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A B S T R A C T

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has evolved into a major pandemic called
coronavirus disease 2019 (COVID-19) that has created unprecedented global health emergencies, and emerged
as a serious threat due to its strong ability for human-to-human transmission. The reports indicate the ability of
SARS-CoV-2 to affect almost any organ due to the presence of a receptor known as angiotensin converting
enzyme 2 (ACE2) across the body. ACE2 receptor is majorly expressed in the brush border of gut enterocytes
along with the ciliated cells and alveolar epithelial type II cells in the lungs. The amino acid transport function of
ACE2 has been linked to gut microbial ecology in gastrointestinal (GI) tract, thereby suggesting that COVID-19
may, to some level, be linked to the enteric microbiota. The significant number of COVID-19 patients shows
extra-pulmonary symptoms in the GI tract. Many subsequent studies revealed viral RNA of SARS-CoV-2 in fecal
samples of COVID-19 patients. This presents a new challenge in the diagnosis and control of COVID-19 infection
with a caution for proper sanitation and hygiene. Here, we aim to discuss the immunological co-ordination
between gut and lungs that facilitates SARS-CoV-2 to infect and multiply in the inflammatory bowel disease
(IBD) and non-IBD patients.

1. Introduction

The human gut is an ecological niche for a huge population of en-
teric microbiota, majorly dominated by Bacteroidetes and Firmicutes
(Foster and Neufeld, 2013) that produces several metabolites to main-
tain the gut homeostasis (Carabotti et al., 2015; Ahlawat et al., 2020).
The gut microbiota plays important roles such as vitamin synthesis
(Rowland et al., 2017), protection against pathogens (Hillman et al.,
2017), development and maturation of host immune system (Proctor,
2019), intestinal angiogenesis (Baumgart and Carding, 2007), and dif-
ferentiation and proliferation of intestinal epithelium (O’Hara and
Shanahan, 2006). The gut microbial profile of each individual differs
from another with alike relative abundance and dispersal among the
healthy individuals. Also, the gut microbiota of a person keeps on
changing throughout the life (Carabotti et al., 2015) and is most stable
during adulthood (Nicholson et al., 2012). Such that, any deviation
from normal gut microbial composition is defined as “microbial dys-
biosis” that is characterized by the bloom in pathobionts and instability
or reduction in the populations of ‘keystone’ taxa like Bacteroidetes and
Firmicutes (Ahlawat et al., 2020; Duboc et al., 2013). Purposefully, the
concept of gut microbiota dysbiosis has been discussed in a mini-review
published by (Brüssow, 2020).

Besides, the lungs of healthy people harbour Fusobacterium,
Haemophilus, Prevotella, Streptococcus, and Veillonella as main genera,
which are relatively small in size when compared to the enteric mi-
crobiota (He et al., 2017). The emergence and maintenance of lung
microbiota is governed by the equilibrium between microbial migration
from the upper respiratory tract and microbial removal by the host
defense systems, with small contribution from the multiplication of
native microbes. Even in small concentrations, the airway microbiome
is crucial to the host immunity such that an imbalance between the
microbial immigration and removal predisposes its host towards the
progression and exacerbations of respiratory diseases (He et al., 2017;
Wypych et al., 2019). For instance, the patients with cystic fibrosis have
heightened bacterial burden in their lower airways with species like
Burkholderia spp., Pseudomonas aeruginosa, and Staphylococcus aureus.
Asthma is another example of a multifactorial respiratory disease where
the patients have greater diversity of Actinobacteria, Firmicutes, and
Proteobacteria (Marri et al., 2013). There is a recent report of a possible
link of gut microbiota with coronavirus disease (COVID-19) (Dhar and
Mohanty, 2020); however, an updated appraisal is still needed due to
the rapid generation of clinical data on gastrointestinal (GI) symptoms.
Therefore, the present review summarizes the most updated evidences
that suggest the existence of an immunological co-ordination between

https://doi.org/10.1016/j.virusres.2020.198103
Received 24 June 2020; Received in revised form 19 July 2020; Accepted 19 July 2020

⁎ Corresponding author.
E-mail address: kksharma.microbiology@mdurohtak.ac.in (K.K. Sharma).

Virus Research 286 (2020) 198103

Available online 24 July 2020
0168-1702/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01681702
https://www.elsevier.com/locate/virusres
https://doi.org/10.1016/j.virusres.2020.198103
https://doi.org/10.1016/j.virusres.2020.198103
mailto:kksharma.microbiology@mdurohtak.ac.in
https://doi.org/10.1016/j.virusres.2020.198103
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virusres.2020.198103&domain=pdf


two vital organs, i.e., the gut and lungs, throughout the course of
COVID-19 infection.

2. SARS-CoV-2 and COVID-19 outbreak

The coronavirus disease (COVID-19) is an ongoing pandemic with
number of confirmed cases approaches 10.5 million and deaths sur-
passes 600,000 globally. The disease is caused by severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2), a positive-sense,
single-stranded RNA virus of family Coronaviridae and genus
Betacoronavirus (Wong et al., 2020). The proteome of SARS-CoV-2
consists of 4 structural proteins (membrane (M), envelope (E), nu-
cleocapsid (N), and spike (S)) (He et al., 2020), 15 mature non-struc-
tural proteins (nsp1−10 and nsp12−16), and 9 accessory proteins
(Prates et al., 2020). In general, coronaviruses are enveloped, positive-
sense, non-segmented, and single-strand RNA viruses with six known
species to cause human disease. SARS-CoV-2 has emerged as seventh
species known to infect humans. Majority of them mostly cause mild
respiratory disease. However, fatal coronaviruses have appeared spor-
adically in the past decades, such as the severe acute respiratory syn-
drome coronavirus (SARS-CoV) in 2002 and Middle East respiratory
syndrome coronavirus (MERS-CoV) in 2012, which also belongs to
genus Betacoronavirus (Zaki et al., 2012). Very recently in December
2019, the cases of pneumonia with unfamiliar etiology were diagnosed
in Wuhan, Hubei province of China. Later, a new coronavirus, that is,
SARS-CoV-2 was obtained from the samples of lower respiratory tract of
various patients (Repici et al., 2020). The disease was noted to be like
influenza, with symptoms ranging from mild respiratory to drastic lung
injury, multiple organ failure driven by hyper-inflammation and “cy-
tokine storm” syndrome (Neurath, 2020), and death (Lamers et al.,
2020). Fortunately, SARS-CoV-2 has lower (∼4%) mortality rate
compared to other zoonotics like Ebola, SARS, and MARS, which have
higher mortality rate ranging from 15 to 90%. However, it’s un-
fortunate that SARS-CoV-2 could not been contained like other cor-
onaviruses, may be due to its higher rates of asymptomatic transmis-
sion. Further, comparative genome studies have found variations in the
small fragment composed of 380 amino acids across various SARS-like
coronaviruses and SARS-CoV-2. The reported variations have been
contemplated to be important for determining the pathogenic diver-
gence of COVID-19 (Prates et al., 2020).

Additionally, co-morbidities like respiratory diseases, cardiovas-
cular diseases, hypertension, diabetes, and patient age may worsen the
COVID-19 manifestations. Aging is linked to the impairment of ac-
quired immune system, characterized by immune senescence and in-
flamm-aging or the slow occurrence of the chronic sub-clinical in-
flammation. Thus, it is proposed that SARS-CoV-2 infection in older
men with unregulated hyper-inflammation, drastically reduced B lym-
phocyte-driven acquired immunity, impaired plasmacytoid dendritic
cells (DCs) type I interferon (IFN) pathway, and reduced ACE2 ex-
pression, induces high mortality (Gubernatorova et al., 2020) (Fig. 1)
and also opens a Pandora’s box of disease etiology.

3. How SARS-CoV-2 affects the human body?

Currently, the pathologists and clinicians are trying really hard to
figure out the damage made by SARS-CoV-2 as it spread through the
human body. They have discovered that even if our lungs are at prime
risk, the virus can surprisingly move to other organs like the kidneys,
heart and blood vessels, brain, and gut with destructive motives
(Wadman et al., 2020).

When novel coronavirus enters the nose and throat through the
inhalation of virus-laden-droplets expelled from an infected person, it
gets unprecedented welcome by the lining of the nose due to the pre-
sence of a receptor known as angiotensin converting enzyme 2 (ACE2).
The receptor is present all over the body to assist in regulating the host
blood pressure (Fig. 2). However, in the case of COVID-19 infection the

host tissue becomes potentially accessible to the infection as the virus
needs the receptors to enter the cell. Thereafter, the virus takes over the
cell’s machinery to replicate and invade the new cells. During this early
stage, if the immune system doesn’t resist SARS-CoV-2, the virus then
moves down to invade the lungs, where it can grow to fatal level. The
battling immune system with the invader disrupts the oxygen transfer
from the air sacs to rest of the body parts. Further, the fore-front war-
riors, that is, white blood cells (WBCs) release chemokines that conse-
quently directs more immune cells to target and kill the virus-infected
cells, thereby leaving behind the basic pathology of pneumonia, i.e., the
fluid-filled sacs with the dead cells and pus. Autopsies showed the fluid-
stuffed alveoli with WBCs, mucus, and detritus of damaged lung cells
(Wadman et al., 2020). Some patients also contract secondary bacterial
and fungal airway infections (Tay et al., 2020). However, the suspected
driving force in severely-ill patients is a devastating over-reaction of the
human immune system called “cytokine storm”, where the levels of
specific cytokines rise far beyond what’s generally required by the
body, such that the immune cells start attacking the host’s healthy
tissues.

Studies have reported the increased concentrations of these cyto-
kines in blood of hospitalized COVID-19 patients (Wadman et al., 2020;
Lin et al., 2020). The majority of serious COVID-19 cases were linked to
high systemic levels of TNF, IL-1b, and IL-6 (Gubernatorova et al.,
2020), where C-reactive protein (CRP), d-dimers, ferritin (Merad and
Martin, 2020), and IL-6 were found as the most significant clinical
predictors of the COVID-19-associated mortality. IL-6 is a main pro-
inflammatory cytokine at mucosal site during infection onset that per-
forms various functions such as hematopoiesis, regulation to in-
flammation, auto-immunity, acute-phase response, and modulates host
defense via several immune-stimulating mechanisms (Gubernatorova
et al., 2020). Its up-regulation is a typical feature of aging (especially in
men) and continuous elevation of IL-6 is known to foster the viral re-
plication and promote inflammation and injury of the lung tissues.
Thus, the chronic elevation of IL-6, especially in older men, pre-dis-
poses them towards high SARS-CoV-2-associated mortality (Bonafè
et al., 2020). Further, a negative correlation between cytokines con-
centrations and T-cell (CD4+ and CD8+) counts suggests that the
“cytokine storm” actually dampens the host adaptive immunity against
infection (Gubernatorova et al., 2020). In support, the recent analysis of
multi-omics data suggests a functional immune deficiency syndrome
due to the repression or destruction of specific cells of the host immune
system in lungs (Prates et al., 2020). In addition, reduced IFN-γ pro-
duction by CD4 + T cells (Chen et al., 2020b), increased neutrophils,
elevated naïve/memory T-cells ratio (Neurath, 2020), enhanced in-
flammatory monocyte-derived macrophages, and depleted tissue-re-
sident alveolar macrophages were also observed in severe COVID-19
patients (Merad and Martin, 2020). Altogether, many studies have in-
dicated elevated neutrophil/lymphocyte ratio as an independent major
risk factor for severe COVID-19 cases (Liu et al., 2020a; Kuri-Cervantes
et al., 2020; Zhang et al., 2020). In this regard, clinical trials integrating
IL-6 receptor and IL-1b blockade in COVID-19 patients have been in-
itiated with the early encouraging results (Fig. 3). Further, determining
the prevalence and severity of COVID-19 in patients with immune-
modulatory biologics due to other co-morbidities, will provide addi-
tional insights on COVID-19 pathophysiology. It may be explored and
used as a potential candidate to block a specific immune pathway to
control the disease severity (Merad and Martin, 2020). Very recently,
the Drugs Controller General of India (DGCI) has granted an emergency
approval to Itolizumab for treating COVID-19 patients with moderate-
to-severe acute respiratory distress (https://www.hindustantimes.com/
india-news/dcgi-approves-limited-use-of-psoriasis-injection-for-covid/
story-bkVPzdJ7Y9oaCiX2NJkypO.html). Itolizumab is a humanized
recombinant anti-CD6 monoclonal antibody, generally used in treat-
ment of patients with chronic plaque psoriasis by inhibiting T-cell
proliferation and pro-inflammatory cytokines production (https://
www.biocon.com/biocon_products_bio_BF_alzumab_pa.asp).
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4. The bi-directional gut–lung axis: a pre-COVID-19 appraisal

An alteration in gut microbiota is associated to a bi-directional de-
viation in the relationship between the gut and several vital human
organs that eventually cause severe diseases symptoms. Recently, our
gut microbiome group has reviewed the bi-directional communication
network between the gut microbes and vital human organs, except the
lungs (Ahlawat et al., 2020). Interestingly, the alterations in the lungs
microbial community including airways also affect the composition of
intestinal microbiota. Other way, several GI disorders have manifesta-
tions in respiratory tract, for example, about half of the inflammatory
bowel disease (IBD) patients with known alterations in their intestinal
microbiota composition have reduced lung function. Thus, suggesting
the “gut–lung axis” as a bi-directional communication network where
many respiratory infections are often accompanied by GI symptoms
(Wypych et al., 2019) or gut dysfunction or secondary gut dysfunction
complications (Gao et al., 2020). For instance, the respiratory infection
with Pneumocystis murina or influenza virus or intra-tracheal instillation
of lipo-polysaccharide (LPS) in animal models drives changes in their
gut microbiota (Wypych et al., 2019). The respiratory infection with
influenza virus in mice models elevates Enterobacteriaceae and de-
creases Lactococci and Lactobacilli in their gut microbiota. Moreover,
the dysbiosis in airway microbiota upon LPS-administration in mice
disturbs their gut microbiota via bacterial movement from lungs into
blood. Manifestations of pneumonia due to P. aeruginosa or multi-drug
resistant S. aureus in lungs are believed to trigger gut injury, as P.
aeruginosa-induced pneumonia leads to decreased intestinal epithelial
proliferation (Anand and Mande, 2018). Further, acute lung injury
disturbs airway microbiota, triggers transitory translocation of bacteria
into bloodstream, and causes an acute heightened bacterial load in
cecum. The chronic obstructive pulmonary disease (COPD) patients
show the intestinal hyper-permeability with a high prevalence of IBD.
On contrary, the healthy microbiota maintains tolerogenic immune-
modulatory effects in gut and safeguards against the systemic in-
flammatory diseases (He et al., 2017).

In other way, dysbiosis in intestinal microbiota is linked to re-
spiratory disorders and infections. For instance, increase in Clostridia
and reduction in Bifidobacteria in gut is linked to asthma in early life
(Anand and Mande, 2018). Moreover, the “gut–lung axis” also involves

the migration of immune cells from gut to respiratory tract through
circulation, where it encourages the host’s ability to fight infections.
However, similar interplay also occurs in a disease. Further, the gut
regulates the responses in lungs via host-acquired inflammatory med-
iators in the circulation. The elevated levels of these inflammatory
mediators detected in serum of patients with gut disorders influences
immune responses, thereby suggesting an another way of determining
the local micro-environment in lung (Wypych et al., 2019). Also, the
respiratory viral infections can alter the intestinal microbiome, where
the intestinal microbiome determines the adaptive immune responses
against the respiratory pathogens and is necessary for priming the in-
nate immune responses against the pulmonary infections. During re-
spiratory viral infections, the level of macrophage response to the re-
spiratory viruses depends on the presence of intestinal microbes
(Hanada et al., 2018). This suggests that the lung and the gut are closely
linked organs that affect each other’s homeostasis via an immunological
co-ordination between them (Fig. 2). Indispensably, microbes (among
environmental factors) have central role in shaping the normal and
pathologic immune responses in both the lung and gut (He et al., 2017).

Similar cross-talk between gut and lungs occurs in COVID-19 cases.
A study with small sample size of eight patients found that lung mi-
crobial composition in broncho-alveolar lavage fluid samples of COVID-
19 patients is dominated by bacteria generally found in oral and upper
respiratory tract. This was similar to patients with the community-ac-
quired pneumonia. The microbial signatures in lung may predict the
acute respiratory distress syndrome (ARDS), most common complica-
tion from COVID-19, and the long-term outcomes of the outbreak.
Emerging data identifies the role of gut microbiota in improving the
antiviral immunity (He et al., 2020). Such that, various reports suggest
the importance of gut microbiota modulation in reducing enteritis,
ventilator-associated pneumonia, and reversing the side effects of an-
tibiotics in order to avoid the replication of influenza virus in lung
epithelium. However, at current there is no clinical evidence of gut
microbiota modulation as therapeutic for treating COVID-19, but few
emerging reports speculate the role of targeting the gut microbiota as a
new therapeutic choice or adjuvant therapeutic option. In this way,
probiotics can be used to alter the GI symptoms favourably by sus-
taining the balance of gut microecology and protect the respiratory
system by preventing the secondary bacterial infections; thus,

Fig. 1. Graphical representation of gut microbiota alterations and COVID-19-associated mortality rate among various age groups. Source: Ahlawat et al., 2020;
Novel, 2020.
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suggesting the crucial role of gut microbiota in ongoing COVID-19
disease (Gao et al., 2020; Tiwari et al., 2020).

5. The gut–lung axis in post-COVID-19 disease outbreak

The genomic characterization of this novel virus showed a high
homology [72 %] (in regard to the structure of receptor-binding do-
main) with the SARS-CoV, thereby indicating that the new virus via
spike protein S2 could bind ACE2 and infect human cells (D’Amico
et al., 2020; Gao et al., 2020). Out of spike proteins S1 and S2, the S1
mediates the attachment of virus to the host cell membrane and S2
favours the fusion of the cell membranes. This process needs priming by
cellular serine proteases (TMPRSS2) that enable S-protein cleavage,
thereby controlling the entire mechanism (D’Amico et al., 2020). Evi-
dence suggests that ACE2 receptor has protective anti-inflammatory
effects and S-protein of the virus down-regulates its expression via in-
creased release of pro-inflammatory chemokines and cytokines, thereby
eliciting inflammation, vascular permeability, and neutrophil recruit-
ment to the lungs (Bonafè et al., 2020). Consistent with this, many other
studies supported the declined ACE2 expression in pulmonary viral
infections such as SARS-CoV and influenza viruses like H1N1, H5N1,
and H7N9 (Cole-Jeffrey et al., 2015). Thus, coronaviruses including
SARS-CoV-2 have evolved to use proteases in Renin-Angiotensin system
(RAS) for cell entry. RAS proteases other than ACE2 such as ACE and

ANPEP may also be crucial in COVID-19 disease due to their ability to
activate pro-inflammatory genes, which are the components of innate
anti-viral response. By integrating the proteome structural analyses
with the multi-omics data, a recent study, suggested that COVID-19 not
only involves a direct binding of SARS-CoV-2 to ACE2 for cell entry but
it also engages an imbalance of various other components of RAS. The
expression profile of RAS genes from cells of broncho-alveolar lavage
samples of COVID-19 patients suggested significantly up-regulated an-
giotensin, renin, MAS, ACE, and ACE2. In addition, the expression data
from several sources and tissues suggest that the SARS-CoV-2 has
evolved to target the host GI system (Prates et al., 2020).

A recent study identified ACE2 receptor expressing in the GI epi-
thelial cells. This suggests that SARS-CoV-2 just like its 2003 pre-
decessor can actively infect and multiply in GI tract (Wong et al., 2020),
especially in ACE2 receptor-rich lining of the lower digestive tract
(Wadman et al., 2020; Li et al., 2020). Studies showed that the new
virus binds 10–20 times strongly to human ACE2 than its cousin SARS.
Many studies provided additional evidence that the coronaviruses may
infect GI tract due to the high level co-expression of TMPRSS2 and
ACE2 in enterocytes along with lungs and esophagus. The proposed
mechanism involves the alteration of intestinal permeability due to the
novel virus infection that results in enterocyte malabsorption (Fig. 2).
The intestinal ACE2 via its involvement in dietary amino acids uptake
regulates the expression of anti-microbial peptides (AMPs) and

Fig. 2. Representation of a probable “gut-lung axis” in SARS-CoV-2 caused COVID-19 disease. Inhalation of SARS-CoV-2-laden-droplets expelled from an infected
person leads to binding of SARS-CoV-2 to angiotensin converting enzyme 2 (ACE2) and other receptors for entry to host cells. The hyperactive host immune system
releases inflammatory mediators leading to “cytokine storm”. Increased inflammatory mediators lead to lung hyper-permeability such that the virus along with the
inflammatory mediators via circulation migrates to intestine and binds highly expressed ACE2 receptors on the enterocytes. SARS-CoV-2 reduces the expression of
ACE2 receptors and affects the microbial composition and host immune system. The inflammatory mediators disrupt the intestinal permeability leading to the
leakage of gut microbes and associated metabolites into circulation. The leaked microbes and products via circulation migrate to organs including lungs and produce
abnormalities. “Microbial dysbiosis” is also suspected due to the observation of diarrhea as a main GI symptom in patients with the COVID-19 disease. Inset: Human
organs that express ACE2 receptor with the representation of the organs where SARS-CoV-2 reach have been reported previously. : ACE2 receptor, : TMPRSS2

receptor, : neutrophils, : lymphocytes, : mucus, and : inflammatory mediators. *ACE2 and TMPRSS2 are expressed in the brush border of host cells. In
figure, the localisation of ACE2 and TMPRSS2 outside of the gut or lungs instead of in brush border contact is just for easy representation to the readers.
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promotes intestinal homeostasis (D’Amico et al., 2020; Hashimoto
et al., 2012). Evidences suggest that ACE2 plays a crucial non-catalytic
role in gut biology and modulation of intestinal microbiota composi-
tion, thereby leading to a speculation that the beneficial effects of ACE2
are partially mediated through the alteration in intestinal microbiome.
For instance, ACE2-KO animals display altered gut microbial compo-
sition, decreased expression of AMPs, and declined levels of neutral
amino acids in their serum with specific impairment of tryptophan
(Trp) uptake, which can be restored by the Trp administration. In
agreement to this, the probiotics were shown to reduce the oxidative
stress, positively alter the cholesterol levels, release vaso-deleterious
ACE-inhibiting peptides, and attenuate stress-induced hyper-perme-
ability (Cole-Jeffrey et al., 2015). In addition, ACE2 regulates innate
immune responses and influences the composition of host intestinal
microbiota (Perlot and Penninger, 2013). Host Trp metabolites such as
the melatonin, serotonin, and kynurenines and the bacterial Trp me-
tabolites like indole, indolic acid, tryptamine, and skatole have effects
on intestinal microbial composition, microbial metabolism, host im-
mune system, host-microbiome interface, and host immune system-in-
testinal microbiota interactions. Thus, ACE2 has role in regulating in-
testinal amino acid homeostasis, expression of AMPs, innate immunity,
gut microbial ecology, and transmissible susceptibility to colitis as the
transplantation of altered gut microbiota from ACE2 mutant mice into
germ-free (GF) wild-type hosts increases the propensity to develop se-
vere colitis. Additionally, the deficiency in ACE2 results in a highly
enhanced susceptibility to intestinal inflammation caused by epithelial
damage (Hashimoto et al., 2012).

According to a preliminary data, the S-protein of SARS-CoV-2 can
bind another surface molecule, i.e., CD147, and is considered as an
alternative pathway for virus entry inside host cells. CD147 is mainly
found on hematopoietic cells including red blood cells (RBCs), neu-
ronal, and epithelial cells. It is also linked to SARS-CoV infection, where
SARS-CoV protein binds to CD147 in association with cyclophilin A and

the N-protein of SARS-CoV binds to cyclophilin A in ACE2-expressing
infected-host cells. Further, they suggested that the in vitro inoculation
of human lung epithelial cells with SARS-CoV-2 produces cytopathic
effects and ceases the cilium beating of the epithelial cells
(Gubernatorova et al., 2020). In this regard, one strategy for developing
the therapeutics against the SARS-CoV-2 is by blocking the ACE2 or
TMPRSS2 using compounds like baricitinib and ruxolitinib for ACE2
and camostat mesylate and nafamostat mesylate for TMPRSS2 that have
been clinically approved for other co-morbidities (Fig. 3) or by deli-
vering the high concentrations of a soluble recombinant form of ACE2,
i.e., APN01 that can probably reduce the virus entry into the host cells.
Further, monoclonal antibodies targeting the S-protein of SARS-CoV-2
may also inhibit the virus entry or membrane fusion (Tay et al., 2020).

Another very recent study performed to determine the target cell-
type reveals that both SARS-CoV and SARS-CoV-2 can infect the ciliated
cells in differentiated airway cultures and the enterocyte progenitors in
human small intestinal organoids (hSIOs) with apical secretion of the
virus (Lamers et al., 2020). SARS-CoV-2 infects both the post-mitotic
enterocytes labelled by apolipoprotein A1 (APOA1) and K167-positive
dividing cells, thereby displaying the ApoA1+ enterocyte phenotype
and proliferative enterocyte progenitor-phenotype. Initially, single
virus-infected cells were observed after 24 h of infection, suggesting
small infection clusters, which later spread all over the organoid such
that at 60 h, the number of virus-infected cells as well as apoptosis in
virus-infected enterocytes became prominent. The transmission elec-
tron microscopy (TEM) analysis of SARS-CoV-2-infected hSIOs showed
the onset of viral infection in the intact organoid at various stages of
lifecycle, i.e., early double membrane vesicles (DMVs) as areas of viral
replication, initial production of virus in golgi apparatus, and complete
occupation of virus particles in the endomembrane system. This is in
support with the fact that coronavirus (CoV) virions to efficiently re-
lease from the host cells must bud into the lumen of secretory pathway
at endoplasmic reticulum-Golgi intermediate compartment (ERGIC),

Fig. 3. Representation of various immunomodulatory drugs that are proposed to treat the SARS-CoV-2 caused COVID-19 disease, and their action mechanism.
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navigate through the Golgi, and anterograde the endomembrane system
(Westerbeck and Machamer, 2019). Further, the changes in the gene
expression studied via mRNA sequencing suggest that the SARS-CoV-2
infection elicits specific cytokines and interferon-stimulated genes
(ISGs) of type I and III interferon responses, which was stronger than
SARS-CoV (Lamers et al., 2020).

Interestingly, a study revealed the probable role of gut microbiota in
pre-disposition of normal persons to abnormal inflammatory states,
which accounts for severe COVID-19. Among the identified OTUs:
Bacteroides, Streptococcus, and Clostridiales were negatively correlated
with most of the tested inflammatory cytokines, whereas Blautia,
Ruminococcus, and Lactobacillus showed positive associations. In addi-
tion, 45 fecal metabolites categorized as amino acids, bile acids, and
fatty acids from three pathways namely arginine biosynthesis, ami-
noacyl-tRNA biosynthesis, and branched-chain amino acids (BCAAs)
biosynthesis showed significant correlations with greater than half of
the selected OTUs. These metabolites might play an important role in
mediating the effect of intestinal microbiota on host metabolism and
inflammation. Therefore, this suggests a probable role of intestinal
microbiota in the progression and severity of COVID-19 (Gou et al.,
2020).

Emerging data have identified the viral RNA of SARS-CoV-2 in fecal
specimens (Zhou et al., 2020; Li et al., 2020) and anal/rectal swabs of
the COVID-19 patients (Gao et al., 2020) even after the clearance of
virus from the upper respiratory tract (Wong et al., 2020). About 53 %
of sampled patient’s reported viral RNA in their stool samples and up to
half of patients suffer diarrhea. A recent study identified the SARS-CoV-
2 protein localized in duodenal, rectal, and gastric cells in biopsies from
a COVID-19 patient. Moreover, the accumulating data with the evolu-
tion and expansion of the pandemic suggests that the digestive symp-
toms are significantly common in COVID-19 patients (Pan et al., 2020).
Numerous reports across the globe suggest the occurrence of GI
symptoms in COVID-19 patients (Table 1) and surprisingly, a subset of
patients initially presented with only GI symptoms were also reported
(Song et al., 2020). However, reason for variations across various stu-
dies is unclear, possible reasons includes differences in reporting and
different patient populations and viral strains. Additionally, COVID-19
patients with GI symptoms appear to have significantly longer illness
duration and viral clearance time than patients without GI symptoms.
Although, GI symptoms may not be dominant but they would be helpful
in identifying and preventing the spread of COVID-19 at an early stages
with increased requirements to protect and treat the patients with un-
derlying digestive diseases like IBD (Li et al., 2020). Thus, suggesting
the fact that GI symptoms can’t be under-represented against the typical
respiratory symptoms even though they dominate the clinical re-
presentation of the COVID-19 disease. Furthermore, the SARS-CoV-2
presence in GI tract intensifies the alarming danger of its probable
transmittance through the feces of infected persons. Therefore, it alerts
and unease as well due to the possibilities of additional mode of
transmission through open defecation in most of the under-developed
nations. However, till date there are no reported evidences of fecal
transmission and it’s still not evident that whether feces contain intact
or infectious virus or just the viral RNA and proteins (Wadman et al.,
2020). Also, it’s unknown whether the virus in feces is acquired from
the cellular fragments of the respiratory tract or consists of the re-
plicates from the GI tract. Anyway, it’s logical to take precautionary
steps to prevent the fecal-oral transmission (Li et al., 2020).

6. Recommendatory note on IBD during COVID-19

There is a further need to raise awareness regarding the manage-
ment of patients with pre-existing digestive diseases such as IBD
(Queiroz et al., 2020), which is characterized by the periods of remis-
sion and relapse that are triggered by an inappropriate chronic immune
response, whose therapeutics involves immunosuppressive medica-
tions. Some COVID-19 manifestations may mimic an IBD exacerbation;

therefore, it is suggested to test IBD patients for SARS-CoV-2 before
assuming flare diagnosis as currently there is no evidence in support of
SARS-CoV-2 infection as a cause of IBD flare. The immunosuppressed
patients often represent atypical presentations of viral diseases
(Estevinho and Magro, 2020). However, data reported so far did not
recognize the use of immunomodulator as a risk factor for COVID-19
severity (Queiroz et al., 2020) despite the theoretical fact that de-
creased host immune surveillance increases virus burden (Estevinho
and Magro, 2020). It was assumed that these patients are at higher risk
of developing COVID-19 complications (Queiroz et al., 2020) as the
ACE2 expression and activity of host cell trypsin-like proteases are in-
creased in inflamed gut of IBD patients, thereby suggesting inflamed gut
as a doorway for viral entry into host tissues (Monteleone and
Ardizzone, 2020). But reports suggest that having IBD does not increase
the risk of developing COVID-19 (Grossberg et al., 2020; Monteleone
and Ardizzone, 2020; Estevinho and Magro, 2020) as neither in-
flammation nor IBD medication increases the gut expression of ACE2
and TMPRSS2 (Burgueño et al., 2020). Further, ACE2 has two forms,
full-length ACE2 and soluble form, and notably the latter form is up-
regulated in IBD patients. The soluble ACE2, by acting as competitive
interceptor of virus prevents its binding to the full-length ACE2, thereby
raises the possibility towards limiting COVID-19 infection (Monteleone
and Ardizzone, 2020). On other hand, considering the systemic hyper-
inflammation as a driver of COVID-19 severity, it could be hypothesized
that patients on immunosuppressant could have a milder disease
(Fig. 3). The protection against COVID-19 might be due to the ongoing
therapy of IBD and it should not be stopped (Aziz et al., 2020).
Therefore, priority must be given to the maintenance of IBD remission,
as risk of flares outweighs the probability of contracting SARS-CoV-2
infection. Additionally, considering the possibility of transmission via
fecal-oral route, all invasive procedures like surgeries and elective en-
doscopies must be delayed; however, in emergent procedures the pa-
tients should be tested for SARS-CoV-2 (Estevinho and Magro, 2020).

Conclusively, the probable “gut-lung axis” in SARS-CoV-2 caused
COVID-19 disease involves the inhalation of SARS-CoV-2-laden-dro-
plets expelled from an infected person. This leads to the binding of
spike protein of SARS-CoV-2 to ACE2 and other receptors for the entry
inside the host cells. As a result, the hyperactive immune system re-
leases inflammatory mediators that cause lung hyper-permeability such
that the virus along with inflammatory mediators via circulation mi-
grates to intestine and binds to highly expressed ACE2 receptors on
enterocytes. This disrupts the intestinal permeability leading to the
leakage of gut microbes and associated metabolites into circulation. The
leaked microbes and products via circulation migrate to organs in-
cluding lungs, and cause damage. Therefore, “microbial dysbiosis” is
also suspected due to the observation of diarrhea as a main GI symptom
in patients with the COVID-19 disease (Fig. 2).

7. Conclusion

In the current pandemic situation it is necessary to highlight the fact
that the cases of COVID-19 patients suffering with GI symptoms of the
disease are significant and can’t be ignored. Some patients have shown
only GI symptoms, which lead to the under-estimation of COVID-19
cases, as the correct evaluation may not be done in patients having the
mild symptoms. The viral detection and long-term persistence in fecal
samples of COVID-19 patient’s suggest the possible oral-fecal route of
transmission, thereby requiring additional precautions to avoid the
exposure with possible sources of contamination like feces, vomitus,
and other body fluids. There are possibilities of the transmission of
virus via fecal-oral route, therefore it has been emphasized on proper
hand washing, taking additional precautions while using public toilets,
and control on open defecation in the developing and poor countries.
Maximum mortality of COVID-19 disease was reported in elderly or
persons with serious illness and the one with altered gut microbiota
(Fig. 1). Therefore, we propose a possible link among dysbiosis, altered
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immune system, and reduced recovery from SARS-CoV-2 infection.
Further, it is a well-known fact that the flora associated with both the
organs drives the functioning of immune system to combat severe in-
fections. It is possible that the virus induces microbial dysbiosis that
causes diarrhea; therefore, there is a need of an exhaustive multi-omics
study to explore the alterations in gut microbiome, mycobiome, and
virome. Here, gut microbiome can play a crucial role in modulating the
immune responses of COVID-19 infected individual, and prevent the
damage of vital organs, including lungs. Therefore, re-formulating the
gut microbiota may emerge as a new therapeutic target in the disease
management of COVID-19 patients employing nutritional therapy,
probiotics or fecal microbiota transplantation (using standard guide-
lines).
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