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Abstract

The novel human coronavirus, Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), which results in the
coronavirus disease 2019 (COVID-19), has caused a serious threat to global public health. Therefore, many studies are
performed on the causes and prevalence of this disease and the possible co-occurrence of the infection with other viral and
bacterial pathogens is investigated. Respiratory infections predispose patients to co-infections and these lead to increased
disease severity and mortality. Numerous types of antibiotics have been employed for the prevention and treatment of bacte-
rial co-infection and secondary bacterial infections in patients with a SARS-CoV-2 infection. Although antibiotics do not
directly affect SARS-CoV-2, viral respiratory infections often result in bacterial pneumonia. It is possible that some patients
die from bacterial co-infection rather than virus itself. Therefore, bacterial co-infection and secondary bacterial infection
are considered critical risk factors for the severity and mortality rates of COVID-19. In this review, we will summarize the
bacterial co-infection and secondary bacterial infection in some featured respiratory viral infections, especially COVID-19.

Introduction
Special Features of Coronavirus

The pandemic of severe acute respiratory syndrome corona-
virus 2 raised the attention toward bacterial co-infection and
its role in coronavirus disease 2019 (COVID-19) disease.
The coronavirus belongs to the Coronaviridae virus family,
infecting birds and mammals through respiratory infections
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[1]. This virus can cause common cold to more severe ill-
nesses, such as SARS, MERS, and COVID-19 [2, 3]. The
most prominent clinical symptoms of this disease are dry
cough, shortness of breath, fever, and fluid accumulation in
the interstitial space of the lungs and chest cavity [4, 5]. Res-
piratory viruses, such as coronaviruses and influenza viruses,
can cause acute damage to lung epithelial cells, allowing
other pathogens to infiltrate the affected area. [6, 7]. The his-
tory of COVID-19 infection is as follows: the first cases were
reported in December 2019, from December 18 to 29, 2019,
five patients were admitted with acute respiratory symptoms,
one of whom died [2]. On January 2, 2020, a total of 41
patients with infectious symptoms were admitted to Wuhan
Hospital in China and confirmed positive for COVID-19 by
molecular tests [2]. Diabetes, hypertension, cardiovascular
disease, cancer, lung disease, and other medical conditions
were present in these patients [2]. It was assumed that these
patients probably acquired nosocomial infections, which
might be a reason for the severity of their disease [2]. Fever,
cough, muscle, or body aches are common symptoms of
coronavirus disease, while other symptoms include sputum,
headache, bleeding, diarrhea, indigestion, and lymphopenia
(decreased lymphocyte count) [8]. Lung ultrasound (LUS)
is proven to be a valuable tool to detect specific findings in
COVID-19 patients such as pneumonia [8]. Shortness of
breath and muscle pain have also been reported in cases
of systematic and severe implications [9, 10]. Abnormal
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features such as acute respiratory syndrome, acute heart
failure, and fibrotic pulmonary lesions that lead to death
have also been observed in these patients [11]. Sometimes,
multiple ground glass opacity lesions have occasionally been
observed in the sub-pleural regions of both lungs (accumu-
lation of fluid in the space between the lungs and the chest
cavity), leading to increased inflammation of this organ [12].
Some patients infected with COVID-19 also experienced
gastrointestinal (GI) symptoms, such as diarrhea; however,
a small percentage of patients infected with MERS or SARS
viruses had experienced similar GI diseases [12]. Secondary
bacterial infections play a critical role in the morbidity and
mortality rates of patients initially falling ill with pulmonary
viral diseases. This study aims to identify key characteristics
of the microbial dysbiosis associated with patients infected
with SARS-CoV-2. We have described not only the bacte-
rial toxins, but also the direct bacterial invasion, which can
be involved in severe COVID-19. Furthermore, this review
discusses the interaction between SARS-CoV-2 and the host
immune system.

Incidence of Microbial Diseases and Secondary
Infections in Patients with COVID-19

Multiple ground glass opacity lesions have occasionally
been observed in the sub-pleural regions of both lungs (fluid
accumulation between the lungs and the chest cavity), lead-
ing to increased inflammation of this organ. The mechanism
of action of viruses in the host body and the occurrence of
symptoms were described in the preceding section. It can
be noted that the proliferation of virus in lung tissue and its
destructive effects on respiratory epithelial cells provide a
suitable environment for the invasion and colonization of
bacterial pathogens. [6]. So bacterial products may enter
the patient’s bloodstream and cause more severe symptoms
[13]. Bacterial and fungal secondary infections that co-occur
with viral respiratory infections are attributed to mechanical
ventilation used for the treatment of patients. Lung damage
by COVID-19 and impaired immune response can provide
a favorable environment for the proliferation and establish-
ment of microorganisms in hospitalized patients. Studies
show that secondary bacterial pneumonia is a potential risk
factor for the severity and complications in patients with
COVID-19 [14]. For example, secondary infections have
been caused by Stenotrophomonas maltophilia, Klebsiella
pneumonia (K. pneumonia), or Escherichia coli (E. coli)
with serious complications, such as bacteremia, sepsis and
nosocomial pneumonia in patients with SARS [15]. In addi-
tion, nosocomial infections and high mortality rate observed
in influenza pandemics show that the entry of pathogenic
populations such as Streptococcus pneumoniae, (S. pneu-
monia), Haemophilus influenzae (H. influenza), and Staph-
ylococcus aureus (S. aureus) into the infected host is the
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causative factor [16]. Therefore, concerns about co-infec-
tion of SARS-CoV-2 with other known pathogenic viruses,
bacteria, and fungi are discussed. Mechanical ventilation is
required for the treatment of patients with acute respiratory
symptoms and hypoxia, which can increase the risk of pneu-
monia. [17, 18]. Under these conditions, changes in oxygen
levels, alveolar ventilation and deposition of inhaled parti-
cles, blood flow, and the density of inflammatory cells affect
the microbial growth conditions in the lungs [19]. So far,
the predominant microbial population observed in patients
with severe COVID-19 infection includes Burkholderia
cepacia complex (BCC), Staphylococcus epidermidis (S.
epidermidis), Mycoplasma spp. (M. hominis, M. orale), S.
pneumoniae, and H. influenzae [6, 14]. In addition, viral
pathogens such as o herpesvirus 1, rhinovirus B, and human
orthomyxovirus, as well as Aspergillus flavus and Candida
fungi were isolated from these patients [18, 20]. Among
all bacterial species, the most abundant is attributed to the
Proteobacteria phylum [13]. According to Rawson et al., the
overuse of broad-spectrum antibiotics creates an ideal envi-
ronment for opportunistic bacterial colonization, second-
ary bacterial infections, and increased multidrug resistance
(MDR) due to the destruction of the host’s normal flora, so
that the prescription-based and self-administration of inef-
fective antimicrobial drugs during the COVID-19 pandemic
have resulted in an increase in drug-resistant infections [21].

Determination of Microbial Population in Clinical
Samples of Patients with COVID-19

Specifically, microbial cultures and laboratory tests on
clinical samples have shown that opportunistic nosocomial
pathogens such as nosocomial fungi and bacteria cause co-
infection in patients with severe symptoms of COVID-19.
Furthermore, the microbial population frequency in patients
with severe and mild symptoms differs significantly. BCC
was the most common respiratory pathogen found in the
blood sample of patients causing nosocomial pneumonia
(NP) in cystic fibrosis (CF) patients. [22, 23]. Moreover, the
most important isolated pathogen from the nasal secretions
of patients was S. epidermidis, which is reported to be a
common skin bacterium and is known as an MDR agent [6].
The number of species of respiratory bacteria with moderate
virulence, in particular, differed significantly from the patho-
genic bacteria with high virulence. Notably, the number of
respiratory microbial taxa detected (at the genus and species
levels) was significantly higher in mild cases than in severe
cases [6]. This is due to the widespread use of antimicrobial
drugs during the treatment of patients with severe symp-
toms. Elimination and migration processes are two impor-
tant determinants of the microbial population in healthy
lungs, but in advanced lung diseases, the pathogenesis of
the lung results from respiratory dysbiosis [19]. During
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the hyperventilation treatment process, the invasion of air-
borne germs accelerates. Furthermore, the ability to remove
microbes by bronchoconstriction is reduced by the disrup-
tion of mucus secretion. Therefore, this situation provides
a nutrient-rich growth environment and, on the other hand,
reduces the oxygen concentration in the presence of bacterial
populations. Response to the inflammation and the damage
to endothelial and epithelial lung tissue increase vascular
permeability. This condition promotes the entry of bacteria
into the alveolar region, resulting in growth and proliferation
of specific lung pathogens [14]. Most of the microbiota in
the body of patients with COVID-19 consisted of fifty most
common species that are listed in Table 1. Among these spe-
cies, the most typical respiratory pathogen is Acinetobacter
baumannii (A. baumannii) followed by S. pneumoniae, P.
aeruginosa, and S. aureus. Nosocomial pathogens mainly
include fungi such as Candida albicans (C. albicans), Can-
dida tropicalis (C. tropicalis), and bacteria including E.
coli and Enterococcus faecalis (E. faecalis). The presence
of these pathogens are mostly reported from China, France,
Iran, and Brazil [14]. Coprobacillus and Delftia acidovorans
were identified among opportunistic microorganisms, which
are not usually pathogenic but are associated with catheter-
related bacteremia and lung cavities formation [24, 25]. The
predominant respiratory tract bacteria are identified in mild
cases, including Veillonella, Neisseria, Streptococcus, and
Prevotella, which are similar to the microbial flora of nose
and oral cavity in healthy adult. Except for Veillonella, three
other bacteria have been identified in patients with severe
respiratory symptoms [6, 26, 27]. According to Sirivon-
grangson et al., 98.3% of COVID-19 patients have bacte-
rial DNA in their blood serum. The predominant genera of
Proteobacteria phylum—a major phylum of Gram-negative
bacteria—are Sphingomonas, Bradyrhizobium (Bradyrhizo-
bium enterica (B. enterica) were found in patients with
colitis), Enhydrobacter, Phyllobacterium, Agrobacterium,
Comamonas, Sediminibacterium, Acinetobacter, and Pseu-
domonas. COVID-19 may cause sepsis-like syndrome with
a dominant bacterial population in sepsis, including Enhyd-
robacter, Bradyrhizobium, and Sphingomonas [13] (Tablel).
Sphingomonas paucimobilis is an opportunistic pathogen
associated with nosocomial infections. B. enterica is found
in patients with colitis and Enhydrobacter aerosaccus was
isolated from patients with hemophagocytic lymphohistiocy-
tosis (HLH) taking corticosteroids; therefore, the presence of
HLH syndrome in patients with acute COVID-19 was taken
into account. [28, 29].

Interaction of Bacterial Pathogens in Patients
with COVID-19

Bacterial pathogens invading Covid-19 patients including
A. baumannii, S. pneumoniae, P. aeruginosa, and S. aureus

Table 1 The majority of the microbiota in COVID-19 patients’ bod-
ies

Pathogens

Bacteria Sphingomonas paucimobilis*
Bradyrhizobium enterica*
Enhydrobacter aerosaccus*
Phyllobacterium
Agrobacterium
Comamonas
Sediminibacterium
Acinetobacter baumannii
Pseudomonas aeruginosa®
Klebsiella pneumoniae
Streptococcus pneumoniae
Staphylococcus epidermidis
Staphylococcus aureus®
Burkholderia cepacia complex
Mycoplasma spp.
Haemophilus influenzae
Escherichia coli
Enterococcus faecalis
Veillonella®
Neisseria®
Prevotella®
Coprobacillus®
Delftia acidovorans®
Fungi Aspergillus flavus
Candida albicans®
Candida tropicalis
Virus o herpesvirus 1
Rhinovirus B

Human Orthopneumovirus

*Opportunistic pathogens associated with nosocomial infections
“Biofilm-producing pathogens in respiratory catheters
"Dominant respiratory tract bacteria in mild cases of disease
Catheter-related pathogen used in lung cavity formation
Carvalho FM et al., (2020); Sirivongrangson P et al., (2020)

use their virulence factors in different ways, such as evasion
of the host immune system, biofilm formation, induction of
hemolysis, pneumolysin, phospholipases, iron absorption
factors, stimulation of cytokines, adhesions, and the com-
plementary resistance systems [30—32]. In pulmonary and
catheter-related infections, biofilm formation in endotracheal
tubes and mechanical ventilators is regarded as a bacterial
interaction. As a result, a diverse microbial accumulation
develops resistance to antimicrobial agents [33, 34]. The
predominant biofilm-producing microorganisms in respira-
tory catheters are P. aeruginosa, S. aureus, and C. albicans.
Species with the ability to form biofilms are much more
resistant to antimicrobial and medicinal compounds [35].
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For some of these microorganisms, biofilm production,
expression of virulence factors, and antibiotic resistance are
associated with oxygen restriction and the activity of mac-
rophages [35]. Biofilm formation in S. aureus is described
in association with the accumulation of activated mac-
rophages with anti-inflammatory and pro-fibric properties.
It is noteworthy that S. aureus biofilm exhibits the ability
to polarize macrophages toward the alternatively activated
(M2) macrophages, which are distinct from the classically
activated (M 1) macrophages. M1-macrophages are consid-
ered pro-inflammatory macrophages involved in host defense
against bacterial infections, whereas M2-macrophages are
responsible for anti-inflammation and bacterial persistence.
Activation of M2-macrophages is usually associated with
abundant expression and secretion of anti-inflammatory
factors, such as Arginase-1, IL-10, and IL-12, and there-
fore, restrains a pro-inflammatory immune response [14].
During biofilm formation, bacterial species show resistance
to the host immune response and inhibit phagocytosis by
phagocytes and neutrophils [36]. Some pathogens, such as
E. coli and E. faecalis, activate another important virulence
factor called hemolysin, a protein that causes erythrocyte
lysis and destruction of the cell membrane of lung tissue,
causing pneumonia in patients with severe disease [37]. This
bacterial virulence factor is produced when the level of lung
surfactant decreases and as a result, it causes lung epithe-
lial cell damage and induced the production of interleukin-8
(IL-8) [14, 37]. Another virulence factor is the pneumolysin
toxin, which causes the formation of a pore in lung tissue.
This protein is vital for virulence, in chronic bacteremia, and
in the incidence of apoptosis; pneumolysin along with cap-
sular polysaccharide and adhesion factors are involved in the
development of inflammatory responses and the complement
system [31]. Virulence factors such as phospholipase and
Candida spp. biofilm formation play an important role in the
development of a secondary infection in COVID-19 patients
[38]. Phospholipases are very important in the development
of lung disease because it causes changes in composition of
cellular membrane, stimulates cytokines and chemokines,
and involves in transport and exchange of respiratory gases
in the blood [39]. In general, the success of bacteria in caus-
ing secondary infection in patients with COVID-19 is asso-
ciated with an extensive set of virulence factors, including
outer membrane proteins, secretory systems, surface adhes-
ins, glycoconjugate, and iron absorption activities; therefore,
they have an essential role in the development of antibi-
otic resistance during the infection [30]. In the metabolic
processes of the tricarboxylic acid (TCA) cycle of biofilm-
producing pathogens, the amount of dihydrolipoamide dehy-
drogenase (DLD) enzyme increases. The presence of DLD
is essential for causing infection by pneumococcal species
because it plays an essential role in the production of cap-
sular polysaccharides and in the survival of S. pneumoniae
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in vivo [40]. Besides the enzymes associated in biofilm for-
mation, other virulence factors such as adhesins, antibiotic-
transporting proteases, toxins, and superantigens are identi-
fied during the exacerbation of secondary lung infection in
patients with COVID-19. Herein, the sortase enzymes are
an important virulence factor in Gram-positive bacteria that
display adhesive proteins of bacteria into host cells [41]. In
addition, virulence factors such as streptolysin S impair the
function of phagocytes and promote the cytotoxic properties
of epithelial cells [14]. Aside from the factors mentioned,
various membrane transmitters, including protein secretion
systems of types I, V, and IV, have been identified as being
involved in the transfer of cytolysin-activating and adhesive
proteins, which significantly increases the risk of infection
in Covid-19-infected patients [14]. Dickson et al. point out
that various lung diseases can alter the growth of localized
microbiota, which increases the frequency of pathogenic
bacteria populations and viral attacks in that area [19]. The
most important contributing factors to the progression of
respiratory diseases have been identified as neutrophil dys-
function, macrophage depletion, and excessive inflammation
[42]. The evacuation of macrophages provides a suitable
niche for secondary infection followed by deadly pneumonia
caused by S. pneumoniae [42]. On the other hand, neutro-
phil dysfunction is caused by altered activity of angiotensin-
converting enzyme 2 (ACE2); in pulmonary bacterial infec-
tions, this is caused by the invasion of pathogens, such as K.
pneumoniae, H. influenzae, and S. aureus. When the level of
active ACE2 changes, neutrophil infiltration increases and
host defense capability and inflammatory responses intensify
[43]. On the other hand, ACE2 converts angiotensin II to
angiotensin-(1-7). After binding of SARS-CoV-2 virus to
ACE?2, the ACE2 levels decreases; therefore, the angiotensin
II is not converted to angiotensin-(1-7) (1 and 3). Following
the reduction in angiotensin-(1-7) level, nitrogen radical pro-
duction, and viral genome degradation, these processes will
be terminated. In ACE2 deficiency conditions, the cellular
signaling between angiotensin II and angiotensin-(1-7) will
create an imbalance toward angiotensin II signaling. Angio-
tensin II increases the inflammation response by producing
inflammatory cytokines and reactive oxygen species, which
cause pneumonia and cell death [9]. The reactions seen in
patients with a bacterial lung infection are similar to patients
with COVID-19. It is noteworthy that people with chronic
obstructive pulmonary disease (COPD) have complications,
such as vascular permeability, platelet activation, and throm-
bosis, and expression of adhesion molecules, leukocyte utili-
zation, and complement activation are also observed. There
is also an increase in heme and heme oxygenase-1 (HO) in
their blood, and the role of hypoxia-hemoglobinopathy and
hyperferritinemia in exacerbating COVID-19 infection has
been proven [44—47].
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Interactions of Bacterial LPS Structure
with SARS-CoV-2 Viral Proteins

COVID-19 protein, spike (S), binds to bacterial lipopolysac-
charide and increases anti-inflammatory activity [48]. There
is a direct link between high levels of LPS in the blood, the
prevalence of metabolic syndrome, and the development
of metabolic syndrome, all of which make people more
susceptible to COVID-19 [48]. Low bacterial LPS mixed
with S protein causes NF-B nuclear factors to activate more
quickly, trigger cytokine responses in THP-1 monocytes
[48], and increase blood mononuclear cells. Spike glyco-
protein (S protein) is the most critical surface protein in
coronaviruses, including SARS-CoV-2, which can interact
with the ACE2 enzyme to facilitate virus entry into human
respiratory epithelial cells [49] (Fig. 1). Acute respiratory
distress syndrome (ARDS) is a general systemic inflamma-
tory reaction found in many diseases, such as pneumonia,
severe infections, and sepsis, in people with metabolic syn-
drome and COVID-19. Toll-like receptor 4 (TLR4) activa-
tion during ARDS by lipopolysaccharide stimulation causes
the pro-inflammatory phase, which is characterized by the
high release of cytokines, acute phase proteins, and reactive
oxygen species [50]. The MST studies showed that the S
protein of SARS-CoV-2 binds to the bacterial LPS. S protein
also enhances the inflammatory response when LPS levels in
THP-1 monocytes and PBMCs are low in human blood [48].
With increasing levels of LPS and protein S in the plasma
of patients, it has been observed that the rate of AP-1/
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Fig. 1 a Schematic diagram of the SARS-CoV-2 coronavirus particle.
Four structure proteins contain the envelope protein (E), nucleocap-
sid protein (N), spike protein (S), and membrane protein (M). SARS-
CoV-2 virus enters the cell through the S protein on the surface of
SARS-CoV-2 by means of binding with its receptor ACE2. Proteins
(S proteins) affected with genetic alterations means that the SARS-
CoV-2 spike protein mediates target recognition, cellular entry, and
ultimately the viral infection that leads to various levels of COVID-
19 severities. Positive evolutionary selection of mutations within the
spike protein has led to the genesis of new SARS-CoV-2 variants

NF-xB (nuclear factor kappa-light-chain enhancer of acti-
vated B cells) increases significantly; this can be seen even
when both factors are present in low quantity. On the other
hand, low LPS and S protein levels significantly increase
tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6)
as well as the IL-8 and interferon beta (IFN-f) responses
[48]. Studies in the lab have demonstrated that S protein
enhances monocyte responsiveness to LPS. In addition, the
increase in cytokine levels is directly related to activation of
NF-xB [51]. Thus, activation and increase of NF-kB level
by increasing the amount of protein S and LPS significantly
increases the inflammatory response and produces a long-
term response [52]. As a result of these events, protein S
and LPS are broken down, and high amounts of LPS are
accumulated which is proven by fluorescein-labeled LPS
(LPS-FITC) [48].

Endotoxemia and Circulating Bacterium in Acute
COVID-19 Patients

While the respiratory tract is the leading site of COVID-19
infection, the gastrointestinal tract of many patients is also
involved and causes symptoms, such as diarrhea and bloating
[53]. In the stool samples obtained from COVID-19 patients,
the presence of bacterial agents in the gastrointestinal tract
may make the symptoms of acute COVID-19 disease more
difficult to manage which is in accordance with the find-
ings of the intestinal ileum’s enterocytes and the colon’s
expressed ACE2 receptor [6]. Endotoxin is a component of

SARS-COV-2

Mannosylation

\/Nost cell
ACE2 membrane
O

Fucosylation

Sialylation

S protein

Spike (S) protein

with greatly enhanced overall fitness. b Schematic image of SARS-
CoV-2 virus showing the Spike (S) protein which is heavily glyco-
sylated (O-glycosylation and N-glycosylation) with numerous fucose,
mannose, and sialyl residues. These adhesion have the potential to
bind to C-type lectin receptors (CLR), mannose receptor (MR), den-
dritic cell-specific intracellular adhesion molecule-3-grabbing non-
integrin (DC-SIGN), homologue dendritic cell-specific intercellular
adhesion molecule-3-grabbing non-integrin related (L-SIGN), mac-
rophage galactose-type lectin (MGL), toll-like receptors (TLR), and
glucose regulated
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the cell wall of the Gram-negative bacteria, which is consid-
ered as a leading cause of death in patients with COVID-19
due to sepsis shock and is regarded as the primary key for
stimulation and the attack of cytokines [54]. Thus, bacterial
toxins and direct bacterial invasion may play a role in wors-
ening the complications of acute COVID-19 disease [13].
Microbial effects in patients can be monitored using serum
factor (1 — 3) f-D-glucan (BG) which is a marker for intesti-
nal dysfunction and endotoxin activity assay (EAA). Patients
with COVID-19 and bacterial infections have been specifi-
cally reported to have elevated serum levels of BG and EAA
[13]. Generally, in this group of patients, the sputum culture
and endotracheal suction are positive for COVID-19 [13].
Moreover, for the treatment of patients with high EAA, more
mechanical ventilation is needed compared to patients with
low EAA. BG is a major structural polysaccharide of the cell
wall of most fungi, including Candida spp., which is used
as a biomarker to detect intestinal permeability in human
sepsis. Elevated serum BG levels in patients with COVID-
19 and exposure to antibiotics may be a sign of overgrowth
of Candida in their gastrointestinal tract. On the other hand,
the presence of BG can trigger pro-inflammatory responses
through Dectin-1 signaling [55, 56]. The activity of endo-
toxins in viral infections is of particular importance, as vari-
ous studies show that the presence of LPS in patients with
Influenza virus infection activates pulmonary inflammatory
responses. This leads to secondary bacterial pneumonia
because LPS binds to TLR4 receptors and activates tran-
scription factors such as activating protein 1 (AP-1), NF-xB,

interferon regulatory factor 3 (IRF3), myeloid differentiation
factor 88 (MyD88), and TIR-domain-containing adapter-
inducing interferon-p (TRIF)-dependent pathway. This leads
to the induction of pro-inflammatory cytokines and function
of interferon [57]. High levels of LPS and 16S rRNA bacte-
rial gene product are found in patients with severe COVID-
19 compared to healthy individuals. The number and diver-
sity of bacterial populations are important factors in the
intensification of COVID-19. Given that the high levels of
pro-inflammatory cytokines, including IL-6, IL-18, IP10,
and MCP-1, in patients with COVID-19, it can be stated
that bacterial products are another contributing factor to the
cytokines storm along with viral agents [58]. Although the
source of toxins and bacterial DNA in the blood of patients
with COVID-19 pneumonia is unknown, viremia may lead
to capillary leak syndrome similar to bacterial sepsis, which
causes interstitial edema and induces lung dysfunction and
intestinal barrier. This could be the pathway that allows
bacterial toxins and live bacteria enter the bloodstream, fol-
lowed by the release of toxins that cause pro-inflammatory
responses [13]. COVID-19 also targets the gastrointestinal
tract (GI) in addition to the respiratory tract. Similarly to
the respiratory system, gastrointestinal cells express ACE2
and TMPRSS2, which are required for viral particle integra-
tion with host receptor cells [59, 60]. Therefore, losing the
intestinal defense barrier may be one mechanism that causes
the presence and release of bacterial toxins and bacterial
DNA in the blood of patients with acute COVID-19 (Fig. 2).
SARS-CoV-2 infection of enterocytes causes inflammatory

Immune Mechanism Affected by COVID-19
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Fig.2 Pathogenesis of endotoxemia in Covid-19 patient. At early
stage, SARS-CoV-2 primarily infects type 2 pneumocytes in the
lungs and causes pneumonia which can progress to acute respiratory
distress syndrome (ARDS) and induces susceptibility of secondary
bacterial infection by impairing the pulmonary immune response.
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The perturbations of the intestinal microenvironment allow the trans-
location of pathogenic bacteria from the gut lumen to the blood-
stream. This figure was generated using the BioRender (available at
https://biorender.com/)
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response of gastrointestinal tract which results in alteration
of the intestinal microenvironment, including epithelial
hyper permeability, attenuated local immune system, and
dysbiosis of the microbiome [13]. Biopsies from severe
cases have revealed the presence of COVID-19 throughout
the GI tract from esophagus to colon [61]. Thus, loss of gut
barrier function might be one of the mechanisms that con-
tribute to the presence of bacterial toxin and bacterial DNA
in the blood of patients with severe COVID-19 [61]. SARS-
CoV-2 causes novel multisystem inflammatory syndrome
(MIS) with symptoms associated with persistent fever and
severe inflammation. The clinical similarity of MIS toxic
shock syndrome (TSS) due to the activity of a bacterial supe-
rantigen (SAg) suggests that SARS-CoV-2 may have a SAg-
like motif that plays a role in the severity of symptoms or in
the stimulation of the autoimmune-like mechanism causes
excessive inflammation [62, 63]. Comparing with the bacte-
rial toxins, a motif in S protein showed that SARS-CoV-2
has a very similar structural sequence to a part of the bacte-
rial SAg of Staphylococcal enterotoxin type B (SEB). The
position of the SAg-like motif in the S protein of SARS-
CoV-2 is of high importance.

COVID -19 Infection

Endotoxin €——Gut becterial translocation

Each HCoV (human coronavirus) promoter comprises
two subunits, S1 and S2, each of which has a different
role in causing a viral infection. The S1 subunit con-
tains the Receptor-binding domain that binds to its spe-
cific receptors (ACE2 in SARS-CoV-2, SARS-CoV, and
HCov-NL63) on the host cell [62, 64]. The S2 subunit
contains the fusion peptide, which is essential for the virus
to enter the host cell [65, 66]. The SAg-like motif is in the
C-terminal domain of the S1 subunit at the border with S2
[62]. Membrane fusion requires two consecutive cleavages
by host cell proteases, one in the S1/S2 interface (pep-
tide bond R685-S686) and the other in the S2 site (R815-
816), thus, the SAg-like motif site overlaps with the S1/
S2 cleavage site at the S-glycoprotein level [65, 67, 68].
Another unique feature of the SARS-CoV-2 structure is
an insertion called the 45; PRRA g5 in close proximity to
the SAg-like motif, adjacent to the R685-S686 cleavage
area [62]. SARS-CoV-2 is the only BCov strain that con-
tains this insertion [62]. The PRRA insertion sequence is
very flexible, forming a highly active part of (q;PRRAR
635 together with the lateral arginine sequences [62]. This
section plays a crucial role in identifying and binding host
cell proteases, including transmembrane protease serine 2
(TMPRSS2) and furin, the cleavage of which is essential
for the initiation of S protein activity [69, 70] (Fig. 3).

o »

SARSCoV2
it
oA

Endotoxem

Cytokine storm

MOF

Death Early phase

Fig.3 Immune mechanism affected by Covid-19 in different stages.
In viremia: The virus spreads through the body and there is exces-
sive activation of immune cells, such as IFN vy, IL-2 and TNFa, trig-
gering cytokine storms and immune impairment. In acute phase:
Characterization by the appearance of Covid-19 symptoms presents
a profile of immune cells, such as Tim3, PD1, TIGIT, and NKG2A.
In this period, the presence of CD14+ and CD16+ hyper inflamma-

tory monocytes, with a high production capacity of TNFa, IL-1p and
IL-6, are seen, which will migrate to the lungs. In convalescence: The
individual can evolve in two opposite directions, recovery or clinical
worsening/death. In recovery, cells of lymphoid origin recover their
effector function and lose markers of exhaustion, while IgG levels
improve. This figure was generated using the BioRender (available at
https://biorender.com/)
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Fig.4 Sequence alignment

of SARS-CoV-2 and multiple
SARS-related strains near the
insertion of PRRA. Sequence
alignment of SARS-CoV-2 is
near the S1/S2 cleavage site
against multiple bat and pango-
lin SARS-related strains. Note
that the polybasic insert PRRA
of SARS-CoV-2 S is not found
in closely related SARS-like
CoVs, but exists in MERS and
HCoVs HKU1 and OC43 (Red
fonts). The furin-like cleavage
site is indicated by the blue-
shaded box (Color figure online)

SARS-CoV-2 (671-692)

Bat SARS-like CoVWIV16
HCoV-HKU1 (Q0ZME?7)
HCoV-OC43 (P36334)

Antibody Response Against SARS-CoV-2

The 45, PRRARg5 polybasic site is thought to be involved
in critical interactions with host cell proteins so that it can
act as a target for S protein-neutralizing antibodies (Abs)
SARS-CoV-2 (S-neutralizing antibodies) [62]. Given the
sequence and structural similarity between the PRRA inser-
tion sequence of the SAg-like motif and the bacterial entero-
toxin SEB, it is hypothesized that the monoclonal anti-SEB
antibody (mAbs), which can bind to the SAg-like viral motif,
in particular the ¢5;PRRARss fragment, is pre-produced
and may block access to the S1/S2 cleavage site [62]. In
the immune response to pathogens, factor 6D3 (PRDM1/
Blimp-1 antibody) is shown to inhibit virus entry into the
host cell. As a result, it is seen that the 6D3-binding sec-
tion and the aforementioned protease region overlap. Con-
sequently, the problem is that 6D3 might prevent the virus
from entering. On the other hand, SEB-specific mAb 6D3
is demonstrated to have a strong tendency to bind to the S1/
S2 site [62]. 6D3 may also target the RBD or other non-
overlapping components in combination with other Abs neu-
tralizers, which increases the effect of mAbs by inhibiting
the entry of SARS-CoV-2 into the cell [62, 71]. In addition
to the 6D3, 4A8 anti SARS-CoV-2 spike (NTD) antibody
can also be attached to similar sections, blocking the S1/S2
Section [62]. The proximity of the viral SAg-like site to the
S1/S2 proteolytic cleavage site (peptide bond 685R-S686)
suggests that an anti-SEB mAb that cross-react with SARS-
CoV-2 may have the potential to block the incision area of
the virus. It also modulates cytokine storms and subsequent
pro-inflammatory reactions [72]. Three SEB-related mAbs
called 14G8, 6D3, and 20B1 have been proposed as the
effective SAg toxin B activity inhibitors in animal models.
These antibodies bind to different parts of the SEB. Of these
antibodies, only 6D3 is structurally and persistently similar
to the SARS-CoV-2 S SAg-like motif [73]. Computational
analysis studies by Cheng et al. indicate that 6D3 antibody
has a stronger tendency to bind to the SAg polybasic site

@ Springer

Bat SARS-like CoV RaTG13

HCoV-MERS (A0A140AYZ5)

S1 4 | $1/S2 cleavage site |

CASYQTQT-NS
CWSYQTQT-NY- - - -
cAsyHTVS- LU
C{IDYALPS--S
CIVDYSK- -- --
C:ALPDTPSTLT

Furin-cleavage site

than TMPRSS?2 and furin [62, 71]. Based on the results of
immunological studies on SARS-CoV-2, it has been shown
that the 6D3 antibody can prevent COVID-19 viral infection
(Fig. 4).

Conclusion

Distinct differences in microbial composition are observed
between patients infected with COVID-19 having low or
severe virulence in their respiratory and gastrointestinal
systems. One reason for these differences is the use of anti-
biotics and, on the other hand, the development of antibiotic
resistance by some bacterial species. Bacterial populations
of BCC and S. epidermidis and Mycoplasma spp. have been
identified as opportunistic respiratory pathogens in patients
with acute COVID-19 and patients with long-term admission
to ICU intensive care unit. These bacteria have even been
mentioned as significant cause of death in these patients. On
the other hand, the genera Veillonella, Neisseria, Streptococ-
cus, and Prevotella in a mild form are the dominant bacteria
in the respiratory tract of patients [6]. The results of various
studies show that the exposure to COVID-19 reduces micro-
bial diversity but increases the pathogen population [14].
Therefore, the abundant respiratory pathogens are the bac-
teria including A. baumannii and S. pneumonia bacteria and
fungi, such as C. albicans and C. tropicalis. The presence of
C. albicans together with pathogenic bacteria in a synergis-
tic interaction helps the fungal species readily absorb iron
and contribute to further pathogenesis [14]. As a result, the
presence of nosocomial opportunistic respiratory pathogens
during the colonization process in the host body expresses
and secretes a wide range of virulence factors, leading to the
secretion of cytokines and the development of an inflam-
matory response [14]. In the early stages of SARS-CoV-2
infection, mainly type 2 pneumocytes become infected in
the lungs, causing pneumonia, which can progress to ARDS
and increase the risk of secondary bacterial infections with
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decreased lung immune response. The virus can enter the
bloodstream and cause viremia, affecting various organs in
the body, including the intestines, with high ACE2 expres-
sion. The SARS-CoV-2 infection causes an inflammatory
response in the gastrointestinal tract and changes in the
intestinal microenvironment. These changes include epithe-
lial hyperpermeability, localized immunosuppression, and
microbiome dysbiosis. These disorders allow pathogenic
bacteria to enter the bloodstream from the intestinal lumen.
Therefore, the sources of endotoxin isolated from COVID-
19 patients are known to be the pathogenic bacteria in the
intestinal tract causing secondary bacterial infections in the
respiratory system. Immunological studies in patients with
COVID-19 have shown that 6D3 antibody can block the S
protein protease cleavage site of SARS-CoV-2 and prevent
virus entry. On the other hand, virus S protein is structurally
similar to SAg-like SEB. Therefore, the 6D3 antibody has
the dual potential to block SARS-CoV-2 infection as well as
SAg associated with T-cell activity and pro-inflammatory
responses.
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