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Fungal infections remain hardly treatable because of unstandardized diagnostic tests, limited antifungal
armamentarium, and more specifically, potential toxic interactions between antifungals and immuno-
suppressants used during anti-inflammatory therapies, such as those set up in critically ill COVID-19
patients. Taking into account pre-existing difficulties in treating vulnerable COVID-19 patients, any co-
occurrence of infectious diseases like fungal infections constitutes a double debacle for patients,
healthcare experts, and the public economy. Since the first appearance of SARS-CoV-2, a significant rise
in threatening fungal co-infections in COVID-19 patients has been testified in the scientific literature.
Better management of fungal infections in COVID-19 patients is, therefore, a priority and requires
highlighting common risk factors, relationships with immunosuppression, as well as challenges in fungal
diagnosis and treatment. The present review attempts to highlight these aspects in the three most
identified causative agents of fungal co-infections in COVID-19 patients: Aspergillus, Candida, and
Mucorales species.

© 2022 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
Viral respiratory infections are a major medical concern and
increasingly recognized as leading causes of morbidities and mor-
tality worldwide. In retrospect, four major viral outbreaks of res-
piratory illness have beset mankind over the last decades, including
severe acute respiratory syndrome coronavirus (SARS-CoV)
(2002e2004), H1N1 Influenza (2009e2010), Middle East respira-
tory syndrome coronavirus (MERS-CoV) (2012e2020), and severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (2019-
present) [1]. These infections can be complicated by secondary
infections that manifest during or following the initial infection,
which often have more severe and sometimes fatal clinical out-
comes [2]. Viral infections followed by the manifestation of a bac-
terial infection are typically referred to as superinfections. Whereas
co-infections with multiple pathogens of bacterial, viral, or fungal
origin are those occurring simultaneously, contributing to disease
severity [3]. During the latter H1N1 pandemic, it was reported that
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25% of the patients developed bacterial or fungal co-infections [4].
In addition, mortality rates were between 16% and 23% [5]. Inter-
estingly, data regarding fungal respiratory infections in patients
infected with SARS-CoV and MERS-CoV showed that infections by
Aspergillus species, Mucorales species, and Candida species were
the most common [6,7].

SARS-CoV-2 has emerged as the most devastating pandemic in
modern history, stretching healthcare setting capacity all over the
world. Besides the primary infection caused by SARS-CoV-2, a
myriad of emerging complications and sequelae was reported to
contribute remarkably to decreased survival of patients with
coronavirus disease-2019 (COVID-19). Among these complications,
co-infections represent a significant risk of morbidity and mortal-
ity, especially for patients in intensive care and undergoing me-
chanical ventilation, surpassing the death toll of the 2009 H1N1
pandemic and several influenza seasons [8]. These patients have
been found to be prone to further fungal co-infections during the
middle and late stages of the disease [9]. However, reports on the
burden of fungal co-infections in COVID-19 patients are scarce, and
the co-pathogens responsible for these infections remain uniden-
tified, while only few recent studies reported 8% of co-infections in
these patients [10]. It is still uncertain whether COVID-19
d.
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represents a significant risk factor that predisposes the patient to
subsequent fungal infections. This lack of evidence can be
explained by the fact that COVID-19 patients do not routinely un-
dergo sputum culture for fungal isolation. Moreover, bacterial co-
pathogens are commonly identified in viral respiratory tract in-
fections, thus resulting in a delay in diagnosing fungal diseases that
may be associated with considerable morbidity or mortality [11].
Furthermore, interventions for infection prevention and control
measures are rigorously implemented to break chains of trans-
mission and prevent secondary infections.

Superinfections and co-infections in COVID-19 patients can
significantly increase the hospital length of stay and mortality rates
[12]. Consequently, these conditions can worsen the clinical status
and result in high public health costs and in shortage of available
beds for new patients. Thus, prospective studies assessing the
incidence of fungal co-infections are urgently needed to evaluate
the risk of such co-infections in COVID-19 patients, as well as to
optimize early identification in order to determine the right in-
terventions for high-risk patients.

The purpose of this work is to feature the most recent studies in
the context of fungal infections in COVID-19 patients as a means of
highlighting the relation between immune dysregulation and sus-
ceptibility to fungal infections. In addition, research related to the
incidence of the three most commonly reported fungal co-
infections in hospitalized COVID-19 patients, their risk factors,
current diagnostic approaches, and therapeutic strategies will be
reviewed.

1. Immune dysregulation and fungal infections in COVID-19
patients

The co-pathogenesis of respiratory viral and fungal co-
infections is characterized by complex interactions and involves a
dynamic interplay between the virulence of co-infecting pathogens
and the host immune defenses. Therefore, multiple host pathways
are affected leading to the disruption of physical barriers, dysre-
gulation of immune responses, and failure to return to homeostasis
[13].

Several studies have pointed out that COVID-19 predisposes
patients to a heightened risk of secondary infections. Otherwise,
the immunopathogenesis of these infections in COVID-19 patients
is poorly understood. Deciphering the complex pathogenesis of
COVID-19-associated fungal infections necessitates amolecular and
physiological understanding of the mechanisms whereby SARS-
CoV-2 plays such facilitating roles in the onset of fungal in-
fections. Multiple potential risk factors that have been identified to
date include the viral infection itself, immunosuppressive/immu-
nomodulatory therapies, previous antibiotic use, underlying
chronic pulmonary disease, malignancy, mechanical ventilation,
and uncontrolled diabetes [14e17].

The respiratory tract is constantly exposed to diverse commu-
nities of microbes, and therefore, a multi-faceted response is trig-
gered to respond to and clear these pathogenic threats. During viral
infection, pathogen-associated molecular patterns (PAMPs),
including viral proteins and nucleic acids, activate pattern recog-
nition receptors (PRRs) of the host. In turn, PRR-mediated signaling
pathways ultimately result in activation of the expression and
release of proinflammatory mediators, including cytokines and
type I and III interferons (IFNs) that recruit and activate more im-
mune cells, allowing the activation of both innate and adaptive
immune responses [18]. Recently, many studies have presented
puzzling findings on the molecular mechanism of SARS-CoV-2
entry in the host and regulation by signaling pathways. Cell entry
depends on the activity of TMPRSS2, a transmembrane protease
serine 2 involved in the activation of Spike protein (S protein)
2

which binds to the angiotensin-converting enzyme 2 (ACE2) re-
ceptors located on type II pneumocytes and alveolar macrophages
[19]. Of note, it was recently highlighted that Omicron variant is
able to efficiently enter lung cells via the endocytic pathway in a
TMPRSS2-independent manner [20]. Upon recognition of S protein
and viral RNA, Toll-like receptors (TLRs) trigger the downstream
activation of the NF-kB and interferon regulatory factors (IRFs)
pathways, and consequently, the production of IFNs and secretion
of proinflammatory cytokines such as IL-6 and TNF-a (Fig. 1)
[21,22]. Consequently, the viral infection leads to airway epithelial
damage, loss of barrier function, decreased cilia movement, and
functional defects [23]. This pathogenic mechanism may promote
viral spread to the deeper lung parenchyma and generate a favor-
able environment for secondary infections in COVID-19 patients.
Interestingly, damage of alveolar integrity can weaken antifungal
immunological defenses and enable fungal invaders to reach blood
vessels and surrounding tissues [24]. During the fungal invasion,
excessive disruption of epithelial barrier at tight epithelial junc-
tions is mediated by fungal proteases such as alkaline protease 1
from Aspergillus spp. Moreover, the release of fibrinous materials
and the secretion of mucins lead to the obstruction of small airways
creating a hypoxic microenvironment that can modulate various
mechanisms of pathogen virulence and the physiology of immune
cells of the host by dampening the oxygen-dependent antimicro-
bial activities of macrophages and neutrophils [25].

Beyond this, emerging evidence supports that homing receptors
expressed on T cells are crucial in their selective trafficking and
migration to other organs and tissues during the course of COVID-
19. This is followed by the aberrant release of more than 150 in-
flammatory cytokines and chemical mediators, which associates
the generation of a cytokine storm characterized by rapid prolif-
eration and hyperactivation of immune cells [26] (Fig. 1). This
prolonged or overblown response, defined as cytokine storm, is a
potentially fatal immune condition that can lead to subsequent
immunopathogenic injuries to various organs and tissues,
including lung epithelial and endothelial cell apoptosis, vascular
leakage, alveolar edema, and hypoxia. With regard to severe cases
of COVID-19, recent studies showed altered homeostasis of regu-
latory T cells (Tregs) subsets characterized by reduced naive Tregs
and excessive memory Tregs production [27]. Recent findings also
showed that cases of co-infections and secondary infections
emerging in COVID-19 patients may result from immune dysre-
gulation induced by the viral infection, especially CD4 T-helper cell
(TH) depletion [28]. Besides, a serious disturbance in the internal
environment is characterized by reduced lymphocyte count
(especially T cells) and increased neutrophil-to-lymphocyte ratio
(NLR), indicating another feature of COVID-19 disease severity.
These features, in addition to imbalance in the TH subsets (TH1/
TH2/TH17), contribute to exacerbated inflammatory responses and
subsequently aggravated lung injury and may also influence the
development of fungal co-infections [29]. Therefore, NLR and
lymphocyte subset counts are useful markers in the early screening
of critical illness in COVID-19 patients. In addition, high levels of
proinflammatory cytokines (TNF-a, IL-1b, IL-2, and IL-6) and che-
mokines (IL-8) were detected in sera of many patients with severe
COVID-19 [27]. TGF-b has also been suggested as a predictive factor
of disease severity in patients with COVID-19 [30].

On the other side of the immunologic spectrum, the exuberant
and unregulated release of danger-associated molecular patterns
(DAMPs), corresponding to signal molecules released from
damaged or dying cells due to severe COVID-19, promotes height-
ened inflammation and extensive damage of lung epithelial tissues
[31]. This leads to higher vulnerability to invasive fungal infections
[32]. In addition, DAMPs have been shown to regulate inflamma-
tion in fungal diseases, driving the transition from fungal



Fig. 1. Immune functions and cytokine storm in COVID-19.
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colonization to pathogenicity [33]. Together these findings help to
explain why critically ill COVID-19 patients (with hyper-
inflammatory responses) are more prone to fungal infections.

2. The paradox of immunosuppressants and COVID-19

Immunosuppressants may be used to attenuate the immuno-
pathologic response in severe COVID-19 and improve the disease
outcomes by targeting the cytokine storm. However, these drugs
could be detrimental in the earlier stages of the disease [34]. Ex-
amples of immunosuppressive therapies targeting interleukins
include tocilizumab, a humanized anti-IL-6 receptor monoclonal
antibody that inhibits the downstream signal transduction of IL-6
and thereby perpetuates the inflammatory response [35], as well
as anakinra, a recombinant interleukin IL-1 receptor antagonist [36].
Janus Kinase Inhibitors (baricitinib and fedratinib) have been shown
to reduce the inflammatory effects of IL-6 via the JAK-STAT signaling
pathway by inhibiting the upstream regulators of ACE2-mediated
endocytosis of SARS-CoV-2 [37]. Moreover, the use of systemic
corticosteroids has been advocated to alleviate inflammation by
reducing the levels of circulating proinflammatory mediators,
particularly in critically ill patients with acute respiratory distress
syndrome (ARDS) [38,39]. In patients with COVID-19, corticoste-
roids such as dexamethasone, prednisone, methylprednisone, and
3

hydrocortisone are often used to dampen inflammation. Since they
are used for their anti-inflammatory properties, their administration
should also be meticulously considered due to their immunosup-
pressive activities, particularly in individuals with underlying
medical conditions [40]. In fact, the resulting immunosuppression
aggravated with the exhaustion of the immune cells due to the viral
infection can set the scene for other bacterial and fungal infections.
Furthermore, the relationship between corticosteroid treatment and
fungal infections (including candidemia, invasive aspergillosis, and
mucormycosis) is well documented [41]. Some authors showed that
severely ill COVID-19 patients hospitalized in intensive care units
(ICUs) and receiving corticosteroid treatment are at high risk of
invasive fungal infections such as pulmonary aspergillosis and
candidemia [42]. However, a study conducted in a tertiary center in
the United States and another Italian prospective cohort study did
not confirm the role of immunosuppressants as one of the risk
factors for candidemia in ICU patients with COVID-19 [43,44]. The
findings of these studies delineated ICU length of stay and central
venous catheter dwell time as risk factors for candidemia in COVID-
19 patients.

Consequently, caution has been urged by the World Health Or-
ganization (WHO) in the use of corticosteroids for people with
diabetes and other co-morbidities to reduce the risk of opportu-
nistic secondary infections and the exacerbation of existing
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infectious diseases [45], especially since only dexamethasone, un-
like other corticosteroids, has shown a preventive effect against
severe forms of COVID-19 unless the patient is under the age of 70
[46,47].

3. Fungal co-infections in COVID-19 patients

The inflammatory response caused by the immune dysregula-
tion during COVID-19 is the main factor that drives the establish-
ment of fungal infections. The most commonly reported fungal
infections are due to three agents: Aspergillus, Candida, and
Mucorales species. In the following sections, we spotlight the
incidence, outcomes, risk factors and co-morbidities, diagnosis, and
treatment of infections caused by these fungi in COVID-19 patients
(Fig. 2).

It is worth mentioning that cases of pneumonia caused by
Pneumocystis jirovecii have also been reported in COVID-19 pa-
tients, though the majority of patients suffer from acquired im-
munodeficiency syndrome (AIDS) [48e52]. However, whether to
consider infection by SARS-CoV-2 as a risk factor for P. jirovecii is
not clear-cut. This is because the fact that (i) the immune dysre-
gulation in these territories is multi-factorial (AIDS and COVID-19),
so any causative relationship with P. jirovecii pneumonia is difficult
to state, and (ii) the possible bias in the diagnosis of P. jirovecii
pneumonia related to shareable clinical features with COVID-19,
which underestimates the eventual cases and renders hard the
prediction of risk factors.

3.1. COVID-19-associated pulmonary aspergillosis (CAPA)

In the context of the current pandemic, COVID-19-associated
pulmonary aspergillosis (CAPA) is defined as “invasive pulmonary
Fig. 2. Risk factors for fungal infe
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aspergillosis in temporal proximity to a preceding SARS-CoV-2
infection” in patients requiring critical care [53]. Of note, patients
with symptomatic COVID-19 confirmed by a positive RT-PCR test,
and respiratory insufficiency requiring ICU admission, should be
considered at high risk for CAPA. The European Confederation for
Medical Mycology and the International Society for Human and
Animal Mycology consensus criteria are used to categorize CAPA as
“possible”, “probable”, and “proven” based on host factors, clinical
factors, and mycological evidence [53,54]. “Proven” CAPA is defined
as pulmonary or tracheobronchial infection based on histopatho-
logical or direct microscopic detection. “Probable” CAPA is defined
as invasive aspergillus tracheobronchitis demonstrated by the
observation of characteristic lesions through bronchoscopic anal-
ysis in conjunctionwith positive mycological evidence. A “possible”
CAPA category was proposed to allow physicians to grade patients
for whom assay validation has not been completed.

The average prevalence of CAPA is 10%, though it is widely vari-
able among studies [55]. In a local Chinese hospital, 23.3% (60/243) of
COVID-19 patients were reported to have Aspergillus co-infection
[56]. In other retrospective studies conducted in Europe (Belgium,
France, the Netherlands, and Germany) reporting cases of CAPA,
Aspergillus fumigatus was the most common species isolated from
COVID-19 patients, followed by Aspergillus flavus [53,57e59]. Several
fatal cases of CAPA were likewise reported. A clinical case of CAPA
and ARDS was described in a non-immunocompromised pregnant
womanwho died on the second day of admission [60]. Interestingly,
a retrospective multicenter observational cohort showed that CAPA
was the predominant infection (59.9%) in the ICUs during the first
French pandemic wave [61]. Another national, multicentre, obser-
vational cohort study conducted in 18 French ICUs has reported a
high prevalence of invasive pulmonary aspergillosis and candidae-
mia in mechanically ventilated patients with COVID-19 during the
ctions in COVID-19 patients.



Table 1
Reported cases of fatal CAPA occurring in patients with COVID-19.

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7

Gender, age Male, 74 Female, 42 Male, 79 Female, 66 Male, 79 Female, 56 Male, 69
Co-morbidities/

past medical
history

- Asymptomatic
and untreated
myelodysplastic

- Hashimoto's
thyroiditis

- Hypertension
- Benign prostatic
hypertrophy

- Diabetes
- Non-M3 acute myeloid
leukemia (AML)

- Diabetes
- Hypertension
- Paroxysmal atrial
fibrillation

- Chronic heart failure
- Renal failure

None - Diabetes
- Polymyalgia rheumatic

Diabetes None

Initial presenting
symptoms

Fever, cough,
dyspnea,
tachypnea, and
hypoxemia

AML Disorientation and hypoxia Fever, myalgia, dry cough,
and dyspnea

Fever, cough, and general
fatigue

Severe pneumonia Fever, chills, dry cough,
and headache

Supportive care Intubation,
mechanical
ventilation, and
vasopressor
support

Supplemental oxygen by
nasal cannula (4 L/min)
changed to non-invasive
positive pressure
ventilation (NIPPV) on day
9, rehydration with normal
saline, endotracheal
intubation, and mechanical
ventilation

Intubation, invasive
ventilation, hemodynamic
support with
norepinephrine, and
continuous renal function
replacement therapy

Supportive oxygen therapy
with the nasal cannula (4 L/
min) and intubation

Intubation and mechanical
ventilation

N/A Intubation and
mechanical ventilation

Clinical features
suggestive of
COVID-19

Acute respiratory
failure, tachypnea,
and hypoxemia

Fever, dry cough, dyspnea,
and myalgia

Bilateral lung infiltrates Diffuse bilateral ground-
glass opacities

Fever, cough, general
fatigue, and pulmonary
bilateral ground-glass
attenuations

Cavities in bilateral
upper lobes containing
soft tissue

Diffuse, ill-defined
increased opacity in the
peripheral portion of
his right upper and
both lower lung zones

Day of diagnosis of
COVID-19

Day 0 Day 8 Day 0 Day 0 One day before admission Day 0 Day 0

Day of transfer to
ICU

Day 0 Day 10 Day 0 N/A Day 4 N/A Day 7

Day of diagnosis of
aspergillosis

Day 4 Day 9 Day 14þ Day 17þ Day 24 Day 32 Day 36

Laboratory
investigations of
aspergillosis

- Positive PCR
(3600 copies/mL;
3.55 log)

- Negative serum
galactomannan
(GM) assay

- Microscopic
examination of
branched septate
hyphae after
silver staining

- Mass
spectrometry

- Positive serum GM
antigen test

- Sputum cultures positive
for A. fumigatus

- Serum GM index of 1.7
- Serum 1,3-b-D-glucan
(BDG) of 28 pg/mL

- Positive serum GM test of
4.15

- Positive culture for
A. terreus

- Papanicolaou stain of the
tracheal aspirate indicative
of A. fumigatus

- Serum BDG level of
632.4 pg/mL

- Positive serum GM
with an index of
4.155,

- Sputum culture
recovering A. niger

- Positive transtracheal
aspiration culture for
A. fumigatus
repeatedly

- Positive
galactomannan assay
of tracheal aspiration

Other infections Haemophilus
influenza (at day 1
only)

None Staphylococcus aureus A. fumigatus (low count) None Stenotrophomonas
maltophilia

None

Treatment for
COVID-19

Intravenous
cefotaxime

Linezolid plus meropenem,
lopinavir/ritonavir, and
interferon b-1b

Hydrocortisone and
meropenem

Interferon b-1a
(subcutaneously),
dexamethasone
(intravenously),
meropenem, and
vancomycin

Inhaled ciclesonide, oral
ivermectin, dexamethasone
(substituted for
methylprednisolone),
meropenem, remdesivir,
and heparin therapy

Intravenous
methylprednisolone,
dexamethasone, and
prednisolone

Intravenous remdesivir,
oral dexamethasone,
and oral moxifloxacin

(continued on next page)
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first wave [15]. Seven other fatal cases are summarized in Table 1,
including one rare case reporting an Aspergillus terreus infection [62].
Numerous studies have shown higher ICU mortality (>50%) in
COVID-19 patients with proven/probable CAPA than critically ill
COVID-19 patients without CAPA [63,64].

Of note, most patients were diagnosed with CAPA in a median of
8 days after ICU admission in contrast to influenza-associated acute
pulmonary aspergillosis with a median onset of 3 days [71e73].
This can be explained by an intrahospital acquisition of CAPA and
particularly in patients receiving systemic corticosteroids [61].
Nonetheless, to date, the data on the possibility of nosocomial
transmission of CAPA and the effect of corticosteroid therapy as a
risk factor is conflicting. Furthermore, the exuberant and unregu-
lated release of DAMPs leads to ARDS that requires mechanical
ventilation and predisposes patients with severe COVID-19 to
pulmonary aspergillosis [74] (Fig. 2).

Pre-existing lung diseases may further contribute to an increased
risk of COVID-19-associated aspergillosis. Therefore, differentiating
aspergillosis as a potential complication of COVID-19 from a pre-
existing infection in COVID-19 patients with underlying chronic
pulmonary disease is very challenging. In this context, clinical
assessment and findings of Aspergillus should be strongly considered
in respiratory samples collected from critically ill patients. During
the past few years, invasive aspergillosis in critically ill patients has
been diagnosed usingmorphologic criteria based on histopathology-
controlled cases [75]. Since then, diagnosis criteria have been
improved and included the incorporation of tests for Aspergillus-
specific antigens galactomannan (GM) and 1,3-b-D glucan (BDG), as
well as fungus culture. Cultures of bronchoalveolar lavage (BAL) are
performed without direct examination, and the GM index is recor-
ded on BAL or serum [76]. Noteworthy, the level of circulating serum
or plasma GM is relatively low and usually cannot be indicative of
fungal burden in the early stages in all patients at risk of invasive
pulmonary aspergillosis. Thus, detection of GM in BAL fluid samples
can be used as a diagnostic method with improved accuracy [77].
The development of diagnostic tissue biomarkers would provide
additional findings that guide personalized immunotherapy in CAPA
patients. Moreover, nucleic acid amplification such as polymerase
chain reaction (PCR)-based tests were included in the European
Organization for the Research and Treatment of Cancer/Mycoses
Study Group and Research Consortium (EORTC/MSGERC) criteria for
proven invasive fungal disease in addition to the detection of the
fungus by histopathologic/cytopathologic or direct microscopic ex-
amination, or culture of a specimen obtained by a sterile procedure
[54]. An Aspergillus-specific PCR test is promising in enhancing the
diagnosis of Aspergillus DNA in clinical specimens in conjunction
with other diagnostic tests (e.g., antigen detection assays) and the
patient's clinical context [78,79]. Pulmonary computed-tomography
(CT)-scan may show radiological signs suggestive of invasive asper-
gillosis, such as nodules with surrounding ground-glass opacities
(halo sign). However, radiologic features of COVID-19, especially at
later stages, may indicate invasive pulmonary aspergillosis.

The second-generation antifungal voriconazole or isavucona-
zole is recommended as first-line therapy for possible, probable,
and proven CAPA [80]. Further investigations will be required to
develop a better understanding of voriconazole pharmacokinetics
in these patients, especially changes in protein binding. The other
triazole antifungal posaconazole, liposomal amphotericin B or
echinocandins are alternative options in case of intolerance to
voriconazole [80].

3.2. COVID-19-associated candidiasis (CAC)

COVID-19-associated candidiasis (CAC) has been less studied
among COVID-19 patients during the first wave of the pandemic.
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However, the striking increase in the incidence of candidemia in
patients admitted to the ICU has catapulted Candida infections to
the forefront of fungal infections in COVID-19 patients [81]. Candida
albicans is the most common yeast isolated in critically ill COVID-19
patients [82]. An epidemiological shift toward non-albicans
Candida species has been recently reported in some geographical
areas where Candida auriswas predominant [83]. A two-to ten-fold
increase in candidemia was reported during the pandemic period
in patients with and without COVID-19 [42,84]. Nevertheless, the
prevalence of CAC can vary significantly across different geographic
regions and ranges from 0.4 to 23.5% [85]. Recent studies conducted
in Europe reported incidences of 0.4%, 8%, and 12.6% in Spain, Italy,
and the United Kingdom, respectively [86e88]. Other studies from
Asia reported rates of 2.5%, 5%, and 23.5% in India, Iran, and China,
respectively [83,89,90]. In addition, 37 patients out of 65 admitted
to the COVID-19 unit at an acute care hospital in Florida were
colonized with C. auris [91]. Another retrospective observational
study conducted in New York showed that 5% of bloodstream in-
fections in COVID-19 patients were caused by Candida spp [92].
Overall, mortality rates have varied between studies and have been
reported to be between 40% and 70%, though differences in mor-
tality rates between COVID-19 and non-COVID-19 patients were
not found to be statistically significant [93]. Moreover, it was shown
that candidemia in COVID-19 patients was not attributed to
increased mortality.

Immune dysregulation in COVID-19 has not been linked to an
increased susceptibility to candidiasis, but several interventions are
considered important candidates for clinical risk factors. This in-
cludes prolonged hospital stays and mechanical ventilation pre-
disposing pulmonary parenchyma to fungal proliferation and tissue
invasion, the use of broad-spectrum antibiotics and immunosup-
pressive agents, in addition to the placement of central venous
catheters [94,95]. Moreover, breaches of infection control that have
occurred along with the over-occupancy of the ICUs might be
additional factors [96]. Other factors include prolonged cortico-
steroid therapy and a history of chronic pulmonary disease [97]
(Fig. 2).

Cases of CAC are difficult to diagnose due to the low concen-
tration of microorganisms in blood or infected site and the culture
of clinical samples on non-specific media [98,99]. Sterile culture is
the gold-standard technique to diagnose candidiasis in clinical
settings [100]. However, the sensitivity of blood cultures is
approximately 50% when diagnosing invasive candidiasis due to
the low numbers of fungal cells [98]. Furthermore, non-culture
diagnostics, such as BDG and mannan antigen testing [using
enzyme-linked immunosorbent assay (ELISA) commercial kits], in
addition tomolecular techniques such as PCR and T2 Candida panel
(T2 Biosystems), are recommended to improve the detection of the
fungus and shorten the detection period [98,101]. Otherwise, these
techniques pose a significant challenge due to some limitations. A
French retrospective study reported that BDG testing lacked suffi-
cient sensitivity and specificity when performed on sera collected
from patients with severe COVID-19 admitted to the ICU [102].
Serum BDG testing has been broadly used in COVID-19 patients for
the detection of CAPA in developed countries, in contrast to not
being available in developing countries [103]. Thus, the usefulness
of other molecular techniques remains to be determined in the
context of COVID-19 patients with ARDS. Although T2 Candida
panel can detect and identify Candida species, its detection spec-
trum is limited to five species only (C. albicans, Candida glabrata,
Candida tropicalis, Candida krusei, and Candida parapsilosis) with
low sensitivity among populations with a low prevalence of inva-
sive candidiasis [104]. Noteworthy, a combination of serological
and molecular techniques is recommended in order to enhance the
accuracy of the techniques.
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Echinocandins (caspofungin or micafungin) are prescribed as
first-line empirical treatment of CAC patients, with fluconazole as
an accepted alternative for initial therapy. Still, two facts should be
considered when selecting antifungal therapy. First is the emer-
gence of resistance to antifungals, and second, the progressive shift
of etiologic agents toward non-albicans species, notably C. glabrata
and the recently emerged C. auris, both are characterized by a
decreased susceptibility to most commonly used antifungal agents
[105].

3.3. COVID-19-associated mucormycosis (CAM)

Before the COVID-19 pandemic, the prevalence of mucormycosis
in India was estimated to be nearly 70 times higher as compared to
the global data; however, the prevalence of the disease was low in
Europe [106e108]. A dramatic 2.1-fold rise in mucormycosis was
noted during the first wave of the COVID-19 pandemic when
compared to the pre-COVID period in India. A wide array of case
reports, case series, and systematic reviews described cases of
COVID-19-associated mucormycosis (CAM) at unprecedented
worldwide rates. Large case series were reported from India,
including primarily rhino-orbital mucormycosis and rhino-orbital
cerebral mucormycosis. In May 2021, the Indian government
declared mucormycosis (black fungus) as a notifiable disease. Due
to this detrimental situation, several Indian states have declared
black fungus an epidemic. A multicenter retrospective study was
conducted across India during the first wave [109]. It showed a 2.1-
fold increase in mucormycosis cases during the study period when
compared to corresponding months in the pre-COVID period.
Notably, the prevalence of CAM was higher in ICU patients (1.6%)
than that of patients managed in hospital wards (0.27%); this in-
crease was tied to COVID uptick. Another nationwide retrospective
study was conducted on CAM cases in France and reported a higher
twelve-week mortality rate (88%) than the findings from the pre-
vious Indian study (45.7%) [110]. The cases described in high-
income countries were mostly pulmonary or disseminated
mucormycosis. A number of case reports are summarized in Table 2.

Most of the case reports documented rhino-orbital mucormy-
cosis and recommended surgical debridement to reduce the dis-
ease burden [111e114,138]. The only case of gastrointestinal
mucormycosis was described in a COVID-19 patient in Brazil [135].
Interestingly, a very rare case of cutaneous mucormycosis was re-
ported in India in a patient with severe COVID-19 pneumonia [136].
Moreover, pulmonary mucormycosis was diagnosed in an ortho-
topic heart transplant recipient with prior COVID-19 [133]. Arana
et al. documented two kidney transplant patients on immuno-
suppressive treatment diagnosed with CAM [139]. In the latter
cases, Rhizopus oryzae and Lichtheimia ramose were the causative
agents of rhinosinusal and musculoskeletal mucormycosis,
respectively. Mixed fungal infections with Aspergillus and Mucor-
ales species were also described in some COVID-19 patients
[117,126,129,133,140]. Literature has shown that mortality rates for
CAM vastly depend on the site of infection; while COVID-19-
associated rhino-orbital mucormycosis has an overall mortality
rate in excess of 14% [141], pulmonary or disseminated mucormy-
cosis mortality rates exceeded 80% [142].

Evidence of heightened incidence of mucormycosis has shed
light on multiple predisposing factors and co-morbidities. Risk
factors for mucormycosis vary considerably between developed
and developing countries. While uncontrolled diabetes mellitus is
designated as the major predisposing risk factor for mucormycosis
in India, the disease is majorly linked to hematological malig-
nancies and organ transplants in developed countries [109,143].
One cannot disregard that the poor hygiene and zinc deficiency in
this country may be permissive for fungal infections in COVID-19



Table 2
Reported cases of mucormycosis occurring in patients with COVID-19 on the basis of clinical presentation.

Clinical presentation of mucromycosis Number of cases Causative agents References

Rhino-orbital 10 - Rhizopus spp.
- Mucor spp.

[111e120]

Rhino-cerebral 1 N/A [121]
Rhino-orbital-cerebral 2 - Rhizopus spp. [122,123]
Sino-orbital 1 - Rhizopus oryzae [124]
Paranasal 1 N/A [125]
Pulmonary 8 - Rhizopus spp.

- Rhizopus arrhizus
- Rhizopus azygosporus
- Rhizopus microsporus

[126e133]

Oral 1 N/A [134]
Gastrointestinal 1 N/A [135]
Cutaneous 1 - Mucor spp. [136]
Disseminated 1 N/A [137]
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patients, although there are no supporting data so far. The rampant
use of broad-spectrum antibacterial agents and steroids has
increased the risk of mucormycosis in these patients or exacerbated
pre-existing ones [129,144,145]. Mucormycosis was also associated
with contaminated adhesive bandages, wooden tongue depressors,
and contaminated air in hospitals [146] (Fig. 2).

Laboratory diagnosis of mucormycosis relies upon histopatho-
logical examination and direct microscopy, which must be
confirmed by culture-based and PCR-based identification, matrix-
assisted laser desorption ionization-time of flight (MALDI-TOF),
and mass spectrometry [147e149]. BDG and GM are not shared by
Mucorales species, they test negative in cases of mucormycosis
[150]. Of note, cultures often produce no growth, so the clinical
context of the patient remains crucial to establishing a diagnosis.
Moreover, detection of circulating DNA in the blood by quantitative
PCR is a useful approach [151,152].

The mainstay of management of CAM is based on the use of
high-dose liposomal amphotericin B. Antifungal triazole (pos-
aconazole or isavuconazole) may be used for salvage treatment.
Few data support the use of combination antifungal therapy (pos-
aconazole or isavuconazole with liposomal amphotericin B). Early
complete surgical treatment is also recommended alongside anti-
fungal therapy [153].

4. Conclusion

In the scenario of the COVID-19 pandemic, the dramatic surge in
cases has led to the exclusion of treatable respiratory pathogens.
Additional diagnostic testing for fungal infections in patients with
severe COVID-19, particularly when other clinical features support
co-infections, is important to prevent avoidable morbidity and
mortality. Otherwise, judicious use of steroids is crucial to limit
secondary fungal infections in hospital settings, along with strin-
gent control of other risk factors. Further studies and recommen-
dations are needed to prompt the diagnosis of fungal co-infections
and to establish effective antifungal therapy that lacks noxious
interactions with immunosuppressors, which may help improve
outcomes in hospitalized COVID-19 patients.
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