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Abstract: Patients with viral illness are at higher risk of secondary infections—whether bacterial,
viral, or parasitic—that usually lead to a worse prognosis. In the setting of Corona Virus Disease 2019
(COVID-19), the Severe Acute Respiratory Syndrome Coronavirus-type 2 (SARS-CoV-2) infection
may be preceded by a prior microbial infection or has a concurrent or superinfection. Previous reports
documented a significantly higher risk of microbial coinfection in SARS-CoV-2-positive patients.
Initial results from the United States (U.S.) and Europe found a significantly higher risk of mortality
and severe illness among hospitalized patients with SARS-CoV-2 and bacterial coinfection. However,
later studies found contradictory results concerning the impact of coinfection on the outcomes
of COVID-19. Thus, we conducted the present literature review to provide updated evidence
regarding the prevalence of coinfection and superinfection amongst patients with SARS-CoV-2,
possible mechanisms underlying the higher risk of coinfection and superinfection in SARS-CoV-2
patients, and the impact of coinfection and superinfection on the outcomes of patients with COVID-19.
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1. Introduction

In December 2019, a third coronavirus outbreak was reported in China, known as “the
Corona Virus Disease 2019 (COVID-19)”, which causes severe respiratory illness and has
rapidly evolved to spread [1,2] as a global pandemic that overwhelmed the capacity of
healthcare systems in many countries, leading to substantial healthcare and socioeconomic
implications [1]. The high replication rate of the Severe Acute Respiratory Syndrome
Coronavirus-type 2 (SARS-CoV-2), the causative agent of COVID-19, and the high pro-
portion of asymptomatic patients has led to constant growth in the active cases rate and
increased healthcare services demands across the globe [3]. COVID-19 is a highly con-
tagious disease that, as of January 2022, nearly 337 million confirmed cases have been
reported, and over 5.5 million related deaths (5% global mortality rate) have been recorded
globally [4-6]. The spread of COVID-19 appears to vary widely concerning the geograph-
ical area and patient characteristics. Data showed that the highest incidence rates have
been in the U.S., South America, and Europe, while most African counties have reported
comparatively lower numbers of confirmed COVID-19 cases than other parts of the world,
which is hypothesized to stem from the high temperature and genetic characteristics of
African people [7]. Males have been reported to be at higher risk of COVID-19 as well [8].

SARS-CoV-2 transmits through close contact by oral droplets. The infection begins
when the virion binds the angiotensin-converting enzyme 2 (ACE2) receptor to interact
with the spike protein (S protein) and TMPRSS2, a protease that cleaves the S protein to
release its domains, which is an essential step in viral infection to enter the host cell [9].
Studies have revealed that severe disease forms tend to affect the elderly population and
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patients with comorbidities or poor immunity [10,11]. Moreover, patient characteristics are
strong predictors of disease outcomes. Hypertension, diabetes mellitus, heart disease, renal
disease, and cerebral stroke were commonly reported in patients with COVID-19 that did
not survive [12]. Cytokine storm and mortality are higher in this type of population [7].

SARS-CoV-2 infection is thought to be mediated by activated T lymphocytes [13],
which, in return, activate several inflammatory mediators, including interleukins, tumor
necrosis factor-f3 (TNF-f), and chemokine (C-C motif) ligand 2 (CCL2) [14,15]. While the
majority of patients are either asymptomatic or suffer from mild flu-like symptoms (such
as shortness of breath, cough, and sore throat) [16], about 20% of cases show severe symp-
toms with pulmonary infiltrates that might develop into very serious complications [17].
COVID-19-associated severe infections are largely mediated by a cytokine storm, defined
as a systemic inflammatory response with the excessive activation of immune cells and
proinflammatory mediators such as FN-«, IL-13, and IL-6 that lead to lung injury, then res-
piratory failure and death [15,16]. Moreover, inflammatory infiltration by macrophages and
neutrophils is associated with an increased number of peripheral blood cells [18]. Patients
with a cytokines storm can present with acute respiratory failure, sepsis, disseminated
intravascular coagulation (DIC), and eventually death.

It is widely acknowledged that patients with respiratory viral illness are at a higher
risk of secondary infections, whether bacterial or parasitic, which usually lead to a worse
prognosis [19]. In the setting of COVID-19, the SARS-CoV-2 infection may be preceded by a
prior microbial infection or have a concurrent or superinfection [20]. Previous reports have
documented a significantly higher risk of microbial coinfection in SARS-CoV-2-positive pa-
tients [21]. The initial results from the United States (U.S.) and Europe found a significantly
higher risk of mortality and severe illness among hospitalized patients with SARS-CoV-2
and bacterial coinfection [22,23]. However, later studies found contradictory results con-
cerning the impact of coinfection on the outcomes of COVID-19; one study reported that
the prevalence of bacterial infection was nearly 7%, and most secondary infections were
associated with compromised patents [24]. Additionally, a recent meta-analysis found that
the influenza viral coinfection did not significantly increase the risk of in-hospital mortality,
while it significantly reduced the risk of critical illness [25]. A 2020 study reported that
nearly one out of five COVID-19 cases are associated with primary or secondary infec-
tion, and an analysis supported a correlation between the presence of infection associated
COVID-19 and poor prognosis [26].

Thus, we conducted the present literature review to provide updated evidence regarding
the prevalence of coinfection and superinfection amongst patients with SARS-CoV-2, possible
mechanisms underlying the higher risk of coinfection and superinfection in SARS-CoV-2
patients, and the impact of coinfection and superinfection on the outcomes of the patients
with COVID-19.

2. Methodology

The present literature review was based on a comprehensive bibliographic search of
Medline via the PubMed and Scopus databases through the period from December 2019
to January 2022. We used different combinations of the following keywords to retrieve the
relevant records: COVID-19, severe acute respiratory syndrome coronavirus 2, SARS-CoV-2,
secondary infection, coinfection, and superinfection. The search had no language or study
design restrictions. We covered relevant publications assessing the prevalence of coinfection
and superinfection amongst patients with SARS-CoV-2, possible mechanisms underlying
the higher risk of coinfection and superinfection in SARS-CoV-2 patients, and the impact of
coinfection and superinfection on the outcomes of the patients with COVID-19. Coinfection
was defined as an infection that occurs concurrently with the SARS-CoV-2 infection. On the
other hand, superinfection was defined as infections that follow the SARS-CoV-2 infection.
We included studies with either community- or hospital-acquired coinfection/superinfection.
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3. Pathogenesis COVID-19 Infection and the Role of Intrinsic Factors in Developing
Severe Form of the Disease

Respiratory droplets are the primary means of human transmission of SARS-CoV-2,
with an incubation period of one to two weeks [27]. The virulence mechanism of SARS-
CoV-2 is widely believed to be mediated by binding to the ACE2 receptor, with subsequent
ACE2 overexpression [28]. The increased ACE2 expression can lead to structural damage
in the alveolar wall and hyperinflammatory status. It was noted that pulmonary edema
and exudates are prominent in patients with COVID-19 [29]. Inflammatory factors were
significantly elevated in a subpopulation of COVID-19 patients [30]; hyperinflammatory
conditions of extreme sepsis have been well-mentioned [31]. Though, it is unclear to
what level COVID-19-related inflammation is comparable or distinct from that usually
seen in sepsis. Multiple case reports have indicated that patients with severe COVID-19
disorder display complications from hypercoagulability [32], as for microscopic thrombi
and pulmonary emboli [33,34].

The main target of the SARS-CoV-2-induced cytokine storm is the lungs [35]. Tissue
destruction due to the spread of SARS-CoV-2-infected cells can promote a dysfunctional
immune response mediated mainly by macrophages that dysregulates the cytokine se-
cretory pattern [36]. The virus’s invasion and replication are associated with a prompt
release of proinflammatory cytokines and death of the cells, contributing to the release of
the molecular patterns related to the damage and further amplifying the inflammatory
response [37,38]. The exaggerated release of these cytokines is one of the ARDS mechanisms
and multiple organ failure (MOF) in COVID-19 [39].

Tight intercellular communication usually occurs between lung epithelial cells express-
ing ACE2 and macrophages [40]. Macrophages have T-lymphocyte viral antigens, leading
to T-cell subsets engagement and activation [41]. In response to the viral infection, an adap-
tive immune response with subsequent Th1 feature should release antiviral cytokines such
as type L interferons (IFNs). Nevertheless, serious infections with coronavirus SARS may be
associated with low IFN production levels, which have been previously documented [42].

The latest studies have shown elevated levels of inflammatory cytokines in patients
with COVID-19, such as interleukins and tumor necrosis factor (TNF)-« [11] (Table 1). More-
over, fibroblast growth factor, granulocyte colony-stimulating factor (G-CSF), macrophage
inflammatory protein 1, and granulocyte-macrophage colony-stimulating factor (GM-CSF)
were reported to be elevated [43]. Interestingly, a significant correlation between the critical
illness/intensive care unit (ICU) admission of COVID-19 patients and serum levels of IL-6
and TNF-« has been documented [44]. By interacting with its receptor, TNF-« may induce
T-cell apoptosis, and IL-6 may suppress the activation of normal T cells that participate
in the occurrence of lymphocytopenia. This feature is sometimes found in COVID-19
patients [45]. A recent study demonstrated a negative association between the total count
of T cells, CD4+, and CD8+, and the TNF-« and IL-6 levels in ICU patients due to the
COVID-19 [46].

In inflammatory sites, hypoxia is a common feature of multiple effects on the dis-
ease due to activating certain factors such as hypoxia-inducible factor-1 (HIF-1«) [47].
In COVID-19, HIF-1x overexpression can result in a cytokine storm by activating and
stabilizing immune cells, with a subsequent release of inflammatory cytokines via vascular
leakage and disruption of the alveolar—interstitial complex barrier [48,49].

Interestingly, there is increased evidence of the genetic role reporting the effect of
common variants on the risk and COVID-19 severity (Table 1). Some of these variants
affect the genes involved in innate immunity and inflammation through several pathways.
This gene polymorphism has a different geographic distribution that could influence the
impact of the infection, hence the different results that are reported by studies conducted in
different countries [50,51].

The common variants of the two proteins most involved in the infection by SARS-CoV-2,
namely ACE2 and Tmprss2, have different effects upon the infectiously and severity of
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COVID-19. Moreover, the factors that modulates these genes such as OM-85, a standardized
lysate of bacteria, can be potential treatments [52-54] (Table 1).

Table 1. List of factors correlated with COVID-19 severity.

Factors Level Reference
Hypercoagulability + [55]
Cytokine storm + [56]
proinflammatory cytokines + [57]
interferons (IFNs). — [58]
tumor necrosis factor (TNF)-« + [59]

fibroblast growth factor, granulocyte colony-stimulating factor
(G-CSF), macrophage inflammatory protein 1, and
granulocyte-macrophage colony-stimulating factor (GM-CSF)
T-cell immunoglobulin and mucin-domain containing-3 (Tim-3)

+
—_
a1
\O
—_—

and programmed cell death protein-1 (PD-1) * (601
Hypoxia-inducible factor-1oc (HIE-10) + [61]

Genes IL6 and AGT + [50]

Genetic intrinsic factors (MBL2, CD27, and TMPRSS2 variants) + [53]

+: increased, —: decreased.

4. The Risk of Coinfections and Superinfections in COVID-19 Patients

It is imperative to quantify the risk of coinfection and superinfection, particularly
bacterial infections, to properly address the role of prophylactic antibiotics in the manage-
ment protocols of COVID-19 patients. The use of antimicrobial agents is now recognized
as ineffective in the setting of COVID-19 and, thus, can lead to several misuse compli-
cations [62]. Nonetheless, if the risk of coinfection or superinfection is high, empirical
antimicrobial agents can play a role, especially in patients with severe illness and an im-
munocompromised status [63]. However, the current practice of empirical antibiotics use
in the COVID-19 setting seems to be based on the risk of coinfection with influenza virus
rather than evidence-based quantification of the risk of coinfection or superinfection [64].
Thus, several reports have investigated the incidence of coinfection or superinfection in
patients with SARS-CoV-2.

4.1. Prevalence of Coinfections

Concerning the rate of bacterial coinfections, a retrospective study retrieved the data of
16,654 deceased COVID-19 patients from Italy during the early peak of the pandemic (April
2020) and found that nearly 11% of the patients had bacterial superinfections [65]. This
report was followed by myriad evidence from China that showed that bacterial coinfection
incidences amongst adult COVID-19 patients were 0-16.7% [24]. For example, Liu et al.
recruited 12 hospitalized patients with COVID-19 infection retrospectively and found
that the rate of bacterial coinfections was 16.7% [66]. A larger retrospective study was
conducted on 298 isolated COVID-19 cases in Shenzhen City and demonstrated that the rate
of bacterial coinfections was 10.1% [67]. A notably higher prevalence of bacterial coinfection
was reported in Thailand; out of 11 hospitalized patients, five patients (45.5%) had bacterial
coinfections [68]. On the other hand, initial reports from the U.S found that the rate of
bacterial coinfections ranged from 0 to 4.8% in critically ill patients with COVID-19 [69,70].
A comparatively higher rate of bacterial coinfections was reported among critically ill
COVID-19 patients from Spain (12.5%) [71] (Table 2).
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Table 2. Prevalence of coinfection in the published literature.

Study Study Design Country Setting Number of Patients Viral Coinfections (%)  Bacterial Coinfection n (%)  Fungal Coinfections (%)
Ding 2020 Case series China Non-ICU 115 4 0 0(0)
Feng 2020 Case series China ICU and non-ICU 476 0 0(0)

Garazzino 2020 Retrospective cohort Italy ICU and non-ICU 168 6 0(0)
Gayam 2020 Case series USA ICU and non-ICU 350 0 0.3 0(0)
Kim 2020 Retrospective cohort USA Non-ICU 115 22 0 0(0)
Lian 2020 Retrospective cohort China ICU and non-ICU 788 NR 0 0(0)
Lv 2020 Retrospective cohort China ICU and non-ICU 354 0.3 9 6(2)
Mo 2020 Case series China ICU and non-ICU 155 8 1 0(0)
Nowak 2020 Case series USA ICU and non-ICU 1204 3 0 0(0)
Ozaras 2020 Case series Turkey ICU and non-ICU 1103 0.5 0 0(0)
Richardson 2020 Case series USA ICU and non-ICU 5700 0.7 0.1 0(0)
Wang L 2020 Case series China ICU and non-ICU 339 0 0.3 1(0.3)
Wang R 2020 Case series China ICU and non-ICU 125 0.8 9(7)
Wee 2020 Prospective cohort Singapore ICU and non-ICU 3807 0.08 NR NR
Wu C 2020 Retrospective cohort China ICU and non-ICU 201 0.5 0(0)
Yang X 2020 Case series China ICU 710 0 0.6 4(0.6)
Zhang ] 2020 Case series China ICU and non-ICU 140 1 1(0.7)
Zhang G 2020 Case series China ICU and non-ICU 221 0.9 6 (3)
Zheng 2020 Case series China ICU and non-ICU 1001 0.2 NR NR
Zhu 2020 Retrospective cohort China ICU and non-ICU 257 3 11 (4)
Chauhdary W 2020 Case series Brunei Darussalam ICU and non-ICU 141 NR 5 NR
Cheng L 2020 Retrospective cohort Hong Kong ICU and non-ICU 147 NR 3 NR
Cheng Y 2020 Retrospective cohort China ICU and non-ICU 213 46 NR
Cheng K 2020 Retrospective cohort China NR 212 NR 6 NR
Elabbadi A 2020 Case series France ICU 101 NR NR
Falcone M 2020 Prospective cohort Italy ICU and non-ICU 315 NR 2(1)
Garcia-Vidal 2021 Prospective cohort Spain ICU and non-ICU 989 1 7(1)
Hazra A 2020 Retrospective cohort USA ICU and non-ICU 459 1 NR NR
Hirotsu Y 2020 Prospective cohort Japan non-ICU 191 17 NR NR
Hughes 2020 Case series UK ICU 836 NR 1 27 (3)
Kumar 2021 Retrospective cohort USA ICU and non-ICU 1573 NR 9(1)
Lardaro T 2020 Retrospective cohort USA ICU and non-ICU 542 NR NR
Lehmann C 2020 Retrospective cohort USA ICU and non-ICU 321 2 2 NR
Lendorf 2020 Retrospective cohort Denmark ICU and non-ICU 115 NR 8 1(1)
Massey BW 2020 Case series USA ICU and non-ICU 12075 34.1-0.5 55.4-3.8 NR
Richardson S 2020 Case series USA ICU and non-ICU 5700 2.1 NR NR
LiJ 2020 Retrospective cohort China ICU and non-ICU 102 NR 56 NR

NR: Not reported.
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However, the reports mentioned above were limited by small sample sizes and the
lack of a clear definition of bacterial coinfections. Thus, subsequent large case series and
retrospective studies have been conducted to reflect the prevalence of bacterial coinfections
adequately. In a large cohort study of 5700 hospitalized patients from the U.S., the rate of
bacterial coinfections was 0.3% [72]. A more recent report from Spain on 989 hospitalized
patients noted a prevalence of 3.1% [73]. In a large cohort study from the U.S., swabs of
12,075 subjects who underwent SARS-CoV-2 testing were retrieved and tested for other
pathogens. In SARS-CoV-2 patients, the rate of positive bacterial coinfection was high
(55.4%) [74] (Table 2).

Additionally, a number of meta-analyses have tried to identify the exact prevalence of
bacterial coinfections amongst patients with COVID-19. Initially, Langford et al. identified
24 retrospective studies with a total of 3506 patients; the rate of bacterial coinfection was
3.5% (95% confided interval (CI) 0.4-6.7%) [24]. However, this meta-analysis covered
the studies published until the end of March 2020 only. Two subsequent meta-analyses
found that the rate of bacterial coinfection ranged from 7% to 8% [75,76]. However, those
meta-analyses were limited by small sample sizes of the included studies and the lack
of a clear definition of coinfection. More recently, Musuuza et al. retrieved the data of
118 studies that covered both ICU and non-ICU patients. The pooled analysis revealed that
the prevalence of bacterial coinfection was 8% (95% CI: 5-11%); the rate of coinfections
was higher amongst non-ICU patients [26]. The observed heterogeneity in the published
literature concerning the rate of bacterial coinfections may be attributed to the variations in
the definition of coinfection, study design, and the study periods.

The published literature also shows notable heterogeneity in the distribution of
causative agents of bacterial coinfections in the setting of SARS-CoV-2 infection. In Musu-
uza et al.’s meta-analysis, the following organisms accounted for nearly 30% of the cases:
Klebsiella pneumoniae, Streptococcus pneumoniae, and Staphylococcus aureus [26]. A similar
finding was reported by Contou et al. [77]. On the other hand, Mycoplasma pneumonia
and Pseudomonas aeruginosa accounted for the majority of bacterial coinfections in other
reports [75,76].

In terms of viral coinfections, Nowak et al. retrospectively collected the data of 1204
COVID-19 patients across New York City and reported that the rate of viral coinfections was
3%; the viral coinfections were mainly attributed to rhinovirus and influenza viruses [23].
Another Spanish report found that the rate of viral coinfection was 0.6%, mainly attributed
to the influenza virus [73]. In Zhang et al. and Lv et al.’s reports, the viral isolations for the
viral coinfections were mainly respiratory viruses and "atypical pathogens" [78,79]. To sum
up, Musuuza et al.’s meta-analysis found that the rate of viral coinfections was 10% (95% CI:
6-14%), in which influenza virus and respiratory syncytial virus were the typical pathogens [26].
In a 2021 meta-analysis by Dadashi et al., a total of 11 studies (1 = 3070 patients) were pooled to
identify the prevalence of influenza virus coinfection in COVID-19 patients; the pooled analysis
showed a prevalence of 0.8% [80].

For fungi, reports from China indicated that the rate of fungal coinfection amongst hos-
pitalized patients ranged from 0 to 4% [81,82], commonly Candida species. In a meta-analysis
study, Rawson et al. extracted the data of five studies reporting the rate of fungal coinfection in
patients with confirmed SARS-CoV-2 during their hospital stay. The rate of fungal coinfection
was found to be 8% [76]. In Musuuza et al.’s report, the rate of fungal coinfection was 8%, in
which Aspergillus accounted for the majority of those coinfections [26] (Table 2).

Recently, a growing body of evidence tried to identify the rate of intestinal parasitic
coinfection in SARS-CoV-2 patients. According to Wolday et al., the rate of parasitic coinfec-
tion in COVID-19 patients was 37.8% [83]. Another report from Egypt noted that parasitic
coinfection presented in 72% and 20% of mild and critically ill cases, respectively [84]. On
the contrary, other reports showed a very low rate of parasitic infections among COVID-19
patients [85].

Nonetheless, it should be noted that the abovementioned studies suffer from several
methodological limitations considering the definition of coinfection, its differentiation from
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superinfection, and the methods of identification of the pathogens. Additionally, patients
usually remain symptomatic for many days before hospitalization, making it more difficult
to distinguish between coinfection and nosocomial infection. Moreover, the data collected
in these studies are related to different countries with differences in socioeconomic statuses.
In addition, the variations in the effect of the different SARS-CoV-2 variants were not
considered (Table 2).

4.2. Prevalence of Superinfections

The initial reports during the early phase of the pandemic noted a considerable pro-
portion of co-pathogens in COVID-19 patients, particularly in critically ill patients, which
raised the possibility of a high risk of superinfection in COVID-19 patients [20]. Thus,
several studies have tried to identify the exact risk of superinfections in COVID-19 patients.
Reports from China showed that the rate of bacterial superinfection in SARS-CoV-2 pa-
tients can be as high as 42.2% [86]. Garcia-Vidal et al. investigated the rate of bacterial
superinfection amongst 989 hospitalized patients in Spain and found that the rate was 4.7%;
the causative agents were mainly Pseudomonas aeruginosa and E. Coli [73]. Another report
from the U.K. found that the rate of bacterial superinfection was 9.3%, largely attributed
to coagulase-negative staphylococci [22]. When these studies were combined with other
reports, the pooled effect estimates showed a prevalence ranging from 14.3 to 24% [24,26].
For fungi, Hughes et al. retrospectively retrieved the data of 836 hospitalized patients with
COVID-19 from two U K. hospitals and found that fungal superinfection was common in
this cohort (21.4%). Most fungal superinfections were attributed to Candida species [22].
However, these estimates should be interpreted cautiously, as most studies did not clearly
distinguish between super- and coinfection or between community- and hospital-acquired
infections. Additionally, the variations in the effects of the different SARS-CoV-2 variants
were not considered.

5. Molecular Mechanism of Coinfection in COVID-19

The current literature lacks solid evidence considering the molecular mechanisms
underlying the interactions between COVID-19 and coinfections. To date, the proposed
mechanisms for microbial infections in patients with SARS-CoV-2 likely underpin superin-
fections rather than explaining the increased risk of coinfections.

One of the most widely accepted mechanisms for bacterial superinfection in SARS-CoV-2
relies on experimental investigations assessing the interactions between influenza virus and
coinfections with other pathogens. The initial reports demonstrated significant synergistic
interactions between influenza virus and Streptococcus pneumoniae, which results in a higher risk
of bacterial pneumonia and considerable mortality and morbidity [87]. These interactions come
predominantly from influenza virus-induced disruption of the respiratory epithelium and the
overexpression of neuraminidase activity [88], leading to higher bacterial adherence coupled
with the impaired clearance of Streptococcus pneumoniae due to the excessive expression of
T-cell-mediated interferon-gamma [89]. These interactions favor bacterial adhesion and invasion
into the respiratory epithelium and secondary bacterial pneumonia. Previous experimental
evidence noted that nonlethal pneumococcal exposure can potentiate influenza infection and
lead to death in mice [90]. Human studies have supported such evidence and reported a
significant increase in the risk of death amongst patients with influenza infection and concurrent
Streptococcus pneumoniae [87].

However, in the setting of SARS-CoV-2 infection, the mechanisms underlying virus-
induced epithelial damage do not fully explain the increased risk of coinfection in patients
with SARS-CoV-2. Previous authors hypothesized that SARS-CoV-2 plays a role in disturb-
ing immunity and interferon counteraction towards bacterial colonization and proliferation;
such a disruption is believed to stem from the hyperinflammatory status induced by
SARS-CoV-2 infection and the overexpression of the NSP1 and ORF6 proteins. Besides,
SARS-CoV-2-inducted airway dysfunction may further potentiate bacterial coinfection
through the disruption of innate immunity [91]. The role of SARS-CoV-2 may also extend
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to genetic signaling within monocytes, which is attributed to similar actions of previous
human coronaviruses. It was found that SARS-CoV dysregulates the expression of immune
function-related genes in monocytes, particularly genes that stimulate interferon /3 and
cathepsin/proteasome activities. Besides, it differentially regulates the genes responsible
for Toll-like receptor (TLR) and other inflammatory mediator signaling, which establishes a
suitable proinflammatory environment for bacterial coinfection [92]. Additional proposed
mechanisms for bacterial coinfection in patients with SARS-CoV-2 include the distribution
of the gut-lung axis by the virus and NL63-mediated enhanced adherence to virus-infected
cell lines [93,94].

While the abovementioned mechanisms were postulated based on evidence regard-
ing the interactions between bacterial coinfection and influenza or SARS-CoV viruses,
SARS-CoV-2 appears to have distinct molecular mechanisms through its associated im-
munosuppression. As previously mentioned, the virulence mechanism of SARS-CoV-2 is
mediated by binding to the ACE2 receptor expressed on the platelets, leading to a prothrom-
botic cascade of platelet activation, cellular aggregation, overexpression of the P-selectin
and integrin, activation of GP11b/111a, and platelet spreading [92]. Other potential mech-
anisms are for platelet activation in patients with SARS-CoV-2 induction of platelet LR7
during the viremic phase [95]. Regardless of the underlying mechanism, platelet activa-
tion is likely to induce an immunosuppression status during the late stage of COVID-19
through overexpression of P-selectin glycoprotein ligand-1 (PSGL-1); microvascular occlu-
sion through cellular aggregates; and excessive release of proinflammatory chemokines,
cytokines, and IL-6 [20]. Besides, platelet-mediated activation of neutrophil extracellular
traps (NETs) can exacerbate the risk of bacterial superinfection through their cytotoxic
effects on the respiratory epithelium [96].

Lastly, the extensive use of antibiotics during the early waves of the pandemic might
have particularly contributed to the development of the increased risk of bacterial superin-
fection in patients with SARS-CoV-2 and the development of resistant strains.

6. The Correlation of Coinfection with COVID-19 Severity and Outcomes

The assessment of the risk of coinfection and superinfection in SARS-CoV-2 patients
should entail their impact on the outcomes of hospitalized patients, which would reflect the
urge for investigating the presence of coinfection, monitoring superinfection, and even initiat-
ing empirical antimicrobial therapy. Bacterial coinfection and superinfection may negatively
affect the outcomes of COVID-19 patients due to the expected lethal synergism previously
observed with influenza virus [87]. Besides, bacterial superinfection may exaggerate the
hyperinflammatory status, leading to a cytokine storm [91]. Two previous reports found
that patients with bacterial coinfections were associated with in-hospital mortality. Likewise,
amongst 289 hospitalized patients with COVID-19, the rate of bacterial coinfection was 8.7%,
and they were found to have a higher risk of mortality, need for mechanical ventilation,
or ICU admission. In Musuuza et al.’s meta-analysis, the risk of death was significantly
higher amongst hospitalized COVID-19 patients than with patients without coinfection or
superinfection (odds ratio (OR) = 3.31, p < 0.001). Notably, patients with superinfection had a
higher incidence of mechanical ventilation than patients with coinfections, while patients
with coinfections had longer hospital stays [26]. In a more recent review by Adalbert et al.,
the risk of mortality, need for mechanical ventilation, or ICU admission was notably high
among COVID-19 patients with co-current Staphylococcus aureus.

In terms of viral coinfection, Guan et al. extracted the data from 12 studies that assessed
the impact of influenza coinfection in patients with SARS-CoV-2. The pooled estimates
found that the viral coinfection did not significantly increase the risk of in-hospital mortality,
while it significantly reduced the risk of critical illness [25]. Likewise, Cheng et al. found no
association between viral coinfection and in-hospital mortality [97]. In a recently reported
real-world study from the U.S., patients with influenza coinfection were found to have a
marginally higher risk of hospital admissions [98]. The trend towards a lower risk of severe
COVID-19 in patients with influenza coinfection can be attributed to several factors. Firstly,
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influenza virus was found to stimulate the development of non-neutralizing antibodies
that can bind to other pathogens, including SARS-CoV-2. This explanation is supported
by evidence from previous reports that demonstrated a lower risk of severe COVID-19
in patients with a history of influenza vaccination; influenza vaccination may trigger a
nonspecific immune response that can act to cover SARS-CoV-2. Another explanation is the
observed reduction in the hyperinflammatory status amongst SARS-CoV-2 patients with
influenza coinfection, contributing to a lower risk of severe outcomes [26].

Nonetheless, the favorable outcomes of COVID-19 in patients with influenza coin-
fection do not seem to extend to other viral infections. A recent review by Tsheten et al.
concluded that patients with dengue coinfection had a high risk of mortality and critical
illness. However, the included studies from this review were mostly case series, and
further high-quality evidence is still needed to characterize the association between viral
coinfection and SARS-CoV-2 outcomes [99].

While it is widely postulated that parasitic coinfection may reduce the severity of
SARS-CoV-2 infection and has an inverse correlation with COVID-19-related adverse
outcomes, only a few studies have investigated the impact of parasitic coinfection on the
outcomes of COVID-19 patients. In a recent cohort study on 751 patients with SARS-
CoV-2 from Ethiopia, patients with parasitic coinfection had a significantly lower risk of
mortality than patients without the coinfection. Besides, COVID-19 patients with Malaria
coinfection demonstrated good prognosis when compared with patients without malaria
coinfection [100]. The authors postulated that this negative correlation is attributed to the
lower risk of noncommunicable diseases in patients with parasitic coinfection and the effect
of parasitic infection in levitating hyperinflammation [83].

7. Conclusions

Myriad evidence has investigated the risk and impact of coinfection and superinfec-
tion on patients with COVID-19 since the first wave of the pandemic but with conflicting
results and ambiguous recommendations from the clinical guidelines. The currently pub-
lished literature has shown a substantial variability concerning the rate of coinfection and
superinfection in patients with SARS-CoV-2; nonetheless, their risk is considerable, and
treatment protocols should consider the possibility of coinfection in hospitalized patients
with SARS-CoV-2. Particularly, bacterial and viral coinfection/superinfection seem to have
devastating consequences on the outcomes of COVID-19 patients and significantly increase
the risk of mortality and critical illness. Thus, the presence of a coinfection should be
meticulously investigated during the diagnosis of COVID-19 before initiating antimicrobial
therapy. In the setting where the diagnosis of bacterial and viral coinfection/superinfection
is not feasible, empirical antibiotic treatment can be considered. Still, it should be tailored
according to the expected co-pathogens in the local setting, with strict adherence to antibi-
otic stewardship protocols. Additionally, many infections in the setting of SARS-CoV-2
appear to be nosocomial in nature, and hence, it is crucial to follow the infection control
measures to reduce their incidence. Further large-sample, well-designed studies are war-
ranted to investigate the prevalence and impact of COVID-19 coinfection, which can be
followed by the recommendations of using empirical antimicrobial therapy in suspected
patients based on these data.

While bacterial and viral coinfections tend to affect the outcomes of hospitalized
COVID-19 patients negatively, the impact of a parasitic coinfection on the outcomes of
COVID-19 patients is still unclear. Previous reports have demonstrated that parasitic
coinfections may play a protective role against adverse outcomes in hospitalized COVID-19
patients. However, the evidence is still scarce, and further large studies should investigate
the exact impact of parasitic coinfections on the outcomes of COVID-19 patients.

Finally, the emergence of different variants of SARS-CoV-2 and, consequently, their
virulence should be taken into consideration when assessing and comparing studies from
different socioeconomic backgrounds with different geographic locations.
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