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Abstract

Background The SARS-CoV-2 virus is responsible for the COVID-19 pandemic. Researchers have been studying the patho-
genesis of the virus with the aim to improve our current diagnosis and management strategies. The microbiota have been
proposed to play a key role in the pathogenesis of the disease.

Purpose To investigate and report on the current available evidence on any associations between the gut and/or airway
microbiota and the pathogenesis of COVID-19.

Methods Using a predefined protocol in compliance with the PRISMA guidelines, a search was conducted on MEDLINE,
Science Direct, DOAJ and Cochrane databases on primary research studies assessing the association between COVID-19
infection and the gut and/or airway microbiota.

Results Twenty-two studies were included in the current review; nineteen studies concluded an association between the gut
and/or airway dysbiosis and SARS-CoV-2, while 3 studies failed to observe a significant association between the airway
microbiome and SARS-CoV-2 infection. Specifically, most studies reported a decrease in microbial diversity and therefore
development of intestinal dysbiosis in COVID-19-positive patients compared to healthy controls as well as a possible asso-
ciation between increased intestinal dysbiosis and disease severity.

Conclusion During infection with SARS-CoV-2, there are significant changes in the composition of the gut and airway
microbiota. Furthermore, the gut microbiota may have a more important role than the airway microbiota in COVID-19
infection. In the future, studies should be more carefully designed to derive more conclusive evidence on the role of the
gut and airway microbiota following infection with SARS-CoV-2 which will lead to the formulation of better management
strategies in combating COVID-19.
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Introduction

SARS-CoV-2 is a novel beta coronavirus, responsible
for the 2019 novel coronavirus disease (COVID-19) [1].
SARS-CoV-2 can cause Acute Respiratory Distress Syn-
drome (ARDS) which may develop into Systemic Inflam-
matory Response Syndrome (SIRS), subsequently leading
to multi-organ failure [2] and death [3-5]. COVID-19 has
had a severe impact on health [6]; from the beginning of the
pandemic until October 1, 2021, COVID-19 has affected
220 countries accounting for 233,503,524 cases and causing
4,777,503 deaths [7].

The respiratory tract is believed to be the main mode of
entry of the virus [8]. Angiotensin-Converting Enzyme 2
(ACE2) which is expressed heavily on both the respiratory
and the gastrointestinal epithelium is the receptor to which
the viral spike binds [9]. Respiratory droplets are believed to
be the major source of transmission; yet faecal transmission
may also play a role in transmission [10]. Therefore, under-
standing the association between the gut and airway micro-
biota and COVID-19 pathogenesis provides an important
foundation to formulate better diagnostic and management
strategies on combating the pandemic [11].

The microbiota in our body consist of bacteria, archaea,
fungi and viruses that can affect the host health and help pre-
vent diseases [12]. The microbiota play a pivotal role in the
gut by modulating immune homeostasis, thereby providing
an overall protection from pathogens [13, 14]. On the other
hand, the airway microbiome is believed to be part of the
first barrier against respiratory viral infections and disease
progression [15]. In fact, evidence suggests that gut and air-
way microbiota may also play a role in the pathogenesis of
other respiratory viruses such as influenza [16]. It has been
proposed that changes in the composition of the intestinal
microbiota may negatively impact lung function through sys-
temic immunological effects, whereas lung inflammation in
the context of respiratory viral infections may lead to gut
dysbiosis [17]. The interrelation and bidirectional effect
between the microbiota of the aforementioned anatomical
compartments is referred to as the gut—lung microbiota axis.
Previous studies have shown that alteration in the composi-
tion of the intestinal microbiota, through probiotic or anti-
biotic administration, affects the outcome of respiratory
viral infections such as influenza [18], whereas commensal
bacteria in the respiratory tract may be able to strengthen
the mucosal immunity of the respiratory tract [19]. Similar
mechanisms have been proposed with the pathogenesis of
COVID-19 infection [20]. In particular, the gut microbiota
may play a role in regulating the ACE2 receptor which binds
to SARS-CoV-2 [20, 21], while the respiratory microbiota
may protect against infection with SARS-CoV-2 by enhanc-
ing respiratory tract immune responses [22]. This scoping
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review aims to identify the latest evidence derived from pri-
mary research studies investigating the possible alteration of
gut and/or airway microbiota during infection with SARS-
CoV-2. Understanding of the mechanisms involved in this
association will support the development of effective strate-
gies to diagnose, manage and prevent COVID-19 disease.

Methods

This scoping review was conducted based on the methodo-
logical framework developed by key authors in the field.
All the steps involved comply with the most recent relevant
guidance [23, 24].

Review questions

1. Is there an association between infection with SARS-
CoV-2 and changes in the gut and/or airway microbiota?

How does the gut and/or airway microbiota of
COVID-19 patients compare with the microbiota
of patients infected with other viruses and healthy
participants?

2. What is the association between the gut and/or airway
microbiota, the immune system and COVID-19 patho-
genesis and disease severity?

3. Is there any evidence for a potential benefit of using
faecal microbiota transplantation (FMT) on COVID-19
patients during their recovery?

Search strategy

A search on Pubmed, Science Direct, DOAJ and Cochrane
databases until 14 May 2021 was conducted by researcher
DL and validated by researcher KR. Examples of search
terms used on Pubmed are listed in Supplementary Mate-
rial 1, while search terms were adapted in other databases
as appropriate.

Inclusion criteria

Included studies were observational studies or clinical tri-
als assessing the association between gut and/or airway
microbiota and COVID-19 infection in human participants
(Table 1).

Exclusion criteria

Non-human, non-English studies and in-progress clinical
trials were excluded.
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Table 1 Inclusion criteria of

COVID-19 patients

studies included in scoping Population

review Interest
Comparison
Outcome
Study type

Patients’ changes of airway and/or gut microbiota composition
Healthy individuals or patients with other viruses

Type of microbiome detected after COVID-19 infection
Quantitative method

Data extraction

Data extraction was carried out by researcher DL and vali-
dated by researcher KR. The following data were extracted:
author name, type of study, country in which the study was
conducted, sample size, median age of the participants in the
study, study objective, whether and which serum inflamma-
tory markers were evaluated, whether any antimicrobials or
probiotics were administered to the participants of the study,
sample collection and evaluation methods and key findings
(including microbiota affected).

Data synthesis

The process of data synthesis involved summarising the key
findings of the included studies and exploring the relation-
ship between studies in a narrative form. In addition, the
mean and the SEM of any numeric figures were calculated.
The studies were grouped into studies investigating: (a) gut
microbiota (Table 2) or (b) airway microbiota (Table 3) and
(c) both gut and airway microbiota (Table 4).

Results
Overview of included studies
Study selection

The PRISMA flow diagram [25] shows the number of stud-
ies identified, studies excluded and final studies included in
the current review paper (Fig. 1). The initial search retrieved
312 articles through database search and two extra papers
were found through manual checking of other literature
reviews. 44 articles were eliminated due to duplication,
giving rise to 270 articles. After screening the papers by
reviewing the abstracts and titles and applying the inclusion
and exclusion criteria, 35 papers were eligible to be included
in this review. During the full manuscript review process,
13 papers were deemed ineligible since they were not rel-
evant to our current research question (2 of them did not
include any COVID-19 patients or investigate SARS-CoV-2
virus, 5 of them were animal studies, 3 of them were not
observational studies or clinical trials and 3 of them did not
investigate the direct relationship between COVID-19 and

airway or gut microbiota). In total, 22 studies were included
in the review.

Study characteristics

Ten of the 22 studies included in the review investigated the
association between COVID-19 infection and the composi-
tion of the gut microbiota, 11 studies examined the changes
in the composition of the airway microbiota during infection
with COVID-19 and one study focused on the association
between COVID-19 and both the airway and gut micro-
biota. The main characteristics of the studies are shown
in Tables 2, 3, 4. Ten studies investigated the association
between gut microbiota and COVID-19 [26-35], 11 studies
investigated the association between airway microbiota and
COVID-19 [36-46] and one study investigated the associa-
tion between both gut and airway microbiota and COVID-19
[47]. All studies collected their samples after onset of infec-
tion with SARS-CoV-2.

Studies investigating the association between gut micro-
biota and COVID-19 Among the 10 studies investigating
the association between gut microbiota and COVID-19
[26-35], eight studies were cohort studies [27-33, 35], one
study was a cross-sectional study [26], and one study was a
clinical trial [34] (Table 2).

Nine studies focused on the intestinal dysbiosis during
COVID-19 infection [26-33, 35], 4 studies examined the
relationship between COVID-19 severity with gut micro-
biota composition [27, 30, 32, 35]. 2 studies focused on
intestinal dysbiosis post COVID-19 infection [28, 33] and
one study assessed the efficacy of faecal microbiota trans-
plantation post COVID-19 infection [34]. Eight studies
collected the microbiota DNA from stool samples [26-31,
34, 43] while 2 studies collected their samples from rec-
tal swabs [32, 35]. Five studies included participants who
were administered antimicrobials and/or probiotics prior to
sample collection [27, 28, 30, 32, 35], 3 studies excluded
these participants [26, 31, 32] while 2 studies did not report
this information [29, 33]. Six studies had recruited their
participants from China [26, 27, 31-34], three studies from
Hong Kong [28-30] and one from Italy [35]. The mean sam-
ple size of all studies was 62 (SEM =16) and the median
age of COVID-19 subjects was 55.09 (SEM =3.41). Only
one study [35] mentioned the sample collection time with
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regards to antibiotic/probiotic/antiviral use; all other studies
did not disclose this information.

Studies investigating the association between airway micro-
biota and COVID-19 The search identified 10 cohort studies
[36—43, 45, 46] and one case—control study [44] investigat-
ing the association between airway microbiota and COVID-
19 (Table 3).

Eleven studies investigated the composition of the airway
microbiota during COVID-19 infection [36—46], 2 studies
examined the association between the composition of airway
microbiota and COVID-19 severity [40, 46] and 2 studies
assessed the prevalence of co-infection during COVID-19
[41, 45]. Ten studies examined the DNA of the microbiota
collected from nasopharyngeal swabs [36-42, 44-46], 2
studies collected DNA samples from endotracheal aspiration
[41, 46] and 2 studies collected samples using bronchoal-
veolar lavage [41, 43]. Three studies included participants
who were administered with antimicrobials and/or probiotics
prior to sample collection [41, 43, 46], one study excluded
these participants [37] and 7 studies did not report this
information [36, 37, 39, 40, 42, 44, 45]. None of the studies
reported if antibiotics or probiotics were used before or after
the sample collection.

Subjects were recruited from Italy in four studies [36, 37,
39, 40], from China in three studies [41-43], from the US in
three studies [38, 45, 46] and from Israel in one study [44].
The mean sample size of all studies was 98 (SEM =31). The
average median age of the COVID-19 subjects in the studies
was 54.71 (SEM =4.78).

Studies investigating the association between both gut
and airway microbiota and COVID-19 Only one study inves-
tigated the association between both the gut and airway
microbiota and COVID-19 [47]. Sixty-four participants
were recruited to study the temporal changes of airway and
gut microbiota composition during COVID-19 infection.
Both anal and throat swabs were used to collect the samples,
while subjects had received antimicrobial treatment prior to
sample collection (Table 4).

Study outcomes

Studies investigating the association between gut
microbiota and COVID-19

Among the 10 studies investigating the role of the gut micro-
biota on COVID-19, 5 studies concluded that COVID-19
infection increased the amount of opportunistic pathogens in
the gut [26-29, 31] and 6 studies suggested that COVID-19
infection reduced the number of beneficial gut microbiota
[26, 27, 29-32] (Table 2).

Comparison of gut microbiota in COVID-19 patients vs.
patients infected with other viruses and healthy partici-
pants Gu et al. [26] examined the difference in composi-
tion of gut microbiota of COVID-19 patients compared to
patients infected with HIN1 and healthy individuals due
to the similarities of clinical presentation and transmission
routes of HIN1 and SARS-CoV-2. The microbial profiles
of the COVID-19 and HIN1 patients were significantly less
diversified than those of the healthy control group. Moreo-
ver, even though the clinical presentations of COVID-19
group and HIN1 group were similar, a lower plasma con-
centration of lymphocytes and a higher concentration of
IL-6 and TNF-a were found in the COVID-19 patients com-
pared to the healthy control group [26] (Table 2).

Lv et al. [31] investigated the association between
COVID-19 clinical features and intestinal microbiota,
and they found an association between Aspergillus niger
and diarrhea symptoms, which was present in 20.89% of
COVID-19 patients in this study [31] (Table 2).

Zuo et al. [29] investigated the changes in intestinal fun-
gal microbiota among patients with COVID-19 during their
hospitalisation and their recovery. The results of the study
showed that the COVID-19 group and healthy control group
demonstrated a similar faecal mycobiome profile at baseline;
however, patients with COVID-19 and community-acquired
pneumonia (CAP) presented with high mycobiome hetero-
geneity during the course of the disease. Fifty-three percent
of COVID-19 patients showed instability with their fecal
mycobiome and this continued after their discharge [29].

Gut microbiota, the immune system and disease sever-
ity Yu et al. [32] described the changes of the immune
system and gut dysbiosis among 3 COVID-19 patients with
severe refractory hypoxaemia and reported a different gut
microbiota composition in COVID-19 patients compared
to that of healthy individuals. The researchers concluded
that the intestinal dysbiosis may be a key factor influencing
COVID-19 severity [32] (Table 2).

Yeoh et al. [30] compared the stool samples from hos-
pitalised COVID-19 patients with non-COVID-19 healthy
individuals to investigate if intestinal microbiota ecology
can reflect COVID-19 clinical severity and immunological
profile. It was reported that intestinal dysbiosis being the
most important contributing factor for disease severity, while
the use of antibiotics was the second most important factor.
More importantly, as higher inflammation markers, includ-
ing CRP, TNF-a and IL-10, were found among COVID-19
patients with severe disease, it was proposed that the altera-
tion of intestinal microbiota composition may be associated
with hyper-inflammatory responses [30].

Zuo et al. [28] detected a high level of COVID-19
genome in 7 out of 15 patients’ stool samples, while none
of these patients presented with any GI symptoms. A higher
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abundance of opportunistic bacterial species were found
among the stool samples with high COVID-19 infectivity.
On the other hand, bacteria associated with immune prim-
ing, such as butyrate-producing bacteria, were found in the
faecal samples of patients with low SARS-CoV-2 infectiv-
ity. These results highlight the importance of the potential
faecal—oral transmission route even in patients without GI
manifestations [28].

@ Springer

Tang et al. [27] recruited COVID-19 hospitalised patients
and categorised them by disease severity. Analysis of stool
samples showed a decreased abundance of beneficial bacte-
ria and an increased abundance in opportunistic pathogens in
all COVID-19 patients. The intestinal dysbiosis progressed
according to the severity of the disease and 55.6% of critical
patients presented with intestinal micro-ecological failure.
Based on these findings, it was suggested that the intestinal
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microbial profile could be used as a diagnostic biomarker
and a prognostic factor of the severity of COVID-19 [27].

Chen et al. [33] conducted a 6-month follow-up study to
determine the diversity of the intestinal microbiota among
COVID-19 patients during different timepoints of the dis-
ease. It was concluded that the microbiota richness was
reduced after disease onset; microbiota diversity decreased
during the beginning of the disease and remained unchanged
throughout the course of the disease. Interestingly, micro-
biota richness failed to return to normal even after 6 months
post hospitalisation. Patients with the lowest diversity pre-
sented with the highest CRP concentration and disease
severity, therefore indicating a potential association between
the extension of intestinal dysbiosis, inflammatory response
and clinical severity [33].

By comparing COVID-19 patients in the intensive care
units (ICU) and the infectious diseases wards (ID), Maz-
zarelli et al. [35] found that microbial richness was reduced
in the ICU group compared to the ID group. Furthermore,
contrary to non-COVID-19 patients, Proteobacteria were
found to be abundant while Spirochaetes and Fusobacteria
were depleted in COVID-19 patients.

Fecal microbiota transplantation in COVID-19 patients Liu
et al. [34] were interested in the potential benefit of using
faecal microbiota transplantation (FMT) on COVID-19
patients during their recovery. Eleven COVID-19 patients
who had been discharged 1 month before the start of the
study were recruited and received FMT for 4 days in the
form of an oral capsule. Blood and stool samples were col-
lected before and after FMT to observe any immunological
profile alterations or changes in the composition of the gut
microbiota. Upon receiving FMT, there was a decrease in
the naive B cells and an increase in memory B cells and
non-switched B cells, suggesting the treatment may have
positive effects on the subjects’ immune system. FMT also
resulted in an improvement of dysbiosis post COVID-19
infection. At the same time, 5 out of 11 subjects reported
GI symptoms after the recovery from COVID-19, and upon
receiving FMT, all 5 patients reported a relief of their symp-
toms [34].

Studies investigating the association between airway
microbiota and COVID-19

Among the 11 studies that investigated the association
between airway microbiota and COVID-19, 8 studies con-
cluded that there was an association between COVID-19
infection and alteration of airway microbiota composition
[37-40, 42, 43, 45, 46], while three studies suggested that
there was no significant difference [34, 40, 45]. Six studies
concluded that COVID-19 infection increased the coverage
of opportunistic pathogens in the airway [37, 39, 40, 42,

45, 46], while 2 studies reported a reduction in commensal
bacteria in the airway due to COVID-19 [35, 44] (Table 3).

Airway Microbiota in COVID-19 patients vs. patients infected
with other viruses vs healthy participants Rueca et al. [37]
examined the differences in the nasopharyngeal microbiota
population among COVID-19 patients, other coronavirus
patients and healthy individuals. They reported a decrease in
nasopharyngeal microbiota richness among the COVID-19
patients, particularly in those admitted to the ICU. Oppor-
tunistic pathogens such as Pseudomonaceae presented
exclusively in the COVID-19 ICU group [37].

Shen et al. [43] investigated the mutation rate of SARS-
CoV-2 and also the variances in terms of nasopharyngeal
microbiota composition between COVID-19 and commu-
nity-acquired pneumonia (CAP) patients. The results of the
study suggested that the mutation speed of SARS-CoV-2
allele may be comparable to that of the Ebola virus. On the
other hand, comparison of airway microbiota of COVID-19
and CAP patients to that of healthy controls suggests lung
dysbiosis, even though no significant changes were found
in microbiome composition between COVID-19 and CAP
patients [43].

Nardelli et al. [39] analysed the difference in the com-
position of the nasopharyngeal microbiota among COVID-
19 patients compared to recovered COVID-19 patients
and healthy individuals. Compared to the healthy control
group, it was found that the microbiome was significantly
different in the COVID-19 group in comparison to the non-
COVID-19 group. This difference remained unchanged even
after the patients’ recovery. Interestingly, Fusobacterium
periodonticum (FP), had a negative correlation with symp-
tom severity. Previous studies have demonstrated the role of
FP in the metabolism of sialic acid, which may be one of the
key receptors of SARS-CoV-2 [48]. Therefore, the reduction
of FP may increase patients’ susceptibility to COVID-19
infection [39].

Rosas-Salazar et al. [38] examined if there were any dif-
ferences in the composition of upper respiratory tract micro-
biota between mild COVID-19 patients and an uninfected
control group. They reported a significant difference in the
airway microbiome of nasal swab samples between the two
groups. The difference was more prominent in COVID-19
patients with higher viral loads compared to those with
lower viral loads [38].

Zhang et al. [42] examined possible changes in the diver-
sity of the airway microbiome among COVID-19 patients
compared to non-COVID pneumonia patients. They reported
that the airway microbiome in samples from COVID-
19 patients was less diversified and more abundant with
opportunistic pathogens. The research team also identified
various differentially expressed host genes in samples from
COVID-19 patients, most of which were related to cytokine
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signalling deregulation, suggesting an important role in the
immunopathogenesis of COVID-19 [42].

Mostafa et al. [45] applied meta-genomic next-generation
sequencing (mNGS) on COVID-19-positive and -negative
nasopharyngeal swab specimens, and found that mNGS
achieved 77.5% accuracy compared to regular diagnostic
RT-PCR test. In addition, 12.5% of the samples showed
a high abundance of opportunistic pathogens. COVID-19
samples also showed a significant decrease in their airway
bacterial diversity which was directly proportionated to dis-
ease severity [45].

Merenstein et al. [46] reported a marked difference of
airway microbiome communities between the COVID-19
patients and the healthy control group. Microbiota composi-
tion was significantly less diverse in patients presenting with
severe disease. In addition to the above, the loss of micro-
biota diversity was also associated with a lower lymphocyte
to neutrophil ratio, a well described biomarker linked to dis-
ease severity. However, the researchers acknowledged that
it remains unclear whether the systemic immune response
was directed by the airway microbiota or other factors [46].

Airway microbiota, the immune system and COVID-19 dis-
ease severity Ventero et al. [40] collected microbiota sam-
ples from nasopharyngeal swabs of COVID-19 patients and
compared them to negative control subjects. The COVID-19
patients were further categorised according to disease sever-
ity. A significant difference in the nasopharynx microbiota
composition between the two groups was reported. The net-
work complexity of the microbiota was decreased in patients
with more severe disease, suggesting a potential biomarker
for COVID-19 severity [40].

Studies showing no association between COVID-19 infec-
tion and airway microbiota composition Contrary to the
reports of other studies, Braun et al. [44] found no differ-
ences in the composition of the airway microbiome between
samples from confirmed COVID-19 patients compared to
negative COVID-19 patients [44]. Consistently, when De
Maio et al. [36] compared the nasopharyngeal microbiota
composition among COVID-19 and healthy controls they
found that there were no significant differences in microbi-
ota richness, diversity and composition between the SARS-
CoV-2-infected patients and the healthy control group [36].

Miao et al. [42] examined if there were any differences in
the composition of the airway microbiota between critically
ill COVID-19 patients compared to a non-COVID-19 control
group. They reported that critically ill COVID-19 patients
had a significantly higher co-infection rate (81.3%) com-
pared to those with severe (5.1%) or mild disease (0%). Anti-
microbials were also commonly used in all patients (100%
of critically severe patients, 76.9% of severe patients and
21% of mild patients). In terms of differences in the airway
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microbiome, it was concluded that critically ill and intu-
bated COVID-19 patients had a distinct airway microbiome
compared to the non-intubated and non-COVID-19 patients.
However, the microbiota profile in the intubated COVID-19
patients was similar to that of the intubated non-COVID-19
groups. Therefore, the research team suggested that the
differences in airway microbiome in critically COVID-19
patients may be caused by intubation and mechanical venti-
lation, rather than COVID-19 infection per se [42].

Studies investigating the association between both airway
and gut microbiota and COVID-19

Only one cohort study in China was identified in our search
to have examined the association between both the gut and
airway microbiota and COVID-19 [47] (Table 4). Xu et al.
[47] conducted both throat and anal swabs on COVID-19
patients, non-COVID-19 patients and healthy adults to
assess any changes between the airway and gut microbi-
ota during the course of SARS-CoV-2 infection. The team
reported that the diversity, richness and evenness of both the
airway and the gut microbiome were significantly lower in
COVID-19 patients, in comparison to both non-COVID-19
and the healthy control group. This alteration was gradually
restored back to normal towards the end of their infection
in both the upper respiratory tract and the intestine among
COVID-19 patients with mild disease. Furthermore, the
richness of the microbiome in both organ systems seemed
to be negatively associated with the serum level of lipopol-
ysaccharides. In terms of the microbiota composition, an
elevated coverage of opportunistic pathogens was found in
both the airway and the gut. Interestingly, the absence of
functional bacteria, such as Bifidobacterium, Lactobacillus
and Faecalibacterium, in the gut was found to be negatively
correlated with the abundance of opportunistic pathogens
[47].

Discussion

The aim of this review was to report the current evidence
from research studies investigating the association between
COVID-19 infection and the composition of the gut and
airway microbiota. Nineteen studies concluded a correla-
tion between airway and/or gut dysbiosis and SARS-CoV2
[26-35, 37-40, 42, 43, 45-47], while 3 studies failed to
observe any significant association between the airway
microbiome and SARS-CoV2 infection [36, 41, 44]. The
findings of the current review suggest that the gut microbiota
may have a more important role than the airway microbiota
in COVID-19 infection. Specifically, the studies reported a
higher colonization with opportunistic pathogens in both the
gut and airway samples of SARS-CoV-2-infected patients.
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These opportunistic pathogens included Streptococcus,
Clostridium, Enterococcus, Peptostreptococcaceae in the
gut and Salmonella, Pseudomonadaceae, Bacteroidetes,
Streptococcus, Staphylococcus Haemophilus, parainfluen-
zae, Neisseria, Rothia, Porphyromonas, Sarccharibacteria
incertae sedis, Human influenza virus, Respiratory syncy-
tial viruses and Human alphaherpesvirus 1 in the airway.
In addition, there was a reported downregulation of com-
mensal bacteria, such as butyrate-producing bacteria (BPB)
Ruminococcaceae, Lachnospiraceae, Faecalibacterium and
Bifidobacterium in the gut and Bacteroides and Bifidobac-
terium in the airway.

Interestingly, one of the studies addressed the potential
linkage between the respiratory and the gut microbiome
[47]. Compared to the gut, the respiratory tract is more sus-
ceptible to pathogenic invasions [49, 50], and thus dysbiosis,
if any, in the respiratory tract is likely to occur earlier in
comparison to intestinal dysbiosis [47]. Through microbe-
induced inflammation and swallowing, bacteria may translo-
cate from the oropharynx to the gastrointestinal tract, which
potentially explains the association between respiratory and
intestinal dysbiosis [50, 51].

Most of the studies included in the current review
acknowledged that it may be difficult to identify whether
the imbalance in the microbiota composition is the cause or
consequence of SARS-CoV-2 infection. In fact, the samples
from all studies were collected after the onset of SARS-
CoV-2 infection; therefore, there were no baseline micro-
biota compositions for researchers to compare microbiome
diversity during and after SARS-CoV-2 infection. Animal
studies may be able to provide some answers, as samples
can be collected before, during and after the infection with
SARS-CoV-2 to observe any changes in microbiota. By
infecting macaques with the SARS-CoV virus, Sokol et al.
[52] observed a clear cause and effect relationship between
SARS-CoV-2 and intestinal microbiota composition. In par-
ticular, faecal samples from infected subjects were domi-
nated by Bacteroidetes, Acinetobacter and Firmicutes. When
comparing to SARS-CoV-2 viral load both nasopharyngeally
and rectally, it was reported that the coverage of Acinetobac-
ter was proportionated with the nasopharyngeal viral load,
while the coverage of Peptostreptococcaceae was propor-
tionated to the rectal viral load. These changes of microbiota
ecology were also accompanied with a marked reduction of
short-chain fatty acids (SCFAs) produced by the microbi-
ome which may induce local immunomodulatory changes in
the subjects [52]. The aforementioned immunomodulatory
and taxonomic diversity changes in the microbiota compo-
sition, may account for the loss of microbiome functional
redundancy and increased susceptibility to colonization from
pathogenic bacteria in patients with COVID-19 infection.

Butyrate (one of the key SCFAs)-producing bacterium is
significantly reduced during COVID-19 infection [27, 29,

31, 35, 53]. The resulting reduction of butyrate production
in the gut may be linked to a pro-inflammatory state [54],
thus increasing susceptibility to pulmonary viral infections,
including COVID-19 [55-57]. Although evidence suggests
that SCFA does not interfere with COVID-19 infection in the
intestine [53], a reduction in SCFA may promote a systemic
pro-inflammatory state in both macaques [52] and humans
[58]. In support of this, dietary interventions may alter the
composition of airway and intestinal microbiota, which may
potentially affect the clinical course of COVID-19 infection
by modulating systemic immune responses [59].

A decrease in SCFA can also downregulate the ACE2
[60], one of the key receptors of SARS-CoV-2 virus [61].
The depletion of ACE2 has been shown to promote epithe-
lial damage in the intestine and thus increase susceptibility
to inflammation in animal studies [62]. The abundance of
SARS-CoV-2 virus in the gastrointestinal tract was proven
to provide a gastrointestinal route for COVID-19 infection
[63] which may worsen intestinal dysbiosis. Therefore, there
is a pathogenic feedback loop between the reduced produc-
tion of SCFA and SARS-CoV-2 [31]. A similar phenomenon
can be observed in the airway through the downregulation of
pharyngeal mucosal ACE2 by the imbalance of the airway
microbiome [62, 64, 65].

The increase in opportunistic pathogens in the gut and
in the airway during the course of COVID-19 also plays a
significant role in worsening disease prognosis. Co-infection
has been shown to be a key prognostic factor in COVID-19
[66]; for example, pulmonary aspergillosis was estimated to
occur in 19-33% of COVID-19 patients [67-69], and was
reported in two of the studies included in this review [29,
31]; Pseudomonas is one of the most commonly reported
pathogens isolated from COVID-19 patients with bacterial
co-infection [70], which was reported in one study included
in this review as well [37].

Several limitations have been identified in the studies
included in the current review. All papers studied COVID-19
cases retrospectively and there was lack of longitudinal data
to determine microbiota composition at baseline since this
is not routinely assessed in the management of COVID-19
patients. More animal studies in the future may give us fur-
ther insight on the progression of the microbiome alteration
during the whole course of disease [71]. Another limitation
is that 9 out of 10 gut microbiota studies came from either
China or Hong Kong, while subjects from the airway micro-
biota studies were recruited in 6 different countries. This
suggests that the literature on intestinal microbiome could
contain a higher level of selection bias due to lack of geo-
graphic heterogeneity. Moreover, the high average median
ages in our analysis may represent a relatively homogene-
ous demographic exposed to similar environmental factors.
This could affect the objectivity when studying the patients’
microbiota profiles [72]. The small average sample size of
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all studies is also an important limitation of the studies pre-
sented in the current paper. However, it is important to note
that most studies were pilot studies due to the recent occur-
rence of COVID-19 pandemic. In addition, only one study
included non-hospitalised COVID-19 patients [40], while 5
studies recruited patients from the Intensive Care Unit for
comparison [27, 35, 37, 40, 41]. The composition of the
microbiota could have been affected by the hospital [73]
and ICU [74] environment, and may have therefore affected
the objectivity of the studies. Furthermore, only 4 out of 22
studies excluded subjects who received antimicrobial and/
or probiotic treatment prior to the sample collection [26, 31,
34, 38], while 9 studies chose to include these participants
[27, 28, 30, 32, 35, 41, 43, 46, 47] and 9 studies did not
report this information [29, 33, 36, 37, 39, 40, 42, 44, 45].
In addition, with the exception of one study [35], the remain-
ing studies did not report the time of sample collection in
regards to the administration of antibiotic or probiotic. In
fact, the use of antimicrobials have been shown to affect
intestinal [75] and respiratory tract microbiota composition
[49], therefore introducing bias in the findings. However,
the difficulty to exclude these subjects is understandable,
especially when antibiotics are commonly prescribed among
critically ill COVID-19 patients [30]. In terms of sample
collection, although certain studies suggest that rectal swabs
are inferior to faecal sample collection [76], other studies
suggested that they may be interchangeable [77, 78]. How-
ever, in airway microbiota studies, bronchoalveolar fluid lav-
age has been found to be a better sample collection method
compared to nasopharyngeal swabs or throat swabs [79, 80],
suggesting a better alternative for future study design. On
the other hand, the composition of the microbiota may be
easily affected during the process of sample collection by
the personnel involved in sample collection as well as the
hospital environment [81].

Conclusion

Our current review supports that there is overwhelming evi-
dence that significant changes of the gut/airway microbiota
composition are associated with SARS-CoV-2 infection and
influence disease progression and prognosis. In particular,
the gut microbiota may have a more important role than the
airway microbiota in COVID-19 infection. However, stud-
ies with larger cohorts, longer duration, broader age group,
more diverse subject demographics from different geograph-
ical locations, as well as studies that take into consideration
provision of antimicrobials and probiotic administration in
COVID-19 patients are needed to derive more conclusive
results on identifying individualized changes of micro-
biota composition alterations of the gut-lung axis during
SARS-CoV-2 infection. The completion of such studies will

@ Springer

derive more conclusive evidence of the role of the micro-
biota in COVID-19 disease and will allow the development
of better management strategies to be applied in combat-
ing COVID-19. As the pandemic progresses, a novel group
of chronic patients with long-COVID is expected to pose a
new challenge for healthcare settings worldwide. Sustained
loss of intestinal microbiota diversity could be implicated
in prolonged immunological changes that, in theory, could
account for chronic symptoms associated with SARS-CoV-2
infection. Unravelling the dynamics of microbiome changes
in the context of COVID-19 may offer a novel target for
therapeutic interventions that extend beyond the acute phase
of the disease.
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