
symptoms in COVID-19?

Does pre-existing gut microbiota predispose to
different levels of severity?

Does gut microbiota get altered by the SARS-
CoV-2?

Is SARS-CoV-2-induced gut dysbiosis
temporary?

Does SARS-CoV-2-led inflammation lead to
alteration in intestinal permeability.

Do prebiotics and/or probiotics have potential to
alter course of COVID-19 illness?

Can a reset of gut dysbiosis to normal
homeostasis with the FMT mitigate severe
COVID-19 illness?

To characterize the diversity of gut microbiome across separate cohorts of
individuals with varying risk of exposure to SARS-CoV-2.

To study differences of gut microbiome between asymptomatic and
symptomatic individuals.

To examine the baseline gut microbiota and correlate with severity of COVID-19
illness.

To evaluate the temporal trend of gut microbiome in the COVID-19 illness.

To examine the long-term trend in the gut dysbiosis and its associated
implications.

Detection and measurement of gut-derived bacteria and/or their bacterial
products in the circulation or extra-intestinal tissues (such as mesenteric lymph
nodes).

Assessing variety of probiotics in terms of prevention and optimization of
COVID-19 iliness.

To assess the potential therapeutic role of the FMT in severe COVID-19 illness.

SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2); COVID-19 (Coronavirus disease 2019); Gl (gastrointestinal); FMT (fecal microbiota transplantation).
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‘SARS.CoV-2,sa-carng at home

"Nonrandomized cinical trial examining efect of a synbioic heath suppiement on
COVID-19 symptoms.

"Randomized contolld tal 1o stody abidy of  probitc 0 eduos progression of i
COVID-19 nfction to moderate/severe cisease and othe prognosic factrs,
inluing gasiontesinal symploms and gut microbiome CompoSiEon

~Randomized tal ovaluating efects of  novel can on tho Qut micrabiota of
outpatents with COVD-19.

‘Doubie-binded randomized tral analyzing the efect o berbering on gut microbiota,
gastontestnal marvestatons, and infammaory maskets ) patients wih sovero
COvID-19.

(Gincal vl compasig a probiotic mxtue 1o placabo i alevatng gastoiestial
‘Symptoms and aterng qut microbiomo i COVID-19 fecton.

"Randomized tial assessing the efect of Lactobacus mamnosus GG 00 he
microtiome of househaid contacts of COVID-10 patints.

‘Open-abe) randomzed controted tial assessing th feasbiy and efectienss of
ove botarcal-based fxec-combinaton drug o moduate e gut microbita and
seat earty-stag suspocied or confimed symplomatic COVID-19 patiens.
Prospoctie caso-control it tudy 10 ovaluato he possito oectof a probiotc:
mixture i the mprovement of symptoms, 1 recuction i the number of ays of
Pospitaizaton and the icreasa i th parcontage o patonts i nogatvo POR afer
infoction with the coronains SARS-CV-2

"Randomzed tal ovaluatng tho ant s o OXygen 02000 therapy pus Probiotic
‘Supplementaton in addition t standard of care i the eary contol of isoase
progresson n patents with COVID-19.

"Randomzed tal stuying outcomes in COVID-19 patnts treatod wih acinctv.
probiote for 3 months. A sub-study. ubjec to paticpant consent, il aso colect
icogica samples for comparatv anayss.

"Randomized tal assessing he impactof L. rocter DSM 17938 00 SARSCoV-
‘5peci antbody esponse upon and afer nfction i heathy aduts, i addtion to
inflammatory markers, symptom severty and duraton.

Pt sudy on tho efct of  probiotc mitee in the improvemment ofsymptors, e
feduction  the number of days f hospiazation and o ncreasa i the percentage
of patients wilh negatve PCR after nfecton wih SARS-COV-2.

"Randomized controled tal evauatng he afects of Lactobacilus connioms K8,
‘consumption on the incdence and sevety of COVID-19 in heath workers exposed 1o
the SARS-COV-2 vins.
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Study
design

Single
center,
prospective

Single-
center,
cross-
sectional

Prospective
cohort
study from
two centers

Prospective
cohort
study from
two centers

Cross-
sectional
A
statement
across 122
countries)

Prospective
cohort
study from
one center

Prospective
cohort

study from
one center

Prospective
cohort
study from
one center

Study population

15 COVID-19
patients in Hong
Kong compared
against 6 subjects
with community-
acquired
pneumonia and 15
healthy individuals
30 COVID-19
patients compared
against 24 HIN1
patients and 30
matched healthy
controls

100 COVID-19
compared against
healthy controls

15 hospitalized
patients with
COVID-19

42 low- or low-
middle-income
countries
compared against
80 high- or upper-
middle-income
countries

30 hospitalized
patients with
COVID-19 and 16
healthy subjects.

50 hospitalized
COVID-19 patients,
9 recovered
patients and 34
uninfected
subjects.

56 hospitalized
COVID-19 patients
and 47 age- and
sex-matched
healthy subjects.

Analyses/methods

Shotgun metagenomic sequencing for
profiling of GI microbiota

16S ribosomal RNA gene sequencing for
profiling of GI microbiota

Shotgun sequencing of stool DNA for
profiling of GI microbiota. Assessment of
serum levels of inflammatory markers.

RNA shotgun metagenomics for profiling of
Gl microbiota. Assessment of functionality of
Gl microbiota and detection of replicative
activity of SARS-CoV-2 virus in the Gl tract.

Statistical analysis comparing deaths per
million secondary to COVID-19 infection,
against population health indicators like
water current score, health efficiency,
percentage rural population, proportion of
diarrhoea cases secondary to inadequate
sanitation and healthy life expectancy (HALE)
at birth.

Microbial DNA extraction and 16S rRNA
sequencing in the plasma samples. Levels of
gut permeability markers were also
measured.

16S rRNA sequencing and gPCR analysis
was performed on fecal DNA/RNA.

Stool samples were analyzed for various
microbial biochemical products (or
metabolome) using gas chromatography—
mass spectrometry.

Salient findings

Significant alterations in Gl microbiota
(dysbiosis) in COVID-19 patients
Persistent dysbiosis despite clearance of
SARS-CoV-2

Positive correlation between dysbiosis and
severity of COVID-19

Significantly reduced bacterial diversity
(dysbiosis) with COVID-19, a significantly higher
relative abundance of opportunistic pathogens,
and a lower relative abundance of beneficial
symbionts. Patients with HIN1 displayed lower
diversity and different overall microbial
composition compared with COVID-19
patients.

Significant alterations in the Gl microbiota
(dysbiosis) in COVID-19 patients.

Dysbiosis persisted even after 30 disease post
ilness.

Significant correlation of dysbiosis with severity
of COVID-19 illness and with various serum
pro-inflammatory markers.

Detection of alterations in GI microbiota
(dysbiosis) with high markers of bacterial
cellular building.

46.7% patients had stool positivity for SARS-
CoV-2, even in the absence of G
manifestations.

High replicative activity of SARS-CoV-2 in the
Gl tract suggesting.

A statistically significant negative correlation
was observed between COVID-19 mortality
and populations that had a high percentage of
rural residents, and a high proportion of
diarrhea secondary to inadequate sanitation.
As aresult, a high microbial exposure to gram-
negative bacteria was proposed to confer
protective effects against COVID 19, possibly
due to increased interferon type | levels.

In the plasma samples of about 65% patients
with COVID-19, abnormal signatures of gut
microbes were seen. As compared with the
healthy controls, patients with COVID-19 had
significantly elevated plasma levels of gut
permeability markers (such as FABP2, PGN,
and LPS).

The fecal microbial composition was
significantly different in the currently infected
COVID-19 patients. The COVID-19 patients
had increased relative abundance of
Campylobacter and Klebsiella, two genera
associated with Gl disease. The microbiota
composition was similar between recovered
and uninfected patients.

Differences in the metabolomes of COVID-19
patients were observed compared with healthy
controls.

Limitations

Small sample size.
Only hospitalized
patients with
moderate to severe
COVID-19.

>50% patients with
COVID-19 had
received antibiotics.
Small sample size.
Healthy controls
matched for age, sex,
and BMI but not for
diet and lifestyle
factors.

H1N1 cohort had
been hospitalized for
severe illness,
compared to COVID-
19 cohort which had
disease severity
classified as “general”
and “severe”.
Heterogeneous
clinical management
of patients.

30-day changes were
studied in 27 (out of
100) patients

Small sample size.
Exact role of various
microbiota profiles in
determining severity
of COVID-19 infection
needs further studies

Cross-sectional data
based on national
population health
indicators.

Inferential hypothesis
based on effect of
environmental
microbiological
prevalence rather than
direct sequencing of
human GI microbiota
samples.

No analysis of
interferon type-I levels
in study populations.
Small sample size.
One-time collection of
the plasma.

Absence of
demonstration of gut
dysbiosis in the
stools.

Small sample size.
Cross-sectional
sampling.

Small sample size.
Absence of
demonstration of gut
dysbiosis in the
stools.

No control for diet
and anti-microbial
agents.
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With Symtomatic COMD-19: a Randomized Dicary Sty

NCT0485441  Effcacy of Proiotics Lactobacius RRamnosus,
Biicobacteren Bisc, Bifdbacteren Longum Subsp.
Infanis and Bdobacterum Longum) in the Treatment of
Hospialsod Patients Wih Novel Coronaveus Infection

NCTO4798677  Effcacy and Tolrabiy of ABBCH in Voluntoers Recsking the
Infuenza or Govid-19 Vacone

NCTO4B47349. Live Micobias o Boost Ant-SARS.Cov-2 Immunity Circal
Tial (Lo BASIC Tr)

NCTO4756466  Efectof the Consumption of  Lactobaius St on the
Incidence of Covd-19 i tho Exery

NCT04922918. Ackinsraton of Ligactobacius savarus MP1O1 in an
ey Nursing Home Durig the COVID Pandenics

NCTO473997  Covic 19 Prmasy Care Support Wil Microbiome Therapy

NCT04884776. Mockiaton of Gut Nicrotiota o Enanco Heath and imimursy.
of Vuinerab Indvicais Ouring COMID-19 Pandemmic

NCTO4624222 The Impactof Feca Microbita Transplaniaton as a1
Immunomodation on the Risk Reducton of COVID-19
Disease Progression Wih Escalaing Gytokine Storm and
Inflmmatory Parametes (FMTOOVID)
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Iactobacteria on COVID-19 severty and subsequent immune response.
‘Randomized contrled open-abel study anayzng the efec of a probiotc mixure
‘onsisting of L hamnosus, B. bidu, B ongum subsp. nfants and 8. fongum on
‘SARS-Cov-2 nfoction cutcomes.

Randonizad, singl-center ial comparing the memund esponse o vonteers who
had nuiional supplementation wih  robiOR: ormuiaion whie receving the
inanza or COVID-19 vaccne.

Plot stucy on ha eficacy of a combination o e probioics on antbody ttes,
‘Symptom mprovement and rifection sk n unvaconatod persons previousy
Infctod with SARS-CoV-2.

Moti-center randomized controied vl evalating the efet of a probioi s on the
ncidence and severty of GOVID-10, as vl a5 the immuno rosponse {0 COVID-19
vaccinaton,in an edery popuation ing n a ursing home.

(Gircal il imestgatng tho efect of igactobacis salarius MP1O1 on the
functiond, cogrtve, and uronalstatus, 2 welas nasa and fecal ifammatory
profies of dry peopl g in a ursing hom ighy atected by COVID-19.
Randomized controled bia evaluatng he eficacy of 2 probioi throat speayin
fedueing symptoms COVID-19 i pationts wih mid to moderato symploms.
‘Secondiry outcoma of whether the spxay can prevent transmission of the SARSCoV-
21ius 1o household members.

Randomized controled tal tudying a probotc formua n eahancing immunty and
reducing hosptalzation in ey and diabetic patents

Randoniaed phase  (open-abe) and phase I (double-binded) rl evakating the
eficct o fecal microbiota ransplanaton (FMT) as an immunomoduator i a0dion o
standrd therapy on th fis recction of disaase proggassion n COVID-19 with
escalating ctokéne tom and nfarmmatory maskers.
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A. Ongoing observational studies

Trial number
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NCTO4507736.
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NCTO4410263
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e

Rol of the Microbota 1 the Evlution o tho SARS CoV-2
Disease, COVID-19, in Hospalzed Patients

ytokine Storm Among Bangadesh Patients Wih COVID-19

Retatonship Batween Bologial Profies and Clnical Evolions
‘Watin the Samo Custer COVD-19 (COVIDCOLLECT)

Study to lvestgate Long-term Pumonary and
Extrapumonary Efects of COVID-19.

Epidemilon, Girical and Molcular Charactests of
Patints With Acute Respialory Fakro Afcted by 2010-
NoOV.

Sexiniormed Data i the COVID-19 Pandemic

Procictors of Mortalty at Day 28 of Patients Trated at Uite
Universty Hospita for COVID-19

Epidomilog, Cirical, Molecular Charactstcs of Hospital
Employeos Wi o Wihout COVID-19 ifecton

Nicrotiota n COVID-19 Patents fo Fuure Therapoutic and
Preventive Approsches

A Study to Bxplore the Rok of Gut lora n COVID-19 nfoction

Bactorial and Funga Microbiota of Patients With Sovero Vil
Prscemonia Wih COVID-19

Gut Mcrobita, *Sprk and Flamer of COVID-19 Diseas

COVID-19 Biciogica Samples Cotection

Summary

‘Observationa tudy looking a th efiect of ropharyngeal and gut microbota, host
genotype, and immune charactestios and SARS.CoV-2 veal genome sequences on
utoomes of COVID-19 nfocton.

Prospeciive sty evauating e relatonsisp of nfammatory makers and ookine
Jeve n ackition (o ut microbota on COVID-19 nfection severy i Bangadshi
patents, at vaious ponts ofness progression.

‘Conort study examiing tho relatonsiip betweon the bilogical profies absenved from
‘anlyss of nasopharyngea,saiva blood, 1001, and uine sampes and the ciical
voluions vithin tho samo custr of COVID-19 cases and thor Contact SUcts.
Prospeciive study invesigaing long-temn pumonary and extrapulmonary efects of
COVID-19, inciing changes 10 gut microbita.

‘Obsenvationa sudy examining factors including aiveolar and nasal microbioa on
prodisposiion to SARS-CoV2 vea infecton, symplomology, tretment response, and
procisposiion to compicatons.

‘Obsarvationa tudy looking at Gfcences i the bomarkers of Gferent s9xes crng
'SARS-CoV'2 nfecton,incuing the gut microbiome.

Retrospaciive obsanvational study o evalate praditiv factors of mortalty at cay 28
COVID-19 patnts troatod at a sngo coner.

(Case-conrol study evauatng biokogicalsampies obtained from hospitalemployees (0
charactrze SARS:CoV-2 pathogenesis and ndidal ifeences i susceptiity 0
tho dsease.

‘Observationa sudy anayzing bioogial samples induding nasopharyngeal and
aveolar microbiota to ocidaterisk factors or he development of severo ARDS
‘SARS-CoV-2 nfected patiens.

‘Obsorvationa study aiting 10 59quenco and charactarzo the Gt mcrobomo of
COVID-19 patients curing and afe roatment.

‘Obsorvatona stucy comparing th rospratory and gut microbiota and fammatory
markers ofcialy f COVID-19 patnts with hstoicalcrially i patonts wihout
CovID-19.

Obsenvationa study anayzing and comparng the gut mirobiome of COVID patients
across setings i he ntensive Care urkt, hospial generalward,and sef-cang at
Pome.

‘Obsenvational colecton and anayss of boogica samples ncuding gut microbiota of
palionts with COVID-10 infoction and Shair Careohers.





