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A B S T R A C T   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread worldwide. The pathophysiological 
mechanisms linking gut dysbiosis and severe SARS-CoV-2 infection are poorly understood, although gut 
microbiota disorders are related to severe SARS-CoV-2 infections. The roles of the gut microbiota in severe SARS- 
CoV-2 infection were compared with those in respiratory viral infection, which is an easily understood and 
enlightening analogy. Secondary bacterial infections caused by immune disorders and antibiotic abuse can lead 
to dysregulation of the gut microbiota in patients with respiratory viral infections. The gut microbiota can in-
fluence the progression of respiratory viral infections through metabolites and the immune response, which is 
known as the gut–lung axis. Angiotensin-converting enzyme 2 is expressed in both the lungs and the small in-
testine, which may be a bridge between the lung and the gut. Similarly, SARS-CoV-2 infection has been shown to 
disturb the gut microbiota, which may be the cause of cytokine storms. Bacteria in the gut, lung, and other tissues 
and respiratory viruses can be considered microecosystems and may exert overall effects on the host. By refer-
encing respiratory viral infections, this review focused on the mechanisms involved in the interaction between 
SARS-CoV-2 infections and the gut microbiota and provides new strategies for the treatment or prevention of 
severe SARS-CoV-2 infections by improving gut microbial homeostasis.   

1. Introduction 

An unexplained case of pneumonia was discovered in Wuhan, Hubei 
Province, China, on 29 December 2019. A new coronavirus, which was 
subsequently named severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) by the World Health Organisation, was soon isolated from 
a patient [1]. The epidemic of SARS-CoV-2 infection has increased 
rapidly, with cases spreading across China and other countries since the 
first case was confirmed. 

SARS-CoV-2 infection often cooccurs with gastrointestinal symptoms 
[2] that were also commonly associated with other known human 
coronaviruses (e.g., SARS-CoV and Middle East respiratory 
syndrome-CoV) [3,4]. In addition, secondary infection with bacteria 
after viral infection is very common. Furthermore, secondary infection 
with respiratory bacteria often impairs the balance of the pulmonary 
microbiota [5]. However, the largest bacterial pool in the human body is 

in the intestinal tract, which leads to the vital question of whether the 
gut microbiota plays an important role in secondary infection. The gut 
microbiota, which is a general term for the microorganisms that colonise 
the human intestine, is the second genome in humans and plays a crucial 
role in maintaining the physiological balance of metabolism and im-
munity. The roles of gut microbiota dysbiosis are increasingly under-
stood in metabolic diseases (e.g., diabetes and obesity) [6]. 
Furthermore, increasing evidence suggests that viral infection may 
disturb gut microbiota homeostasis, resulting in an increase in harmful 
bacteria and a decrease in beneficial bacteria [7]. Bacteria and viruses 
can sometimes cooperate to exacerbate illness [8]. Respiratory viral 
infections can trigger a series of immunologic reactions, which may be 
caused by the gut microbiota, resulting in cytokine storms in severe 
cases [9]. SARS-CoV-2 has many similarities with other respiratory vi-
ruses in the context of secondary bacterial infection, immunity, and 
other aspects. Many studies have been conducted examining the 
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relationship between other respiratory viruses and the gut microbiota, 
although few studies have been conducted on the relationship between 
SARS-CoV-2 and the gut microbiota. Many mechanisms of mortality 
caused by SARS-CoV-2 infection remain unclear because studies have 
shown that there is a relationship between respiratory viruses and the 
gut microbiota, and it is necessary to explore the potential mechanisms 
of the gut microbiota in severe SARS-CoV-2 infection. Thus, this study 
aimed to investigate whether severe SARS-CoV-2 infection is not only 
caused the virus and subsequent bacterial secondary infections in the 
respiratory and intestinal tracts but is also closely related to gut 
microbiota dysbiosis. 

2. Cytokine storms in severe SARS-CoV-2 infection 

Cytokine storms manifest as extremely increases in inflammatory 
cytokines and are important causes of severe disease or mortality in 
patients with coronavirus disease-19 (COVID-19) [10]. Patients with 
COVID-19 experience a large amount of elevated cytokines. As reported, 
D-dimer levels were increased in patients with COVID-19, and plasma 
concentrations of interleukin (IL)-2, IL-6, IL-7, IL-10, granulocyte 
colony-stimulating factor, INF-inducible protein-10, macrophage in-
flammatory protein (MIP) 1, MIP1A, and tumour necrosis factor-alpha 
(TNF-α) were higher in ICU patients than in non-ICU patients with 
SARS-CoV-2 infection [2,11]. Among patients, IL-6 levels gradually 
increased over time and were associated with the highest mortality. In 
addition, the proportion of CD14 + CD16 + inflammatory monocytes in 
the peripheral blood of patients with severe disease was significantly 
higher than that of patients with mild disease [12]. 

Cytokine storms often occur in patients with severe COVID-19, fol-
lowed by multiple organ failure and possibly death [11]. A recent study 
showed that SARS-CoV-2 infection and lung cell destruction first cause a 
local immune response accompanied by the accumulation of macro-
phages and monocytes and then cause immune responses in adaptive T 
and B cells, among which CD8 + T cells and CD4 + T cells play 
important roles. Viral infection causes a highly inflammatory pyroptosis 
response and triggers a subsequent inflammatory response, including 
the secretion of proinflammatory cytokines into the circulatory system. 
Infection with microorganisms causes rapid and massive production of 
various cytokines in body fluids (e.g., TNF-α, IL-1, IL-6, IL-12, interferon 
(IFN)-α, IFN-β, IFN-γ, MCP-1, and IL-8), ultimately leading to a cytokine 
storm, which is an important cause of acute respiratory distress syn-
drome and multiple organ failure [12]. An excessive inflammatory 
response worsens lung pathology and attracts additional inflammatory 
cells to the site, and these cells increased amounts of cytokines and ul-
timately lead to a cytokine storm [13]. In addition, acute respiratory 
distress syndrome (ARDS), which is a clinical symptom resulting from 
the excessive release of local cytokines, occurred in 67⋅3% of patients 
with COVID-19. Furthermore, serum cytokine levels were significantly 
increased in patients with ARDS, and the degree of this increase corre-
lated positively with mortality [11]. Thus, the occurrence of ARDS is 
closely related to cytokine storms. 

This evidence suggests that patients with severe COVID-19 experi-
ence a series of inflammatory responses, which are often followed by 
cytokine storms. Thus, cytokine storms are one of the characteristics of 
severe SARS-CoV-2 infection. However, the pathogenesis of cytokine 
storms following severe SARS-CoV-2 infection is poorly understood. The 
current study considers the inflammatory response in respiratory viral 
infections as a reference to better understand this mechanism. 

3. SARS-CoV-2 and secondary bacterial infection: Learning from 
respiratory viral infections 

Respiratory viruses often increase the host’s susceptibility to sec-
ondary bacterial pneumonia [14]. Bacterial infections further increase 
the inflammatory response if the bacteria persist [14,15]. The type 1 
interferon response occurs in SARS-CoV-2 infections, as well as in other 

respiratory viral infections [15]. IFN-I is produced after viral infection 
and negatively regulates T cells in the lung, inhibits IL-17 production 
and leukocyte recruitment, and increases the possibility of Streptococcus 
pneumoniae infection [16]. In influenza-infected animals, Ifnar− /− ani-
mals were able to produce the more robust neutrophil chemoattractants 
KC and Mip2 in response to secondary S. pneumoniae challenge than 
Ifnar+/+ animals [17]. Thus, IFN-I attenuates early KC and Mip2 che-
mokine production in response to secondary bacterial infections in the 
lungs of influenza-infected hosts. IFN-I significantly increases the sus-
ceptibility of influenza-infected hosts to secondary bacterial infections 
in the lung [18]. Similarly, secondary bacterial infections are also 
observed in SARS-CoV-2 infection [19], suggesting that bacterial in-
fections secondary to respiratory viruses can be used for reference. 

A series of studies in recent years have confirmed that the human 
lower respiratory tract is colonised with microbes [20]. In addition, the 
impact on the composition of the pulmonary microbiota depends in part 
on the immune response [21]. Low diversity in the pulmonary micro-
biota was associated with reduced immune responses [22]. A recent 
study on SARS-CoV-2 reported that the expression of inflammatory 
factors was significantly increased by the SARS-CoV-2 S protein and that 
the compound RS5645 (a new and potent inhibitor) inhibited the 
expression of a number of inflammatory factors. Mice were individually 
treated with the S protein plus LPS (M group) and with RS-5645 (R 
group). The relative abundances of Porphyromonas, Rothia, Streptococcus 
and Neisseria in the alveoli of Group R mice increased significantly, 
while the relative abundances of Psychrobacter, Shimia, and Sporosarcina 
decreased. The alveolar microbiota of Group R mice had increased 
translation and decreased amino acid metabolic pathway activity. 
RS-5645 attenuated lung inflammatory cell infiltration and S-protein- 
and LPS-induced inflammation by modulating the lung microbiota [23]. 
SARS-CoV-2 infection causes changes in the lung microbiota, but it is not 
known whether this change leads to secondary bacterial infections or 
worsened cytokine storms by affecting the lung microbiota. We used 
other respiratory viruses as examples to explore the underlying rela-
tionship between the lung microbiota, secondary infections and cyto-
kine storms. Significant changes in the composition and species diversity 
of the pulmonary microbiota could be observed in a mouse model of the 
influenza virus. Among them, the dominant bacterial class changed from 
Alphaproteobacteria to Gammaproteobacteria and Actinobacteria, and 
there was a significant increase in the relative abundances of anaerobes 
and facultative anaerobes (e.g., Streptococcus and Staphylococcus) [24]. 
Secondary bacterial infections caused by respiratory viruses can cause 
lung microbiota imbalances. Influenza viruses increase host suscepti-
bility to secondary lung bacterial colonisation [24]. The lung microbiota 
provides the necessary signals for the secretion of inflammatory cyto-
kines when mice are infected with a virus, resulting in inflammasome 
activation and IL-1β and IL-18 release. Inflammasome activation is 
associated with the migration of lung dendritic cells (DCs) to draining 
lymph nodes, where these cells stimulate innate and adaptive immune 
responses to promote the priming of T cells. Notably, both signal 
expression and migratory activity require commensal bacteria. This 
mechanism exerts beneficial immunomodulatory effects on the respi-
ratory mucosa [25]. Interestingly, innate immunity acts as the first 
defence against viral infection, and immune cells are recruited to the 
infected airway by the production of inflammatory cytokines early 
during viral infection. Inflammatory cells induce phagocytosis by 
secreting inflammatory cytokines [26]. Macrophages bind RNA from the 
influenza A virus by secreting the pattern recognition receptor NLRP3 to 
form inflammasomes during infection with the influenza virus. Inflam-
masomes prompt macrophages to secrete IL-1β and IL-18, leading to an 
inflammatory response [27,28]. This immune response controls viral 
replication and spread during the early infection stage, but this response 
can trigger a cytokine storm when the inflammatory response is too 
strong, leading to lung tissue damage [26–28]. Therefore, secondary 
bacterial pneumonia is highly likely to occur after respiratory viral 
infection. Respiratory viral infections can exert a direct effect on the 
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respiratory microbiota, increasing the risk of exogenous pathogen 
colonisation in the lungs and resulting in secondary bacterial infection. 
Cytokine storms may also occur in the context of severe respiratory viral 
infections. We are trying to identify clues to the mechanism of the 
interaction between the lung microbiota and viruses to help us better 
understand SARS-CoV-2 infections and the lung microbiota. 

As mentioned previously, severe SARS-CoV-2 infections often cause 
cytokine storms, which are very complex conditions leading to death in 
patients [10]. Therefore, we can examine the relationship between other 
respiratory viral infections and cytokine storms for clues. A cytokine 
storm often originates from bacterial invasion. Previous studies have 
shown that Streptococcus pyogenes can invade the skin and mucous 
membranes, while superantigenic streptococcal pyrogenic exotoxins can 
contribute to tissue invasion and trigger cytokine storms [29]. In addi-
tion, staphylococcal and streptococcal superantigens rapidly elicit 
IL-17A responses in humans, which cause hyperinflammatory responses 
and toxic shock syndrome, as represented by cytokine storms [30]. IL-18 
may be involved in these excessive inflammatory responses because 
IL-18 also plays a role in haemophagocytic lymphohistiocytosis, which 
is characterised by a cytokine storm that may be secondary to bacterial 
infection. IL-18-mediated inflammation has been shown in animal 
studies of bacterial infection to reduce IL-18-induced IFN-γ release. Mice 
treated with anti-IL-18 antibodies showed lower IFN-γ levels and were 
more susceptible to infection caused by intracellular bacteria than 
control mice. Thus, IL-18 may be involved in bacterial clearance, espe-
cially in infections caused by intracellular bacteria [31]. 

Respiratory viral infection induces the production of various cyto-
kines, occasionally leading to cytokine storms. Cytokines can be pro-
duced by viruses or bacteria. Toll-like receptors (TLRs), which receive 
signals from inflammatory cytokines, may be responsible for cytokine 
production in bacterial- or viral-infected epithelial and immune cells 
[32]. TLR-4 is a ligand for the RSV F protein, which activates the 
MyD88-dependent signalling pathway and leads to the production of 
Th1 cytokines [33]. However, TLR-4 is more likely to act as a receptor 
for LPS than for other factors, activating the innate immune system [14, 
34]. Thus, respiratory viral infections accompanied by bacterial in-
fections may activate receptors that cause the secretion of inflammatory 
cytokines [14]. This effect is also observed in SARS-CoV-2 infections. A 
number of indicators associated with bacterial infection were shown to 
be elevated in patients with severe SARS-CoV-2 who presented with 
cytokine storms [35]. 

Analogous to other respiratory viral infections, SARS-CoV-2 in-
fections can also predispose the lungs to secondary bacterial infections. 
In a survey of 1495 hospitalised patients with COVID-19, 102 (6.8%) 
patients suffered from secondary bacterial infections, and nearly half of 
patients (50/102) expired due to bacterial infections dominated by 
gram-negative bacteria. A greater incidence of SBIs results in more se-
vere illness [19]. In severe COVID-19 cases, the affected lung tissue is 
very conducive to the growth of opportunistic pathogens, including 
Pseudomonas aeruginosa and Staphylococcus aureus [36]. Critically ill 
patients with COVID-19 often experience cytokine storms, sharp de-
creases in lymphocytes and natural killer cells and increases in D-dimer, 
C-reactive protein, ferritin, and procalcitonin levels [35], which are 
usually considered indicators of bacterial infection. In patients with 
severe and critical COVID-19, a highly impaired interferon type I 
response occurs, and the degree of impairment is associated with 
increased blood viral load and increased inflammatory responses. The 
increases in TNF-α and IL-6, which affect the transcription factor nuclear 
factor-κB, lead to an inflammatory response [15]. IL-18 may be involved 
in secondary COVID-19 bacterial infection. Either viruses or bacteria are 
possible agents contributing to severe COVID-19 progression [36]. Thus, 
the aforementioned evidence indicate that SARS-CoV-2 infection easily 
leads to secondary bacterial infection, and bacteria may lead to cytokine 
storms through a series of immune effects, in addition to the direct 
stimulation of cytokine storms by SARS-CoV-2. 

4. Gut microbiota dysbiosis in COVID-19 and cytokine storms: 
Learning from respiratory viral infections 

Antibiotic abuse occurs during the treatment of SARS-CoV-2 in-
fections [19] and has been observed in the treatment of other respiratory 
viral infections. Antibiotic abuse can lead to microbiota depletion and a 
decrease in immune antibody production. Many patients can improve 
with the combination of hydroxychloroquine and streptomycin, but 
30–40% of common bacteria are resistant to streptomycin [37]. There-
fore, antibiotic overuse may result in bacterial resistance, which leads to 
poor antibiotic efficacy. Another unfortunate outcome of antibiotic 
abuse is subsequent gut microbiota dysbiosis. Although the abuse of 
antibiotics in the treatment of SARS-CoV-2 infections has not been re-
ported to cause gut microbiota dysbiosis, such an incorrect treatment for 
other respiratory viruses can damage the structure of the gut microbiota. 
This evidence serves as a warning for the appropriate use of antibiotics 
and maintaining intestinal homeostasis in the clinical management of 
SARS-CoV-2 infections. A significant increase in resistance genes was 
observed in the gut microbiota after amoxicillin administration in mice. 
The abundance of certain opportunistic pathogens (e.g., Klebsiella and 
Escherichia–Shigella) significantly increased, while potential beneficial 
gut bacteria (e.g., Bifidobacterium and Lactobacillus) significantly 
decreased when antibiotics were used [38]. In addition, the use of an-
tibiotics can affect bile acid metabolism and cause inflammation [37]. 
Antibiotic use leads to disturbances in the gut commensal microbiota, 
which inhibits commensal bacteria-mediated immune regulation and 
exacerbates respiratory symptoms [25]. Gut microbiota dysbiosis 
caused by antibiotic use weakens the immune response to the influenza 
virus. Mice with dysregulated gut microbiotas showed prolonged viral 
clearance in vivo, resulting from reduced expression of IFN-I and IFN-II, 
reducing the ability of these animals to limit viral replication during 
antibiotic use [39]. 

Intestinal secondary infection with exogenous bacteria may lead to 
gut microbiota dysbiosis in patients infected with respiratory viruses. 
Mice with an influenza virus that had been treated with streptomycin 
were administered Salmonella by gavage, and the results showed that 
IFN-I induced in the lung during Salmonella-induced colitis inhibited the 
antibacterial and inflammatory responses of the intestine, disrupted the 
balance of the gut microbiota, and promoted Salmonella colonisation in 
the intestine and systemic transmission. IFN-I produced in the lung was 
transmitted to the intestine, promoting Salmonella growth in other parts 
of the body, such as the intestine, causing secondary infections [40]. 
Although the disruption of intestinal homeostasis after exogenous bac-
terial invasion has not been reported in SARS-CoV-2 infections, this 
possibility still needs to be considered in the future. 

The gut microbiota may also play an important role in SARS-CoV-2 
infections, but the exact mechanisms have not been elucidated. We 
can gain some insight from the role of the gut microbiota in some in-
flammatory lung diseases. Respiratory viruses can change the gut 
microbiota through the IFN-I pathway. The abundance of Proteobac-
teria, especially Escherichia coli, was increased in influenza A4-infected 
mice, indicating that IFN-I produced in the lung can lead to changes 
in the gut microbiota [40]. In addition, lung effector T cells and CCR9 +
CD4 + T cells are recruited to the intestine, where they cause changes in 
the gut microbiota by secreting IFN-I. The gut microbiota is then char-
acterised by E. coli growth, and this change in the microbiota promotes 
IL-15 expression, resulting in Th17 cell polarization and IL-17 produc-
tion, ultimately leading to immune damage in the intestine [41]. 
Moreover, gut microbiota dysbiosis following respiratory viral in-
fections may lead to susceptibility to viruses due to the loss of intestinal 
immune homeostasis, resulting in potential secondary infection [42]. 
After acute influenza A virus infection, the commensal gut microbiota 
will undergo transient but significant depletion, and pathogens occupy 
the vacant niche, increasing susceptibility to intestinal bacterial infec-
tion [43]. Therefore, respiratory viral infections may change the 
composition of the gut microbiota through immunomodulation and 
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predispose patients to secondary bacterial superinfection, which is the 
main cause of mortality in a substantial number of patients [42]. As with 
other respiratory viruses, patients with SARS-CoV-2 infections also 
present with gut microbiota dysbiosis. Disturbances in the gut micro-
biota can also lead to secondary intestinal inflammation [44,45]. 
Moreover, the direct invasion of the intestine by SARS-CoV-2 leads to 
increased intestinal permeability, allowing LPS produced by harmful 
bacteria to invade the body and stimulate the production of certain 
cytokines, such as interleukins and interferons, during respiratory viral 
infections [9]. Additionally, some inflammatory markers associated 
with bacterial infections are elevated in patients with SARS-CoV-2 
infection [46]. Previous studies showed that respiratory viral in-
fections may lead to disturbances in inflammatory cytokines by influ-
encing the gut microbiota [22]. Beneficial gut bacteria are capable of 
producing anti-inflammatory metabolites such as SCFAs, which can in-
crease IL-10 production and reduce inflammation. Harmful gut bacteria 
produce proapoptotic metabolites such as biogenic amines, which 
reduce the levels of IL-4, IL-5, and IL-13 in lung homogenates [47]. The 
activity of alveolar macrophages, blood neutrophils, and inflammatory 
cytokines was also reduced when the abundances of gut and lung bac-
teria were reduced [42]. In addition, in mice with influenza virus and 
intestinal anaerobic dysregulation, the expression levels of the inflam-
matory cytokines IL-4 and IL-10 decreased, and the expression levels of 
IFN-γ and IL-17 increased in the lung [48]. Similarly, SARS-CoV-2 
stimulates the production of harmful metabolites by disturbing the gut 
microbiota, which stimulates the production of cytokines that play roles 
in cytokine storms [9]. Cytokine storms are usually defined as extremely 
elevated cytokine levels associated with infection and immunity. The 
dramatic increase in cytokines leads to complement activation and im-
mune thrombosis and ultimately causes disseminated intravascular 
coagulation, multiple organ failures, and other serious clinical 
manifestations. 

SARS-CoV-2 infection may also affect the gut microbiota through 
secondary bacterial infection and antibiotic abuse. Patients with COVID- 
19 with secondary bacterial infections are often treated with antibiotics. 
More than 90% of patients with COVID-19, whether they suffer from 
secondary bacterial infections or not, are currently taking antibiotics 
[19]. However, antibiotic overuse leading to gut microbiota dysregu-
lation is observed in other respiratory viral infections but not in 
COVID-19. This finding suggests that antibiotic abuse after SARS-CoV-2 
infection can easily lead to dysbiosis of the immune and gut microbiota, 
resulting in secondary infection. The aforementioned evidence indicated 
that the role of gut microbiota in SARS-CoV-2 infection might affect 
immune response similar to that in other respiratory viral infections 
[49]. 

In cases of SARS-CoV-2 infection, patients have not only fever, 
cough, and dyspnoea but also gastrointestinal symptoms (e.g., diarrhoea 
and vomiting). Notably, SARS-CoV-2 nucleic acid can be detected in the 
stool of some patients [44]. In addition, SARS-CoV-2 can be detected in 
both the small and large intestines. Consequently, SARS-CoV-2 infection 
can lead to gut microbiota dysbiosis [44,45]. A study recruited 56 pa-
tients with COVID-19 and 47 healthy subjects of similar age and sex and 
found that purine metabolites in the faeces of patients with COVID-19 
were significantly reduced, and these reduction in purine metabolites 
was significantly associated with alterations in the gut microbiota, 
including Ruminococcaceae, Actinomyces, Sphingomonas, and Asper-
gillus. This alteration may be the cause of malnutrition and intestinal 
inflammation in some patients with COVID-19 [50]. In a comparison of 
the gut microbiota composition of patients with severe COVID-19, pa-
tients with common COVID-19, and healthy individuals using 16 S rRNA 
gene sequencing methods revealed that the abundance of the gut 
microbiota was lower in patients with severe COVID-19. The number of 
Proteobacteria was increased in patients with common COVID-19 
compared with healthy individuals. The abundance of Fusobacteria 
and Spirochetes was reduced in patients with severe COVID-19 
compared to healthy individuals [51]. Therefore, the composition of 

the gut microbiota is different in patients with different COVID-19 se-
verities, and changes in the composition of the gut microbiota may 
indicate severe COVID-19. Gut microbiota dysbiosis may cause 
increased cytokines, resulting in severe COVID-19 [45]. 

A disturbance in the gut microbiota may be a potential cause of 
cytokine storms. Critically ill patients with COVID-19 experience 
increased levels of cytokines, which may eventually lead to cytokine 
storms. This interaction is not only the result of SARS-CoV-2 infection 
but also an important factor in patients with severe COVID-19. SARS- 
CoV-2 infection may trigger the host’s inflammatory immune response. 
Bacterial translocation across the intestinal epithelium may be 
increased, resulting in intestinal epithelial damage and ultimately 
leading to intestine–blood barrier disruption and systemic endotox-
aemia, which may lead to cytokine storms in severe SARS-CoV-2 
infection. A close link between the gut microbiota and systemic 
inflammation may exist [45]. Based on data from patients with 
COVID-19, Guo et al. developed a blood proteome risk score (PRS) to 
predict SARS-CoV-2 progression to clinically severe stages. A higher 
blood PRS was significantly associated with higher hsCRP and TNF-α 
serum concentrations in older healthy individuals without COVID-19, 
suggesting that the PRS was positively correlated with proin-
flammatory cytokines. In addition, a set of gut bacteria was able to 
accurately predict blood proteome biomarkers in healthy individuals. 
Bacteroides, Streptococcus, and Lactobacillus were negatively corre-
lated with most of the target inflammatory cytokines (including IL-1β, 
IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-13, TNF-α, and INF-γ), while 
Ruminaceae, Lactariaceae, and Portunales were positively correlated 
with most of the target inflammatory cytokines. Moreover, amino acid 
metabolism-related pathways may play crucial roles in crosstalk be-
tween the gut microbiota and inflammation. This evidence suggests that 
disordered composition of the gut microbiota may be the underlying 
factor in severe SARS-CoV-2 infection and contributes to disease severity 
in patients with COVID-19 (especially the elderly population) [10]. The 
invasion of the intestine by SARS-CoV-2 may lead to an increase in 
mesenteric permeability, and LPS can enter the circulatory system and 
stimulate the production of IL-6, IL-1, IL-8, TNF-α, and INF-γ. These 
cytokines, which are greatly increased in critical patients with 
COVID-19, can induce an inflammatory response and play roles in 
cytokine storms. A study also suggested that Proteobacteria in the in-
testine produce LPS, which can affect the inflammatory response in 
SARS-CoV-2 infection [9]. The gut microbial composition and plasma 
concentrations of inflammatory cytokines and blood markers in the 
blood and stool specimens of 100 patients with COVID-19 were 
measured. In these patients, the gut microbiota had very low numbers of 
Faecalibacterium prausnitzii, Eubacterium rectale, and Bifidobacteria, and 
these gut commensal bacteria all have potential immunomodulatory 
abilities. Furthermore, the decreased numbers of these gut commensal 
bacteria was consistent with disease severity, and the increases in the 
concentrations of inflammatory cytokines and blood markers, including 
C-reactive protein, lactate dehydrogenase, aspartate aminotransferase, 
and γ-glutamyltransferase, were closely related to cytokine storms [46]. 

This evidence shows that the gut microbiota may be involved in the 
inflammatory response to SARS-CoV-2 infection and may lead to cyto-
kine storms [9]. SARS-CoV-2, like many other respiratory viruses, may 
lead to intestinal dysregulation in patients through secondary intestinal 
infection with exogenous bacteria, although no study has been reported. 
However, whether the increase in harmful bacteria is caused by intes-
tinal disturbances in exogenous bacteria or by gut microbiota dysbiosis 
itself remains to be further studied. Notably, gut microbiota dysbiosis 
may also play an important role in cytokine storms, in addition to sec-
ondary infections of the lung. Based on the aforementioned evidence, 
the gut microbiota may mediate the susceptibility of normal subjects to 
severe SARS-CoV-2 infection and have some regulatory effect on 
SARS-CoV-2 infection. Importantly, no mechanism explains the dysre-
gulation of the gut microbiota in patients with COVID-19. 

SARS-CoV-2 infection, like respiratory viral infections, also causes 
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gut microbiota dysregulation in general. In addition, changes in the 
composition of the gut microbiota may indicate the severity of SARS- 
CoV-2 infection. Cytokine storms are also manifestations of severe 
SARS-CoV-2 infection, and disturbances in the gut microbiota may also 
cause cytokine storms. However, this mechanism of action has not been 
thoroughly studied, in COVID-19 or other respiratory viruses. In addi-
tion, whether such changes in the gut microbiota are a direct result of 
COVID-19 infection or due to secondary bacterial infection has not been 
further investigated. 

5. Gut–lung axis dysbiosis in severe COVID-19: Learning from 
respiratory viral infections 

The interaction between the gut and the lung may be inextricably 
linked in SARS-CoV-2 infections. The role of gut–lung axis dysbiosis in 
SARS-CoV-2 infections is also a point of great interest. Therefore, we 
have summarised the relationship between other respiratory viruses and 
the gut–lung axis as a reference. Researchers have proposed the idea of 
the gut–lung axis to explain how the gut microbiota affects the function 
of the lung [50]. Microbial interactions in the gut and lung and their 
products locally affect immune function; for example, the gut micro-
biota affects susceptibility to asthma and pneumonia [52]. Dysbiosis of 
both the gut microbiota [51] and the lung microbiota [23] in patients 
with SARS-CoV-2 infections also confirms the inseparability of the gut 
and the lung. The gut–lung axis can transport LPS via the circulation. 
LPS injection into the rectum of antibiotic-treated mice restored the 
ability of the mice to produce an effective immune response to influenza 
virus infection in the lung. In addition, the host can sense SCFAs and 
deaminotyrosine produced by the gut microbiota. An immune response 

occurs locally in the intestine when SCFAs are released into the intestine. 
When unmetabolized SCFAs are transferred to bone marrow, they affect 
bone marrow immune cell development and the immune response. 
Moreover, butyrate from dietary fiber can also control the immunopa-
thology caused by neutrophil infiltration by promoting haematopoiesis 
of antipneumonic macrophages in the bone marrow, thereby achieving a 
protective effect against influenza virus infection. In addition, deami-
notyrosine can protect mice against influenza virus infection by 
enhancing IFN-I production [21]. Importantly, the same is true of 
SARS-CoV-2 infection, which can damage intestinal integrity, allowing 
bacterial toxins and metabolites to transfer to the lung and even the 
whole body, leading to immune disorders [53]. In addition to the role of 
metabolites produced by the gut microbiota, the gut–lung axis can also 
enhance resistance to infection by the migration of IL-C2-producing 
IL-C3 immune cells directly from the intestine to the respiratory tract 
through the effects of intestinal DCs on commensal bacteria [21]. This 
finding also validates the idea that the gut–lung axis affects the immune 
response in the lung and gut microbiota and that gut dysbacteriosis af-
fects lung homeostasis. 

SARS-CoV-2 infection disturbs lung and gut microbial homeostasis. 
Studies have compared the respiratory and intestinal microbial com-
munities of 35 patients with COVID-19 and 19 healthy adults, and the 
results showed that the bacterial diversity in patients with SARS-CoV-2 
was lower than that in healthy individuals. In addition, the upper res-
piratory tract and the gut microbiota of patients with mild COVID-19 
can synchronize from dysregulation to recovery. This study suggests a 
microbial interaction in the gut–lung axis [54]. SARS-CoV-2 infections 
that increase inflammation levels may lead to intestinal leakage, 
allowing bacterial toxins and metabolites to be transferred to systemic 

Fig. 1. Impairment and regulation of Gut-lung axis in severe SARS-CoV-2 infection. (a) Dysbiosis of the gut–lung axis, which can lead to cytokine storms, can be 
caused by disordered immune cells and increased bacteria-derived LPS. (b) Immune homeostasis can be maintained by regulating the gut microbiota, which may lead 
to gut-lung axis balance. 
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circulation, exacerbating the sepsis and multiple organ failure in pa-
tients. In addition, intestinal leakage can lead to microbial translocation 
to the lungs, causing secondary infection and even sepsis. Moreover, 
SARS-CoV-2 may be transferred through the gut–lung axis via systemic 
circulation, resulting in immune disorders leading to cytokine storms in 
patients with COVID-19 [53]. (Fig. 1). 

6. Angiotensin-converting enzyme 2: A bridge between the gut 
and lung 

Angiotensin-converting enzyme 2 (ACE2) is a common target of both 
SARS-CoV-2 and other coronaviruses. ACE2 has been shown to play a 
crucial role in preventing acute lung injury induced by certain respira-
tory viruses and is expected to be a potential therapeutic target [55–57]. 
Coronaviruses (e.g., SARS-CoV and the known human coronavirus-NL63 
(HCoV-NL63)) efficiently bind to ACE2 [58,59]. Some studies have 
shown that SARS-CoV-2 can bind to human ACE2 and thus invade the 
human body [60,61]. SARS-CoV-2 infections lead to decreases in all 
ACE2 effects [62,63]. ACE2 can affect bradykinin levels through the 
renin–angiotensin system (RAS) and kinin-releasing enzyme kinin sys-
tem (KKS), and higher bradykinin levels may lead to increased systemic 
inflammation, influencing the lung and gastrointestinal systems and 
ultimately leading to multiple organ failure [64,65]. 

ACE2 is abundantly expressed in the human lung and small intestinal 
epithelial cells [66]. The ACE2 gene is also highly expressed in the 
ileum, suggesting that the intestine is likely to be invaded by 
SARS-CoV-2 [67]. Thus, it is thought that SARS-CoV-2 not only invades 
lung tissue through ACE2 but may also bind to intestinal epithelial 
receptors. 

Since high expression of ACE2 was found in the intestine of patients 
with SARS-CoV-2 infection with gut microbiota dysbiosis, it is not 
difficult to hypothesize that there may be some link between ACE2 and 
the gut microbiota. However, there is currently insufficient evidence to 
verify this point of view. In previous studies, ACE2 was shown to affect 
the expression of antimicrobial substances in the intestine, thereby 
affecting the gut microbiota. Collectrin is a renal amino acid transporter 
regulator that was shown to share high homology with ACE2 in the 
membrane-proximal domain. In addition, collectrin can bind B0AT1 
family amino acid transporters [68]. Moreover, collectrin can stabilise 
the expression of amino acid transporters [69]. Collectrin and ACE2 
have similar transcription factor binding sites and transport functions. 
Protein expression of the neutral amino acid transporter B0AT1 was 
absent. However, serum tryptophan levels and the expression of multi-
ple antimicrobial peptides decreased significantly in ACE2-KO mice. A 
decrease in antimicrobial peptides was also observed in mice that 
received a tryptophan-free diet [70]. ACE2 can bind to B0AT1 in small 
intestinal epithelial cells, affecting mTOR pathway activity and anti-
microbial peptide expression by altering the level of the essential amino 
acid tryptophan, ultimately leading to intestinal microbiota dysregula-
tion [69]. In addition, ACE2 has also been shown to interact with SIT1 
transporters of amino acids and alkaloids, which have antibacterial ef-
fects on the intestine [69]. Tryptophan is absorbed through the 
B0AT1/ACE2 transport pathway in small intestinal epithelial cells, 
activating mTOR and affecting antimicrobial peptide expression and the 
composition of the gut microbiota. In addition, ACE2 may lead to local 
intestinal inflammation. A lack of ACE2 can lead to severe damage to 
local tryptophan homeostasis and affect intestinal inflammation sus-
ceptibility [70]. 

Patients with COVID-19 who have gastrointestinal symptoms 
currently have a poor prognosis. Thus, it is thought that ACE2 expression 
in the gastrointestinal tract is regulated by the gut microbiota. ACE2 
expression in mice was examined by quantitative polymerase chain re-
action revealed, and the results showed that the intestinal and respira-
tory ACE2 expression levels in germ-free mice were significantly higher 
than those in conventional mice. The expression of intestinal ACE2 
correlated with higher proteolytic and peptidase activities in the gut 

microbiota [71]. Therefore, the gut microbiota may be an important 
factor in determining COVID-19 severity, while ACE2 is expected to be a 
target for severe COVID-19 prevention. 

In summary, SARS-CoV-2 may be involved in the RAS and KKS, 
leading to the deregulated action of ACE2 and causing local or systemic 
inflammatory responses, which may lead to cytokine storms in severe 
cases. Moreover, ACE2 can cause local intestinal inflammation, inevi-
tably bringing about an imbalance in the gut microbiota. This evidence 
suggests that ACE2 links the gut microbiota and SARS-CoV-2. (Fig. 2). 

7. Microbiological therapy 

Given that the gut microbiota may play an important role in SARS- 
CoV-2 infections, maintaining gut homeostasis is a key point. The use 
of some microbiological therapies should then be effective in main-
taining intestinal homeostasis in patients with SARS-CoV-2, as has been 
reported in other respiratory viruses. Many microbiological therapies [e. 
g., probiotics and prebiotics, dietary fiber, traditional Chinese medicine, 
and faecal microbial transplantation (FMT)] can treat respiratory viral 
infections by regulating the gut microbiota. Probiotics and prebiotic 
interventions can reduce the incidence of viral respiratory tract in-
fections and improve the clinical symptoms of viral infections [72]. An 
experiment showed that probiotics and prebiotics could improve the 
structure of the gut microbiota in patients with H7N9, thereby reducing 
the incidence of secondary intestinal infections [73]. Furthermore, Co 
et al. demonstrated that treatment with dietary fiber increased the 
abundance of Lactobacillus and Bifidobacterium in the gut microbiota of 
healthy people [74]. In addition, the metabolism of dietary fiber by the 
gut microbiota leading to the production of SCFAs can reduce bacterial 
lung inflammation and the occurrence of allergic inflammation in the 
lungs [75,76]. However, several microbiological therapies mentioned 
previously are not yet being effectively used to treat SARS-CoV-2 
infection. Interestingly, traditional Chinese medicine can also improve 
viral infection symptoms by regulating the gut microbiota. In an animal 
study, H2N9 AIV infection disrupted the intestinal mucosa in mice, 
resulting in the spread of Staphylococcus and E. coli in the mouse intes-
tine to the liver and lungs. No bacterial transfer was found in the 
parenteral tissues of mice in the ageratum liquid (AL)-treated group, 
indicating that AL could effectively prevent and reverse the imbalance in 
the gut microbiota in mice infected with H9N2 AIV [77]. In addition, 
Houttuynia cordata polysaccharide (HCP) improved the changes in gut 
microbiota composition caused by infection with the A (H1N1) virus, 
significantly reducing the relative abundances of the pathogenic bacte-
ria Vibrio and Bacillus and improving intestinal homeostasis, thereby 
reducing lung function damage caused by infection. In addition, the 
effect of HCP is mainly reflected in the decreases in intestinal TLRs and 
IL-1β and the increases in IL-10 levels [78]. Chinese herbal medicine is 
by far the most common type of microbial therapy used in China and has 
also played a role in the treatment of SARS-CoV-2 infection. Two 
excellent methods are the use of Lianhuaqingwen capsules [79] and 
ShufengJiedu capsules [80]. Additional herbal treatments can refer to 
other respiratory viruses. FMT has also been useful in the treatment of 
relapsed and refractory Clostridium difficile infections and is much more 
effective than antibiotic therapy. In addition, FMT can increase the 
abundance of lung bacteria and reduce the abundance of the gut 
microbiota [73]. This outcome inhibits the immune response, reduces 
lung injury, decreases LPS, and affects the TGFERK1/Smads/β pathway 
[81]. FMT is effective in treating antibiotic-associated diarrhoea. Simi-
larly, FMT has been useful in treating the gastrointestinal symptoms of 
SARS-CoV-2 infection [82]. 

Some microbial therapies have been currently used in COVID-19 
treatment. At present, traditional Chinese medicine is the most clini-
cally used microbial therapy in China and has been proven to be effec-
tive against COVID-19, and a relatively extensive clinical study has been 
conducted. After the administration of Lianhuaqingwen capsules, com-
ponents were found to be absorbed by the gastrointestinal tract and 
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transformed. In addition, components including rhein, forsythoside A, 
forsythoside I, neochlorogenic acid, and their isomers can greatly reduce 
ACE2 function [79]. Another study showed that ShufengJiedu capsules 
(SFJDCs) may inhibit SARS-CoV-2, and the active components of SFJDCs 
can participate in immune regulation and anti-inflammation through 
related targets [80]. Substantial evidence showed that the interaction of 
the gut microbiota with Chinese herbal medicines could directly convert 
molecules (e.g., polysaccharides, oligosaccharides, saponins, and 
phenolic compounds) into beneficial metabolites, which can improve 
oral availability [83]. FMT was also used as adjuvant therapy during 
COVID-19 disease. In a recent study, two patients with COVID-19 with 
recurrent C. difficile infection were treated with FMT without adverse 
effects, which suggested that FMT might contribute to COVID-19 
treatment [84]. In addition, 11 patients with COVID-19 were treated 
with FMT for 4 days. Five of the 11 patients had experienced gastroin-
testinal symptoms that significantly improved with FMT. Naive B cells 
decreased and memory B cells and nonswitched B cells increased after 
FMT in all patients. FMT improved actinobacterial abundance and 
reduced proteobacterial abundance at the phylum level. FMT can 
significantly increase Bifidobacterium and Faecalibacterium levels [82]. 

In summary, microbiological therapy can improve the symptoms 
associated with respiratory viral infections to some extent, and some 
agents can also improve the systemic and local immune response by 
regulating the gut microbiota to improve lung symptoms. In addition, 
these microbial therapies reflect not only improvements in the gut 
microbiota and regulation of the gut–lung axis in SARS-CoV-2 treatment 
but also the potential pathogenesis of immune dysregulation associated 

with SARS-CoV-2 through the gut–lung axis. This finding also showed 
that more microbial therapies could be used to achieve the effect of 
adjuvant therapy in the treatment of SARS-CoV-2 infection. 

8. Conclusion 

Bacterial infection is often secondary to respiratory viral infection, 
including infection by not only lung bacteria but also intestinal bacteria. 
SARS-CoV-2 infection is often accompanied by gastrointestinal symp-
toms, which suggests that viral infection may be associated with intes-
tinal microbial imbalance. Moreover, gut microbiota imbalance may 
cause vulnerable healthy individuals to be infected with SARS-CoV-2 
and develop severe symptoms. When abundant inflammatory factors 
are induced by dysregulation of the gut microbiota, the immune 
response may be impaired, thereby affecting the immune regulation of 
the gut microbiota and causing a cytokine storm. However, the mech-
anism of the immune effect of the gut microbiota on cytokine storms 
needs to be further studied. In addition to immune mechanisms, ACE2, a 
receptor of SARS-CoV-2, plays an important role in preventing acute 
lung injury caused by respiratory viruses and is expected to be a po-
tential therapeutic target in recent years. ACE2 was also shown to be 
related to the gut microbiota, resulting in changes in the levels of anti-
microbial peptides, intestinal amino acids, and other substances. How-
ever, relevant mechanistic studies are also limited. In summary, a close 
relationship exists between respiratory viral infection and gut micro-
biota dysregulation. Moreover, symptoms can be improved by microbial 
treatments, which may provide a new cost-effective treatment for SARS- 

Fig. 2. ACE2: a bridge between gut and lung. (a) In the lung and gut, SARS-CoV-2 binds to the ACE2 and activates renin–angiotensin system (RAS) and kinin- 
releasing enzyme kinin system (KKS). (b) After tryptophan intake, ACE2 binds to B0AT1 to produce antimicrobial peptides via the mTOR pathway in the gut, 
which may be mediated by SARS-CoV-2 infection. 
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CoV-2 infection. 
Many questions still deserve further exploration. More attention 

should be focused not only on exogenous bacterial infections in the in-
testine other than SARS-CoV-2 infection but also on severe infections 
caused by immune dysregulation leading to gut microbiota dysbiosis. 
The mechanisms involved in the dysregulation of the gut microbiota that 
may lead to cytokine storms remain to be investigated. The gut–lung axis 
may also refer to the connection between the gut and lung microbiota. 
Whether the gut microbiota and lung microbiota have a synergistic or 
mutual effect on disease progression needs to be explored. Respiratory 
viruses, bacteria, and the gut microbiota constitute the external envi-
ronment of the microbiota, which can be considered a microecosystem 
that is closely related to each other. Therefore, the balance of the entire 
system should be considered when improving the overall microbial 
system environment. 
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