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Abstract:

bacterial coinfections that can exacerbate morbidity and mortality.

morbidity and mortality.

The global impact of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), responsible for the COVID-19 pandemic, cannot be
understated. Amidst the relentless focus on this viral adversary, we must not lose sight of an equally formidable challenge — the lurking threat of

Various factors, including ICU admissions, age demographics, microbiota disturbances, and empirical antibiotic use, contribute to the specter of
bacterial coinfections. Respiratory tract coinfections, often featuring Streptococcus pneumoniae, precede bacteremia and urinary tract involvement.
However, the bacterial landscape in COVID-19 coinfections is a diverse tapestry with regional and institutional variations.

Unlike its viral counterparts, COVID-19 exhibits a lower incidence of bacterial coinfection, underscoring the urgency of judicious antibiotic
administration to curb the looming threat of antimicrobial resistance. Pandemics have historically witnessed an upsurge in coinfection-related

This comprehensive review delves into the multifaceted realm of bacterial, viral, and fungal coinfections amidst the COVID-19 pandemic. We
scrutinize their impact on the respiratory and urinary tracts, blood, microbiota, and the ominous emergence of drug-resistant microorganisms. In
conclusion, we explore nuanced treatment strategies in the quest for effective pandemic management.

.
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1. INTRODUCTION

One of the current century's most severe pandemics was
brought on by SARS-CoV-2 [1, 2]. The COVID-19, severe
acute respiratory infections, and gastroenteritis are all brought
on by this virus, which is a member of the Coronaviridae
family, with a mortality rate of about 3-6% [3]. It has also been
reported that this virus, similar to SARS-CoV and MERS-CoV,
uses angiotensin-converting enzyme 2 (ACE2) as a receptor to
invade the target cell [3]. The infection ultimately contributes
to respiratory symptoms and lymphopenia, cytokine cascades,
and immune reactions in the target tissue, leading to extreme
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respiratory symptoms and impaired immune functions [3 - 5].
The novel SARS-CoV-2 emerged from Wuhan, China, in
December 2019 and is currently responsible for more than 544
million infections and 6.34 million deaths in 228 countries [6,
7]. ACE2 acts as a receptor for the SARS-CoV-2 virus in
alveolar epithelial cells, and infection with this virus can
contribute to acute respiratory distress syndrome [8];
furthermore, the SARS-CoV-2 RNA has been reported in
human feces, indicating the presence of ACE2 receptors in the
intestinal epithelial cells [9 - 11]. Studies have also shown that
secondary bacterial infections, particularly Staphylococcus
pneumoniae, was the primary cause of mortality from bacterial
pneumonia in the influenza pandemic, occurred in 1918 [12,
13]. In general, secondary bacterial infections have been
documented to be a complication of viral respiratory diseases
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that increase the severity of respiratory infections and
pneumonia [14]. Due to the severity of the disease, 15% of
patients are admitted to the intensive care unit (ICU), which
provides an opportunity for bacterial infections [15]. If it
occurs 24 hours after admission, they are considered
community-acquired coinfections, but if they occur 48 hours
after admission, they are called hospital-acquired
superinfections [16].

Furthermore, researchers have found that common viral
coinfections, such as influenza, rhinoviruses, and enteroviruses,
were present in 17.2% of cases. Additionally, bacterial
coinfections caused by both gram-positive and gram-negative
species, like Mycoplasma pneumoniae, were identified in
7.11% of cases. The most commonly isolated bacterial species
from ICU patients include Staphylococcus aureus, Legionella
pneumophila, Haemophilus spp., Klebsiella spp., Pseudomonas
aeruginosa, Chlamydia spp., Streptococcus pneumoniae, and
Acinetobacter baumannii [17].

Furthermore, it has been shown that 1.3% of patients
admitted to ICU due to drug resistance to S. aureus, Klebsiella
pneumoniae, A. baumannii were susceptible to bacterial
superinfection [8, 18 - 22]. Additionally, secondary bacterial
infections such as S. pneumoniae, Haemophilus influenzae, and
S. aureus, which are associated with influenza pandemics, have
been illustrated as the most common causes of 11% to 35%
bacterial coinfection [14]. It is worth noting that viral
infections can promote complementary bacterial infections due
to the host immune system's failure [23, 24]. Furthermore, the
evidence shows that concomitant bacterial infection occurred
in COVID-19 hospitalized patients. In these cases, an
enhancement in the levels of pro-inflammatory cytokines and
other biological markers associated with the disease indicates a
secondary bacterial infection, which is attributable to the host
immune system dysfunction [24 - 29]. Immune system
disorders in COVID-19 patients can also assist coinfection
occurrence with various opportunist bacteria [30].

Using mechanical ventilation as a supportive treatment for
COVID-19 patients can increase the risk of hospital-acquired
infections caused by bacteria likeEscherichia coli, K.
pneumoniae, P. aeruginosa, A. baumannii, and S. aureus [31].
According to several studies, macrophage hyperactivity has
been implicated as the cause of the low rate of bacterial
concomitant infection in COVID-19 patients [16, 32]. Another
study showed that due to a weakened immune system and
reduced type I interferons (IFN), bacterial coinfection is
common in male and female COVID-19 patients [33, 34]. It
should be noted that mechanisms such as reducing mucociliary
clearance, cell destruction by viral enzymes, the release of
planktonic bacteria from biofilms, and agitation of dysbiosis in
respiratory tract microbiome and gut microbiota are also
involved in secondary infection with bacteria [10, 35].
Depending on the type of virus or bacterial species and the
extent of the immune system response to the pathogen, the
various molecular pathways contribute to each of the above
modifications. In general, bacterial invasion in the airways
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occurs as a result of viral infections [36].

Furthermore, other upper respiratory tract viruses increase
the susceptibility of immortalized epithelial cells to bacterial
pathogens [38]. According to 80% of reported studies, the most
common cause of bacterial coinfection is lymphopenia [36]. In
this regard, coinfection can occur in the respiratory tract, the
bloodstream, and the urinary tract [37]. Several bacterial
infections have been reported concurrently with COVID-19.
However, studies have suggested that the rate of improvement
in COVID-19 patients with secondary bacterial infections is
dramatically decreased, particularly when admitted to ICU
[17]. In this study, we reviewed some medical articles about
COVID-19 that reported bacterial coinfection.

2. BACTERIAL COINFECTION IN OTHER VIRAL
RESPIRATORY TRACT INFECTIONS

In a report by Novotny et al., adenovirus and respiratory
syncytial virus have been found to have enhanced intercellular
adhesion molecule 1 (ICAM-1) expression in primary
respiratory epithelial cells [38]. Also, owing to the propensity
of Type IV pili (T4P) of non-typeable H. influenzae (NTHI) to
the ICAM-1 receptor, this expression contributes to the
sensitivity of cells expressing this receptor to bacterial
pathogens [38]. Besides, the ability of P. aeruginosa to adhere
to normal epithelial cells and cells affected by cystic fibrosis
increases as a result of respiratory syncytial virus infection
[35]. Moreover, dysregulation of pro-inflammatory cytokines
has increased cell vulnerability to bacterial coinfections
following viral infection. For example, IFNs stimulate the
immune system and antiviral responses during viral infections;
however, excessive secretion of IFNs can result in the
destruction and damage to host cells [35, 39]. The production
of anti-inflammatory cytokines, interleukins (IL), including
IL-10 and IL-6 are induced by interferons, inhibiting the
secretion of pro-inflammatory cytokines such as IL-17 and
IL-23, which constitute innate and acquired immunity [35].
Additionally, macrophage, dendritic cells, natural killer cells’
activity and the percentage of CD4+ and CD8+ T-cells are
decreased by IFNs, which interferes with the clearance of
bacterial infections [40 - 43] (Fig. 1).

Despite extensive studies on viral and bacterial
coinfections, the issue of infectious coronaviruses is debatable.
On this basis, the human coronaviruses, including 229E, NL63,
0C43, SARS-CoV-1, MERS-CoV, and SARS-CoV-2, have
been reported to cause pneumonia in addition to influenza
virus, as well as concurrent bacterial infections and extreme
respiratory symptoms [44 - 46].

Human coronavirus NL63 (HCoV-NL63) has been
reported to be one of the most significant viral pathogens in the
upper and lower respiratory tract [47 - 49]. Besides, Golda et
al. have demonstrated that HCoV-NL63-induced infection
increases the susceptibility of virus-infected epithelial cells in
the respiratory tract to bacterial pathogens such as S.
Pneumoniae, which in turn exacerbates respiratory symptoms
[48].
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Fig. (1). SARS-CoV-2 infection and the effect of bacterial coinfection on its pathogenesis and disease severity.

(A). Infection with SARS-CoV-2 alone can lead to an increase in the level of immune cells in the lung alveoli and subsequently cause inflammation
through cytokine secretion. Also, during infection with SARS only clinical respiratory symptoms are mild.

(B) Coinfection of SARS-CoV-2 with respiratory pathogenic bacteria can enhance the migration of inflammatory cells (macrophages and neutrophils)
and increase the secretion of pro-inflammatory cytokines such as IL-10, IL-17, and IL-23 in alveoli, which lead to an aggravation of the disease
severity and tissue damage promotion in the alveoli. INFs increase the trapping of bacteria by PMNs, which promote inflammation. In this situation,
bacteria have a greater chance of reaching the bloodstream through damaged cells and capillary vessels and causing bacteremia.

In another study on SARS, Zahariadis ef al. indicated that a
noticeable percentage of patients with SARS had bacterial
coinfection with Chlamydophila Pneumoniae and Mycoplasma
Pneumoniae [35]. Furthermore, Alfaraj et al. discovered
MERS-CoV coinfection with tuberculosis in two cases [50],
and Wang et al. illustrated seven patients with SARS-CoV-
related deaths and secondary bacterial infection [51].

Following SARS-CoV infection, the accumulation of
macrophages and mononuclear neutrophils increases in the
body, which subsequently increases and decreases Thl cells
and NK cells, respectively [52, 53]. It also leads to the increase
of cytokines IL-6, IL-1, IFN-y, TGF-p, IL-12, IL-8, CXCL9,
CXCL10 and CCL2 [52, 54, 55]. It is worth mentioning that in
MERS-CoV infection, the cytokines IFN-f and IP-10 were
significantly lower, while the level of IL-10 was increased.
Also, CD4+ T cells, Thl cells and Th2 cells were significantly
decreased in MERS-CoV infection [56].

Based on the studies in SARS-CoV-2 infection, T
regulatory cells (Treg) and CD4+ T cells decreased. Thl cells

were considerably reduced, while Th17 and Tth cells were
elevated. In the group with moderate symptoms compared to
the seriously ill patients, there were more DCs, macrophages,
CD4+ T cells, and TGF-+CD28 naive CD8+ T cells [57 - 59].

The body releases IL-10, IL-7, IL-2, MCP1, IP10, G-CSF,
MIP1, and TNF-a in response to COVID-19.3 In contrast to
SARS-CoV infection, SARS-CoV-2 infection also led to an
increase in the release of anti-inflammatory Th2 cytokines such
IL-4 and IL-10 [60, 61].

3. BACTERIAL COINFECTION IN COVID-19

Immunodeficient individuals have been documented as
more vulnerable to COVID-19 and are more likely to develop
secondary bacterial infections than other patients. The evidence
suggests that hospitalization and consequent antibiotic
resistance in some bacteria may cause secondary infections [25
-27,35].

About 50% of mortality during the COVID-19 pandemic is
associated with secondary bacterial infections and often
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contribute to acute symptoms in COVID-19 patients [18, 62].
As mentioned, the ICU hospitalization of COVID-19 patients
promotes coinfection frequency, where, due to antibiotic
resistance, 1.3% of cases developed bacterial superinfection
[17]. It has been illustrated that the lung cells destroyed during
SARS-CoV-2 infection contribute to an enhancement in the
propensity and colonization of bacteria [63].

Furthermore, the immune response rate in SARS-CoV-2
infection is different from the response rate in pneumonia due
to concomitant bacterial-viral disease. Given the severity of
clinical manifestations of COVID-19, which enhances
coinfection, it facilitates the attachment and invasion of
bacterial pathogens and eventually increases tissue damage
[64]. Furthermore, airway dysfunction, cytopathology, and
tissue disruption have been shown to occur during both single
SARS-CoV-2 infection and bacterial coinfection [64]. This
may promote the systemic dissemination of the virus, the
pathogenicity of concomitant bacterial infections, blood
infections, and sepsis [64]. Besides, epithelial cell disorders by
respiratory pathogens have been documented to increase
following rhino and influenza virus infections [65]. Moreover,
it has been reported that structural and non-structural proteins
of the SARS-CoV-2 inhibit the response of IFNs, which in turn
predisposes the host to secondary bacterial infections [66, 67].
Proteins encoded by the SARS-CoV-2, including NSP1, ORF6,
and N, inhibit IFN-related signaling pathways. It has also been
reported that bacterial coinfections can disrupt host signaling
pathways, increasing SARS-CoV-2 and exacerbating clinical
symptoms. For instance, inhibition of NF-kB-associated
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signaling responses by K. pneumoniae leads to disruption of
the host antiviral response [68]. Since the ACE2 receptor is an
IFN-stimulated gene, the secreted IFNs during bacterial
infections promote SARS-CoV-2 infection [69].

A study by Goncalves Mendes Neto ef al. has reported that
57% of COVID-19 patients became coinfected with E. coli and
E. cloacae, causing urinary tract infections (UTI). Furthermore,
asymptomatic  bacteriuria and lower UTI to acute
pyelonephritis have been illustrated in these patients [70].

It has been shown that the intestinal-pulmonary axis plays
a significant function in preventing bacterial pneumonia [71].
Also, in COVID-19 sufferers, intestinal cells are damaged and
causing gastrointestinal symptoms and eventually stimulating
the immune defense [72, 73]. In this regard, during severe
infections, the intestinal microbiota can contribute to host
susceptibility to secondary bacterial infections and
vulnerability to concomitant infections [64].

Concurrent bacterial infections have been reported in other
viral respiratory diseases, such as influenza HIN1 and H3N2,
which cause problems in diagnosis and treatment and may
eventually be associated with high morbidity and mortality
[74]. Typically, after the virus spreads and induces infection, it
disturbs the respiratory system both functionally and
histologically [75]. These diseases range from mild to severe
based on the type of virus infection; they include alterations in
mucosal secretion, cell death, hyperplasia, reduced alveolar gas
exchange, and compromised surfactant secretion [75]. The
cited references are summarized in Table 1.

Table 1. The cited references for bacterial coinfection in COVID-19.

Study Focus References
Immunodeficiency and secondary bacterial infections [25-27,35]
Mortality associated with secondary bacterial infections [18, 62]
ICU hospitalization and bacterial superinfection [17]
Lung tissue damage and bacterial colonization [63]
Immune response, coinfection, and tissue damage [64]
Epithelial cell disorders in respiratory infections [65]
SARS-CoV-2 proteins and IFN response [66, 67]
Bacterial coinfections and disruption of host response [68]
ACE?2 receptor and IFN-stimulated gene [69]
E. coli and E. cloacae coinfections in COVID-19 patients [70]
Intestinal-pulmonary axis and bacterial pneumonia [71]
Intestinal cell damage, gastrointestinal symptoms, and immune defense [72, 73]
Concurrent bacterial infections in other viral respiratory diseases [74]
Table 2. The cited references for respiratory tract and bacterial coinfection in COVID-19.

Study Focus References

Bronchiectasis and NTM infection as predisposing factors [76]
Bacterial opportunity due to inflammation and lung tissue destruction [77]
Mucosal/epithelial destruction and infection [78]
Mechanical ventilation and coinfection risk [79]
Bacteria responsible for ventilator-associated pneumonia [80]
Bacterial coinfection in Wuhan COVID-19 patients [81]
Comparison of community-acquired and hospital-acquired coinfections [16, 82]
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(Table 2) contd.....
Study Focus References
S. pneumoniae coinfection and vaccine recommendations [83]
S. aureus and necrotizing pneumonia in COVID-19 [84]
Diagnosis of bacterial pneumonia with BBAL [85]
Antibiotics for gram-positive and gram-negative bacteria [86]
Use of vancomycin in COVID-19 [87]

4. RESPIRATORY TRACT AND BACTERIAL
COINFECTION IN COVID-19

Bronchiectasis and previous nontuberculous mycobacteria
(NTM) infection predispose the affected individuals to
concurrent bacterial and viral infections [76]. In COVID-19,
bacteria get a chance to impair their host due to inflammatory
reactions and the destruction of lung tissue [77]. Another factor
predisposing to  secondary  bacterial infection is
mucosal/epithelial destruction [78]. Mechanical ventilation is
the most critical risk factor for the respiratory tract’s
coinfection with S. aureus, P. aeruginosa, Klebsiella spp.,
Enterobacter spp., and E. coli in intensive care units [79]. On
this basis, the average time of bacterial coinfection emergence
after positive results of SARS-CoV-2 infection is six days [79].
Bacteria responsible for causing ventilator-associated
pneumonia [80] consist of oropharyngeal microbiota in the first
4-5 days of hospitalization, while after five days, multidrug-
resistant bacteria prevail [31]. The mortality rate increases by
about 60% when these bacteria are resistant to multiple drugs,
so to reduce the risk of ventilator-associated pneumonia in
COVID-19 patients, the World Health Organization [6]
recommends that instead of nasal intubation, oral intubation
must be used with the patient’s head at an angle of 30°—45°
[31].

A study from Wuhan, China, has shown bacterial
coinfection with common respiratory bacteria such as
Mycoplasma pneumoniae, Bordetella pertussis, and P.
aeruginosa; among these, M. pneumoniae was sensitive to
moxifloxacin [81]. A study from Spain showed that the rate of
community-acquired coinfection is lower than that of hospital-
acquired superinfections; P. aeruginosa was the most isolated
species among hospital-acquired superinfections, which is
consistent with the study reported from Italy [16, 82]. Another
study that reported the highest coinfection rate with S.
pneumoniae, suggested pneumococcal conjugate and
polysaccharide vaccines to prevent bacterial pneumonia in
COVID-19 patients [83].

Different bacteria have been reported from various studies
in COVID-19 patients. For instance, S. aureus is one of the
most reported bacteria from these patients that causes severe
necrotizing pneumonia due to toxins such as Panton-Valentine
leucocidin, prompting the prescription of antibiotics with anti-
toxin properties, such as linezolid or clindamycin [84].

Blind bronchoalveolar lavage (BBAL) is the best sample
for diagnosing bacterial pneumonia in critically ill COVID-19
patients as it reduces the risk of contamination and does not
require bronchoscopy [85].

Although antibiotics active against gram-positive bacteria
effectively treat secondary bacterial pneumonia in influenza
patients, the antibiotics active against gram-negative bacteria

are more useful for parainfluenza virus and coronavirus
infections [86]. It is worth noting that vancomycin is not
approved to treat bacterial pneumonia in COVID-19 patients
[87]. The cited references are summarized in Table 2.

5. BACTEREMIA IN COVID-19

Coagulase-negative Staphylococcus spp., Corynebacterium
spp., Bacillus spp., and Micrococcus spp. are usually isolated
from blood cultures of COVID-19 patients; still, it should be
noted that these isolated bacteria may be the normal flora of the
skin [88]. However, in infected cases, bacteremia is caused by
E. coli, S. aureus, K. pneumoniae, and Enterobacter cloacae
[88]. Due to some diseases' endemicity, COVID-19 and
feverish bacteremia coinfection in some areas may cause
problems in diagnosis; in this regard, coinfection with brucella
and COVID-19 reported by Saudi Arabian investigators has
been successfully treated with the combination of doxycycline
and rifampin [89].

Furthermore, some diagnostic factors, such as
procalcitonin level among COVID-19 patients are low and
indicate that bacterial coinfection is rare in these patients [88];
however, this factor alone is insufficient for diagnosis [90]. In
general, bacterial infection has higher white blood cell (WBC)
and neutrophil counts and a more elevated level of C-reactive
protein than SARS-CoV-2 infection [91, 92]. Bacteremia in
other viral infections has been reported to be very low,
although most of the lethal cases were positive for bacteremia
[88].

6. VIRAL COINFECTION IN COVID-19 PATIENTS

Researches show that COVID-19 coinfections are common
in patients infected with blood-borne viruses such as human
immunodeficiency virus (HIV) or hepatitis C virus (HCV),
with respiratory viruses having the lowest rate of coinfection.
More research is needed to determine the incidence rate of viral
coinfection in COVID-19 patients due to the prevalence of
influenza virus or RSV in society. Another significant feature
that should be studied is their association with the patient's
morbidity and death. In summary, more research into viral
coinfection with SARS-CoV-2 is critical [93].

Patients with viral infections such as influenza, severe
acute respiratory syndrome (SARS) in 2002, and Middle East
respiratory syndrome (MERS) in 2012 have also been reported
to be susceptible to concomitant bacterial infections; for
example, in 2009 pandemic caused by the HINI influenza
virus, 30-55% of the mortality was attributed to bacterial
pneumonia [37]. Moreover, researchers have discovered that
common viral coinfections such as influenza, rhinoviruses, and
enteroviruses were involved in 17.2% of cases, and gram-
positive and gram-negative species causing bacterial
coinfections like M. pneumoniae, have been identified in
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7.11% of cases [94].

The highly variable character of SARS-CoV-2 itself, as
well as a lack of knowledge about host-pathogen interactions,
made it difficult to develop efficacious remedies for the
sickness. Viral coinfection in COVID-19 patients may
complicate the patients' recovery from the illness; therefore, the
interaction of various viruses with SARS-CoV-2, as well as
their synergistic influence on illness clinical symptoms, should
be studied [93]. In Wuhan, 5.8 percent of confirmed
COVID-19 patients were infected with different kinds of
respiratory viruses as well. COVID-19 coinfections can be
brought on by the majority of respiratory viruses, including
respiratory syncytial virus, human metapneumovirus, and
rhinovirus, and having information about these coinfections
can be useful in applying antiviral therapy. Patients with co-
infections may respond differently to therapy than those with
solely COVID-19 infection. It is also thought that the
interaction of COVID-19 with respiratory viruses may
exacerbate the illness severity, which is critical for vulnerable
individuals, such as immunodeficient or immunosuppressed
patients [93].

When compared to single infections, coinfections may
result in changes in pathogen transmission, development of
clinical symptoms, and the unfavorable consequences
associated with any particular infection, which ultimately
impacts the management of infectious illnesses. In the lack of
appropriate data, the failure of standard approaches to detect
coinfection might lead to underdiagnosis of coinfections [94,
95]. The cited references are summarized in Table 3.

Table 3. The cited references for viral coinfection in
COVID-19 patients.

Study Focus References
Viral coinfections in COVID-19 patients [93]
Bacterial pneumonia in SARS. MERS, and HIN1 [37]
influenza virus
Common viral coinfections and bacterial coinfections [94]
Impact of coinfections on pathogen transmission and [95]
clinical symptoms

7. FUNGAL COINFECTION IN COVID-19

Despite having a significant influence on human morbidity
and mortality, fungi are still underappreciated for their negative
effects on human health. The majority of fungi are naturally
members of the human microbiome; however, some are
opportunistic pathogens because they may cause serious illness
in immunocompromised hosts. In healthy individuals, the
opportunistic pathogens cause superficial, mild, and localized
illnesses. However, immune-suppressive diseases such as
diabetes and lung disease increase mortality and cause systemic
morbidity [96].

A noticeable percentage of COVID-19 patients become
severely sick and require ICU hospitalization, and these
patients are more likely to develop fungal infections [97].
Severe COVID-19 is linked to immunological dysregulation,
impacting both T-helper cell 2 (Th2) and Thl responses,
including the cytokine release syndrome, which promotes
pulmonary microbial growth and infection [98]. Severe patients
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with COVID-19 have enhanced levels of pro-inflammatory
(IL-1, IL-2, IL-6) and anti-inflammatory (IL-4, IL-10)
cytokines. The likelihood of developing major fungi infections
is increased by the mentioned clinical state [99].

According to research, SARS-CoV and SARS-CoV-2 are
members of the same species and have similar biology and
clinical features. Moreover, literature shows that the prevalence
rate of fungal infection in SARS patients was 14.8-27 percent,
which was the leading cause of mortality in SARS patients.
However, fungal infection swab test was untended at the onset
of the SARS-CoV-2 pandemic [100]. Fungal coinfection can
aggravate the COVID-19 patients’ situation [101]. Some of the
fungal pathogens observed in severe COVID-19 patients are
Aspergillus, Candida, Mucor and Cryptococcus [100].

7.1. Invasive Pulmonary Aspergillosis (IPA)

IPA is a well-known consequence in immunocompromised
patients, yet 50% of the incidences occur in individuals who
are frequently non-neutropenic when brought to the ICU.
Severe influenza is a recognized risk factor for developing IPA
in these people. The disturbance of the respiratory epithelium,
as well as defective mucociliary clearance and local
immunological impairment, are important pathophysiological
aspects in the development of IPA [99].

First-line therapy options for IPA include voriconazole,
posaconazole, and isavuconazole. Echinocandins or nebulized
amphotericin B in conjunction with anti-mold azoles are
potential treatment options [99]

7.2. Invasive Candidiasis

The risk of infection with Candida species may increase
significantly in severe COVID-19 patients who have more
opportunities to be treated with broad-spectrum antibacterial
drugs or in patients with immune impairment factors [100].
Critically ill COVID-19 patients are exposed to additional
fungal infections such as Candida species and Pneumocystis
Jjirovecii. All of the risk factors for developing candidemia in a
critically ill patient are present in COVID-19 patients admitted
to the ICU, including mechanical ventilation, parenteral
nutrition, broad-spectrum anti-bacterial treatment, older age,
comorbidities, lymphopenia, corti-costeroids, and so on [99].

7.3. Invasive Mucormycosis

Mucormycosis is more common in COVID-19 individuals
who have had trauma, diabetes, glucocorticoids usage,
hemopoietic malignancy, persistent neutropenia, allogeneic
hematopoietic stem cell transplantation (allo-HSCT), or solid
organ transplantation (SOT). It recommends thorough surgical
treatment of mucormycosis as soon as feasible, in addition to
systemic antifungal therapy; amphotericin B lipid complex,
liposomal Amphotericin B, and posaconazole oral suspension
are used as first-line antifungal monotherapy, whereas
isavuconazole is strongly recommended as salvage treatment
[100]. Due to the nonspecific nature of the pulmonary and
disseminated mucormycosis clinical signs, which may overlap
with those of COVID-19, the diagnosis of COVID-19-
associated mucormycosis is challenging. In addition, a number
of Mucorales species, the most common of which is Rhizopus
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arrhizus, are responsible for mucormycosis, some of which are
poorly sensitive to antifungal treatment [101].

7.4. Invasive Cryptococcosis

COVID-19 Cryptococcosis, which mostly manifests as
meningoencephalitis,  affects  people  with  human
immunodeficiency virus (HIV) infection and CD4 T
lymphocyte count less than 200 [100].

Additionally, post-influenza coinfection with Cryptococcus
has been linked to decreased IFN- y levels. As a result, [FN- y
treatment has been shown to be helpful as an adjuvant therapy
in patients with chronic granulomatous illness who are
undergoing transplantation; however, its favorable effects
during fungal coinfections are yet unknown [102]. The cited

Table 4. The cited references for fungal coinfection in COVID-19.
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references are summarized in Table 4.

The complete list of microorganisms causing coinfection
with SARS-CoV-2 is summarized in Table 5.

8. THERAPEUTIC APPROACH

Given the SARS-CoV-2 outbreak and the use of antibiotics
in patients admitted to the ICU, the spread of multi drug
resistant (MDR) bacterial strains has been documented in
healthcare systems. Therefore, to avoid the development and
increase of MDR strain, antibiotic therapy of patients with
COVID-19 should be interrupted in the case of mild bacterial
infection and is recommended only in patients with severe
respiratory symptoms [103, 104].

Study Focus References
Fungal Coinfection in COVID-19 [99 - 101]
Invasive Pulmonary Aspergillosis (IPA) [99]
Invasive Candidiasis828 [99, 100]
Invasive Mucormycosis [100, 102]
Invasive Cryptococcosis [100, 102]
Table 5. Microorganisms causing coinfection with SARS-CoV-2.
Coinfection Examples References
Staphylococcus pneumoniae [17]
Haemophilus influenzae [14]
Staphylococcus aureus [31]
Escherichia coli [31]
Klebsiella pneumoniae [31]
Pseudomonas aeruginosa [31]
Bacteria Acinetobacter baumannii [31]
Chlamydophila Pneumoniae [35]
Pseudomonas aeruginosa [79]
Mycoplasma Pneumoniae [35]
Bordetella pertussis [81]
Enterobacter spp. [79]
Enterobacter cloacae [88]
Human rhinovirus [95]
Human metapneumovirus [95]
Respiratory Syncytial Virus (RSV) [95]
Parainfluenza viruses [95]
. Influenza virus [95]
Virus
Adenovirus [95]
Human immunodeficiency virus [95]
Hepatitis B virus [95]
Dengue viru [95]
Cytomegalovirus [95]
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(Table 5) contd.....
Coinfection Examples References

Aspergillosis fumigatus [100, 102, 107]
Candida albicans [100, 102, 108]

Candida glabrata [109]
Fungi Rhizopus oryzae [100, 102, 110]

Mucor [110]

Cryptococcus neoformans [111]

Cryptococcus gattii [111]

Additionally, research indicates a very large percentage of
patients with SARS-CoV-2 have been treated with a wide
variety of antibiotics, such as third-generation cephalosporins,
quinolones, and carbapenems. In this respect, it has a
significant role in considering the local epidemiology of drug
resistance, its influence on the patient, and the assessment of
antibiotic side effects such as diarrhea. Treatment with a wide
variety of antibiotics, mainly acquired nosocomial infections,
has also been reported to have a limited impact due to
bacteria’s resistance to at least one class of antibiotics. Besides,
a lack of adequate care for sepsis can contribute to promoted
mortality [105, 106].

Since steroid levels are elevated in concomitant bacterial
infections and given the anti-inflammatory activity of
glucocorticoids, steroids prevent the cytokine storm's
progression and subsequently control the host immune system.
It is worth mentioning that in patients suspected of bacterial
coinfection, oral antibiotics have fewer side effects than
intravenous antibiotics [91].

CONCLUSION

According to present review, coinfections have a
significant role during SARS-CoV-2 infection. For example,
chronic obstructive pulmonary disease (COPD) is one of the
chronic conditions associated with this sickness; these patients
may be colonized by bacterial pathogens during the stable
phase of the illness, thereby resulting in the host’s
susceptibility to SARS-CoV-2 infection. In general, there are
three different forms of SARS-CoV-2 bacterial infections,
including: 1) SARS-CoV-2 infection secondary to bacterial
infection, 2) coinfection and bacterial-viral pneumonia, and 3)
secondary bacterial “superinfection” after contamination with
SARS-CoV-2.

Consequently, the identification of bacterial coinfections
during COVID-19 is critical. Besides, acute respiratory distress
syndrome (ARDS) is a clinical feature of COVID-19 that
increases nosocomial pneumonia risk. Moreover, other viral
and fungal coinfections have an impact on the disease
symptoms, severity and mortality. It has been shown that a
wide range of pathogens, such as their antimicrobial resistance
profiles and MDR bacteria, can be quickly identified using the
Next-Generation Sequencing (NGS) metagenomic method.
Also, the recognition of molecular pathway disorders due to
simultaneous bacterial and SARS-CoV-2 infection leads to the
development of new effective drugs and therapeutic
interventions that provide appropriate immunity during
simultaneous bacterial and viral coinfections.

In general, compared to other viral diseases, the rate of
concurrent bacterial infection in COVID-19 disease is meagre,
revealing the importance of antibiotic stewardship to control

the emergence of drug resistance during the pandemic. On this
basis, it leads to the facilitation of hospitalization procedures
and treatment.
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SARS-CoV-2 = Severe Acute Respiratory Syndrome Coronavirus 2
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HCoV-NL63 = Human Coronavirus NL63

AUTHORS’ CONTRIBUTION

HBB conceived the idea for this manuscript, edited
subsequent drafts; RR: Literature search, Manuscript
preparation, Design of the figure; ESM: Literature search,
Design of the table; PSA: Literature search; HF, JSN and TE:
Manuscript preparation.

All authors have read and approved the final manuscript.

CONSENT FOR PUBLICATION
Not applicable.

FUNDING

None.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

The authors wish to thank the professionals of the
Infectious and Tropical Diseases Research Center, Tabriz
University of Medical Sciences, Tabriz, Iran.

REFERENCES

[1] Daei Sorkhabi A, Sarkesh A, Daei Sorkhabi A, Entezari-Maleki T,
Rashedi J, Bannazadeh Baghi H. Vitamin supplementation as a
potential adjunctive therapeutic approach for COVID-19: Biological
and clinical plausibility. J Basic Clin Physiol Pharmacol 2022; 33(1):
55-77.

[http://dx.doi.org/10.1515/jbecpp-2021-0111] [PMID: 34380185]

2] Rasizadeh R, Baghi HB. Increase in rabies cases during COVID-19
pandemic: Is there a connection? J Infect Dev Ctries 2023; 17(3):
335-6.

[http://dx.doi.org/10.3855/jidc.17537] [PMID: 37023440]

[3] Aghbash PS, Eslami N, Shamekh A, Entezari-Maleki T, Baghi HB.
SARS-CoV-2 infection: The role of PD-1/PD-L1 and CTLA-4 axis.
Life Sci 2021; 270: 119124.
[http://dx.doi.org/10.1016/j.1f5.2021.119124] [PMID: 33508291]

[4] Jafari S, Dadmehr M, Sharifi Y, et al. The potential effects of
Scrophularia striata Boiss on COVID-19. ImmunoRegulation 2022;
4(2): 69-72.
[http://dx.doi.org/10.32598/IMMUNOREGULATION.4.2.3]

[5] Kasho AKA, Nahand JS, Salmaninejad A, et al. PBMC MicroRNAs:


http://dx.doi.org/10.1515/jbcpp-2021-0111
http://www.ncbi.nlm.nih.gov/pubmed/34380185
http://dx.doi.org/10.3855/jidc.17537
http://www.ncbi.nlm.nih.gov/pubmed/37023440
http://dx.doi.org/10.1016/j.lfs.2021.119124
http://www.ncbi.nlm.nih.gov/pubmed/33508291
http://dx.doi.org/10.32598/IMMUNOREGULATION.4.2.3

Exploring Coinfections in the COVID-19 Pandemic

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

(1e]

[17]

[18]

[19]

[20]

(21]

[22]

[23]

Promising biomarkers for the differential diagnosis of COVID-19
patients with abnormal coagulation indices. Curr Microbiol 2023;
80(8): 248.

[http://dx.doi.org/10.1007/300284-023-03365-2] [PMID: 37341794]
World Health Organization. Coronavirus disease (COVID-19)
pandemic. 2021. Available From:
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
(Accessed on 27 September 2021).

Coronavirus death toll. Available From:
https://www.worldometers.info/coronavirus/coronavirus-death-toll/
(Accessed on 27 September 2021).

Richardson S, Hirsch JS, Narasimhan M, er al. Presenting
characteristics, comorbidities, and outcomes among 5700 patients
hospitalized with COVID-19 in the New York City area. JAMA 2020;
323(20): 2052-9.

[http://dx.doi.org/10.1001/jama.2020.6775] [PMID: 32320003]
Lansbury L, Lim B, Baskaran V, Lim WS. Co-infections in people
with COVID-19: A systematic review and meta-analysis. J Infect
2020; 81(2): 266-75.

[http://dx.doi.org/10.1016/j.jinf.2020.05.046] [PMID: 32473235]

Dhar D, Mohanty A. Gut microbiota and Covid-19- possible link and
implications. Virus Res 2020; 285: 198018.
[http://dx.doi.org/10.1016/j.virusres.2020.198018] [PMID: 32430279]
Eslami N, Aghbash PS, Shamekh A, ef al. SARS-CoV-2: Receptor and
co-receptor tropism probability. Curr Microbiol 2022; 79(5): 133.
[http://dx.doi.org/10.1007/500284-022-02807-7] [PMID: 35292865]
Wilder-Smith A, Green JA, Paton NI. Hospitalized patients with
bacterial infections: A potential focus of SARS transmission during an
outbreak. Epidemiol Infect 2004; 132(3): 407-8.
[http://dx.doi.org/10.1017/50950268803001869] [PMID: 15188709]
Zumla A, Hui DS, Perlman S. Middle East respiratory syndrome.
Lancet 2015; 386(9997): 995-1007.
[http://dx.doi.org/10.1016/S0140-6736(15)60454-8]
26049252]

Morris DE, Cleary DW, Clarke SC. Secondary bacterial infections
associated with influenza pandemics. Front Microbiol 2017; 8: 1041.
[http://dx.doi.org/10.3389/fmicb.2017.01041] [PMID: 28690590]
Kolenda C, Ranc A-G, Boisset S, Eds., et al. Assessment of
respiratory bacterial coinfections among severe acute respiratory
syndrome coronavirus 2-positive patients hospitalized in intensive care
units using conventional culture and biofire, filmarray pneumonia
panel plus assay. Open Forum Infectious Diseases 2020; 7(11):
ofaa484.

[http://dx.doi.org/10.1093/0fid/ofaa484]

Garcia-Vidal C, Sanjuan G, Moreno-Garcia E, et al. Incidence of co-
infections and superinfections in hospitalized patients with
COVID-19: A retrospective cohort study. Clin Microbiol Infect 2021;
27(1): 83-8.

[http://dx.doi.org/10.1016/j.cmi.2020.07.041] [PMID: 32745596]
Fattorini L, Creti R, Palma C, Pantosti A. Bacterial coinfections in
COVID-19: An underestimated adversary. Ann Ist Super Sanita 2020;
56(3): 359-64.

[PMID: 32959802]

Chen N, Zhou M, Dong X, et al. Epidemiological and clinical
characteristics of 99 cases of 2019 novel coronavirus pneumonia in
Wouhan, China: A descriptive study. Lancet 2020; 395(10223): 507-13.
[http://dx.doi.org/10.1016/S0140-6736(20)30211-7] [PMID:
32007143]

Dong X, Cao Y, Lu X, et al. Eleven faces of coronavirus disease 2019.
Allergy 2020; 75(7): 1699-709.

[http://dx.doi.org/10.1111/all.14289] [PMID: 32196678]

Lescure FX, Bouadma L, Nguyen D, et al. Clinical and virological
data of the first cases of COVID-19 in Europe: A case series. Lancet
Infect Dis 2020; 20(6): 697-706.
[http://dx.doi.org/10.1016/S1473-3099(20)30200-0]
32224310]

Arentz M, Yim E, Klaff L, et al. Characteristics and outcomes of 21
critically ill patients with COVID-19 in Washington State. JAMA
2020; 323(16): 1612-4.

[http://dx.doi.org/10.1001/jama.2020.4326] [PMID: 32191259]

Crotty MP, Dominguez EA, Akins R, et al Investigation of
subsequent and co-infections associated with SARS-CoV-2
(COVID-19) in hospitalized patients. medRxiv 2020.
[http://dx.doi.org/10.1101/2020.05.29.20117176]

Smith H, Sweet C. Cooperation between viral and bacterial pathogens
in causing human respiratory disease. In: Polymicrobial Diseases.
Washington (DC): ASM Press 2002.

[PMID:

[PMID:

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

The Open Microbiology Journal, 2023, Volume 17 9

[http://dx.doi.org/10.1128/9781555817947.ch11]

Almand EA, Moore MD, Jaykus LA. Virus-bacteria interactions: An
emerging topic in human infection. Viruses 2017; 9(3): 58.
[http://dx.doi.org/10.3390/v9030058] [PMID: 28335562]

Rasmussen SA, Smulian JC, Lednicky JA, Wen TS, Jamieson DIJ.
Coronavirus Disease 2019 (COVID-19) and pregnancy: What
obstetricians need to know. Am J Obstet Gynecol 2020; 222(5):
415-26.

[http://dx.doi.org/10.1016/j.aj0g.2020.02.017] [PMID: 32105680]
Ritchie  AI,  Singanayagam A. Immunosuppression for
hyperinflammation in COVID-19: A double-edged sword? Lancet
2020; 395(10230): 1111.
[http://dx.doi.org/10.1016/S0140-6736(20)30691-7]
32220278]

Tetro JA. Is COVID-19 receiving ADE from other coronaviruses?
Microbes Infect 2020; 22(2): 72-3.
[http://dx.doi.org/10.1016/j.micinf.2020.02.006] [PMID: 32092539]
Zhang B, Liu S, Tan T, et al. Treatment with convalescent plasma for
critically ill patients with severe acute respiratory syndrome
coronavirus 2 infection. Chest 2020; 158(1): e9-el3.
[http://dx.doi.org/10.1016/j.chest.2020.03.039] [PMID: 32243945]
Rasizadeh R, Aghbash PS, Nahand JS, Entezari-Maleki T, Baghi HB.
SARS-CoV-2-associated organs failure and inflammation: A focus on
the role of cellular and viral microRNAs. Virol J 2023; 20(1): 179.
[http://dx.doi.org/10.1186/512985-023-02152-6] [PMID: 37559103]
Kreitmann L, Monard C, Dauwalder O, Simon M, Argaud L. Early
bacterial co-infection in ARDS related to COVID-19. Intensive Care
Med 2020; 46(9): 1787-9.
[http://dx.doi.org/10.1007/300134-020-06165-5] [PMID: 32661615]
Povoa HCC, Chianca GC, Iorio NLPP. COVID-19: An alert to
ventilator-associated bacterial pneumonia. Infect Dis Ther 2020; 9(3):
417-20.

[http://dx.doi.org/10.1007/s40121-020-00306-5] [PMID: 32474891]
Langford BJ, So M, Raybardhan S, et al. Bacterial co-infection and
secondary infection in patients with COVID-19: A living rapid review
and meta-analysis. Clin Microbiol Infect 2020; 26(12): 1622-9.
[http://dx.doi.org/10.1016/j.cmi.2020.07.016] [PMID: 32711058]

Zhu X, Ge Y, Wu T, et al. Co-infection with respiratory pathogens
among COVID-2019 cases. Virus Res 2020; 285: 198005.
[http://dx.doi.org/10.1016/j.virusres.2020.198005] [PMID: 32408156]
Chen X, Liao B, Cheng L, et al. The microbial coinfection in
COVID-19. Appl Microbiol Biotechnol 2020; 104(18): 7777-85.
[http://dx.doi.org/10.1007/300253-020-10814-6] [PMID: 32780290]
Mirzaei R, Goodarzi P, Asadi M, ef al. Bacterial co-infections with
SARS-CoV -2. IUBMB Life 2020; 72(10): 2097-111.
[http://dx.doi.org/10.1002/iub.2356] [PMID: 32770825]

Chen WC, Lai YC, Lin CH, et al. First COVID-19 mortality case in
Taiwan with bacterial co-infection by national surveillance of critically
ill patients with influenza-negative pneumonia. J Microbiol Immunol
Infect 2020; 53(4): 652-6.
[http://dx.doi.org/10.1016/j.jmii.2020.05.005] [PMID: 32527700]
Rawson TM, Moore LSP, Zhu N, et al. Bacterial and fungal co-
infection in individuals with coronavirus: A rapid review to support
COVID-19 antimicrobial prescribing. Clin Infect Dis 2020; 71(9):
2459-68.

[PMID: 32358954]

Novotny LA, Bakaletz LO. Intercellular adhesion molecule 1 serves as
a primary cognate receptor for the Type IV pilus of nontypeable
Haemophilus influenzae. Cell Microbiol 2016; 18(8): 1043-55.
[http://dx.doi.org/10.1111/cmi.12575] [PMID: 26857242]

Aghbash PS, Hemmat N, Nahand JS, et al. The role of Th17 cells in
viral infections. Int Immunopharmacol 2021; 91: 107331.
[http://dx.doi.org/10.1016/j.intimp.2020.107331] [PMID: 33418239]
Ballinger MN, Standiford TJ. Postinfluenza bacterial pneumonia: Host
defenses gone awry. J Interferon Cytokine Res 2010; 30(9): 643-52.
[http://dx.doi.org/10.1089/jir.2010.0049] [PMID: 20726789]

Davidson S, Maini MK, Wack A. Disease-promoting effects of type I
interferons in viral, bacterial, and coinfections. J Interferon Cytokine
Res 2015; 35(4): 252-64.

[http://dx.doi.org/10.1089/jir.2014.0227] [PMID: 25714109]

Mehta D, Petes C, Gee K, Basta S. The role of virus infection in
deregulating the cytokine response to secondary bacterial infection. J
Interferon Cytokine Res 2015; 35(12): 925-34.
[http://dx.doi.org/10.1089/jir.2015.0072] [PMID: 26308503]

Robinson KM, Kolls JK, Alcorn JF. The immunology of influenza
virus-associated bacterial pneumonia. Curr Opin Immunol 2015; 34:
59-67.

[PMID:


http://dx.doi.org/10.1007/s00284-023-03365-2
http://www.ncbi.nlm.nih.gov/pubmed/37341794
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://www.worldometers.info/coronavirus/coronavirus-death-toll/
http://dx.doi.org/10.1001/jama.2020.6775
http://www.ncbi.nlm.nih.gov/pubmed/32320003
http://dx.doi.org/10.1016/j.jinf.2020.05.046
http://www.ncbi.nlm.nih.gov/pubmed/32473235
http://dx.doi.org/10.1016/j.virusres.2020.198018
http://www.ncbi.nlm.nih.gov/pubmed/32430279
http://dx.doi.org/10.1007/s00284-022-02807-7
http://www.ncbi.nlm.nih.gov/pubmed/35292865
http://dx.doi.org/10.1017/S0950268803001869
http://www.ncbi.nlm.nih.gov/pubmed/15188709
http://dx.doi.org/10.1016/S0140-6736(15)60454-8
http://www.ncbi.nlm.nih.gov/pubmed/26049252
http://dx.doi.org/10.3389/fmicb.2017.01041
http://www.ncbi.nlm.nih.gov/pubmed/28690590
http://dx.doi.org/10.1093/ofid/ofaa484
http://dx.doi.org/10.1016/j.cmi.2020.07.041
http://www.ncbi.nlm.nih.gov/pubmed/32745596
http://www.ncbi.nlm.nih.gov/pubmed/32959802
http://dx.doi.org/10.1016/S0140-6736(20)30211-7
http://www.ncbi.nlm.nih.gov/pubmed/32007143
http://dx.doi.org/10.1111/all.14289
http://www.ncbi.nlm.nih.gov/pubmed/32196678
http://dx.doi.org/10.1016/S1473-3099(20)30200-0
http://www.ncbi.nlm.nih.gov/pubmed/32224310
http://dx.doi.org/10.1001/jama.2020.4326
http://www.ncbi.nlm.nih.gov/pubmed/32191259
http://dx.doi.org/10.1101/2020.05.29.20117176
http://dx.doi.org/10.1128/9781555817947.ch11
http://dx.doi.org/10.3390/v9030058
http://www.ncbi.nlm.nih.gov/pubmed/28335562
http://dx.doi.org/10.1016/j.ajog.2020.02.017
http://www.ncbi.nlm.nih.gov/pubmed/32105680
http://dx.doi.org/10.1016/S0140-6736(20)30691-7
http://www.ncbi.nlm.nih.gov/pubmed/32220278
http://dx.doi.org/10.1016/j.micinf.2020.02.006
http://www.ncbi.nlm.nih.gov/pubmed/32092539
http://dx.doi.org/10.1016/j.chest.2020.03.039
http://www.ncbi.nlm.nih.gov/pubmed/32243945
http://dx.doi.org/10.1186/s12985-023-02152-6
http://www.ncbi.nlm.nih.gov/pubmed/37559103
http://dx.doi.org/10.1007/s00134-020-06165-5
http://www.ncbi.nlm.nih.gov/pubmed/32661615
http://dx.doi.org/10.1007/s40121-020-00306-5
http://www.ncbi.nlm.nih.gov/pubmed/32474891
http://dx.doi.org/10.1016/j.cmi.2020.07.016
http://www.ncbi.nlm.nih.gov/pubmed/32711058
http://dx.doi.org/10.1016/j.virusres.2020.198005
http://www.ncbi.nlm.nih.gov/pubmed/32408156
http://dx.doi.org/10.1007/s00253-020-10814-6
http://www.ncbi.nlm.nih.gov/pubmed/32780290
http://dx.doi.org/10.1002/iub.2356
http://www.ncbi.nlm.nih.gov/pubmed/32770825
http://dx.doi.org/10.1016/j.jmii.2020.05.005
http://www.ncbi.nlm.nih.gov/pubmed/32527700
http://www.ncbi.nlm.nih.gov/pubmed/32358954
http://dx.doi.org/10.1111/cmi.12575
http://www.ncbi.nlm.nih.gov/pubmed/26857242
http://dx.doi.org/10.1016/j.intimp.2020.107331
http://www.ncbi.nlm.nih.gov/pubmed/33418239
http://dx.doi.org/10.1089/jir.2010.0049
http://www.ncbi.nlm.nih.gov/pubmed/20726789
http://dx.doi.org/10.1089/jir.2014.0227
http://www.ncbi.nlm.nih.gov/pubmed/25714109
http://dx.doi.org/10.1089/jir.2015.0072
http://www.ncbi.nlm.nih.gov/pubmed/26308503

10 The Open Microbiology Journal, 2023, Volume 17

[44]

[45]

[46]

[47]

(48]

[49]

(501

(511

[52]

(53]

[54]

(53]

[56]

[57]

[58]

[59]

[60]

[http://dx.doi.org/10.1016/j.c0i.2015.02.002] [PMID: 25723597]
Bezerra PGM, Britto MCA, Correia JB, et al. Viral and atypical
bacterial detection in acute respiratory infection in children under five
years. PLoS One 2011; 6(4): €18928.
[http://dx.doi.org/10.1371/journal.pone.0018928] [PMID: 21533115]
Edrada EM, Lopez EB, Villarama JB, et al. First COVID-19 infections
in the Philippines: A case report. Trop Med Health 2020; 48(1): 21.
[http://dx.doi.org/10.1186/s41182-020-00203-0]

Johansson N, Kalin M, Hedlund J. Clinical impact of combined viral
and bacterial infection in patients with community-acquired
pneumonia. Scand J Infect Dis 2011; 43(8): 609-15.
[http://dx.doi.org/10.3109/00365548.2011.570785] [PMID: 21466255]
Kaiser L, Regamey N, Roiha H, Deffernez C, Frey U. Human
coronavirus NL63 associated with lower respiratory tract symptoms in
early life. Pediatr Infect Dis J 2005; 24(11): 1015-7.
[http://dx.doi.org/10.1097/01.inf.0000183773.80217.12]
16282944]

Golda A, Malek N, Dudek B, ef al. Infection with human coronavirus
NL63 enhances streptococcal adherence to epithelial cells. J Gen Virol
2011; 92(6): 1358-68.

[http://dx.doi.org/10.1099/vir.0.028381-0] [PMID: 21325482]
Dijkman R, Jebbink MF, El Idrissi NB, et a/. Human coronavirus
NL63 and 229E seroconversion in children. J Clin Microbiol 2008;
46(7): 2368-73.

[http://dx.doi.org/10.1128/JCM.00533-08] [PMID: 18495857]

Alfaraj SH, Al-Tawfiq JA, Altuwaijri TA, Memish ZA. Middle East
respiratory syndrome coronavirus and pulmonary tuberculosis
coinfection: Implications for infection control. Intervirology 2017;
60(1-2): 53-5.

[http://dx.doi.org/10.1159/000477908] [PMID: 28683463]

Wang JB, Xu N, Shi HZ, Huang XZ, Lin L. Organism distribution and
drug resistance in 7 cases of severe acute respiratory syndrome death
patients with secondary bacteria infection. Zhongguo Wei Zhong Bing
Ji Jiu Yi Xue 2003; 15(9): 523-5.

[PMID: 12971842]

Wong CK, Lam CWK, Wu AKL, et al. Plasma inflammatory
cytokines and chemokines in severe acute respiratory syndrome. Clin
Exp Immunol 2004; 136(1): 95-103.
[http://dx.doi.org/10.1111/j.1365-2249.2004.02415.x]
15030519]

National Research Project for SARS, Beijing Group. The involvement
of natural killer cells in the pathogenesis of severe acute respiratory
syndrome. Am J Clin Pathol 2004; 121(4): 507-11.
[http://dx.doi.org/10.1309/WPK7Y2XKNF4CBF3R]
15080302]

Chien JY, Hsueh PR, Cheng WC, Yu CJ, Yang PC. Temporal changes
in cytokine/chemokine profiles and pulmonary involvement in severe
acute respiratory syndrome. Respirology 2006; 11(6): 715-22.
[http://dx.doi.org/10.1111/j.1440-1843.2006.00942.x]
17052299]

Wang CH, Liu CY, Wan YL, et al. Persistence of lung inflammation
and lung cytokines with high-resolution CT abnormalities during
recovery from SARS. Respir Res 2005; 6(1): 42.
[http://dx.doi.org/10.1186/1465-9921-6-42] [PMID: 15888207]
Alosaimi B, Hamed ME, Naeem A, et al. MERS-CoV infection is
associated with downregulation of genes encoding Thl and Th2
cytokines/chemokines and elevated inflammatory innate immune
response in the lower respiratory tract. Cytokine 2020; 126: 154895.
[http://dx.doi.org/10.1016/j.cyt0.2019.154895] [PMID: 31706200]
Matic S, Popovic S, Djurdjevic P, et al. SARS-CoV-2 infection
induces mixed M1/M2 phenotype in circulating monocytes and
alterations in both dendritic cell and monocyte subsets. PLoS One
2020; 15(12): €0241097.
[http://dx.doi.org/10.1371/journal.pone.0241097] [PMID: 33382687]
Wang W, Su B, Pang L, et al. High-dimensional immune profiling by
mass cytometry revealed immunosuppression and dysfunction of
immunity in COVID-19 patients. Cell Mol Immunol 2020; 17(6):
650-2.

[http://dx.doi.org/10.1038/s41423-020-0447-2] [PMID: 32346099]
Schultheil C, Paschold L, Simnica D, et al. Next-generation
sequencing of T and B cell receptor repertoires from COVID-19
patients showed signatures associated with severity of disease.
Immunity 2020; 53: 442-55.

Liu T, Feng M, Wen Z, He Y, Lin W, Zhang M. Comparison of the
characteristics of cytokine storm and immune response induced by
SARS-CoV, MERS-CoV, and SARS-CoV-2 infections. J Inflamm Res
2021; 14: 5475-87.

[PMID:

[PMID:

[PMID:

[PMID:

fe1]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

Rasizadeh et al.

[http://dx.doi.org/10.2147/JIR.S329697] [PMID: 34720596]

Hamidi Z, Jabraeili-Siahroud S, Taati-Alamdari Y, Aghbash PS,
Shamekh A, Baghi HB. A comprehensive review of COVID-19
symptoms and treatments in the setting of autoimmune diseases. Virol
J2023; 20(1): 1-11.

[http://dx.doi.org/10.1186/812985-023-01967-7] [PMID: 36611166]
Zhou F, Yu T, Du R, et al. Clinical course and risk factors for
mortality of adult inpatients with COVID-19 in Wuhan, China: A
retrospective cohort study. Lancet 2020; 395(10229): 1054-62.
[http://dx.doi.org/10.1016/S0140-6736(20)30566-3]
32171076]

Tay MZ, Poh CM, Rénia L, MacAry PA, Ng LFP. The trinity of
COVID-19: Immunity, inflammation and intervention. Nat Rev
Immunol 2020; 20(6): 363-74.
[http://dx.doi.org/10.1038/s41577-020-0311-8] [PMID: 32346093]
Bengoechea JA, Bamford CGG. SARS -CoV-2, bacterial co-
infections, and AMR: The deadly trio in COVID -19? EMBO Mol
Med 2020; 12(7): €12560.
[http://dx.doi.org/10.15252/emmm.202012560] [PMID: 32453917]
Bosch AATM, Biesbroek G, Trzcinski K, Sanders EAM, Bogaert D.
Viral and bacterial interactions in the upper respiratory tract. PLoS
Pathog 2013; 9(1): €1003057.
[http://dx.doi.org/10.1371/journal.ppat.1003057] [PMID: 23326226]
Versteeg GA, Bredenbeek PJ, van den Worm SHE, Spaan WIM.
Group 2 coronaviruses prevent immediate early interferon induction
by protection of viral RNA from host cell recognition. Virology 2007;
361(1): 18-26.

[http://dx.doi.org/10.1016/j.virol.2007.01.020] [PMID: 17316733]
Rynda-Apple A, Robinson KM, Alcorn JF. Influenza and bacterial
superinfection: Illuminating the immunologic mechanisms of disease.
Infect Immun 2015; 83(10): 3764-70.
[hitp://dx.doi.org/10.1128/IA1.00298-15] [PMID: 26216421]
Bengoechea JA, Sa Pessoa J. Klebsiella pneumoniae infection biology:
Living to counteract host defences. FEMS Microbiol Rev 2019; 43(2):
123-44.

[http://dx.doi.org/10.1093/femsre/fuy043] [PMID: 30452654]
Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-2 cell
entry depends on ACE2 and TMPRSS2 and is blocked by a clinically
proven protease inhibitor. Cell 2020; 181(2): 271-280.e8.
[http://dx.doi.org/10.1016/j.cell.2020.02.052] [PMID: 32142651]
Goncalves Mendes Neto A, Lo KB, Wattoo A, et al. Bacterial
infections and patterns of antibiotic use in patients with COVID-19. J
Med Virol 2021; 93(3): 1489-95.
[http://dx.doi.org/10.1002/jmv.26441] [PMID: 32808695]

Dumas A, Bernard L, Poquet Y, Lugo-Villarino G, Neyrolles O. The
role of the lung microbiota and the gut-lung axis in respiratory
infectious diseases. Cell Microbiol 2018; 20(12): ¢12966.
[http://dx.doi.org/10.1111/cmi.12966] [PMID: 30329198]

Lamers MM, Beumer J, van der Vaart J, et al. SARS-CoV-2
productively infects human gut enterocytes. Science 2020; 369(6499):
50-4.

[http://dx.doi.org/10.1126/science.abc1669] [PMID: 32358202]
Docherty AB, Harrison EM, Green CA, et al. Features of 20 133 UK
patients in hospital with covid-19 using the ISARIC WHO Clinical
Characterisation Protocol: Prospective observational cohort study.
BM1J 2020; 369: m1985.

Halasa NB. Update on the 2009 pandemic influenza A HIN1 in
children. Curr Opin Pediatr 2010; 22(1): 83-7.
[http://dx.doi.org/10.1097/MOP.0b013¢3283350317]
20068413]

Kash JC, Walters KA, Davis AS, et al. Lethal synergism of 2009
pandemic HIN1 influenza virus and Streptococcus pneumoniae
coinfection is associated with loss of murine lung repair responses.
MBio 2011; 2(5): €00172-11.
[http://dx.doi.org/10.1128/mBi0.00172-11] [PMID: 21933918]

Lim YK, Kweon OJ, Kim HR, Kim TH, Lee MK. Impact of bacterial
and viral coinfection in community-acquired pneumonia in adults.
Diagn Microbiol Infect Dis 2019; 94(1): 50-4.
[http://dx.doi.org/10.1016/j.diagmicrobio.2018.11.014]
30578007]

Sharifipour E, Shams S, Esmkhani M, et al. Evaluation of bacterial co-
infections of the respiratory tract in COVID-19 patients admitted to
ICU. BMC Infect Dis 2020; 20(1): 646.
[http://dx.doi.org/10.1186/312879-020-05374-z] [PMID: 32873235]
Hanada S, Pirzadeh M, Carver KY, Deng JC. Respiratory viral
infection-induced microbiome alterations and secondary bacterial
pneumonia. Front Immunol 2018; 9: 2640.

[PMID:

[PMID:

[PMID:


http://dx.doi.org/10.1016/j.coi.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25723597
http://dx.doi.org/10.1371/journal.pone.0018928
http://www.ncbi.nlm.nih.gov/pubmed/21533115
http://dx.doi.org/10.1186/s41182-020-00203-0
http://dx.doi.org/10.3109/00365548.2011.570785
http://www.ncbi.nlm.nih.gov/pubmed/21466255
http://dx.doi.org/10.1097/01.inf.0000183773.80217.12
http://www.ncbi.nlm.nih.gov/pubmed/16282944
http://dx.doi.org/10.1099/vir.0.028381-0
http://www.ncbi.nlm.nih.gov/pubmed/21325482
http://dx.doi.org/10.1128/JCM.00533-08
http://www.ncbi.nlm.nih.gov/pubmed/18495857
http://dx.doi.org/10.1159/000477908
http://www.ncbi.nlm.nih.gov/pubmed/28683463
http://www.ncbi.nlm.nih.gov/pubmed/12971842
http://dx.doi.org/10.1111/j.1365-2249.2004.02415.x
http://www.ncbi.nlm.nih.gov/pubmed/15030519
http://dx.doi.org/10.1309/WPK7Y2XKNF4CBF3R
http://www.ncbi.nlm.nih.gov/pubmed/15080302
http://dx.doi.org/10.1111/j.1440-1843.2006.00942.x
http://www.ncbi.nlm.nih.gov/pubmed/17052299
http://dx.doi.org/10.1186/1465-9921-6-42
http://www.ncbi.nlm.nih.gov/pubmed/15888207
http://dx.doi.org/10.1016/j.cyto.2019.154895
http://www.ncbi.nlm.nih.gov/pubmed/31706200
http://dx.doi.org/10.1371/journal.pone.0241097
http://www.ncbi.nlm.nih.gov/pubmed/33382687
http://dx.doi.org/10.1038/s41423-020-0447-2
http://www.ncbi.nlm.nih.gov/pubmed/32346099
http://dx.doi.org/10.2147/JIR.S329697
http://www.ncbi.nlm.nih.gov/pubmed/34720596
http://dx.doi.org/10.1186/s12985-023-01967-7
http://www.ncbi.nlm.nih.gov/pubmed/36611166
http://dx.doi.org/10.1016/S0140-6736(20)30566-3
http://www.ncbi.nlm.nih.gov/pubmed/32171076
http://dx.doi.org/10.1038/s41577-020-0311-8
http://www.ncbi.nlm.nih.gov/pubmed/32346093
http://dx.doi.org/10.15252/emmm.202012560
http://www.ncbi.nlm.nih.gov/pubmed/32453917
http://dx.doi.org/10.1371/journal.ppat.1003057
http://www.ncbi.nlm.nih.gov/pubmed/23326226
http://dx.doi.org/10.1016/j.virol.2007.01.020
http://www.ncbi.nlm.nih.gov/pubmed/17316733
http://dx.doi.org/10.1128/IAI.00298-15
http://www.ncbi.nlm.nih.gov/pubmed/26216421
http://dx.doi.org/10.1093/femsre/fuy043
http://www.ncbi.nlm.nih.gov/pubmed/30452654
http://dx.doi.org/10.1016/j.cell.2020.02.052
http://www.ncbi.nlm.nih.gov/pubmed/32142651
http://dx.doi.org/10.1002/jmv.26441
http://www.ncbi.nlm.nih.gov/pubmed/32808695
http://dx.doi.org/10.1111/cmi.12966
http://www.ncbi.nlm.nih.gov/pubmed/30329198
http://dx.doi.org/10.1126/science.abc1669
http://www.ncbi.nlm.nih.gov/pubmed/32358202
http://dx.doi.org/10.1097/MOP.0b013e3283350317
http://www.ncbi.nlm.nih.gov/pubmed/20068413
http://dx.doi.org/10.1128/mBio.00172-11
http://www.ncbi.nlm.nih.gov/pubmed/21933918
http://dx.doi.org/10.1016/j.diagmicrobio.2018.11.014
http://www.ncbi.nlm.nih.gov/pubmed/30578007
http://dx.doi.org/10.1186/s12879-020-05374-z
http://www.ncbi.nlm.nih.gov/pubmed/32873235

Exploring Coinfections in the COVID-19 Pandemic

[79]

[80]

(81]

(82]

(83]

(84]

[85]

[86]

(87]

(88]

(89]

[90]

[o1]

[92]

[93]

[94]

[http://dx.doi.org/10.3389/fimmu.2018.02640] [PMID: 30505304]
Nori P, Cowman K, Chen V, ef al. Bacterial and fungal coinfections in
COVID-19 patients hospitalized during the New York City pandemic
surge. Infect Control Hosp Epidemiol 2021; 42(1): 84-8.

[PMID: 32703320]

Jalkanen P, Kolehmainen P, Hakkinen HK, et al. COVID-19 mRNA
vaccine induced antibody responses against three SARS-CoV-2
variants. Nat Commun 2021; 12(1): 3991.
[http://dx.doi.org/10.1038/s41467-021-24285-4] [PMID: 34183681]
He F, Xia X, Nie D, et al. Respiratory bacterial pathogen spectrum
among COVID-19 infected and non-COVID-19 virus infected
pneumonia patients. Diagn Microbiol Infect Dis 2020; 98(4): 115199.
[http://dx.doi.org/10.1016/j.diagmicrobio.2020.115199] [PMID:
32979617]

Intra J, Sarto C, Beck E, Tiberti N, Leoni V, Brambilla P. Bacterial
and fungal colonization of the respiratory tract in COVID-19 patients
should not be neglected. Am J Infect Control 2020; 48(9): 1130-1.
[http://dx.doi.org/10.1016/j.ajic.2020.06.185] [PMID: 32593810]
Desai A, Santonocito OG, Caltagirone G, et al. Effectiveness of
streptococcus pneumoniae urinary antigen testing in decreasing
mortality of COVID-19 co-infected patients: A clinical investigation.
Medicina 2020; 56(11): 572.
[http://dx.doi.org/10.3390/medicina56110572] [PMID: 33138045]
Duployez C, Le Guern R, Tinez C, et al. Panton-valentine
leukocidin—secreting staphylococcus aureus pneumonia complicating
COVID-19. Emerg Infect Dis 2020; 26(8): 1939-41.
[http://dx.doi.org/10.3201/eid2608.201413] [PMID: 32298228]
Dudoignon E, Caméléna F, Deniau B, et al. Bacterial pneumonia in
COVID-19 critically ill patients: A case series. Clin Infect Dis 2021;
72(5): 905-6.

[http://dx.doi.org/10.1093/cid/ciaa762] [PMID: 32544219]

Jung HS, Kang BJ, Ra SW, et al. Elucidation of bacterial pneumonia-
causing pathogens in patients with respiratory viral infection. Tuberc
Respir Dis 2017; 80(4): 358-67.
[http://dx.doi.org/10.4046/trd.2017.0044] [PMID: 28905531]

Punjabi CD, Madaline T, Gendlina I, Chen V, Nori P, Pirofski L.
Prevalence of methicillin-resistant Staphylococcus aureus (MRSA) in
respiratory cultures and diagnostic performance of the MRSA nasal
polymerase chain reaction (PCR) in patients hospitalized with
coronavirus disease 2019 (COVID-19) pneumonia. Infect Control
Hosp Epidemiol 2021; 42(9): 1156-8.
[http://dx.doi.org/10.1017/ice.2020.440] [PMID: 32843125]
Sepulveda J, Westblade LF, Whittier S, et a/. Bacteremia and blood
culture utilization during COVID-19 surge in New York City. J Clin
Microbiol 2020; 58(8): €00875-20.

Elzein F, Alsherbeeni N, Almatrafi K, Shosha D, Naoufel K.
COVID-19 co-infection in a patient with brucella bacteremia. Respir
Med Case Rep 2020; 31: 101183.
[http://dx.doi.org/10.1016/j.rmer.2020.101183] [PMID: 32834987]
Cucchiari D, Pericas JM, Riera J, Gumucio R, Md EC, Nicolas D.
Pneumococcal superinfection in COVID-19 patients: A series of 5
cases. Med Clin 2020; 155(11): 502-5.
[http://dx.doi.org/10.1016/j.medcli.2020.05.022]

Liu C, Wen Y, Wan W, Lei J, Jiang X. Clinical characteristics and
antibiotics treatment in suspected bacterial infection patients with
COVID-19. Int Immunopharmacol 2021; 90: 107157.
[http://dx.doi.org/10.1016/j.intimp.2020.107157] [PMID: 33187911]
Aghbash PS, Rasizadeh R, Shirvaliloo M, Nahand JS, Baghi HB.
Dynamic alterations in white blood cell counts and SARS-CoV-2
shedding in saliva: An infection predictor parameter. Front Med 2023;
10: 1208928.

[http://dx.doi.org/10.3389/fmed.2023.1208928] [PMID: 37396915]
Malekifar P, Pakzad R, Shahbahrami R, ef a/. Viral coinfection among
COVID-19 patient groups: An update systematic review and meta-
analysis. BioMed Res Int 2021; 2021: 1-10.
[http://dx.doi.org/10.1155/2021/5313832] [PMID: 34485513]
Freymuth F, Vabret A, Brouard J, ef al. Detection of viral, chlamydia
pneumoniae and mycoplasma pneumoniae infections in exacerbations

[95]

[96]

[97]

[98]

[99]

[100]

[1o1]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

The Open Microbiology Journal, 2023, Volume 17 11

of asthma in children. J Clin Virol 1999; 13(3): 131-9.
[http://dx.doi.org/10.1016/S1386-6532(99)00030-X]
10443789]

Aghbash PS, Eslami N, Shirvaliloo M, Baghi HB. Viral coinfections in
COVID-19. J Med Virol 2021; 93(9): 5310-22.
[http://dx.doi.org/10.1002/jmv.27102] [PMID: 34032294]

Brown GD, Denning DW, Gow NA, Levitz SM, Netea MG, White
TC. Hidden killers: Human fungal infections. Sci Trad Med 2012;
4(165): 165rv13.

[http://dx.doi.org/10.1126/scitranslmed.3004404]

Alsheikh AD, Abdalla MA, Abdullah M, Hasan H. The prevalence of
bacterial and fungal coinfections among critically ill COVID-19
patients in the ICU in Jordan. Int ] Microbiol 2022; 2022: 1-8.
[http://dx.doi.org/10.1155/2022/9992881] [PMID: 36353524]

Nayak N. Mucormycosis COVID-19 Coinfection. Int J Adv Life Sci
Res 2022; 5: 1-4.

[PMID: 35432662]

Peman J, Ruiz-Gaitan A, Garcia-Vidal C, et al. Fungal co-infection in
COVID-19 patients: Should we be concerned? Rev Iberoam Micol
2020; 37(2): 41-6.

[http://dx.doi.org/10.1016/j.riam.2020.07.001] [PMID: 33041191]
Song G, Liang G, Liu W. Fungal co-infections associated with global
COVID-19 pandemic: A clinical and diagnostic perspective from
China. Mycopathologia 2020; 185(4): 599-606.
[http://dx.doi.org/10.1007/311046-020-00462-9] [PMID: 32737747]
Casalini G, Giacomelli A, Ridolfo A, Gervasoni C, Antinori S.
Invasive fungal infections complicating COVID-19: A narrative
review. J Fungi 2021; 7(11): 921.
[http://dx.doi.org/10.3390/j0f7110921] [PMID: 34829210]

Salazar F, Bignell E, Brown GD, Cook PC, Warris A. Pathogenesis of
respiratory viral and fungal coinfections. Clin Microbiol Rev 2022;
35(1): €00094-21.

[http://dx.doi.org/10.1128/CMR.00094-21] [PMID: 34788127]
Hughes S, Troise O, Donaldson H, Mughal N, Moore LSP. Bacterial
and fungal coinfection among hospitalized patients with COVID-19: A
retrospective cohort study in a UK secondary-care setting. Clin
Microbiol Infect 2020; 26(10): 1395-9.
[http://dx.doi.org/10.1016/j.cmi.2020.06.025] [PMID: 32603803]
Huttner BD, Catho G, Pano-Pardo JR, Pulcini C, Schouten J.
COVID-19: Don’t neglect antimicrobial stewardship principles! Clin
Microbiol Infect 2020; 26(7): 808-10.
[http://dx.doi.org/10.1016/j.cmi.2020.04.024] [PMID: 32360446]
Rhee C, Kadri SS, Dekker JP, et al. Prevalence of antibiotic-resistant
pathogens in culture-proven sepsis and outcomes associated with
inadequate and broad-spectrum empiric antibiotic use. JAMA Network
Open 2020; 3: €202899.
[http://dx.doi.org/10.1001/jamanetworkopen.2020.2899]

Anaghez ZZ, Rasizadeh R, Aghbash PS, Feizi H, Khakvar R, Baghi
HB. Bacteriophages against pathogenic bacteria: In medicine and
agriculture. Curr Bioact Compd 2023; 19(5): €191022210146.
[http://dx.doi.org/10.2174/1573407219666221019090227]

Latgé JP, Chamilos G. Aspergillus fumigatus and Aspergillosis in
2019. Clin Microbiol Rev 2019; 33(1): e00140-18.
[http://dx.doi.org/10.1128/CMR.00140-18] [PMID: 31722890]

Conti HR, Gaffen SL. Host responses to Candida albicans: Th17 cells
and mucosal candidiasis. Microbes Infect 2010; 12(7): 518-27.
[http://dx.doi.org/10.1016/j.micinf.2010.03.013] [PMID: 20381638]
Hachem R, Hanna H, Kontoyiannis D, Jiang Y, Raad I. The changing
epidemiology of invasive candidiasis. Cancer 2008; 112(11): 2493-9.
[http://dx.doi.org/10.1002/cncr.23466] [PMID: 18412153]

Gomes MZR, Lewis RE, Kontoyiannis DP. Mucormycosis caused by
unusual mucormycetes, non-Rhizopus, -Mucor, and -Lichtheimia
species. Clin Microbiol Rev 2011; 24(2): 411-45.
[http://dx.doi.org/10.1128/CMR.00056-10] [PMID: 21482731]
Kwon-Chung KJ, Fraser JA, Doering TL, et al. Cryptococcus
neoformans and cryptococcus gattii, the etiologic agents of
cryptococcosis. Cold Spring Harb Perspect Med 2014; 4(7): a019760.
[http://dx.doi.org/10.1101/cshperspect.a019760] [PMID: 24985132]

[PMID:

© 2023 The Author(s). Published by Bentham Science Publisher.

(OO

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is
available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.


http://dx.doi.org/10.3389/fimmu.2018.02640
http://www.ncbi.nlm.nih.gov/pubmed/30505304
http://www.ncbi.nlm.nih.gov/pubmed/32703320
http://dx.doi.org/10.1038/s41467-021-24285-4
http://www.ncbi.nlm.nih.gov/pubmed/34183681
http://dx.doi.org/10.1016/j.diagmicrobio.2020.115199
http://www.ncbi.nlm.nih.gov/pubmed/32979617
http://dx.doi.org/10.1016/j.ajic.2020.06.185
http://www.ncbi.nlm.nih.gov/pubmed/32593810
http://dx.doi.org/10.3390/medicina56110572
http://www.ncbi.nlm.nih.gov/pubmed/33138045
http://dx.doi.org/10.3201/eid2608.201413
http://www.ncbi.nlm.nih.gov/pubmed/32298228
http://dx.doi.org/10.1093/cid/ciaa762
http://www.ncbi.nlm.nih.gov/pubmed/32544219
http://dx.doi.org/10.4046/trd.2017.0044
http://www.ncbi.nlm.nih.gov/pubmed/28905531
http://dx.doi.org/10.1017/ice.2020.440
http://www.ncbi.nlm.nih.gov/pubmed/32843125
http://dx.doi.org/10.1016/j.rmcr.2020.101183
http://www.ncbi.nlm.nih.gov/pubmed/32834987
http://dx.doi.org/10.1016/j.medcli.2020.05.022
http://dx.doi.org/10.1016/j.intimp.2020.107157
http://www.ncbi.nlm.nih.gov/pubmed/33187911
http://dx.doi.org/10.3389/fmed.2023.1208928
http://www.ncbi.nlm.nih.gov/pubmed/37396915
http://dx.doi.org/10.1155/2021/5313832
http://www.ncbi.nlm.nih.gov/pubmed/34485513
http://dx.doi.org/10.1016/S1386-6532(99)00030-X
http://www.ncbi.nlm.nih.gov/pubmed/10443789
http://dx.doi.org/10.1002/jmv.27102
http://www.ncbi.nlm.nih.gov/pubmed/34032294
http://dx.doi.org/10.1126/scitranslmed.3004404
http://dx.doi.org/10.1155/2022/9992881
http://www.ncbi.nlm.nih.gov/pubmed/36353524
http://www.ncbi.nlm.nih.gov/pubmed/35432662
http://dx.doi.org/10.1016/j.riam.2020.07.001
http://www.ncbi.nlm.nih.gov/pubmed/33041191
http://dx.doi.org/10.1007/s11046-020-00462-9
http://www.ncbi.nlm.nih.gov/pubmed/32737747
http://dx.doi.org/10.3390/jof7110921
http://www.ncbi.nlm.nih.gov/pubmed/34829210
http://dx.doi.org/10.1128/CMR.00094-21
http://www.ncbi.nlm.nih.gov/pubmed/34788127
http://dx.doi.org/10.1016/j.cmi.2020.06.025
http://www.ncbi.nlm.nih.gov/pubmed/32603803
http://dx.doi.org/10.1016/j.cmi.2020.04.024
http://www.ncbi.nlm.nih.gov/pubmed/32360446
http://dx.doi.org/10.1001/jamanetworkopen.2020.2899
http://dx.doi.org/10.2174/1573407219666221019090227
http://dx.doi.org/10.1128/CMR.00140-18
http://www.ncbi.nlm.nih.gov/pubmed/31722890
http://dx.doi.org/10.1016/j.micinf.2010.03.013
http://www.ncbi.nlm.nih.gov/pubmed/20381638
http://dx.doi.org/10.1002/cncr.23466
http://www.ncbi.nlm.nih.gov/pubmed/18412153
http://dx.doi.org/10.1128/CMR.00056-10
http://www.ncbi.nlm.nih.gov/pubmed/21482731
http://dx.doi.org/10.1101/cshperspect.a019760
http://www.ncbi.nlm.nih.gov/pubmed/24985132
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/

	Beyond the Virus: Exploring Coinfections in the COVID-19 Pandemic 
	1. INTRODUCTION
	2. BACTERIAL COINFECTION IN OTHER VIRAL RESPIRATORY TRACT INFECTIONS
	3. BACTERIAL COINFECTION IN COVID-19
	4. RESPIRATORY TRACT AND BACTERIAL COINFECTION IN COVID-19
	5. BACTEREMIA IN COVID-19
	6. VIRAL COINFECTION IN COVID-19 PATIENTS
	7. FUNGAL COINFECTION IN COVID-19
	7.1. Invasive Pulmonary Aspergillosis (IPA)
	7.2. Invasive Candidiasis
	7.3. Invasive Mucormycosis
	7.4. Invasive Cryptococcosis

	8. THERAPEUTIC APPROACH
	CONCLUSION
	LIST OF ABBREVIATIONS
	AUTHORS’ CONTRIBUTION
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES 




