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Within the last 12 months, coronavirus disease 2019 (COVID-19) caused by the severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) spread globally to pandemic proportions.
Although the majority of cases have asymptomatic or mild infections, a significant proportion progress
to severe pneumonia and acute respiratory distress syndrome requiring critical care. Opportunistic
infections following severe respiratory viral infections have been recognized since the 1918 influenza
pandemic. Among critically ill patients with COVID-19, particularly secondary fungal infections
caused by Aspergillus and Candida spp. are increasingly described. We, therefore, hosted a Special
Issue focusing on fungal infections complicating COVID-19 and are delighted that a total of seven
high quality papers were published within this issue. COVID-19-associated pulmonary aspergillosis
(CAPA) has been reviewed in detail by Arastehfar et al., where authors have also shed light on the
immunopathogenesis of CAPA, which is believed to occur due to a defective immune response in
patients with severe COVID-19 leading to a hyperimmune state and dysfunctional T-lymphocytes
infections [1]. The release of danger-associated molecular patterns during severe COVID-19 may
contribute to pulmonary epithelial damage; collateral effects of host recognition pathways required for
the activation of antiviral immunity may, paradoxically, contribute to a highly permissive inflammatory
environment that favours the development of pulmonary mould infections [1]. CAPA has been shown
to be associated with increased mortality that can only be lowered by early initiation of antifungal
treatment [2,3]; thus, early diagnosis is essential. Mohamed et al. suggest screening patients with
severe COVID-19 in intensive care who remain unwell using a combination of fungal biomarkers
which include culture and galactomannan of deep respiratory samples, serum galactomannan and
1-3 beta-d-glucan, and molecular assays as well as computerised tomography [4]. Gangneux et al.
demonstrated that molecular assays to detect Aspergillus DNA from blood and respiratory samples
resulted in higher sensitivity when compared to culture based methods which may aid in the early
diagnosis of CAPA [5]. Future studies should evaluate the role of point-of-care diagnostics for the
diagnosis of CAPA, such as the Aspergillus Lateral Flow Device assay, which has shown promise for
diagnosing pulmonary aspergillosis in the critical care setting [6].

Importantly, there are also reports of yeast infections in critically ill patients with COVID-19.
While Arastehfar et al. point out that—in contrast to CAPA—there is no immunological predisposition,
Candida blood stream infections may occur in patients with classical clinical risk factors including
long-term ICU stays, indwelling vascular devices, and receipt of antibiotics and corticosteroids [7].
In another report in this Special Issue, two patients developed Saccharomyces blood stream infection
after receipt of probiotics supplementation which contained the same strain of this yeast while in
critical care [8], highlighting the risk of fungal translocation in these severely ill patients.

J. Fungi 2020, 6, 279; doi:10.3390/jof6040279 1 www.mdpi.com/journal/jof
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Lastly, but equally important, is the early initiation of appropriate antifungal therapy when
secondary fungal infections are suspected. The global emergence of antifungal resistance in the two
major fungal pathogens has made treatment more challenging given that there are only a few classes
of systemic antifungal agents. Meijer et al. report on the first published case of CAPA due to a
triazole-resistant A. fumigatus [9], while Posteraro et al. presents a case of a pan-echinocandin resistant
C. glabrata bloodstream infection [10], with both cases leading to a fatal outcome. These cases underline
the importance of performing antifungal susceptibility testing and antifungal stewardship.

As the global pandemic continues, we cannot overemphasise the need for a low threshold to screen
for fungal infections for early diagnosis and allow appropriate antifungal therapy. Again, we express
our sincere thanks to the authors and reviewers for their contribution to the literature on this very
important topic, despite their busy schedules taking care of these patients with COVID-19.

Conflicts of Interest: A.ET. received research funding and personal fees from Gilead and Pfizer. M.H. received
research funding from Gilead, Pfizer and Astellas.
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Abstract: Like severe influenza, coronavirus disease-19 (COVID-19) resulting in acute respiratory
distress syndrome (ARDS) has emerged as an important disease that predisposes patients to secondary
pulmonary aspergillosis, with 35 cases of COVID-19 associated pulmonary aspergillosis (CAPA)
published until June 2020. The release of danger-associated molecular patterns during severe
COVID-19 results in both pulmonary epithelial damage and inflammatory disease, which are
predisposing risk factors for pulmonary aspergillosis. Moreover, collateral effects of host recognition
pathways required for the activation of antiviral immunity may, paradoxically, contribute to a
highly permissive inflammatory environment that favors fungal pathogenesis. Diagnosis of CAPA
remains challenging, mainly because bronchoalveolar lavage fluid galactomannan testing and culture,
which represent the most sensitive diagnostic tests for aspergillosis in the ICU, are hindered by the fact
that bronchoscopies are rarely performed in COVID-19 patients due to the risk of disease transmission.
Similarly, autopsies are rarely performed, which may result in an underestimation of the prevalence

J. Fungi 2020, 6, 91; doi:10.3390/j0f6020091 3 www.mdpi.com/journal/jof
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of CAPA. Finally, the treatment of CAPA is complicated by drug—drug interactions associated with
broad spectrum azoles, renal tropism and damage caused by SARS-CoV-2, which may challenge the
use of liposomal amphotericin B, as well as the emergence of azole-resistance. This clinical reality
creates an urgency for new antifungal drugs currently in advanced clinical development with more
promising pharmacokinetic and pharmacodynamic profiles.

Keywords: SARS COV-2; Aspergillus; novel coronavirus; superinfection; co-infection; risk factors;
prevalence; challenges; immune response; expert statement; European Confederation of Medical Mycology

1. Introduction

Invasive fungal infections caused by various fungal genera, including Aspergillus, complicate and
endanger lives of millions of individuals annually [1]. Aspergillus genera, most frequently Aspergillus fumigatus,
are ubiquitous in the environment and cause a wide range of infections in humans, including invasive
pulmonary aspergillosis (IPA), chronic pulmonary aspergillosis (CPA), allergic bronchopulmonary
aspergillosis (ABPA), chronic rhinosinusitis, fungal asthma, and Aspergillus bronchitis [2,3]. IPA,
the most severe manifestation of disease from Aspergillus, is associated with high mortality rates and is
a prominent complication among those with profound immunosuppression, such as those undergoing
hematopoietic transplantation, as well as those with structural lung damage who receive systemic
corticosteroids for their underlying condition, such as patients with chronic obstructive pulmonary
diseases (COPD) [2].

Recently, it has been reported that a relatively high number of influenza patients presenting with
severe acute respiratory distress syndrome (ARDS) also rapidly develop IPA, which is associated
with increased duration of hospitalization and mortality [4,5]. Corticosteroid use and pulmonary
epithelial damages caused by severe influenza are the main risk factors for developing IPA [4,5].
The recent global pandemic of coronavirus disease-19, also known as COVID-19, has infected over
6 million patients worldwide, with more than 360,000 deaths. It has been shown that up to 40% of
COVID-19 hospitalized patients can develop ARDS [6], and thereby become susceptible to acquire
co-infections caused by bacteria and also Aspergillus spp. [7,8], although frequency of co-infections
seems to vary between centers and overall co-infections may occur less frequently than with severe
influenza [9]. Once they occur, these superinfections are associated with high mortality rates and
may prolong the acute phase of COVID-19 [10]. In this comprehensive review, we discuss various
aspects of COVID-19 associated pulmonary aspergillosis (CAPA), focusing specifically on immunology,
risk factors, prevalence, diagnosis, treatment, and current challenges.

2. Immunology

Dissecting the complex pathogenesis of CAPA requires a molecular understanding of the
physiological processes whereby infection with SARS-CoV-2 facilitates fungal pathogenesis. Similar to
other SARS coronaviruses, SARS-CoV-2 targets and invades epithelial cells and type II pneumocytes
through binding of the SARS spike protein to the angiotensin-converting enzyme 2 (ACE2) receptors [11].
Cleavage of the S1/S2 domain by the type 2 transmembrane protease TMPRSS2 leads to the activation
of the spike protein [12], thereby facilitating viral entry into the target cell via ACE2. Besides its role as
a SARS virus receptor, ACE2 was also demonstrated to be required for protection from severe acute
lung injury in ARDS [13]. In support of this, an insertion/deletion polymorphism that affects ACE
activity was associated with ARDS susceptibility and outcome [14]. Whether the preceding interaction
of SARS-CoV-2 with host cells, by disrupting the regulation of the renin-angiotensin system and or the
kallikrein-kinin system, contributes to the development of CAPA, is not known.

Viral entry and infection elicit an immune response, which is initiated by the establishment of
an inflammatory cascade by innate immune cells. Although the receptor(s) and signaling pathways
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involved in the immune recognition of Aspergillus and the downstream production of inflammatory
mediators are relatively well characterized [15], not much is known regarding how the immune system
senses and responds to SARS-CoV-2. Based on the available knowledge for infections with other
coronaviruses, two possible mechanisms can be anticipated and are likely to explain the development of
ARDS and consequently CAPA. The first involves the release of danger-associated molecular patterns
(DAMPs), signal molecules released by dying or damaged cells that act as endogenous danger signals
to promote and exacerbate the immune and inflammatory response leading to lung injury [16]. It is
noteworthy that DAMPs have also been shown to regulate inflammation in fungal diseases [17].
The DAMP/receptor for advanced glycation end-products axis was found to integrate with Toll-like
receptors (TLRs) to generate and amplify the inflammatory response in experimental aspergillosis [18].
Moreover, recipients of allogeneic stem-cell transplantation harboring genetic variants underlying a
hyperactivation of danger signaling in response to infection displayed an increased risk of developing
IPA [19]. This emerging concept could help explain fungal pathogenesis in conditions of exuberant
inflammation such as that observed in COVID-19 patients and highlights DAMP targeting as potential
immunomodulatory strategy in CAPA.

A second possibility involves the collateral effects of recognition pathways required for the
activation of antiviral immunity that may, paradoxically, contribute to an inflammatory environment
that favors secondary infections. ACE2 is not well expressed on immune cells and SARS-CoV are
recognized by TLR4 and TLR3, leading to the activation of MyD88- or TRIF-mediated signaling,
respectively [20,21]. Of note, this may be potentiated in the presence of Aspergillus spp. which activate
TLR4/MyD88/TRIF through the cleavage of fibrinogen [22]. It is likely that SARS-CoV-2 may elicit,
to a large extent, overlapping signaling pathways towards the production of inflammatory cytokines.
In addition, the activation of the inflammasome by SARS-CoV and the consequent production of IL-13
is an event that contributes further to the hyperinflammatory response [23]. A transcriptome analysis
of COVID-19 patients revealed an early immune response characterized by a marked upregulation
of the IL-1 pathway, even after respiratory function nadir [24]. The possibility that IL-1 and related
pro-inflammatory pathways could serve as therapeutic targets was demonstrated by the favorable
responses in severe COVID-19 patients with secondary hemophagocytic lymphohistiocytosis treated
with the interleukin-1 receptor antagonist anakinra [25]. Similar findings were also disclosed in acute
leukemia patients with COVID-19 [26]. Likewise, IL-1 blockade with anakinra has also been found to
ameliorate inflammation in both chronic granulomatous disease [27] and cystic fibrosis [28], and in
either case, to restrain susceptibility to infection or colonization by Aspergillus. Therefore, the early
hyperactivation of the IL-1 pathway induced by the SARS-CoV-2 infection may be a major factor
establishing a highly permissive inflammatory environment that favors fungal pathogenesis.

Besides IL-1, increased levels of IL-6 have also been consistently reported in severe cases of
COVID-19 [29,30], with an impact on immune cell function and the anti-viral mechanisms of immune
cells [31]. An enhanced production of IL-6 is also observed in epithelial cells following infection with
A. fumigatus, suggesting that, at least in some patients, the co-infection may contribute to the increased
levels of this cytokine in severe COVID-19 patients [32]. In a large patient series of COVID-19 patients
with ARDS, the use of the IL-6 receptor antagonist tocilizumab was recently reported to promote rapid
and sustained responses associated with significant clinical improvement [33]. However, such clinical
approach could paradoxically enhance the predisposition to CAPA, similar to animal models of IL-6
deficiency subjected to experimental aspergillosis [34]. For this reason, ongoing trials are addressing
the combined use of IL-6 antagonists and antifungal prophylaxis in severe COVID-19 patients.

An emerging body of evidence supports therefore an increased systemic inflammatory reaction
in patients with severe SARS-CoV-2 infection who are more likely to develop CAPA. In this regard,
increased levels of circulating proinflammatory cytokines, such as TNF, were observed in patients
requiring intensive care, compared to those with milder infections [35]. Other studies, however,
have also unveiled marked defects in immune cell populations, namely T-lymphocytes, as another
factor explaining the immune dysfunction in patients with COVID-19 [36]. This suggests that while
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sustained innate immune function leads to hyperinflammation [37], lymphocyte numbers decline,
and their function may be defective. In this regard, severe lymphocytopenia was among the factors in a
risk score model that predicted the development of invasive mold disease in patients with hematological
malignances [38]. It is thus reasonable to speculate that in elderly individuals or with co-morbidities,
defective immune responses to SARS-CoV-2 may allow unrestricted viral replication which, in turn,
elicits hyperinflammation and severe complications such as ARDS [39], besides establishing favorable
conditions for the acquisition of secondary infections, such as CAPA.

While there is much to be learned about CAPA, our current understanding of the pathophysiology
of other coinfections with respiratory viruses such as influenza [40] provides an important framework
towards the effective design of immunotherapeutic approaches and the identification of the patients
that could benefit the most from them.

3. Risk Factors Implicated in CAPA Development

Importantly, the pathogenesis of IPA differs between neutropenic and non-neutropenic patients,
including those with COVID-19, impacting clinical presentation, radiological findings and diagnostic
test results in the mycology laboratory [41,42]. Despite these important differences, revised European
Organization for Research and Treatment of Cancer/Invasive Fungal Infections Cooperative Group
and National Institute of Allergy and Infectious Diseases Mycoses Study Group (EORTC/MSG)
definitions [43] focus primarily on neutropenic patients with underlying hematological malignancies
and “typical” presentation of IPA and have been shown to have limited applicability and inferior
performance in non-neutropenic patients who frequently do not fulfil radiological and host criteria,
including patients with COVID-19 [41,44]. This has resulted in the creation of an alternative clinical
algorithm for diagnosing IPA in the ICU setting in 2012 [41], which defines putative IPA and is now
the standard of care for defining IPA in the ICU [4,45], where highly reliable definitions of IA are still
missing (work on improved definitions is currently in progress [45,46]).

Rapid development of CAPA few days following ICU admission [47] resembles the observation
made for influenza-associated pulmonary aspergillosis [4,5]. Risk factors predisposing COVID-19
patients to develop secondary pulmonary aspergillosis are similar to those identified for influenza-IPA
superinfections [4,5]. The most important risk factors include severe lung damage during the course of
COVID-19 [48], the use of corticosteroids in those with ARDS, the widespread use of broad-spectrum
antibiotics in intensive care units [49], and the presence of comorbidities such as structural lung
defects [47,50-52].

There are some reports revealing that pulmonary fibrosis can be triggered by the cytokine storm
activated by the viral antigens, toxicity posed by drugs, high airway pressure and hypoxia-induced
acute lung injury secondary to mechanical ventilation [53]. While interstitial pulmonary fibrosis per se
does not predispose to development of IPA, a small subset of these COVID-19 survivors may require
long term corticosteroid treatment, which may predispose them to CAPA years after the acute phase of
the viral infection. Overall, 29% of the CAPA cases published to date (10/35) had received systemic
corticosteroids (Table 1). In those with ARDS, systemic corticosteroids are used to alleviate the immune
responses and prevent cytokine storm [6,54-56], but may at the same time increase vulnerability for
developing secondary infections [4,5].
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Although detailed case series have not reported on antibiotic use among patients, broad-spectrum
antibiotics are presumed to be used in 75% of COVID-19 patients admitted to ICU [49]. Since the
human gut microbiome is a highly complicated structure of bacteria and fungi, although bacteria are
the most diverse constituents, the administration of antibiotics results in perturbation of microbiome
steady-state composition, which allows fungi to thrive, and may predispose the host to invasive fungal
infections once the immune system becomes impaired [65,66].

Underlying medical conditions may also predispose COVID-19 patients to develop CAPA.
Among the 35 CAPA cases published to date (Table 1), hypertension (17/35; 49%), diabetes (9/35; 26%),
obesity (8/35; 23%), COPD (5/35; 14%), heart diseases (5/35; 14%), hypercholesterinemia (4/35; 11%),
and asthma (3/35; 9%) were among the most prevalent comorbidities observed. While hypertension,
coronary heart diseases, and diabetes increase the risk of infection overall [67-69], structural lung
damage caused by COPD or asthma may particularly predispose patients to develop IPA [70].

4. CAPA Prevalence

Several studies from China reported high rates of Aspergillus infections among COVID-19 patients.
In one study from the Jiangsu province in China, 60/257 COVID-19 (23.3%) patients had throat swab
samples that tested positive for Aspergillus spp. and were reported as Aspergillus co-infections [8].
In another Chinese study from the Zhejiang province 8 of the 104 patients with COVID-19 (7.7%)
patients were reported to have IPA although questions remain regarding criteria used for diagnosing
IPA in this study (authors state EORTC/MSG criteria were used but all 8 patients seemingly lacked
host factors) [71]. Another study from China reported that 27% of the COVID-19 patients (13/48)
developed fungal infections but lacked further details [7]. In other reports from China, lower rates
of fungal infections were reported ranging between 3.2-5% [54,55,72]. None of those studies have
used specific definitions and standardized diagnostic algorithms to identify and define CAPA. In fact,
diagnosis of pulmonary aspergillosis is challenging with culture exhibiting limited sensitivity [73,74],
and galactomannan testing—the current gold standard—is rarely available in China [75]. As a result,
some of these reported rates are likely an underestimate of the real burden of IPA in patients with
COVID-19 requiring ICU admission, while other rates may be an overestimation due to potentially
misinterpreting Aspergillus colonization in the upper respiratory tract as Aspergillus infection.

More recently, several studies and case-series from Europe (France, Germany, Belgium, and the
Netherlands) have reported high rates of CAPA among COVID-19 cases with ARDS, ranging from
20-35% (Table 1) [47,50-52]. The development of CAPA was fairly rapid, with a median of 6 days
and range of 3-28 days after ICU admission [47,52]. Moreover, two additional CAPA cases have been
reported from Germany [61] and single cases have also been reported from the Netherlands [62],
Austria [60], Italy [59], Australia [63], and France [57,58] (Table 1). Among 35 CAPA cases reported
to date, there were a total of 5 proven cases [52,59]. The overall mortality rate was 63% (22/35),
among whom 4 were female (4/8; 50%) and 14 were male (18/27; 67%). The mortality in case series
reported from France, Germany, Belgium and Netherlands ranged between 44.5-66.7% [47,50-52].
Of particular importance was the 100% fatality rate of those with underlying diseases reported from the
Netherlands, while the two patients without underlying conditions both survived [47]. Noteworthy
is the fact that COVID-19 patients presented with ARDS typically fall into the elderly category [6],
whereas ARDS in those infected with influenza involves both children <5 years old and elderly >65
years old [76]. The difficulties in diagnosing CAPA, which are outlined in more detail in the next
section of this review, may also contribute to increased mortality rates. The most notable example
is a study from France [57], where both culture and serology assays were negative for the initial
respiratory samples and became only positive after the patient expired [57]. In a case from Italy,
initial BALF culture was positive for A. fumigatus but the treatment was delayed for two days and
only started after the serum galactomannan test became positive [59]. CAPA was later confirmed by
autopsy examination [59]. As a result, authors encouraged prompt initiation of systemic antifungal
therapy immediately after obtaining positive results even if Aspergillus is detected in samples from
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the upper respiratory tract [59]. Since azole resistance can be associated with a higher mortality rate
when compared to patients infected with azole susceptible A. fumigatus isolates, it is of paramount
importance to use antifungal susceptibility testing to inform targeted antifungal treatment, especially
in regions with high azole resistance [77]. Azole-resistant A. fumigatus isolates were also persistently
recovered from tracheal aspirates during the course of azole treatment in the most recent study from
the Netherlands implicated a CAPA case for whom [62]. The azole-resistant A. fumigatus isolate
(itraconazole, voriconazole, and posaconazole MICs were 16, 2, and 0.5 pug/mL, respectively) harbored
a well-known mutation, TR34/L98H [62], presumed to have been acquired from the environment [77].
The in vitro MIC value of the isolate obtained at day 19 (2 mg/L) was higher than the voriconazole
serum trough concentration measured on day 17 (1.43 mg/L) and despite switching voriconazole to
L-AmB, the patient died due to deteriorating health conditions [62]. Overall, A. fumigatus appeared to
be the most prevalent Aspergillus spp. isolated among respiratory samples with positive culture (26/29;
90%), followed by A. flavus (2/29; 7%).

5. Diagnostic Workup for Accurate Identification of CAPA

The optimal diagnostic algorithm for diagnosing CAPA is currently unknown, and this question
is actively being investigated in an ongoing multinational explorative trial in conjunction with the
European Confederation of Medical Mycology (ECMM). The most common methods to date include
attempting to recover Aspergillus spp. on culture media of bronchoalveolar fluid (BALF) and tracheal
aspirate, as well as utilizing serologic biomarker testing such as the conventional Galactomannan (GM)
from BALEF, tracheal aspirate, and serum specimens. Other diagnostic tests that may prove useful also
include Aspergillus PCR, serum (1—3)-B-p-glucan (BDG), the Aspergillus galactomannan lateral flow
assay (LFA) (IMMY, Norman, Oklahoma, USA), and the Aspergillus-specific lateral-flow device (LFD)
test (OLM Diagnostics, Newcastle Upon Tyne, UK).

In published cases and case series from Germany [50,61], France [51,57,58], Italy [59], Austria [60],
Belgium [52], Australia [63], and the Netherlands [47], CAPA was most commonly mycologically
diagnosed by either culture from BALF or tracheal aspirate and/or based on a positive GM or LFD
from BALF or tracheal aspirate (Table 1). Across published cases, Aspergillus culture was positive
in 29/35 (83%) of patients; of those with a positive culture and a reported source, 16/29 (55%) were
recovered from—often undirected—BALF, 12/29 (41%) from tracheal aspirate, and 1/29 (3%) from
sputum. In those where a BALF GM test was performed, 14/23 (61%) had a titer >1.5 ODI and 16/23
(70%) a titer >0.5 ODI, while 6/28 (21%) of those with serum GM results had a titer > 0.5 ODI. PCR from
respiratory specimens or tissue was positive in 10/14 (71%) and LFD from tracheal secretion positive in
1/1 of patients.

Thus, BALF and tracheal aspirate culture and conventional GM testing from BALF appear to be
the most promising diagnostic modalities. Still, bronchoscopy can potentially aerosolize virus [78] in
patients with COVID-19 infection, thus posing a risk to patients and personnel from SARS-CoV-2 virus.
In many centers, the role of bronchoscopy is limited and testing from blood samples may be safer
and more optimal and allow also for twice weekly screening which has been implemented in many
centers [52], although the low levels of GM positivity from serum in these reports is discouraging,
and the sensitivity of serum BDG, which is less specific for 1A, was only 44% (4/9).

6. CAPA Treatment—Current Paradigm

While it is currently unknown whether antifungal treatment of COVID-19 associated IPA translates
into a survival benefit, diagnosis should in most cases trigger early antifungal treatment. Outside the
hematologic malignancy setting, voriconazole remains the recommended first-line treatment for
IPA [79,80]. However, besides its narrow therapeutic window and the requirement for therapeutic
drug monitoring to ensure efficacy and prevent neuro and hepatotoxicity [81], drug-drug interactions
may particularly limit the use of voriconazole in the ICU setting [82]. Being metabolized via
CYP2C19, CYP2C9, and CYP3A4, voriconazole is among the drugs most frequently associated
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with major drug-drug interactions in the ICU [83]. Furthermore, it may show interactions with
experimental COVID-19 therapies, including hydroxychloroquine, atazanavir, lopinavir/ritonavir
and last but not least—although weaker—with remdesivir, which is also a substrate for CYP3A4,
although its metabolism is primarily mediated by hydrolase activity [84]. Isavuconazole and
liposomal amphotericin B are the primary alternative options for treatment of IPA in the ICU [79].
Compared to voriconazole, isavuconazole shows a more favorable pharmacokinetic profile, and is
associated with fewer toxicities. However, it is also metabolized via CYP3A4 and could therefore be
problematic, although drug—drug interactions are generally less a problem with isavuconazole than
with voriconazole [85,86]. Liposomal amphotericin B is a broadly effective alternative treatment option,
however, in the ICU renal insufficiency often complicates initiation or requires discontinuation of this
antifungal agent. This concern is particularly relevant for patients infected by SARS-CoV-2 which has
shown renal tropism and been described as a frequent cause of kidney injury [87]. While itraconazole
is now rarely used to treat invasive aspergillosis, it has been shown to exhibit some antiviral activity,
specifically as a cholesterol transport inhibitor, and was effective in a feline coronavirus model [88].
In addition, its novel oral SUBA formulation has great bioavailability [89], and itraconazole may
therefore be an alternative option for treating COVID-19 associated IPA, although it shares the
problem of drug—drug interactions with other triazoles. While currently available echinocandins are
not considered first-line treatment options for invasive aspergillosis due to their limited antifungal
activity against Aspergillus spp., they are generally well tolerated with limited drug-drug interactions
and show at least fungistatic activity against Aspergillus hyphae [90]. Furthermore, they synergistic
interactions with some other antifungals, making them an excellent choice for combination antifungal
therapy [90]. New antifungal classes currently under development, namely fosmanogepix and
olorofim [91], may have equal efficacy without the same burden of drug-drug interactions and toxicity,
and may therefore overcome the limitations of currently available antifungals and become the preferred
treatment options in the near future. If the reported high incidence of COVID-19 associated IPA in
ICU patients is confirmed in larger studies, there may be justification for prophylaxis trials, for which
not only triazoles and nebulized liposomal amphotericin B [52], but also another novel antifungal
currently under development, rezafungin (i.e., once weekly echinocandin with improved activity
against Aspergillus spp.), may be a candidate [92].

7. The Current Challenges and How to Tackle Them

Bacterial, fungal and viral secondary infections or co-infections affect mortality. Acinetobacter
baumanii, Klebsiella pneumonia and Aspergillus species are important nosocomial pathogens [93]
complicating the disease course. Studies from France [51], Germany [50], Belgium [52], and the
Netherlands [47], underline the role of CAPA. Diagnosing co-infections is complex and rapid diagnosis
plays a crucial role in this setting [49]. Close monitoring for infection development is needed, as well
as longitudinal sampling throughout the disease course using culture dependent and independent
techniques. Aspergillus antigen and PCR testing of respiratory fluids should be a routine procedure for
critically ill patients [94], specifically for those suffering from ARDS [50]. Co-infection with human
metapneumovirus has been reported in two of five cases in the German CAPA series [50]. It is unknown
whether hospitals caring for COVID-19 test comprehensive respiratory pathogen panels, and to date no
analysis of mixed viral infection in COVID-19 patients has been reported. In the context of COVID-19,
mixed viral infection may be misinterpreted as presence of innocent bystanders and thus remain
underreported. With bronchoalveolar lavage and autopsy regarded as high-risk procedures, key
diagnostic instruments are lacking. Autopsy studies are key to understanding pathophysiology of
COVID-19 [95] and are critically enlighten interaction between SARS-CoV-2 and different pathogens.
With availability of lower respiratory samples, normally obtained by BALF, the quality of microbiological
and virological work up would be greatly improved. Inspection of trachea and bronchi is achieved by
bronchoscopy, which is critical to find possible Aspergillus tracheobronchitis. Thus, physicians face
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the dilemma of taking the hazard of aerosolization of SARS-CoV-2, risking transmission versus the
endeavor of facilitating the optimal diagnosis and treatment to the patients entrusted to their care.

To this day, our understanding of the true impact of Aspergillus co-infections remains frustratingly
limited. Therefore, guidance on proper management of these high-risk procedures to prevent
transmission and super spreading of SARS-CoV-2 is needed. The European Confederation of Medical
Mycology initiated national multicenter studies aiming to explore the risk of fungal infections
during COVID-19 [94] and is currently working on diagnostic and treatment algorithms. Key goals
are to improve the outcome by avoiding misdiagnosis and by initiation of early and targeted
antifungal treatment.

8. Future Perspectives

We anticipate that autopsies of COVID-19 fatalities will increase and likely prove the clinical
relevance of CAPA [96]. Immune dysregulation together with epithelial lung damage stemming
from COVID-19 immunopathology is a likely mechanism predisposing for IPA development [97].
IPA will be recognized as important co-infection in patients with severe COVID-19, but incidence will
likely vary between different ICU settings. In settings where COVID-19 associated IPA occurs most
commonly, screening for IPA in blood and true BALF samples (i.e., obtained via bronchoscopy) will be
implemented followed by preemptive treatment in those with mycological evidence of IPA. In other
high-incidence settings, clinical antifungal prophylaxis trials will be conducted among COVID-19
patients admitted to the ICU aiming to show a decrease in putative [4] and proven IPA cases, as well as
overall mortality. Treatment trials will compare efficacy and safety of new antifungal drugs currently
under development with established antifungals, initiating a new era of antifungal treatment.
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Abstract: (1) Background: The diagnosis of invasive aspergillosis (IA) in an intensive care unit (ICU)
remains a challenge and the COVID-19 epidemic makes it even harder. Here, we evaluated Aspergillus
PCR input to help classifying IA in SARS-CoV-2-infected patients. (2) Methods: 45 COVID-19 patients
were prospectively monitored twice weekly for Aspergillus markers and anti-Aspergillus serology. We
evaluated the concordance between (I) Aspergillus PCR and culture in respiratory samples, and (II)
blood PCR and serum galactomannan. Patients were classified as putative/proven/colonized using
AspICU algorithm and two other methods. (3) Results: The concordance of techniques applied on
respiratory and blood samples was moderate (kappa = 0.58 and kappa = 0.63, respectively), with a
higher sensitivity of PCR. According to AspICU, 9/45 patients were classified as putative IA. When
incorporating PCR results, 15 were putative IA because they met all criteria, probably with a lack
of specificity in the context of COVID-19. Using a modified AspICU algorithm, eight patients were
classified as colonized and seven as putative IA. (4) Conclusion: An appreciation of the fungal burden
using PCR and Aspergillus serology was added to propose a modified AspICU algorithm. This proof
of concept seemed relevant, as it was in agreement with the outcome of patients, but will need
validation in larger cohorts.

Keywords: invasive aspergillosis; putative; probable; COVID-19; Sars-CoV-2; ICU; PCR; Aspergillus;
galactomannan; classification

1. Introduction

Molecular tools as diagnostic criteria for invasive fungal diseases (IFD) has long been questioned
because of a lack of reproducibility and insufficient standardization of protocols. Thanks to initiatives
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such as FPCRI (www.fpcri.eu [1]) and to the dramatic improvement of the quality assessment of
molecular technics, Aspergillus PCR is now included in the new EORTC criteria for classification [2].
Regarding intensive care units (ICU) patients, the classification of IFD mainly refers on criteria adapted
from neutropenic patients or relies on single center experiences. One algorithm has emerged as a
valuable tool to classify invasive aspergillosis (IA) in ICU patients: the AspICU algorithm [3]. This
classification is considered as robust because it has been evaluated in patients for whom autopsy results
were available, but it is quite awkward to use in routine practice, particularly in COVID-19 patients
with clinical and CT-scan signs hard to interpret [4]. Besides, it does not include molecular markers,
which are now used routinely [5].

During COVID-19, patients presenting an acute respiratory distress syndrome (ARDS) shared
risk factors and underlying diseases classically reported for IA, such as intubation and mechanical
ventilation, corticosteroid therapy, immunological storm with high production of inflammatory
cytokines. Warnings following preliminary cohort studies from various countries prompted the
monitoring of fungal colonization and co-infections in SARS-CoV-2-infected patients hospitalized in
an ICU. However, the entry criterion for putative IA, according to Blot et al., is an Aspergillus-positive
culture endotracheal aspirate, which may lack specificity. In the recent review by Arastehfar et al. [6],
many COVID-19-associated pulmonary aspergillosis (CAPA) benefited from galactomannan (GM)
testing of bronchoalveolar fluid (BALF) or even of tracheal aspirates (not approved by the
manufacturer). However, some laboratories, such as ours, have stopped various manipulations
of highly SARS-CoV-2-infected samples in order to limit the exposure of laboratory technicians to viral
infection. Then, direct examination of respiratory samples or galactomannan (GM) determination
in broncho-alveolar lavage have thus been replaced by the systematic use of molecular tools. While
performances of blood biomarkers such as GM, (1-3)3-p-glucan (BDG) or Aspergillus DNA detection
are well evaluated in neutropenic patients, their clinical value is far less known in other conditions and
still need evaluation in an ICU.

Here, our objective was to evaluate the concordance between molecular detection of Aspergillus
in respiratory and culture and concordance between blood PCR and serum GM. We also aimed at
assessing the ability of Aspergillus PCRs to help categorizing patients in the continuum of colonization
to invasive infection in COVID-19 patients. Arguments to complement AspICU criteria are suggested.

2. Materials and Methods

2.1. Population of Patients

Forty-five intubated and mechanically ventilated patients hospitalized in a “COVID-19 ICU” of
Rennes teaching hospital were screened for this study and benefited from a systematic monitoring to
detect Aspergillus.

The hospital’s ethics committee (N 20-56 obtained the 30 April 2020) approved the study. The
presence of SARS-CoV-2 in respiratory specimens (nasal and pharyngeal swabs or sputum) was
detected by real time reverse transcription-polymerase chain reaction (RT-PCR) methods.

The following data were recorded: age, patient’s preexisting condition (current smoking, diabetes,
hypertension, cardiovascular disease, pulmonary disease, and kidney disease), body mass index, ICU
length of stay, duration of mechanical ventilation, ventilator-free days at day 28, need for prone position
ventilation, and death in the ICU. Initial clinical laboratory workup included a complete blood count
and serum biochemical tests. Chest CT scans were performed during the ICU hospitalization. The
Simplified Acute Physiology Score (SAPS II) and the Sepsis-Related Organ Failure Assessment (SOFA)
score at admission in ICU, at day 7 and 14 days after admission were used to assess severity [7,8].
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2.2. Aspergillus Detection

Respiratory samples, either bronchial or endotracheal aspirates or bronchoalveolar lavages,
were systematic twice weekly and Aspergillus detection was performed using culture and real-time
quantitative PCR, but GM was not performed to avoid any risk of lab contamination.

Briefly, respiratory samples were first digested using v/v digestEUR (Eurobio) for 30 min under
shaking. Mycological culture were performed after centrifugation of fluidified samples by inoculation
of 100-200 puL of pellet on Sabouraud-Chloramphenicol dextrose Agar plates, and incubated for
7 days at 30 °C and 37 °C. Mold identification at genus or species complex level was performed
microscopically, and confirmed at species level using MALDI-ToF mass spectrometry (MALDI Biotyper,
Bruker France, Marne-la-Vallée, France), after fungal material extraction [9]. Spectrum profiles
were then submitted to the Mass Spectrometry Identification (MSI) online database for definitive
identification (https://msi.-happy-dev.fr/ [10]).

For molecular detection, 200 uL of plain fluidified respiratory sample underwent immediate
SARS-CoV-2 inactivation by heating at 56 °C overnight in ATL Lysis buffer (Qiagen, Saint-Quentin
Fallavier, France), before DNA extraction using the EZ1 DSP virus kit (Qiagen) on a EZ1 Advanced XL
device (Qiagen). Molecular detection of A. fumigatus was done using a 285 rDNA Aspergillus-targeted
PCR, as previously published [11,12].

In case of Aspergillus positive culture and/or positive PCR in respiratory samples, additional tests
were performed on serum, i.e., detection of GM (Platelia GM Aspergillus, Biorad, Marnes-la-Coquette,
France), Aspergillus PCR and detection of anti-Aspergillus antibody by ELISA (Platelia IgG Aspergillus,
Biorad) and in-house immunoelectrophoresis. Briefly, Aspergillus PCR was performed on 1 mL of
serum extracted using MagNA Pure 24 Total NA Isolation kit (Roche diagnostics, Meylan, France) on a
MagNA Pure 24 device (Roche diagnostics), according to manufacturer recommendations. DNA was
eluted in a volume of 50 L.

2.3. Statistical Analysis

Continuous variables were expressed as median (interquartile range, IQR) and compared using
the nonparametric Mann-Whitney U or Kruskal-Wallis test. Dunn’s correction tests were performed if
multiple comparisons were requested. Qualitative data were compared using Chi-square test. Tests
were two-sided with significance set at o less than 0.05.

Concordance between categorical results from diagnostic tests was performed using the percent
agreement coefficient and Cohen’s kappa coefficient (k). When comparing quantitative data, an
ANOVA test was performed. All data were analyzed with GraphPad Prism 8.4 (GraphPad Software,
LaJolla, CA, USA).

3. Results

3.1. Patient Aspergillus Status

A cohort of 45 COVID-19 intubated and mechanically ventilated patients for ARDS was followed.
Patients benefited from a systematic screening for Aspergillus. Overall, 211 respiratory samples (culture
and PCR) and 32 serum samples (GM detection and Aspergillus PCR) were collected. The mean number
of respiratory samples until patient discharge from ICU was 3.8 (median = 3).

We categorized these 45 patients according to the AspICU algorithm and propose two alternative
classification methods presented in Table 1: the AspICU algorithm associated to PCR results in
respiratory and serum samples, and a modified AspICU proposal. Thirty patients did not present any
biological criteria of aspergillosis with any of the algorithms. According to the AspICU classification
incorporating PCR detection, 15 were classified as having putative aspergillosis because they met all
criteria reported by Blot et al., i.e., compatible clinical signs, abnormal thoracic medical imaging on
CT scan and positive screening for Aspergillus on respiratory samples. However, in this particular
context of COVID-19 with all ARDS patients presenting compatible clinical signs and abnormal chest
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CT imaging in all likelihood lacking specificity, we decided to use a modified AspICU algorithm
taking into account blood markers; we classified eight patients as colonized and seven patients with a
putative/probable IA (Tables 1 and 2).

Table 1. Diagnostic criteria of the AspICU clinical algorithm according to Blot et al., 2012, and proposal
of a modified AspICU algorithm.

Classification

AspICU According to
Blot et al., 2012 [3]

AspICU Algorithm
Incorporating PCR

Modified AspICU Algorithm
Incorporating PCR, Serology
and Angioinvasion Biomarkers

Definition of
colonization

Aspergillus-positive
culture endotracheal
aspirate alone

Aspergillus-positive
culture/PCR
endotracheal aspirate
alone

Aspergillus-positive culture/PCR
endotracheal aspirate in one
sample, not confirmed on a second
sample or using blood biomarker

Definition of putative IA

>1 criterion among:

1. Aspergillus-positive
culture endotracheal
aspirate

2. Compatible clinical
signs

3. Abnormal thoracic
medical imaging on CT
scan or X-ray

4a. Host risk factors

Or 4b. Semiquantitative
Aspergillus-positive
culture of BAL fluid +
positive direct
microscopy

>1 criterion among:

1. Aspergillus-positive
culture/PCR
endotracheal aspirate

2. Compatible clinical
signs

3. Abnormal thoracic
medical imaging on CT
scan or X-ray

4a. Host risk factors

Or 4b. Semiquantitative
Aspergillus-positive
culture/PCR of BAL fluid
+ positive direct
microscopy

>1 criterion among:

1. Aspergillus-positive culture/PCR
endotracheal aspirate in repeated
samples with negative
anti-Aspergillus antibody testing
2. Compatible clinical signs

3. Abnormal thoracic medical
imaging on CT scan or X-ray

4a. Host risk factors

Or 4b. Semiquantitative
Aspergillus-positive culture/PCR of
BAL fluid + positive direct
microscopy

Definition of probable IA

Putative IA + one positive blood
biomarker (GM and/or PCR)

Definition of proven IA

Positive histopathology

Positive histopathology

Positive histopathology

GM: galactomannan.

Table 2. Classification of 45 COVID-19 patients with ARDS according to AspICU and to modified

AspICU algorithms.
e AspICU According to AspICU Algorithm Modified ASPICU Algorithm
Classification R Incorporating PCR, Serology
Blot et al., 2012 [3] Incorporating PCR . . . .
and Angioinvasion Biomarkers
No infection 36 30 30
Colonization 0 0 8
Putative IA 9 15 4
Probable TA - - 3
Proven IA 0 0 0

3.2. Demographic, Clinical and Biological Characteristics

Demographic, clinical and biological baseline characteristics at admission are detailed in Table 3
and Table S1. Basic demographic characteristics were well-balanced between the three groups of
patients (no aspergillosis, Aspergillus colonization, putative/probable aspergillosis). Of note, we
observed a high proportion (71.1%) of male patients in the study population. Clinical and biological
baseline data did not differ among the three groups, except C-reactive protein which was higher in the
“no aspergillosis” group. Regarding the severity scores at admission, no differences were observed
either, among the groups of patients, but SAPS II and SOFA scores at day one tended to be higher in
patients with putative invasive aspergillosis.
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Table 3. Demographic characteristics and clinical and biological baseline characteristics.

Demoeraphic No Aspergillus Putative/Probable
Charac%eriitics All Patients (n =45)  Aspergillosis Colonization Invasive p Value
(n=30) (n=8) Aspergillosis (n = 7)
Age, years 60 (53-71) 59 (54-68) 53 (51-71) 70 (63-75) 0.14
Sex
soy wm o Tws amn g
Women : . :
BMI 27 (24.4-31.4) 27.5(24.7-32.3) 27 (25.2-30.7) 25.2 (23.2-26.4) 0.99
Current smoking 3(6.7) 2(44) 0 1(12.5) 0.54
Coexisting conditions
Any 31 (68.9) 19 (63) 6 (75) 6(85.7) 047
Diabetes 17 (37.8) 12 (40) 3(37.5) 2(28.6) 0.74
Hypertension 15 (33.3) 7(233) 5 (62.5) 3(42.9) 0.1
Solid cancer 1(2.2) 1(3.3) 0 0 0.77
Hemopathy 2(4.4) 1(3.3) 0 1(14.3) 0.54
Cardiovascular disease 3(6.7) 3(10) 2 (25) 2(28.6) 0.34
Chronic obstructive 0 0 0 0 B
pulmonary disease
Chronic kidney disease 4(8.9) 2(6.7) 1(12.5) 1(14.3) 0.83
Temperature (°C) 38 (37-38.9) 37.5(337-384)  38.2(37.9-39) 38.2 (37.7-38.8) 0.29
Heart rate (/min) 100 (80-110) 94 (80-110) 104 (100-110) 102 (85-119) 0.63
Systolic pressure 94 (87-107) 93 (85-105) 103 (100-109) 90 (82-102) 034
White bi‘l’(‘]’;‘}gu count 9.8 (6.8-12.9) 9.7 (6.9-13) 9.9 (7-10.7) 9.9 (6.7-12.9) 0.97
Neutrophil count (10%/L) 7.9 (4.5-10.8) 7 (4.9-10.5) 8.5 (5.2-8.6) 5.6 (3.5-10.4) 0.8
Lymp?l%cg};;cj count 0.81(0.58-1.11)  0.83(0.53-1.14) 07 (0.63-1.1) 0.72 (0.58-0.81) 0.87
Hemoglobin (g/L) 10.8 (9.5-12.5) 10 (9.4-12) 11.8 (10.6-13.6) 11 (10.5-13.6) 0.12
Platelet count (10°/L) 264 (194-357) 282 (220-364) 244 (184-347) 162 (129-262) 0.12
Total bilirubin
concentration (umollL) 8 (5.5-12) 8.5 (6-12) 11 (9-13) 7 (5.5-8) 0.72
Creatinine (umol/L) 81 (53-162) 71 (51-109) 81 (73-173) 101 (82-184) 0.15
C'rea“ivg’g/‘{‘)em (CRP) 157 (112-263) 155 (112-265) 112 (102-131) 112 (109-178) 0.03
Ratio of PaO, to F;O, 152 (100-181) 164 (107-214) 120 (94-214) 136 (72-155) 0.25
SAPS Il score on day 1 42 (31-57) 35 (30-58) 42 (21-55) 43 (35-82) 0.55
SOFA score on day 1 7 (2-11) 7 (4-10) 5(2-10) 9 (2-12) 0.76

Data are presented as median (IQR: interquartiles), 1 (%). P values comparing Aspergillus colonization, invasive
aspergillosis and no aspergillosis groups are tested by Kruskal-Wallis (continuous variables) or Chi-square test
(categorical variables). Abbreviations: BMI: Body mass index; SAPS II: Simplified Acute Physiology Score II; SOFA:
Sequential Organ Failure Assessment, PaO,: arterial oxygen tension.

3.3. Concordance of Diagnostic Tools

Table 4 gathers the results of the techniques used for Aspergillus detection. DNA detection by
PCR showed the highest sensitivity, with a number of positive respiratory samples near twice higher,
compared to the culture. Only one sample grew in culture, whereas PCR was negative, but the species
obtained in culture was A. tubingensis (Nigri complex species), which is theoretically not amplified
when using the 28S-targeted PCR specific for A. fumigatus. Interestingly, the correlation between
cultural and molecular quantification showed a significant difference between the two techniques,
with a mean Cq threshold of 32.6 + 0.7 when cultures were negative, highlighting the higher sensitivity
of PCR (Figure 1).
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Table 4. Concordance of PCR and cultures on respiratory samples (1 = 211) to detect the presence

of Aspergillus.
Respiratory Samples Positive Culture Negative Culture Total
Positive PCR 15 19 34
Negative PCR 1* 176 177

Total 16 191 211

* positive culture with Aspergillus tubingensis (Nigri section).
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Figure 1. Correlation between molecular and cultural quantification of Aspergillus burden in respiratory
samples (rare: 1-2 CFU/plate; few: 2-5; numerous: >5). * significantly different with p < 0.05. **
significantly different with p < 0.01.

Overall, the concordance coefficient between PCR and culture on respiratory samples was 90.52%
with a Cohen’s Kappa coefficient of 0.588. Regarding blood samples, three patients had a positive
detection of a systemic biomarker: 3/3 had a positive PCR and 2/3 had a positive GM (Table 5). All
three patients had a simultaneous detection of Aspergillus in respiratory samples by culture (n = 2)
and/or PCR (n = 3). Overall, the concordance coefficient between PCR and culture on respiratory
samples was 93.75% with a Cohen’s Kappa coefficient of 0.632.

Table 5. Concordance of 28S PCR and galactomannan (GM) in serum samples (1 = 32).

Serum Samples Positive GM Negative GM Total
Positive PCR 2 1 3
Negative PCR 1 28 29
Total 3 29 32

3.4. Relevance of Various Tests and Categorization of Patients and Outcome

Table 6 presents the classification of the 45 patients using original or modified AspICU algorithms.
It appears that using an AspICU algorithm, nine patients were considered as having a putative IA (22%
of the cohort). When including PCR, the number of patients with putative IA would increase from 9
to 15 (33%) patients, while most patients might be only colonized because all presented compatible
clinical signs and abnormal chest CT scan (Table 5). Regarding Aspergillus detection, eight patients had
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a single detection of fungi using culture and/or PCR in respiratory samples and thus were classified as
colonized. One of these patients had a concomitant GM detection in serum (index = 0.551), was not
treated and is still alive, thus was considered as a false positive result. Finally, seven (16%) patients
presented a heavy burden of Aspergillus in the respiratory tract with repeated positive cultures and/or
PCR. In order to rule out a chronic colonization before the episode, an anti-Aspergillus antibody testing
was performed and showed negative results. These patients were classified as putative IA, and three
of them could even be considered as probable IA because of a positive biomarker of angioinvasion
(serum PCR and/or GM) in agreement with EORTC/MSG classification.

Table 6. Mycological results and classification of 45 COVID-19 patients with ARDS.

Patient Respiratory Samples Serum Samples IA Classification According to
A.s.pergtllus Positive 286  GM Index > Positive 28S AspICU AspICU + Modified
Positive Culture PCR 0.5 PCR (Blot et al., 2012) PCR AspICU
(nb Samples) (nb Samples) (nb Samples) (nb Samples) v P
1 5 5 2 2 putative putative probable
2 2 2 1 1 putative putative probable
3 0 3 0 1 no infection putative probable
4 4 6 0 0 putative putative putative
5 4 4 0 0 putative putative putative
6 2 5 0 0 putative putative putative
7 1 5 0 0 putative putative putative
8 1 1 0 0 putative putative colonization
9 1 0 1 0 putative putative colonization
10 1* 0 0 0 putative putative colonization
11 0 1 0 0 no infection putative colonization
12 0 1 0 0 no infection putative colonization
13 0 1 0 0 no infection putative colonization
14 0 1 0 0 no infection putative colonization
15 0 1 0 0 no infection putative colonization
1645 0 0 0 0 no infection e no infection
infection
o,
15 putative ipﬁzi‘?‘}s (<97(,/ 0))
9 putative (22%)  (33%) putative 177
Total . . 8 colonizations
36 no infection 30 no o
. . (18%) 30 no
infection . .
infection

IA. Invasive aspergillosis, 1 * Aspergillus tubingensis (Nigri section).

Interestingly, following these classification criteria, CT scan abnormalities showed a gradation
according to patient group. Diffuse reticular or alveolar opacities were observed in patients classified
as probable IA (Figure 2), nodules in half of putative IA, and in colonized patients, only non-specific
and hard to interpret signs in the context of COVID-19 infection could be described.

In addition, putative/probable aspergillosis patients appeared more severely ill than patients
without aspergillosis, since SOFA score at day seven was significantly higher in this group (p = 0.01)
with a continuum between no infection, colonization and IA (Table 5). Similarly, the mean ICU
length of stay increased significantly from 12 days in patients without aspergillosis to 23 days in
colonized patients, and 27 days in putative/probable invasive aspergillosis (p = 0.02). All patients with
a putative/probable IA were treated either with voriconazole or isavuconazole. Only one colonized
patient was treated with voriconazole. Six patients died; there was a trend towards higher mortality
in the group of putative/probable IA compared to uninfected patients, although not significant (2/7;
28.6%) versus 4/30 (13.3%), respectively (Table 7).
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Figure 2. Computed tomography of the chest of patients with COVID-19 with secondary invasive
aspergillosis. Unenhanced chest CT in a 59-year-old man with COVID-19 and biological markers
of invasive aspergillosis performed at baseline (A) and at 12-day follow-up (B) showing subpleural
ground-glass and reticular opacities presumed to correspond to COVID-19 lesions (arrowheads) as well
as a right apical consolidation area presumed to correspond to invasive aspergillosis (arrow). Enhanced
chest CT in a 69-year-old man with COVID-19 and biological markers of invasive aspergillosis showing
at baseline (C) ground-glass opacities (arrowheads), and at 11-day follow-up (D) a left postero-basal
consolidation presumed to correspond to invasive aspergillosis (arrow). (346-mm field of view, 512 x
512 image matrix, lung window (W1600/L-500 HU)).

Table 7. Outcomes of patients with COVID-19-associated ARDS according to Aspergillus status.

All No Aspergillus Putative/Probable
Outcomes Patients Aspergillosis Colonization Invasive p Value
(n = 45) (n = 30) (n=8) Aspergillosis (1 = 7)
Duration of mechanical 17 (9-24) 17 (7-24) 18 (10-21) 18 (12-30) 0.66
ventilation

Ventilator free days at day 28 11 (4-19) 11 (4-21) 10 (7-18) 10 (0-16) 0.64
Prone positioning ventilation 20 (44) 12 (46) 3(37.5) 5(71.4) 0.29
SOFA score on day 7 7 (5-11) 6 (5-10) 8 (7-10) 11 (10-12) 0.01
SOFA score on day 14 7 (2-10) 7 (2-9) 3(1-7) 9 (2-12) 0.2
ICU length of stay 20 (12-27) 12 (11-23) 23 (16-51) 27 (20-36) 0.02
Death in ICU 6 (13.3) 4(13.3) 0 2% (28.6) 0.27

Data are presented as median (IQR: interquartiles), n (%). P values comparing Aspergillus colonization, invasive
aspergillosis and no aspergillosis groups are tested by Kruskal Wallis (continuous variables) or Chi-square test
(categorical variables). Abbreviations: ICU: Intensive Care Unit, SOFA: Sequential Organ Failure Assessment, * 1
putative and 1 probable.

4. Discussion

In France, the global burden of severe fungal infection is estimated at approximately 1,000,000
(1.47%) cases each year [13] and IFD account for a higher risk of mortality in patients with co-morbidities
from 9 to 40% [14]. During the COVID-19 pandemic, warning messages considering similarities
between Sars-CoV-2 and influenza infections stressed the importance of vigilance towards IFD [15,16].
Local experiences are now published and show high numbers of putative IA [17-22].

The diagnosis of IA still remains challenging because of a wide diversity of underlying conditions
and growing number of criteria, particularly biological tools [6]. In deeply immunosuppressed patients,
such as neutropenic patients, patients under antineoplastic and prolonged corticosteroid therapy or
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solid organ transplantation, criteria for classification of IFD and notably IA have recently been revised
incorporating Aspergillus molecular detection [2]. In ICU, the AspICU algorithm published by Blot et
al., [3] is a robust and helpful tool for aspergillosis classification but needs to be more evaluated and
even updated. In order to address limitations of the various classification definitions for ICU patients,
the ongoing FUNgal infections Definitions in ICU patients (FUNDICU) project aims to develop a
standard set of definitions for IFD in critically ill patients [5].

The breaking news of SARS-CoV-2 co-infection urges the need for a critical analysis of the criteria of
AspICU algorithm. Indeed, COVID-19 patients, particularly ARDS patients with mechanical ventilation,
present with compatible clinical signs as depicted by the algorithm (refractory fever, pleuritic chest
pain and rub, dyspnea, hemoptysis and worsening respiratory insufficiency, see [3] for full description)
and CT-scan signs are hard to interpret because of COVID-19 CT-scan presentation, leading to absence
or very poor discrimination between Aspergillus colonization and infection [19,23]. As a result, IA
during COVID-19 has been reported with a possible overestimated high prevalence (until 30%), as
favorable outcomes have been described in patients who did not receive any antifungal treatment.

In order to have a well-balanced patient management, limiting unnecessary and costly antifungal
treatments while not neglecting the life-threatening feature of IA, we included A. fumigatus PCR as a
monitoring tool for fungal detection in both respiratory and blood samples in addition to classical
culture and GM approaches but with some restrictions. As expected, PCR allowed detecting Aspergillus
in much more respiratory samples. We previously showed that PCR improved the detection of
Aspergillus in BAL, with a particular added value in ICU patients compared to hematology patients [11].
Furthermore, PCR using in-house but also marketed kits is also capable of identifying specific gene
mutations associated with azole resistance [11,24]. Besides, the sensitivity of GM detection in blood is
less sensitive in ICU than for patients with hematological malignancies [5]. Here, the higher sensitivity
of Aspergillus detection also incites us to adopt modified criteria for case definition to gain in specificity.
Two major changes were introduced to modify the granularity of the classification: (i) the first one
is to combine Aspergillus detection in respiratory samples and anti-Aspergillus antibody testing, to
distinguish chronic colonization (positive serology) from acute massive colonization (negative serology)
and (ii) the second is to introduce of obvious biomarkers of angioinvasion (serum GM and blood PCR),
similar to those of the EORTC/MSG classification [2]. Of note, the combination of positive culture,
positive anti-Aspergillus antibody testing and positive GM in the context of chronic respiratory diseases
characterized a transition step from chronic pulmonary aspergillosis to probable IA [25,26].

Using this refined classification, we were able to categorize our patients in five classes: no infection,
colonization, putative IA, probable IA and proven IA (no case of proven IA in the cohort), with a
better relevance than the initial AspICU classification, and better specificity than the AspICU + PCR
classification. The decision of antifungal treatment onset was taken according to this modified AspICU
classification and the outcome observed gives confidence in this patient management. Of course, the
limitation of this work is the relatively small number of patients and should be evaluated on larger
cohorts in order to correctly analyze the performance of this alternative. A remaining question is also
to determine the place of the serum biomarker (1,3)-f-p-glucan in ICU patients, a question that has
recently been raised by Honoré et al. [27]

In conclusion, molecular techniques are now key tools for monitoring IFD, particularly IA as
recently updated in the EORTC/MSG definitions, but also Preumocystis jirovecii or mucorales infections.
Here, we suggest some adaptations of the AspICU clinical algorithm to gain in sensitivity and specificity.
Large multicentric data are needed to confirm this proof of concept study.

Supplementary Materials: The following are available online at http://www.mdpi.com/2309-608X/6/3/105/s1,
Table S1: Clinical and biological features of the 9 patients classified as putative aspergillosis according to Blot et
al., 2012.
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Abstract: Aspergillus co-infection in patients with severe coronavirus disease 2019 (COVID-19)
pneumonia, leading to acute respiratory distress syndrome, has recently been reported. To date,
38 cases have been reported, with other cases most likely undiagnosed mainly due to a lack of clinical
awareness and diagnostic screening. Importantly, there is currently no agreed case definition of
COVID-19 associated invasive pulmonary aspergillosis (CAPA) that could aid in the early detection
of this co-infection. Additionally, with the global emergence of triazole resistance, we emphasize
the importance of antifungal susceptibility testing in order to ensure appropriate antifungal therapy.
Herein is a review of 38 published CAPA cases, which highlights the diagnostic and therapeutic
challenges posed by this novel fungal co-infection.

Keywords: COVID-19 pneumonia; invasive pulmonary aspergillosis; diagnosis; multi-triazole
resistance; COVID-19 associated invasive pulmonary aspergillosis

1. Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), is a new viral respiratory infection first reported in Wuhan (Hubei province), China,
at the end of 2019 [1]. Since then, more than 10 million confirmed COVID-19 cases, including more
than half a million deaths, have been reported [2]. Although infection can vary from asymptomatic to
mild upper respiratory infection, it can also lead to a severe pneumonia with acute respiratory distress
syndrome (ARDS), requiring critical care and mechanical ventilation [3]. The case fatality rate varies
by location and changes over time, and has been reported to be 0.2% in Germany and 7.7% in Italy,
with elderly patients noted to have a greater risk of dying [4]. Recently, it was reported that 26% of
patients admitted with severe COVID-19 infection died in intensive care [5].

SARS-CoV-2 infection leads to both innate and adaptive immune responses, which include
a local immune response, recruiting macrophages and monocytes that respond to the infection,
release cytokines, and prime adaptive T and B cell immune responses. In most cases, this process
is capable of resolving the infection. However, in some cases, which present as severe COVID-19
infections, a dysfunctional immune response occurs, which can cause significant lung and even
systemic pathology [6]. The diffuse alveolar lung damage and dysregulated immune response in
severe COVID-19 pneumonia makes these patients vulnerable to secondary infections [6,7]. Viral,
bacterial, and fungal co-infections have been reported in COVID-19 patients, and the early diagnosis
of these co-infections is important in order to allow for the institution of appropriate antimicrobial
therapy [8-10].
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COVID-19 associated invasive pulmonary aspergillosis (CAPA) is a recently described syndrome
that affects COVID-19 patients with ARDS who require critical care admission. With the global spread
of COVID-19, as of 30 June 2020, 38 cases of CAPA have been reported. [11-24]. Here, we review
these cases of CAPA so as to highlight the diagnostic and therapeutic challenges posed by this novel
fungal co-infection.

2. Coronavirus and Aspergillosis

Coronaviruses are a large group of RNA viruses that infect humans, birds, bats, snakes, mice,
and other animals. Seven known human coronaviruses (HCoVs) have been identified with 229E,
0C43, NL63, and HKU1 more commonly detected. The first two account for approximately 15-29%
of viral respiratory pathogens, with a relatively low virulence in humans [25,26]. The three other
strains of HCoVs, namely severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East
respiratory syndrome coronavirus (MERS-CoV), and severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), have a different pathogenic potential, and have been shown to lead to higher mortality
rates in humans [26,27].

To date, Aspergillus co-infection in patients with coronavirus infections is likely to have been
under-diagnosed and under-reported, most likely due to lack of clinical awareness and diagnostic
screening [28]. The published literature following severe acute respiratory syndrome (SARS) caused
by SARS-CoV-1 has revealed only four cases of invasive aspergillosis (IA), all of which were
diagnosed at post-mortem [29-31]. None of the four patients had a previous history of underlying
immunocompromise, but they had received corticosteroids, which formed part of the treatment of
patients with SARS in 2003. One of these patients was an intensive care physician who received
several courses of methylprednisolone. The post-mortem findings in this patient were consistent with
disseminated invasive aspergillosis with abscesses in multiple organs [29]. With regards to MERS-CoV,
another HCoV that also causes severe respiratory infections, secondary bacterial infections have been
reported [32], but a literature search failed to reveal published evidence of Aspergillus co-infection.
This is most likely explained by the paucity of post-mortems performed on these patients, which were
generally not done either for religious and cultural reasons, or to prevent environmental contamination
with the subsequent infection of health-care workers [27].

Early reports from China documented Aspergillus spp. being isolated from the respiratory samples
of patients with COVID-19 pneumonia, however there was no information on its clinical significance,
or on the outcome of treatment of these patients [33,34]. Lescure et al. published a case series that
detailed the first five imported cases of COVID-19 in France, whereby one of these five patients had
severe COVID-19 pneumonia requiring critical care admission, and who was treated with triazoles
when Aspergillus flivus was isolated from a tracheal aspirate [14].

As of 30 June 2020, 38 cases of CAPA have been reported from several countries, mostly in Europe,
but the true incidence of this novel co-infection is unknown. All of the affected patients had been
admitted to critical care because of COVID-19 pneumonia and ARDS, requiring ventilatory support.
Thirty were males with a mean age of 65.9 (range 38-86, median 70). Table 1 summarizes these 38 cases,
their pre-existing co-morbidities, their categorization using published definitions of IA, and their
treatment and outcome.
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3. Diagnosis of CAPA

The diagnosis of proven IA requires culture or histopathologic findings from biopsy or sterile
site samples [37,38]. There are only six proven cases from the 38 reviewed here. One patient was
suspected to have CAPA pre-mortem, when A. fumigatus was isolated from bronchoalveolar lavage
fluid (BALF) and the serum galactomannan (GM) optical density index (ODI) was 8.6. Despite
antifungal therapy (AFT), the patient succumbed to the infection, and the diagnosis of CAPA was
confirmed at post-mortem. Another patient was diagnosed at post-mortem with histopathologic
findings of fungal hyphae and spores in the lung tissue, further confirmed by nucleotide sequencing
and identified as A. penicillioides. A stored peripheral blood sample revealed a GM ODI of 4.290 [15].
The other four proven cases were diagnosed by histopathological examination of the biopsy material
taken from a bronchoscopy of the suspicious tracheobronchial lesions [13]. However, most patients
with severe COVID-19 pneumonia are usually critically ill and hemodynamically unstable, which
will preclude performing invasive procedures, such as bronchoscopy with a lavage or a lung biopsy.
Furthermore, bronchoscopy is not recommended in patients with COVID-19 because of the risks
this aerosol generating procedure imposes on both the patient and the attending healthcare worker,
unless deemed life-saving [39]. According to current guidelines that are specific to different patient
populations, the diagnosis of probable or putative invasive aspergillosis (IA) is made using a composite
of host factors, clinical features, and mycological evidence of aspergillus infection [36-38]. Most patients
with CAPA, including those with proven IA, did not have the host factors described for IA by the
European Organization for Research and Treatment of Cancer and the Mycoses Study Group Education
and Research Consortium (EORTC/MSGERC). Severe viral pneumonia is not considered a risk factor
for invasive pulmonary aspergillosis, even though the structural damage as well as the dysregulated
immune response can predispose to secondary co-infection with Aspergillus sp. [6,7]. An alternative
diagnostic approach is to apply the clinical algorithm, which has been validated for the diagnosis of
IA in patients in critical care [38], with severe COVID-19 infection, and the isolation of Aspergillus
sp. from a BALF as the entry criteria. Recently, a panel of experts proposed case definitions for
influenza-associated pulmonary aspergillosis that might also be considered for the classification of
CAPA patients, while awaiting further histopathological studies that will provide more insight into the
interaction between Aspergillus and SARS-CoV-2-infected lungs [35]. Patients with confirmed severe
COVID-19 infection and pulmonary infiltrates on chest imaging should trigger investigation for the
presence of Aspergillus infection by the culture of respiratory samples and/or the detection of GM either
in serum or BALF, if and when bronchoscopy is performed. However, serum GM has a low sensitivity
in non-neutropenic patients [40], and bronchoscopy may not be feasible. Endotracheal aspirates (ETA)
are a potentially safer alternative investigative option, as their collection does not involve an aerosol
generating procedure; however, their use for GM detection has not been validated. In previous reports,
culturing Aspergillus spp. from ETA samples has been interpreted as colonization only, however when
considered in conjunction with the clinical presentation and biomarkers, such as serum GM, this may
suggest 1A [41,42]. Of the 38 reported CAPA cases reviewed here, 16 and 14 patients had an Aspergillus
sp. isolated from BALF and ETA samples, respectively, and another patient had Aspergillus sp. cultured
from a sputum sample, with A. fumigatus being the most common species identified. The BALF/ETA
GM indices were >1 in 16 of 23 patients, and the serum GM ODI was >0.5 in only 9 of 33 cases. New
point-of-care tests for the detection of the Aspergillus-specific antigen or for GM from serum or BALF
may also be useful as early evidence of CAPA in critically ill COVID-19 patients [43—47]. One patient
with CAPA was reported to have the Aspergillus specific antigen detected from an ETA utilizing a lateral
flow device [20]. The diagnostic performance of this lateral flow assay in the early diagnosis of IA in
patients with severe influenza and/or COVID-19 is currently being investigated (ISRCTN51287266) [48].
Serum 1-3 3-p-glucan (BDG), a panfungal marker, was positive in 6 of 14 CAPA cases where BDG
was reported. Although non-specific for Aspergillus infection, this biomarker is included as an indirect
mycological criterion in the EORTC/MSGERC definitions; therefore, a positive BDG may help to
support the diagnosis of CAPA [37] with an improved diagnostic performance when there are >2
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positive results [49]. The detection of Aspergillus DNA using real-time PCR is another modality that
may support the diagnosis of probable IA [37]. Aspergillus DNA was detected in 13 of 19 CAPA patients
where real-time quantitative PCR was performed on either respiratory or serum samples.

The typical “halo sign” associated with IPA in neutropenic patients is uncommonly seen in
non-neutropenic patients with IPA, where radiological imaging may show varying patterns from
multiple pulmonary nodules to various non-specific findings, which include consolidation, cavitation,
pleural effusions, ground glass opacities, tree-in-bud opacities, and atelectasis [37,50]. High resolution
computed tomography (CT) is preferred to other imaging, such as chest radiographs [37,50]. Of the 38
reported CAPA cases, CT was performed in 15, where one patient was noted to have a reverse halo
sign [20], six patients had ground glass opacities and varying sizes and numbers of nodules noted [11],
while the others had findings “typical” of COVID-19 pneumonia. Patients with severe COVID-19
pneumonia in critical care are often clinically unfit for additional imaging, adding to the difficulty in
interpreting the significance of the isolation of an Aspergillus sp. from upper respiratory tract samples.

Excluding the six proven CAPA cases, 18 of the remaining 32 cases reviewed here fulfilled the
case definition of probable CAPA, as suggested by the expert panel [35]; 11 had putative IPA utilizing
the AspICU criteria [38]; and one had probable CAPA utilizing EORTC/MSGERC definitions [37].
Two patients with chronic obstructive pulmonary disease (COPD) could be classified as probable
CAPA, following definitions by Bulpa et al. for COPD patients [36]. We emphasize that definitions
published by the EORTC/MSGERC are recommended only for research purposes, and should not be
used for clinical decision making [37]. Perhaps a more pragmatic approach to the diagnosis of CAPA
would be, in the setting of a patient with severe COVID-19 pneumonia in critical care, to combine >2
mycological criteria to include the following:

GM detection from serum/BALF/ETA

Isolation of Aspergillus sp. from BALF/ETA/sputa

Serum BDG detection

Detection of Aspergillus DNA by real time PCR in blood or respiratory samples

Ll

This approach may aid in the early institution of antifungal therapy.

4. Antifungal Treatment Strategies for CAPA

The clinical suspicion, or proven diagnosis, of Aspergillus co-infection should trigger the initiation
of empiric or targeted antifungal therapy, respectively, even though its efficacy is not established.
We note that only 13 of the 38 reported cases survived their infection, and those dying succumbed to
multi-organ failure and sepsis. International treatment guidelines recommend the triazoles voriconazole
or isavuconazole as the first-line treatment of IA [50,51]. The emergence of multi-triazole resistance in
A. fumigatus challenges the efficacy of triazoles in the successful treatment of IPA [52-54], particularly in
areas of high prevalence, and their use in such cases is associated with increased mortality [55]. Triazole
resistance in A. fumigatus is causally linked to the use of triazole compounds that are structurally similar
to those used in medical practice, as agricultural fungicides, or less commonly to prolonged triazole use
inindividual patients [54]. The former mechanism of resistance typically affects azole ndive patients, and
is characterized by elevated minimum inhibitory concentrations (MIC) of itraconazole, voriconazole,
posaconazole, and isavuconazole. This underlines the importance of antifungal susceptibility testing
(AFST) either through phenotypic or genotypic methods to detect triazole resistance, which will help
direct the choice of treatment. Although cultures are generally known to have a poor diagnostic
sensitivity [56], the ability to culture Aspergillus sp. will allow for the determination of MICs for
triazoles. Recently, a four-well triazole resistance screening plate was validated for A. fumigatus,
which can be useful in laboratories that do not have the capacity to perform the recommended broth
microdilution methods for AFST [57-59]. Genotypic testing that utilizes molecular assays has also
been evaluated to detect Aspergillus spp. and the common mutations associated with triazole resistance
directly from clinical samples [60-63], which will allow for the rapid detection of a marker of resistance
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and guide treatment options. Twenty-two of the 38 CAPA cases reviewed here received a triazole-based
AFT regimen either alone or in combination with an echinocandin or liposomal amphotericin B. Only
seven cases reported susceptibility results based on either phenotypic testing and/or the detection of
common mutations associated with triazole resistance using molecular techniques. Three cases were
reported to be caused by a triazole-resistant A. fumigatus, all of which were confirmed to have the cyp51A
TR34 L98H mutation [16,21,23]. Knowledge of the local epidemiology of triazole resistance is important
to help guide the choice of therapy while awaiting susceptibility results. It has been recommended that
for areas with triazole resistance rates of >10%, voriconazole-echinocandin combination therapy or
liposomal amphotericin B should be used as the initial therapy [52]. However, in many countries, there
are no surveillance systems in place to determine the prevalence of triazole resistance in A. fumigatus,
which is known to be the most common Aspergillus spp. causing IA, as has also been observed in the
CAPA cases reported to date.

Rutsaert et al. from the Netherlands reported administering prophylactic aerosolised liposomal
amphotericin-B to all COVID-19 patients on mechanical ventilation in critical care, after they identified
a cluster of seven CAPA cases, four of which were proven. Antifungal prophylaxis formed part of a
multi-faceted management of this cluster, which also included the bi-weekly GM screening of serum
and BALE, if and when a bronchoscopy was performed. High-efficiency particulate air filters were also
installed in their critical care unit. The authors reported that no further cases were detected after the
implementation of these measures at the time of writing. The rationale for prospective trials would
need to be determined in order to establish whether antifungal prophylaxis in severe COVID-19 cases
is indicated. A clinical trial of posaconazole prophylaxis for the prevention of pulmonary aspergillosis
in patients with severe influenza (NCT03378479) is currently ongoing and this will provide data on the
effectiveness of this approach, at least for influenza [64].

New antifungal agents with novel modes of action are in the pipeline so as to address the
problem of antifungal resistance, which threatens the effectiveness of the few agents currently being
used to treat invasive fungal disease [65]. Clinical trials are ongoing for three new antifungal
agents, namely, ibrexafungerp (NCT03672292) [66], olorofim (NCT03583164) [67], and fosmanogepix
(NCT04240886) [68]. Ibrexafungerp, which is structurally similar to echinocandins, inhibits fungal
(3-1,3-glucan synthase with activity against triazole-resistant Aspergillus sp. Olorofim and fosmanogepix
have different novel targets, which are fungal dihydroorotate dehydrogenase, an important enzyme
in fungal DNA synthesis, and the inhibition of fungal enzyme Gwtl inactivating modification
of mannoproteins, which is an important component in maintaining fungal cell wall integrity,
respectively [69,70]. All three agents have activity against Aspergillus spp., including A. fumigatus,
which may impact positively on the future management of patients with IA and more specifically CAPA.

5. Conclusions

This review has highlighted the diagnostic and therapeutic challenges of CAPA, a newly identified
fungal co-infection in patients with severe COVID-19. We underline the pitfalls of the current definitions
of IA applied to these patients, and the need for further evaluation of the usefulness of the culture and
detection of fungal antigens from upper respiratory tract specimens in the diagnosis of IA. Additionally,
given the global emergence of triazole resistance in Aspergillus spp., performing AFST by phenotypic
methods and/or the detection of mutations associated with antifungal resistance by genotypic methods
is crucial to allow for the timely institution of appropriate antifungal therapy, and will provide valuable
information on the prevalence of triazole resistance in A. fumigatus and other Aspergillus spp. for
surveillance purposes. Furthermore, properly designed trials are needed in order to determine the
optimum therapeutic approach for patients with CAPA.
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Abstract: COVID-19-associated pulmonary aspergillosis (CAPA) is a recently described disease entity
affecting patients with severe pulmonary abnormalities treated in intensive care units. Delays in
diagnosis contribute to a delayed start of antifungal therapy. In addition, the emergence of resistance
to triazole antifungal agents puts emphasis on early surveillance for azole-resistant Aspergillus species.
We present a patient with putative CAPA due to Aspergillus fumigatus with identification of a
triazole-resistant isolate during therapy. We underline the challenges faced in the management of
these cases, the importance of early diagnosis and need for surveillance given the emergence of
triazole resistance.

Keywords: SARS-CoV-2; co-infection; pulmonary aspergillosis; ICU; azole-resistant Aspergillus;
Aspergillus fumigatus; CAPA; TR34L98H

1. Introduction

There have been suggestions that coronavirus disease 2019 (COVID-19) might increase the
risk of superinfections [1] and, particularly, invasive pulmonary aspergillosis (IPA) co-infection [2].
COVID-19-associated pulmonary aspergillosis (CAPA) is a recently described disease entity affecting
patients in intensive care unit (ICUs) with severe pulmonary abnormalities. Small cohorts of 31 patients
in the Netherlands [3], 27 patients in France [4] and 19 patients in Germany [5] have been published,
showing CAPA rates of 19.4%, 33% and 26%, respectively. An additional two fatal cases of CAPA were
recently reported [6,7]. The numbers resemble what has been observed in influenza, where influenza
in ICU patients has been identified as an independent risk factor for invasive pulmonary aspergillosis
and which is associated with an even higher mortality rate than IPA alone [8]. In addition, in the
Netherlands, an estimated 11.3% of cases with invasive aspergillosis are infected with an azole-resistant
isolate [9], potentially increasing mortality to 50-100% [10]. We present the first case of azole-resistant
Aspergillus fumigatus in a SARS-CoV-2-positive immunocompetent patient admitted to the ICU.
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2. Case Report and Results

A 74-year-old patient was admitted because of respiratory insufficiency amid the COVID-19
crisis. Eleven days prior to admission, she had been suffering from fever (38.5 °C) and a dry cough.
Three days after symptom onset, she developed diarrhea. Her medical history included complaints
of reflux and pain due to arthrosis of the hip and knees, for which she uses a proton-pump inhibitor
and a nonsteroidal anti-inflammatory drug pantoprazol and etoricoxib, respectively. She stopped
smoking 20 years ago and was healthy and fit otherwise. Patient characteristics can be found in Table 1.
This study, “Clinical course and prognostic factors for COVID-19” with project identification code
CWZ-nr 027-2020, was approved in March 20202 by the Canisius Wilhelmina Hospital medical ethics
committee and patient informed consent was acquired antemortem with opt out possibility.

Table 1. Patient characteristics

Gender Female
Age (years) 74
Medical history Reflux, polyarthrosis, stopped smoking 20 years ago
Medication Pantoprazol (PPI) and Etoricoxib (NSAID)
Underlying immuno-compromising condition None
Initial symptoms Fever, dry cough, dyspneic, diarrhea
ARDS Prone positioning Yes
vvECMO No
Acute renal failure Yes, continuous venovenous hemofiltration (CVVH)
IPA definition EORTC/MSG criteria N/A
(modified) AspICU algorithm N/A

At presentation to the emergency department, she had been feeling progressively dyspneic for
two days. On physical examination, her oxygenation was 82%, with 28 breaths per minute in room
air, pulmonary wheezing and an extended expiration. Oxygenation improved to 94% with 5 L O, via
a nasal cannula, but she desaturated during speech. Her BMI was 27.7 (80 kg) and her temperature
37.8 °C. No other aberrant observations on physical examination were made. Her Glasgow Coma Scale
was 15 and her ECG was normal. Her C-reactive protein (CRP) was 214 mg/L, and other laboratory
findings included slightly elevated leucocytes (12.6 x 10° /L) and neutrophils (8.4 x 10° /L), elevated
liver enzymes (alkaline phosphatase 528 U/L; GGT 376 U/L; AST 76 U/L; LD 745 U/L), slightly elevated
pro-calcitonin (0.25 ug/L; <0.5 ug/L not suggestive of bacterial infection), increased ferritin (1442 ug/L),
and normal electrolyte, glucose and renal function. SARS-CoV-2 nasopharyngeal and throat swabs
were taken. A low-dose chest CT demonstrated extensive centralized and peripheral bilateral ground
glass opacities with left-sided consolidations and bilateral fibrotic bands without pleural effusions and
vascular enlargement (Figure 1). The CO-RADS score was 5 and CT-severity score was 24 out of 25 [11].

Because of the high probability of SARS-CoV-2 infection, chloroquine treatment was started (600
mg and 300 mg on day 1, 300 mg q12h days 2-5), which was national policy at the time. The SARS-CoV-2
PCR of a nasopharyngeal swab was positive (Ct 30.59; E gene [12]). Blood cultures remained negative,
as were nasopharynx bacterial cultures taken at admission. The patient was subsequently admitted to
our general inpatient respiratory ward. An overview of her hospital course is depicted in Figure 2.

The CRP remained highly stable over the following days at around 200 mg/L with a range of
192-214. However, the patient needed increasing oxygenation with a non-rebreathing mask. Empirical
treatment of a suspected bacterial superinfection was started with ceftriaxone i.v. 2000 mg q24h.
Five days after admission, the maximum (15 L O5) oxygenation with the non-rebreathing mask became
insufficient and the patient was admitted to the ICU for respiratory support and intensive monitoring.
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Figure 1. Low-dose chest CT showing extensive centralized and peripheral bilateral ground glass
opacities with left-sided consolidations and bilateral fibrotic bands. No pleural effusion. No vascular

enlargement and no specific suggestions of aspergillosis.
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Figure 2. Case timeline with microbiology.

In the ICU, HFNO (high-flow nasal oxygen therapy) and selective digestive decontamination
(SDD) were initiated, which includes ceftriaxone i.v. 2000 mg q24h for 4 days and a combined oral
non-absorbable suspension of amphotericin B, colistin and tobramycin q6h. In this patient, ceftriaxone
was continued de facto for another 4 days. Routine bacterial and fungal (peri-anal, throat and tracheal
aspirate) surveillance cultures were done twice weekly in adherence with our local SDD policy [13].
Within a few hours after admission to the ICU, her blood oxygenation became insufficient with HFNO
at FiO2 100% and 60 L/min flow. Therefore, she was sedated, intubated and put on a mechanical
ventilator. A CT angiography of the chest was performed which demonstrated significant bilateral
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pulmonary emboli. Anticoagulants (enoxaparine anti-factor Xa) were initiated in therapeutic dosages.
Pressure control ventilation was required with the patient in prone position. Because of the need for
increasing noradrenaline dosages during circulatory shock, hydrocortisone 100 mg q8h was initiated
and continued for five days. Cardiac ultrasound showed a minor tricuspid insufficiency but no
major pathology.

Aspergillus fumigatus was recovered from high-volume tracheal aspirate cultures [14] obtained
at ICU admission. Aspergillus galactomannan (Platelia Aspergillus; Bio-Rad, Marnes-La-Coquette,
France) ratio at this time was >3.0 (positive) in a tracheal aspirate and (3-p-glucan (Fungitell assay;
Associates of Cape Cod Inc., East Falmouth, MA, USA) in serum was 1590 pg/mL (positive), after
which a putative diagnosis of CAPA was made. Serum galactomannan remained negative (<0.5) in
three subsequent samples. Voriconazole i.v. 6 mg/kg q12h was started in addition to caspofungin
i.v. 70 mg q24h until the VIPcheck (Mediaproducts BV, Groningen, The Netherlands), used to detect
azole resistance, was negative. MICs determined with broth microdilution using CLSI methodology
of the A. fumigatus isolate were as follows: amphotericin B 0.5 mg/L, micafungin and anidulafungin
<0.016 mg/L, itraconazole 1 mg/L, voriconazole 0.25 mg/L, and posaconazole 0.063 mg/L. Voriconazole
was switched to oral administration of 200 mg q12h with discontinuation of caspofungin. During SDD,
bacterial cultures remained negative throughout her stay in the ICU.

On day 6 after admission (day 2 at the ICU), continuous venovenous hemofiltration was initiated
because of rapidly progressive acute renal failure. A. fumigatus was persistently cultured from tracheal
aspirate samples during voriconazole treatment and (3-p-glucan levels remained positive with 1149
and 1458 pg/ul, at 1 and 6 days (day 8 and 13 after hospital admission) of voriconazole therapy,
respectively. Voriconazole serum therapeutic drug monitoring was performed as recommended [15],
with therapeutic concentrations of 4.72 mg/L, 2.78 mg/L and 1.43 mg/L at day 13, 15 and 17, respectively.

The respiratory situation improved marginally in the subsequent 7 days but declined steadily
thereafter. Pressure support and pressure control ventilation were alternated between days 12 and 19
and attempts to return the patient to a supine position failed several times. After 7 days, A. fumigatus
grew on the itraconazole and voriconazole wells of the second VIPcheck on day 19 (tracheal aspirate
culture). MICs of this A. fumigatus isolate were as follows: amphotericin B 0.5 mg/L, anidulafungin
and micafungin <0.016 mg/L, itraconazole 16 mg/L, voriconazole 2 mg/L and posaconazole 0.5 mg/L.
Voriconazole treatment was changed to liposomal amphotericin B 200 mg q24h. Subsequent cyp51A
gene sequencing identified a TR34/L98H mutation, probably responsible for the observed azole
resistance. On day 22, ventilation and oxygenation of the patient deteriorated further without further
treatment options and therapy was discontinued on day 23. An autopsy was not performed.

3. Discussion

We report the first case of azole-resistant CAPA, which occurred in an immunocompetent host
during ICU support without a previous history of azole therapy. The A. fumigatus cyp51A gene
TR34/L98H mutation found in this patient has been well described as an environmentally acquired
mutation [16], which is in line with data from clinical studies where two-thirds of patients with
azole-resistant infections had no history of azole pretreatment [10]. This case underscores the
importance of early diagnosis and the need for resistance surveillance, comparable to what has been
described in influenza patients [9,17], given the emergence of triazole resistance [18,19].

The sensitivity for detection of resistance in primary cultures with the VIPcheck plate depends
on the number of A. fumigatus colonies that are tested, as clinical cultures may contain both mixed
azole-susceptible and azole-resistant isolates during an infection [20]. We suspect that A. fumigatus
isolated in the first tracheal aspirate was already a mixed culture but was missed in initial fungal
cultures due to abundance of azole-susceptible A. fumigatus spores. Molecular detection could have
given a suggestion to the presence of a mixed culture [21] but PCR could not be performed due to
absence of material. The TR34/L98H had a phenotype with high itraconazole MIC (>16 mg/L) and
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low voriconazole MIC (2 mg/L), similar to strains which have been described only recently in the
Netherlands [22].

IPA is known to be problematic to diagnose in the non-neutropenic ICU host [23]. Regardless of
the compelling evidence for CAPA in this patient, the EORTC/MSGERC [24] host criteria for invasive
fungal disease were not met, nor did the patient meet the AspICU algorithm because we tested tracheal
aspirates instead of bronchoalveolar lavage (BAL) fluid [25]. This is in line with findings from other
groups, where CAPA patients did not meet the EORTC/MSGERC host criteria either [3-6]. In addition,
the American Association for Bronchology and Interventional Pulmonology (AABIP) has issued a
statement advising against routine bronchoscopy in COVID-19 patients, as it poses substantial risk
to patients and staff [26]. BAL should only be considered in intubated patients if upper respiratory
samples are negative and BAL would significantly change clinical management. Tracheal aspirate
cultures, as performed twice weekly in our patient, repeatedly identified A. fumigatus as the only
micro-organism present. In the first positive culture, five colonies were tested for resistance with the
VIPcheck plate as is recommended to exclude azole resistance [15]. When surveillance cultures of
tracheal aspirates were persistently cultured positive with A. fumigatus during voriconazole therapy,
we suspected the selection of resistant isolates which were probably already present in the first samples,
albeit in undetectable numbers. An autopsy to confirm IPA was not done.

Serum galactomannan testing has been shown to be a fairly sensitive diagnostic tool (70%) in
neutropenic patients with pathology-proven invasive aspergillosis [27,28]. However, in patients who
are non-neutropenic, serum galactomannan sensitivity of around 25% has been reported [27], which
may explain the low number of serum galactomannan positive findings in recently published case
reports [6,7] and case series [3-5]. The role of 3-p-glucan and the Aspergillus-specific lateral flow device
(LFD) as an adjunct to the diagnosis of IPA in COVID-19 is not yet clear [2,23]. Serum (-p-glucan was
persistently strongly positive in this patient over the course of a week. The specificity for invasive
fungal disease of 3-p-glucan testing in a mixed ICU population has been shown to be high (86%),
with two consecutive positive results [29] compared to those with only fungal colonization and no
invasive fungal disease. In addition, multiple other studies report a good sensitivity for the diagnosis
of invasive aspergillosis in critically ill patients [30-34]. BAL 3-p-glucan in the ICU setting is, however,
not recommended, due to its poor specificity and confounders causing false positive results [35].

The LFD is particularly interesting in the ICU due to its short turnaround time. It has demonstrated
a higher sensitivity but lower specificity in BAL fluids compared to galactomannan [36] and
-p-glucan [37] in IPA-probable and proven immunocompromised patients. In the ICU setting,
however, LFD is suggested to have a lower sensitivity but comparable specificity to galactomannan
testing in BAL fluids [35,38]. Noteworthily, a negative predictive value of >96% has been reported in
the ICU setting [39]. We used the OLM lateral flow device (AspLFD) on sequential patient tracheal
aspirates, yielding positive results on all samples confirming the positive galactomannan result.
Although suitable for its negative predictive value or as an additional diagnostic measure, further
evaluation of lateral flow technology in critically ill patients is warranted.

Altogether, we describe the clinical course of the first reported patient with azole-resistant CAPA.
The contribution of A. fumigatus to this fatal COVID-19 course is highly likely, although autopsy was
not performed, as in all previously reported CAPA cases [3-7].
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Abstract: The recent global pandemic of COVID-19 has predisposed a relatively high number
of patients to acute respiratory distress syndrome (ARDS), which carries a risk of developing
super-infections. Candida species are major constituents of the human mycobiome and the main cause
of invasive fungal infections, with a high mortality rate. Invasive yeast infections (IYIs) are increasingly
recognized as s complication of severe COVID-19. Despite the marked immune dysregulation in
COVID-19, no prominent defects have been reported in immune cells that are critically required
for immunity to Candida. This suggests that relevant clinical factors, including prolonged ICU stays,
central venous catheters, and broad-spectrum antibiotic use, may be key factors causing COVID-19
patients to develop IYIs. Although data on the comparative performance of diagnostic tools are often
lacking in COVID-19 patients, a combination of serological and molecular techniques may present a
promising option for the identification of I'YIs. Clinical awareness and screening are needed, as IYIs
are difficult to diagnose, particularly in the setting of severe COVID-19. Echinocandins and azoles are
the primary antifungal used to treat IYIs, yet the therapeutic failures exerted by multidrug-resistant
Candida spp. such as C. auris and C. glabrata call for the development of new antifungal drugs with
novel mechanisms of action.
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1. Introduction

Yeast species belonging to the Candida genus, including Candida albicans, Candida glabrata,
Candida parapsilosis, Candida tropicalis, and Candida krusei, are the most prevalent fungal species
inhabiting various mucosal surfaces, such as the skin and the respiratory, digestive, and urinary
tracts [1,2]. Although being commensal within the human host, Candida species are equipped with
virulence attributes, enabling them to invade when opportunities arise and cause various infections
in humans, especially when the immune system is impaired [2]. Superficial infections, such as skin
disorders; mucosal infections, including oropharyngeal or vulvovaginitis candidiasis; and invasive
candidiasis are established clinical entities of candidiasis [3-8]. Candida is among the most frequently
recovered pathogen in the intensive care unit (ICU), affecting between 6% and 10% of patients, and some
studies have noted an increasing trend for candidemia [9]. The estimated mortality attributed to invasive
candidiasis is 19-40% [10]. This mortality is even higher among ICU patients, approaching 70% [11].
Apart from being associated with excess economic costs and approximately 1.5 million annual
deaths [8], the new landscape of candidemia reveals an increasing incidence of non-albicans Candida
(NAC) species, with intrinsic resistance to antifungals and/or with a propensity to rapidly acquire
antifungal resistance [12]. More troubling is the recent emergence of multidrug-resistant (MDR)
Candida species, including C. glabrata and C. auris [13-16], the increasing trend of fluconazole-resistant
C. parapsilosis and C. tropicalis [13,17], and inherently resistant C. krusei, which notoriously affect the
efficacy of antifungal treatment.

The recent global pandemic of COVID-19 has resulted in an unprecedented 890,000 deaths
worldwide [18]. A notable proportion of COVID-19 critically ill patients develop acute respiratory
distress syndrome (ARDS), requiring intensive care unit (ICU) admission and mechanical ventilation,
which in turn predisposes them to nosocomial infections due to bacterial and fungal infections [19,20].
Understanding the burden of COVID-19 patients with secondary infections and their etiologic
agents is paramount for the optimal management of COVID-19 patients. This knowledge will help
to refine empiric antimicrobial management for patients with COVID-19 with the hope to improve
patient outcomes.

Despite the recognition that airborne Aspergillus fumigatus is increasingly recognized as an
important cause of fungal super-infections among critically ill COVID-19 patients [19], the incidence of
candidiasis has not been evaluated in this context. Indeed, the wide use of antibiotics, corticosteroids,
and central venous catheters, along with the damage exerted by SARS CoV-2 among patients with
ARDS [19], may allow commensal Candida to cells to invade internal organs [20-27]. The goals of
this manuscript are to review our current knowledge on Candida super-infections among COVID-19
patients, discuss the potential immunological and clinical factors predisposing these patients to invasive
candidiasis, and outline what studies are needed to better define the epidemiology of this superinfection.

2. Immunology

2.1. General Pathophysiology of SARS COV-2

Similar to other SARS coronaviruses, the pathophysiology of SARS-CoV-2 involves targeting and
invading epithelial cells and type II pneumocytes through the binding of the SARS spike protein to the
angiotensin-converting enzyme 2 (ACE2) receptor [28]. During the course of the host—virus interaction,
the type 2 transmembrane protease TMPRSS2 cleaves the S1/S2 domain of the viral spike protein [29]
and promotes viral entry into the target cells. ACE2 is required for protection from severe acute lung
injury in ARDS [30], and the viral-mediated manipulation of this receptor is considered one major
mechanism contributing to severe lung injury in selected COVID-19 patients. The degree of variability
in the severity of disease is also supported, at least in part, by the existence of genetic variants that
affect the ACE2 activity and underlie an increased susceptibility to ARDS and worse prognosis [31].
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Besides the implications of ACE2 in the pathogenesis of COVID-19, recent studies have also suggested
that the disruption of the renin-angiotensin system and/or the kallikrein-kinin system could contribute
to the detrimental inflammatory phenotype observed in patients with severe COVID-19 [32,33].

2.2. Does Immunity Renders Susceptibility to Invasive Yeast Infections?

Infection with SARS-CoV2 elicits an immune response that triggers an inflammatory cascade
as the result of the activity of innate immune cells. However, the dynamics of how the immune
system senses and responds to SARS-CoV-2 is just unfolding, which limits our understanding
of possible immune-mediated pathways contributing to the pathogenesis COVID-19-associated
candidiasis (CAC). Cell types important for host defense against Candida, such as neutrophils and
monocytes/macrophages, are not affected by SARS-CoV-2, suggesting that they are not responsible for
CAC. Indeed, single-cell analyses of bronchoalveolar lavages from critically ill patients with COVID-19
showed an abundance of monocyte-derived macrophages [34]. Similarly, an increased peripheral
neutrophil-to-lymphocyte ratio was also observed in severe cases of COVID-19, and was likely
associated with unfavorable prognosis [35]. While the increasing numbers (and activation profiles) of
these cells may contribute to tissue damage and the severity of disease, they are an unlikely risk factor
for invasive candidiasis. One exception is the decreased expression of human leukocyte antigen DR
on the membrane of circulating monocytes [36], which is considered a marker of immune paralysis;
however, its relevance in susceptibility to candidemia is unclear. The clear immune defect in patients
with COVID-19 is, on the other hand, lymphopenia; however, an isolated decrease in lymphocyte
numbers, as also experienced by HIV patients, is not associated with an increase in susceptibility
to systemic Candida infections. Taken together, these findings support the concept that classical risk
factors for invasive candidiasis, rather than an overt immune dysfunction, are the major drivers of
susceptibility to CAC.

3. Epidemiology of CAC, Clinical and Microbiological Factors: Current Paradigm

To obtain studies reporting yeast infections among patients with COVID-19, we included
all studies published up to September 10, 2020. Our search included yeast, Candida, COVID-19,
fungal super-infection +COVID-19, and fungal super-infections + COVID-19, and we used both the
Google and PubMed search engines. The extent of CAC (both superficial and invasive) varies by
country and region. Studies from Spain [37], India [27], Iran [22], Italy [26], the UK [23], and China [20]
have reported rates of 0.7% (7/989), 2.5% (15/596), 5% (53/ 1059), 8% (3/43), 12.6% (17/135), and 23.5%
(4/17) [20], respectively (Table 1). Although a previous study from Iran indicated a relatively low level
of oral candidiasis (OC) among patients with COVID-19 (53/1059), apparently that study included all
the patients who presented with COVID-19 but not those developing ARDS, which may have resulted
in an underestimation of OC in the context of COVID-19 [22].
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A study from Spain reported a rate of 0.7% (7/989) of fungal super-infections complicating
hospitalized COVID-19 patients: four were caused by molds and three by Candida (one each of
candidemia, candiduria, and complicated intraabdominal candidiasis (IAC)) [37]. Similarly, a recent
study from the UK reported a similar prevalence of invasive yeast infections and invasive pulmonary
aspergillosis (12.6% vs. 14.1%) among COVID-19 patients who presented with ARDS [23]. A study from
Greece reported that two COVID-19 patients residing in an ICU developed bloodstream infection due
to Saccharomyces cerevisiae a few days (4-6 days) after receiving a probiotic supplement (Ultra-Levure)
which contains this yeast. Interestingly, none of the 320 patients admitted to the same unit in the previous
4 years developed S. cerevisine fungemia while receiving the same probiotic [21]. This observation,
while anecdotal, suggests that the sepsis syndrome or septic shock associated with severe COVID-19
may damage the intestinal mucosal barrier, enabling the translocation of concentrated fungus in
probiotics (250-500 mg/day in this case), leading to fungemia [38,39]. This study cautions about the
routine use of prophylactic probiotics among critically ill COVID-19 cases in the ICU setting.

Moreover, a recent study from Italy also reported three candidemia cases among critically ill
COVID-19 patients following treatment with tocilizumab, an IL-6 receptor monoclonal blocking
agent [26]. Central venous catheterization (CVC) (32/43; 74.5%), antibiotics (26/43; 60.5%), and steroid
therapy use (13/43; 13.2%) were among the most prominent risk factors reported (Table 1).
Overall, the mortality rate of invasive Candida infections was approximately 46% (20/ 43), which
varied depending on the species and the antifungal used to treat invasive yeast infections. Indeed,
this mortality rate is presumably higher than that of severely ill patients with COVID-19, ranging
between 25.8% [40] and 30.9% [41]. Per species, the mortality rate was the highest for patients infected
with C. glabrata (2/2; 100%), C. auris (6/10; 60%), and C. albicans (8/19; 42%), while those treated with
C. tropicalis, C. parapsilosis, and multiple Candida species all survived (two patients infected with
C. krusei and Rhodotorula spp. and two with unknown species also died). It is noteworthy that those
results may be misleading due to the limited numbers, since C. tropicalis has been shown before to be
associated with the poorest prognosis and also carries a high rate of mortality when compared to other
non-Candida albicans Candida species [42,43].

According to recent studies detailing invasive yeast infections among critically ill COVID-19
patients (21, 23-27), C. albicans (19/43; 44.1%) was shown to be the most prevalent yeast species,
followed by C. auris (10/43; 23.2%); C. glabrata, C. parapsilosis, C. tropicalis, and S. cerevisiae (2/43; 4.6%
each); and C. krusei and Rhodotorula spp. (1/43; 2.3% each). Of note, there was no species identity
reported for two yeast isolates obtained from catheter and chest drain, and two patients had mixed
invasive yeast infections caused by C. albicans + C. parapsilosis and C. albicans + C. tropicalis (Table 1).
Importantly, C. auris was the most prevalent Candida species from the Indian study, while C. albicans
was the most prevalent in the other studies. Where antifungal susceptibility testing was performed,
the resistance patterns varied depending on the species. For instance, resistance to fluconazole,
multiple azoles (fluconazole and voriconazole), and multidrugs (fluconazole and AMB) was noted
for 100%, 30%, and 40% of the C. auris isolates, respectively, and only one C. glabrata isolate was
echinocandin-resistant (Table 1). Persistent invasive yeast infections have been noted during the course
of antifungal therapy, while the yeasts isolated showed susceptible profiles to the antifungal used for
treatment [25,27]. Most notably, 67% of the patients who died with invasive yeast infections due to
C. auris showed persistent candidemia, despite being treated with micafungin [27] in the absence of
resistance, which might be explained by other host and pathogen-related factors [44-46]. Therefore,
these data highlight the urgency of conducting comprehensive studies elucidating the real burden of
each entity among COVID-19 cases manifesting ARDS.

4. Risk Factors

The risk factors for CAC can be divided into two groups. The first group includes common risk
factors predisposing ICU patients to invasive candidiasis. These include diabetes mellitus, renal failure
requiring hemodialysis, abdominal surgery, triple lumen catheters, parenteral nutrition, receipt of
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multiple antibiotics, length of ICU stay >7 days, and prior abdominal infections [10,47,48]. Additionally,
indwelling central venous catheters are widely used among COVID-19 patients residing in ICUs [49].
Indeed, catheters are historically known as a portal of entry for acquiring nosocomial Candida
infections, such as Candida auris and C. parapsilosis [15,16,50,51]. Of note, approximately 82% of
CVC-recovered yeast isolates were C. albicans (9/ 11) (Table 1), which also shows that other Candida
species have the potential to cause CVC-related invasive yeast infections. Unlike endogenously acquired
Candida species, such as C. glabrata, that require previous exposure to antifungals drugs to become
drug-resistant, drug-resistant C. auris and C. parapsilosis can persist on the hospital environments,
devices, and hands of healthcare workers and subsequently cause drug-resistant candidiasis and/or
candidemia among antifungal-naive patients [15-17,50-53]. It is also noteworthy that some studies
have found an association between antibiotic use and the emergence of candidemia due to Candida
species exhibiting a high minimum inhibitory concentration (MIC) and/or intrinsic resistance to
fluconazole [54,55]. Furthermore, the development of invasive candidiasis is often preceded by the
Candida colonization of the skin and mucous membrane. Candida colonization at multiple body sites is
a strong predictor of invasive candidiasis [56]. Along the same line, the Candida colonization of the
airway has been observed in 20% of patients after 48 h of being on mechanical ventilation, and the
longer the duration of ventilation, the higher the colonization rate [3]. Up to 94% of hospitalized
patients with COVID-19 receive antimicrobial agents [57-59], and this might further heighten the
Candida colonization rate. Patients with sepsis or septic shock, commonly observed in severe COVID-19
patients in the ICU, may develop a leaky gut that facilitates Candida translocation from the GI tract into
systemic circulation [39,60-62].

The second group of risk factors are more specifically associated with COVID-19. First, patients with
severe respiratory failure associated with COVID-19 might require extracorporeal membrane
oxygenation (ECMO) [63]. ECMO involves a higher number of vascular catheters (pulmonary and
peripheral arterial catheters and ECMO cannula in addition to central venous catheters). ECMO is also
associated with a clotting tendency that facilitates microbial pathogen (bacteria and fungus) adhesion to
the catheters, as well as leukopenia that results from the sequestration of leukocytes in the lung capillaries
and peripheral tissues, and adhesion to and lysis of leukocytes by ECMO circuit. ECMO cannula
are often colonized by skin commensals such as Candida and coagulase-negative Staphylococcus, a
condition that predisposes one to bloodstream infection. Altogether, these risk factors predispose one
to systemic infection. Second, corticosteroids have been increasingly used among hospitalized patients
with COVID-19 [19]. Corticosteroids have immunosuppressive effects on neutrophils, monocytesm
and macrophages and predispose patients to invasive candidiasis. Lastly, whether the severe lung
epithelium damage exerted by SARS CoV-2 facilitates Candida adherence to basement membrane causing
subsequent invasive pulmonary candidiasis is not known. To date, primary Candida pneumonitis is
considered to be rare.

5. Diagnosis

The diagnosis of candidemia and other forms of invasive candidiasis remains challenging, which is
mostly due to the low number of yeast cells in circulation or infected tissue [64], a requirement of
an invasive procedure for diagnosing deep-seated candidiasis, and the use of non-fungal-specific
media to culture clinical samples [65]. While culture remains the gold standard, approximately 50%
of the invasive candidiasis are not identified by blood culture, and the application of non-culture
diagnostics—i.e., 3-D-Glucan (BDG) and mannan antigen testing, and molecular platforms such
as PCR and T2 Candida panel—are recommended to improve the diagnosis [64]. BDG (Associates
of Cape Cod Diagnostics; MA, USA) is a panfungal marker and therefore a positive result is not
specific for invasive candidiasis. The sensitivity and specificity for diagnosing invasive candidiasis
are around 80% [66,67], and can further be increased when combined with procalcitonin, which may
help to differentiate fungal from bacterial infections [68], but false positive results have been described,
in particular in conditions associated with fungal translocation in the gut, such as sepsis or advanced
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liver cirrhosis [61,69]. BDG results should therefore be carefully evaluated and always interpreted
with other clinical data. Importantly, serum BDG has been shown to be a reliable tool for antifungal
stewardship, and has a high negative predictive value for invasive Candida infections, allowing for the
early discontinuation of empirical antifungal therapy if tested from samples drawn before treatment
initiation [70,71]. Enzyme-linked immunosorbent assay (ELISA) kits for the detection of Candida
mannan antigen are commercially available to detect Candida in serum samples for the diagnosis
of invasive candidiasis (Platelia™ Candida Ag, Bio-Rad), and are associated with a relatively high
specificity and sensitivity [72]. In a recent meta-analysis, blood PCR was associated with a pooled
sensitivity and specificity for proven or probable invasive candidiasis vs. at-risk controls of 95% and
92%, respectively [73]. The recently developed T2Candida Panel (T2Biosystems) combines ITS2 region
amplification and T2 magnetic resonance, and can directly detect Candida spp. in EDTA blood samples
within 5 h and has proved efficient for the diagnosis of candidemia and intra-abdominal candidiasis,
although the technical demands can be a drawback [74-76].

Combining multiple techniques is recommended in order to improve the sensitivity of the
techniques [64,77,78]. However, while serum BDG testing and screening has been used successfully
in COVID-19 patients for the detection of COVID associated aspergillosis [19], the utility of other
techniques remains to be determined in the context of COVID-19 patients with ARDS.

6. Treatment and Future Directions

Since invasive yeast infections are associated with a higher mortality in COVID-19 cases not
receiving antifungal treatment compared to those receiving it [23], prompt diagnosis and treatment is of
paramount importance to achieve clinical success. The management of invasive candidiasis in patients
with COVID-19is similar to that of non-COVID-19 patients. Echinocandins are the treatment of choice for
invasive Candida infections, with fluconazole, liposomal amphotericin B, voriconazole, posaconazolem
and isavuconazole being the second line alternatives [79-81]. Source control, including, if feasible,
the removal of central venous catheters in candidemic patients, is a major determinant factor of the
outcome. Echinocandins are usually well tolerated and have a favorable pharmacokinetic (PK) profile,
with very few drug-drug interactions [82]. A major drawback of echinocandins is their intravenous
formulation. While not impacting most hospitalized and ICU patients, it is a factor for step-down
therapy or prophylaxis. The triterpenoid ibrexafungerp is a new class of structurally distinct glucan
synthase inhibitors, which is currently being evaluated in various phase III trials, showing an excellent
bioavailability after oral intake [83]. Moreover, the penetration of currently available echinocandins
into the abdominal infection site might not be optimal, and the emergence of echinocandin-resistant
Candida isolates during treatment, especially C. glabrata, is problematic [44,84]. The newer generation
of echinocandins, such as the long PK and the once-weekly drug rezafungin, have shown a favorable
penetration in models of IAC when compared to other echinocandins [84]. Another novel antifungal in
the pipeline that will likely advance the management of invasive candida infections in the near future
is fosmanogepix. It has a novel mechanism of action that inhibits the highly conserved fungal enzyme
Gwtl, which is essential for the biosynthesis of glycosylphosphatidylinositol anchors.

Among patients with septic shock attributed to invasive candidiasis, the timely administration
of antifungal therapy is paramount for a favorable outcome. Consistent with the data described in
this overview, we need to increase our efforts to understand the full extent of this invasive fungal
complication in COVID-19, and to design the best diagnosis and therapy. What should be done in the
future? Since blood culture has a poor sensitivity and delayed turnaround time, the development of
predictive scores or diagnostic tests that yield high positive and/ or negative predictive values is sorely
needed. Diagnostics directly from blood may offer the fastest laboratory results for high-risk patients.
Among COVID-19 patients, the incidence of super-infections due to Candida is currently not known.
It is also unknown whether Candida super-infection leads to excess mortality or if it is merely a marker
of the severity of COVID-19 infection. Well-designed and careful epidemiologic studies are needed to
define the true burden of invasive candidiasis among patients with COVID-19. Prospective studies
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that include systematic blood and other biological sample collection might enhance future research in
invasive Candida infections.
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Abstract: Coinfections with bacteria or fungi may be a frequent complication of COVID-19,
but coinfections with Candida species in COVID-19 patients remain rare. We report the 53-day
clinical course of a complicated type-2 diabetes patient diagnosed with COVID-19, who developed
bloodstream infections initially due to methicillin-resistant Staphylococcus aureus, secondly due
to multidrug-resistant Gram-negative bacteria, and lastly due to a possibly fatal Candida glabrata.
The development of FKS-associated pan-echinocandin resistance in the C. glabrata isolated from the
patient after 13 days of caspofungin treatment aggravated the situation. The patient died of septic
shock shortly before the prospect of receiving potentially effective antifungal therapy. This case
emphasizes the importance of early diagnosis and monitoring for antimicrobial drug-resistant
coinfections to reduce their unfavorable outcomes in COVID-19 patients.

Keywords: SARS-CoV-2; coinfection; diabetes; bloodstream infection; Candida glabrata; echinocandin
resistance; FKS mutation

1. Introduction

Since the beginning of the respiratory tract infection epidemic in China [1] caused by the 2019
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), known as coronavirus disease 2019
(COVID-19), a substantial number of COVID-19 associated deaths have been reported worldwide [2].
While sepsis may be a fatal complication of COVID-19 [3], coinfection (also named superinfection)
with bacteria or fungi may occur, albeit confined to the respiratory tract [4,5]. In two independent
studies from Chinese hospitals, 27 (96.4%) of 28 [6] and 11 (16%) of 68 [7] COVID-19 patients who died
had secondary infections. This is consistent with failed homeostasis between innate and adaptive
responses [8] or a pronounced immune suppression [9], which is partly dependent on the loss of
lymphocytes, following SARS-CoV-2 infection [10]. Diabetes is the most common comorbidity in
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COVID-19, with its late complications (e.g., ischemic heart disease) contributing to further increases in
COVID-19 severity [11]. Additionally, diabetes increases not only the risk of infections [11] but also that
of infection-related deaths [12]. In this context, diabetes seems to alter the intestinal barrier function,
allowing gut microbiota members (e.g., Enterobacterales or Candida species) to reach the bloodstream
and then to spread systemically [13].

Unlike invasive pulmonary aspergillosis, which has emerged as a secondary disease in COVID-19
patients with acute respiratory distress syndrome (ARDS) [14], invasive fungal diseases such as
candidiasis and/or candidemia seem to be underestimated in the context of COVID-19. This is
surprising, particularly when thinking of Candida glabrata [15], a common fungal commensal living on
mucosal surfaces, which is the second leading cause of bloodstream infection (candidemia) in some
countries, including the USA, Asia and European countries [16,17]. Among Candida species displaying
multidrug resistance (e.g., co-resistance to azoles and echinocandins), C. glabrata is also known for
its high tolerance to antifungal drugs [15]. Additionally, as this species has a tropism that causes
candidemia among the elderly, COVID-19 patients suffering from ARDS (who are mostly elderly)
could be prone to developing candidemia due to C. glabrata. This will be of particular concern in the
case of COVID-19 patients with candidemia caused by echinocandin-resistant C. glabrata, because this
species is intrinsically less azole susceptible, and consequently, the use of polyene antifungal drugs
(i.e., amphotericin B) due to renal toxicity is largely limited among the elderly. It is noteworthy that
COVID-19 itself is associated with kidney injury, which may further hamper the utility of amphotericin
B in this context.

We describe the case of a COVID-19 patient with complicated type-2 diabetes who developed a
bloodstream infection due to a Candida glabrata isolate that acquired pan-echinocandin resistance after
13 days of caspofungin treatment. The patient died of septic shock in the intensive care unit (ICU),
shortly before the prospect of receiving potentially effective antifungal therapy.

2. Case Report and Results

A 79-year-old male presented to the emergency department in April 2020 with cough and dyspnea,
following a suspected COVID-19 diagnosis because of his previous contact with a SARS-CoV-2 positive
patient in a rehabilitation facility. Two days prior to admission (defined as day 1), he had been suffering
from fever (38.0 °C). His 6-year medical history was significant for poorly controlled type-2 diabetes,
ischemic heart disease and a stadium IV (necrosis and/or gangrene of the limb) peripheral artery
disease treated with lower extremity revascularization, which culminated in left leg amputation in
2019. On physical examination, the amputated leg stump displayed necrotic and ulcerative lesions,
whereas the patient was afebrile and negative for abnormal lung sounds and had a 98% blood
oxygenation. His leucocytes (x 10°/L) were normal (4.7; normal range 4.0-10.0), whereas his serum
creatinine (mg/dL) (1.3; normal range 0.7-1.2), C-reactive protein (CRP, mg/L) (37.8; normal range
0.0-5.0) and interleukin 6 (IL6, ng/L) (13.6; normal range 0.0-4.4) were altered. The patient’s chest
X-ray and computed tomography findings were consistent with pneumonia, and positive SARS-CoV-2
RNA detection results (Cr 30.3; E gene [18]) on nasal/pharyngeal swabs obtained in the emergency
department allowed confirmation of the COVID-19 diagnosis [19]. Subsequent nasal/pharyngeal swabs
taken from the patient at different times from admission tested positive for SARS-CoV-2 RNA.

The patient was transferred to the COVID-19 care unit, where he was started on antiviral therapy
(which was continued for the next five days) with darunavir/ritonavir (800/100 mg q24h) combined
with hydroxychloroquine (200 mg q12h), which was our national policy at that time. On days 4 and 5,
the patient’s clinical conditions worsened, and his serum creatinine, CRP and leukocytes increased to
3.5 mg/dL, 155.4 mg/L and 6.9 x 10°/L, respectively. The patient developed fever (38.2 °C), a productive
cough, and his blood oxygenation decreased to 92%, demanding oxygen administration through a
Venturi mask (fraction of inspired oxygen, 24%). Due to highly suspected bacterial superinfection,
he received empirical treatment with piperacillin/tazobactam (2.25 g q6h).

70



J. Fungi 2020, 6, 163

On day 8, the patient was still febrile (38.5 °C), his serum creatinine (3.9 mg/dL), CRP (177.2 mg/L)
and leukocytes (9.4 x 10%/L) rose further, and his blood cultures from day 5 grew a methicillin-resistant
Staphylococcus aureus organism. Consequently, piperacillin/tazobactam was discontinued and
teicoplanin (200 mg q24h) was started. He improved, and subsequent blood cultures, a transthoracic
echocardiogram and ultrasound studies to evaluate deep vein thrombosis were all negative. On day
25, teicoplanin was discontinued. The next day, both orthopedic and vascular surgeons who evaluated
the patient decided on a new, more proximal amputation of his left leg. On day 27, the patient became
febrile (38.5 °C). His leukocytes increased to 10.8 x 10°/L and infection indexes, including procalcitonin
(PCT; normal range, 0.0-0.5 ng/mL), were elevated (CRP, 275 mg/L; PCT, 1.65 ng/mL). While his
kidney injury seemed to recover (serum creatinine, 1.5 mg/dL), the patient became stably anemic
(hemoglobin, g/dL; 7.4; normal range 13.0-17.0), requiring regular blood transfusions (until two days
before death). On day 28, blood cultures from day 27 grew Morganella morganii (found to be resistant
to cephalosporins and piperacillin/tazobactam but susceptible to carbapenems), which prompted
initiation of antibiotic therapy with ertapenem (1 g q24h). Concomitantly, cultures from a progressively
enlarging ulcer on the patient’s leg stump revealed growth of Proteus mirabilis, Klebsiella pneumoniae
and Escherichia coli (all found to be susceptible to carbapenem:s).

On day 35, the patient again became febrile (38.2 °C) but CRP decreased (177.2 mg/L) and leukocytes
remained unchanged (9.3 x 10°/L). Blood cultures yielded a yeast organism, later identified as C. glabrata
using a previously described matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry-based method [20]. The isolate (defined as isolate 1) was susceptible to anidulafungin,
micafungin and caspofungin, with MICs of 0.03, 0.03 and 0.06 pg/mL (SensititreYeastOne® method;
Thermo Fisher Scientific, Cleveland, OH, USA), according to the Clinical and Laboratory Standards
(CLSI) clinical breakpoints [21]. On day 37, the patient started to take caspofungin (70 mg loading
dose, day 1; 50 mg q24h, subsequent days). Blood cultures from day 39 were negative. After 13 days of
antifungal therapy, the patient became febrile again (38.3 °C), and his blood parameters (creatinine,
2.71 mg/dL; leukocytes, 12.48 X 10%/L) and infection indexes (CRP, 278.4 mg/L; PCT, 20.58 ng/mL)
were abnormal. On day 49, blood cultures were positive for Acinetobacter baumannii (found to
be only susceptible to colistin) and again for C. glabrata. While ertapenem was discontinued and
colistin (2.25 mUI q12h) was started, the patient continued to receive caspofungin. Shortly after
(day 51), antifungal susceptibility testing was repeated on two morphologically different C. glabrata
isolates that grew from blood cultures. One of the isolates (defined as isolate 2) revealed increased
MICs of anidulafungin, micafungin and caspofungin, indicating resistance to all echinocandins
(as discussed below).

On day 52, the patient underwent surgery for the previously planned left leg re-amputation.
Unfortunately, on the same day of surgery and before the patient could eventually benefit from
antifungal therapy change (i.e., amphotericin B instead of caspofungin) based on available antifungal
susceptibility results, his clinical conditions worsened. The patient was immediately transferred to the
ICU due to refractory septic shock, as identified by the receipt of vasopressor therapy and the elevated
lactate (mEq/L) level (4.2; normal range 0.0-2.0) despite adequate fluid resuscitation. On day 53,
the patient died.

Table 1 summarizes the results of both antifungal susceptibility testing and FKS2 gene sequencing
for C. glabrata isolates 1 and 2. Only for echinocandin antifungal agents, MIC values obtained with the
SensititreYeastOne® method were confirmed by the CLSI M27-A3 reference method [21]. As noted,
except for all three echinocandins, the antifungal susceptibility profile of isolate 2 did not change
compared to that of isolate 1. According to the echinocandin-resistant breakpoint values established by
the CLSI [18], isolate 2 showed resistance to anidulafungin (MIC, 2 mg/L), caspofungin (MIC, 8 mg/L)
and micafungin (MIC, 8 mg/L). Conversely, isolate 1 had echinocandin MICs (anidulafungin and
micafungin, 0.03 mg/L; caspofungin, 0.06 mg/L) below the CLSI echinocandin-resistant breakpoint
values [22]. Interestingly, both the isolates showed an intermediate susceptibility to fluconazole (MIC,
8 mg/L) and, according to the epidemiological cutoff values established by the CLSI [23], a wild-type
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susceptibility to amphotericin B, and the other azole (itraconazole, posaconazole and voriconazole)
antifungal agents tested. A sequence analysis of the FKS1/FKS2 genes [24] allowed us to identify
T1976A (hot spot 1) and A3997T (hot spot 2) mutations in the FKS2 gene, which resulted in an F659Y
or I1333F amino acid change, respectively, with the former being already known [16,25,26] and the
latter probably responsible for the observed echinocandin resistance. Furthermore, the MALDI-TOF
MS-based analysis of profiles from C. glabrata isolates 1 and 2 allowed for comparing them with each
other and with profiles from a clinical collection of C. glabrata isolates, which had been cultured from
sterile or mucosal site samples (UCSC1-12, UCSC17-21). In particular, using the Bruker Daltonics
BioTyper 3.0 software, raw spectra from the isolates were matched (with default parameter settings)
against the main spectra from an in-house database [20]. Then, the integrated statistical tool Matlab 7.1
of the Biotyper 3.0 software allowed for generating a dendrogram (representation of hierarchical cluster
analysis) of spectra to obtain graphical distance values between the isolates. As shown in Figure 1,
the dendrogram resulting from the MALDI-TOF MS cluster analysis strongly suggested identity for
C. glabrata isolates 1 and 2. It is likely that next-generation sequencing analysis could have provided
greater discrimination/evidence of similarity among the isolates studied. However, a multilocus
sequence-typing scheme (https://pubmlst.org/cglabrata/) showed that isolate 1 was the parental isolate
from which originated isolate 2. Indeed, both the isolates shared the sequence type 22 for the analyzed
loci FKS, LEU2, NMT1, TRP1, UGP1 and URA3 (7-5-6-12-1-8).
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Figure 1. Cluster analysis of matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectra obtained for 19 C. glabrata isolates, including the patients’ isolates 1 and 2. Shown is a
dendrogram in which the distance between isolates is indicated as relative units. Zero means complete
similarity and 1000 means complete dissimilarity. An arbitrary distance level of 500 was chosen to
assess clustering among isolates.
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3. Discussion

This case illustrates the 53-day clinical course of a COVID-19 patient with persistent SARS-CoV-2
infection (repeated nasal/pharyngeal swabs tested positive for SARS-CoV-2 RNA) who needed
protracted hospitalization, probably attributed to his major comorbidity (diabetes with its vascular
complications). The patient met the clinical (fever, cough and dyspnea), laboratory (high CRP) and
imaging (unilateral pneumonia) features recently recognized as COVID-19 hallmarks [10]. Yet, this case
emphasizes the current uncertainty about the clinical disease evolution, partly linked to the presence of
risk factors for either admission to the ICU or a fatal outcome of hospitalized patients [10]. In our patient,
a succession of bloodstream infections, initially due to methicillin-resistant S. aureus, secondly due to
multidrug-resistant Gram-negative bacteria, and lastly due to a possibly fatal echinocandin-resistant
C. glabrata, outlined the COVID-19 associated clinical course (Figure 2).
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Figure 2. Timeline of major microbiological events during the patient’s clinical course and relative
antimicrobial treatments. Fever (solid line) or procalcitonin (dashed line) patterns are shown. DRV/RTV,
darunavir/ritonavir; HCQ, hydroxychloroquine; TZP; piperacillin/tazobactam; TEC, teicoplanin; ETP,
ertapenem; CAS, caspofungin; CST, colistin.

At least three relevant causes might have contributed to determining fatal illness in the present
case. First, COVID-19, which has significantly been associated with complications and deaths [10].
Second, type-2 diabetes, which remains a major comorbidity for severe COVID-19 [10,27] and
increases the risk of mortality, especially in individuals with poorly controlled blood glucose [28].
Third, superinfection, which represents a new albeit scarcely studied condition in COVID-19 [5],
particularly for invasive fungal infections [14,29]. The peculiar pathophysiology of either diabetes [11]
or COVID-19 [30] may account for the occurrence of bacterial and fungal coinfections in our case, as in
other cases [3,31]. The diabetes-induced immune dysregulation may exacerbate the virus-activated
hyper-inflammatory “cytokine storm”, which in turn leads to complications (e.g., ARDS, shock,
multiorgan failure and death) seen in severe COVID-19 phases [10]. However, diabetes (or other
comorbidity) and COVID-19 commonly coexist during patients” hospital stay as risk factors for fungal
infection [29], although the extensive use of antibiotics and multiple bacteremias (as in this case)
significantly predisposes one to development of candidemia. If candidemia was the immediate cause
of death in our patient, it remains a matter of debate considering that the death was preceded by a
surgical intervention, which may be relevant to the patient’s outcome.
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In our patient’s disease phase upon his admission to the hospital, COVID-19 together with diabetes
might have created a milieu that allowed microorganisms (e.g., C. glabrata, the last in the temporal
sequence), including those resistant to antimicrobial agents, to thrive (likely in the gastrointestinal
tract) and, hence, reach the bloodstream [32,33]. Immunosuppression and mucosal barrier disruption
are, among others, well-recognized factors for isolation of C. glabrata from patient blood cultures [34]
and, to some extent, bloodstream isolates are in vitro resistant to echinocandins [16,25,35]. This poses a
great challenge for patient management [36] because echinocandins represent the first line of treatment
in cases of invasive C. glabrata infections, including candidemia [37], due to the intrinsic low level of
C. glabrata susceptibility to azoles (which was not the case of our patient’s isolates) [22].

Ultimately, the appearance of echinocandin resistance in our patient’s C. glabrata isolate aggravated
the feared adverse prognosis of candidemia [38]. We provided the evidence of anin vivo development of
FKS-associated echinocandin resistance during the patient’s treatment with caspofungin, consistent with
previous case reports [26,39,40]. In two of them, echinocandin-resistant isolates were recovered from
blood cultures of patients who had recurrent or persistent C. glabrata infections, thus implying
micafungin treatments for 86 days in one case [26] and 30 days in the other case [39]. In another
one [40], echinocandin resistance emerged within 8 days of the patient’s treatment with micafungin,
and surprisingly, the patient had no previous or prolonged echinocandin exposure [41], but only
uncontrolled diabetes, as a potential risk factor for microbiological failure. The abdominal cavity and
mucosal surfaces are reservoirs for Candida species and a potential source for antifungal resistance due
to uneven drug penetration [42,43]. Considering C. glabrata’s high propensity for acquiring in vitro
resistance following echinocandin exposure [44], it is possible that an underlying gastrointestinal
disorder or dysbiosis acted as selectors of FKS mutant C. glabrata subpopulations in our, as in
other [40], case patients. Notably, a study assessing the emergence of in vitro resistance for the three
echinocandins showed that 82 of 247 C. glabrata breakthrough isolates (i.e., bloodstream isolates
exposed to each echinocandin agent) harbored FKS hot spot mutations, of which 6 were in FKS1 and 76
in FKS2 [45]. Of the three echinocandins, caspofungin seemed to be the most sensitive indicator of FKS
mutations, whereas only four breakthrough isolates did not develop an FKS hot spot mutation despite
showing greater than four-fold increases in echinocandin MICs relative to the parental isolates [45].
Of note, the rates of spontaneous FKS mutations observed with caspofungin were higher than with
anidulafungin or micafungin [45]. Therefore, in our case, the use of caspofungin as a strong inducer of
FKS mutations may have resulted in the rapid development of echinocandin resistance and subsequent
therapeutic failure.

Although non-FKS-mediated echinocandin resistance has been reported [46,47], phenotypic resistance
(MICs above CLSI breakpoints) to all three echinocandins is uniquely attributable to the presence of
mutations in hot spots of both FKSI and its paralog FKS2 [48], which results in attenuated echinocandin
activity [49]. As recommended by the current Infectious Diseases Society of America (IDSA)
guidelines [37], we performed echinocandin susceptibility testing on the C. glabrata isolates causing
candidemia in our patient. Thus, we documented that isolate 2 (“breakthrough” isolate), compared to
isolate 1 (“parental” isolate), had increased MIC values of anidulafungin, caspofungin and micafungin,
and all values were higher than the CLSI resistance breakpoints [22]. As specifically shown for C. glabrata
and echinocandins [50], the automated blood culture systems currently used to detect bloodstream
infections allow for the reliable recovery of isolate populations composed of echinocandin-resistant and
echinocandin-susceptible cells. However, in cases with a low proportion of resistant cells, picking up
single colonies to perform standard antifungal susceptibility testing may result in missed detections of
echinocandin resistance [50]. In our case, taking advantage of morphologically different C. glabrata
colonies [51] from the patient’s blood culture that yielded isolate 2, we were able to detect echinocandin
resistance by testing more than one colony. Consistent with recent studies [16,26], we found that
isolate 2 harbored the FKS2 HS1 F659Y. In a two-year antifungal resistance surveillance study [16],
8 (15.7%) of 51 C. glabrata isolates with FKS HS alterations harbored the FKS2 HS1 F659S/V/Y [25,52],
which was the second found after the FKS2 HS1 S663P (16 isolates). It is noteworthy that mutations at
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positions 5663 and F659 tended to be associated with breakthrough infections in patients receiving
echinocandin therapy [25,53]. In our case, the MIC results (later confirmed by FKS mutation results)
were promptly available to clinicians, but given the patient’s critical condition, the ensuing change of
antifungal therapy was unsuccessful. Nevertheless, we acknowledge the importance of combining
both antifungal susceptibility testing and FKS sequencing to predict therapeutic failure in candidemia
patients treated with echinocandins [15]. This combination strategy would allow for encompassing
cases of mutations occurring outside of HS FKS regions in echinocandin-resistant isolates [54],
or cases of echinocandin-susceptible isolates carrying mutations in HS FKS regions in which the
patients infected with such isolates show therapeutic failure following echinocandin treatment [55].
Ultimately, this strategy would ensure the choosing of an appropriate antifungal therapy in the
clinic [15].

In conclusion, this case highlights that bacterial and fungal coinfections, including those associated
with antimicrobial resistance, in COVID-19 may be a further challenge for both clinicians and
microbiologists. In waiting for epidemiological studies to evaluate their frequency and impact, it is
imperative to be vigilant for these coinfections when contemplating the outcome of COVID-19.
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Abstract: Co-infections have an unknown impact on the morbidity and mortality of the new clinical
syndrome called coronavirus disease 2019 (COVID-19). The syndrome is caused by the new pandemic
coronavirus SARS-CoV-2 and it is probably connected with severe traces in the elements of the immune
system. Apart from possible Aspergillus infections, particularly in patients with acute respiratory
distress syndrome (ARDS), other fungal infections could occur, probably more easily, due to the
immunological dysregulation and the critical condition of these patients. Probiotic preparations of
Saccharonyces are broadly used for the prevention of antibiotic-associated complications, especially in
the intensive care units (ICU). On the other hand, Saccharomyces organisms are reported as agents
of invasive infection in immunocompromised or critically ill patients. We report two cases of
bloodstream infection by Saccharomyces in two patients hospitalised in the ICU, due to severe
COVID-19, after Saccharonyces supplementation.

Keywords: COVID-19; fungaemia; Saccharomyces; co-infections

1. Introduction

The new pandemic caused by the coronavirus SARS-CoV-2 has evolved as a major health threat
and has been connected to a big number of deaths worldwide, while the future spread of the disease is
more or less unknown.

While it is already known that patients with co-morbidities and underlying diseases present
poorer clinical outcomes [1], the frequency of co-infections and their impact is still understudied [2].

There are common risk factors, such as hospitalisation in the intensive care unit (ICU),
chronic respiratory diseases, corticosteroid therapy or intubation and mechanical ventilation [2]
that could serve as the field for a co-infection by SARS-CoV-2 and an invasive fungus. As in cases of
severe influenza and the known co-morbidity with invasive pulmonary aspergillosis [3,4], cases of
patients hospitalised in the ICU for coronavirus disease 2019 (COVID-19) with acute respiratory distress
syndrome (ARDS), who suffered a co-infection by Aspergillus, have already been reported [5-8].

Saccharomyces cerevisiae has been a well-known and emerging agent of invasive fungal infection
since the 1990s in immunocompromised or critically ill patients [9]. While it is a known coloniser
or even as part of the normal flora [10] and it is often used in probiotic preparations for the
prevention or treatment of various diarrheal disorders [11], it can cause several types of deep
infections, most importantly fungaemia [9].
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We report two cases of critically ill patients who had to be hospitalised in the ICU due to COVID-19,
received Saccharomyces cerevisiae supplementation because of diarrhea, and subsequently developed a
Saccharomyces cerevisiae bloodstream infection. Informed consent was acquired from both patients with
opt out possibility.

2. Case Reports

They concern two male patients, 76 and 73 years old, with no other underlying diseases apart
from regulated arterial hypertension (both of them) and diabetes (the second). The first one was also
an ex-smoker.

Both patients presented fever, dyspnea and hypoxia, while the second also had a nonproductive
cough. They were admitted for hospitalisation by different departments of internal medicine. In two
days’ time, due to the worsening of their clinical condition and the concomitant development of ARDS,
they had to be intubated and subsequently transferred to the ICU.

Meanwhile, the molecular testing for SARS-CoV-2 was found positive in both patients” upper and
lower respiratory specimens by the use of real time RT-PCR methods (diagnostic detection protocol
for 2019-nCoV, Charité, Berlin, via EVAg and/or VIASURE SARS-CoV-2 detection kit, CerTest Biotec,
SL, Zaragoza, Spain). The first patient was found positive again ten and fifteen days later, while he
became negative almost twenty-five days later. The second patient was positive when retested on the
fifteenth day and negative twenty days later.

During their stay at the ICU they had several successive positive blood cultures for Staphylococcus
hominis and Acinetobacter baumannii first and Staphylococcus epidermidis and Acinetobacter baumannii
second. Moreover, Acinetobacter baumannii and Pseudomonas aeruginosa were isolated from the cultures
of their bronchial secretions.

The first patient, from the day of his admission in the ICU and for ten days thereafter, had a positive
blood culture for Staphylococcus hominis and, at day 26, for Acinetobacter baumannii, which continued
even up to day 45. Meanwhile, at day 11, he presented a positive bronchial culture for Pseudomonas
aeruginosa and, from day 26 and thereafter, for Acinetobacter baumannii.

The second patient had a positive blood culture at day 10 by Acinetobacter baumannii and at day
15 by Staphylococcus epidermidis. The presence of Acinetobacter baumannii relapsed at day 18, while all
blood cultures became negative at day 30. He also had positive bronchial cultures for Acinetobacter
baumannii between days 10 and 15 and again from day 18 to day 30.

For all the aforementioned blood and bronchial infections, the two patients received empirical,
as well as documented (by culture and sensitivity testing), treatment with several antibiotics, such as
piperacillin-tazobactam, moxifloxacin, linezolid, azithromycin, meropenem, colistin, daptomycin and
tigecycline. The sequence of the relevant antimicrobials is seen in Table 1. In addition to that,
both patients were under treatment with oseltamivir and hydroxychloroquine.

Moreover, the two patients developed a gradual worsening of their renal function and had
to undergo several sessions of haemodialysis. The decrease in the kidney capacity could be
attributed to both the accumulative nephrotoxicity of several of the antimicrobials, as well as to
the COVID-19 itself [12].

Both patients developed diarrhea and were prophylactically treated with Ultra-Levure (preparation
of Saccharomyces cerevisiae (boulardii)) at 250 to 500 mg/day.

The first patient, thirty-five days after his admission at the ICU, while febrile (38-38.5 °C),
suffered a bloodstream infection by Saccharomyces cerevisiae (Table 1). The same happened with the
second patient, fifteen days after his admission to the ICU. Both episodes were possibly related to the
use of Ultra-Levure, as they occurred four days after its initiation in the first case and six days in the
second one. Initially and before the fungal identification and the sensitivity testing, they were treated
with anidulafungin and afterwards with fluconazole. Blood cultures became negative three to four
days later, while the treatment with fluconazole continued for fourteen days. Blood cultures were
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taken daily, from the first positive up to the first negative result, while patients remained fungaemic in
the first two days of their antifungal treatment.

Table 1. Antimicrobials, duration of treatment, Sepsis-Related Organ Failure Assessment scores (SOFA
scores), laboratory values and fever on indicative days.

Patient Saccharomyces in Blood Culture
Day 1 Day 11 Day 26 Day 35 Day 45
Piperacillin-tazobactam
and Linezolid
(14. days)_ Meropenem C(.)hStm ?nd Anidulafungin
Moxifloxacin (14 days) Tigecycline (10 days) Fluconazole (14 days)
(10 days) Y (21 days) Y
Patient 1 Azithromycin
(5 days)
T:38 °C T:375°C
T:385°C
WBC: 7500/mL WBC: 9'200/:nL WBC: 9?)00/§nL
Neut.: 92% Neut.: 50% Neut.: 58%
CRP-"39 5 CRP: 21.6 CRP: 8.6
SOF'A' 9 PCT: 1.04 PCT: 0.66
' SOFA: 3 SOFA: 5
Saccharomyces in Blood Culture
Day 1 Day 10 Day 15 Day 18 Day 23 Day 30
Piperacillin-tazobactam
(1.2 dayf) . . Fluconazole
Linezolid Meropenem  Anidulafungin . .
Anidulafungin (14 days)
(14 days) (7 days) (7 days) . . . .
. . o . Tigecycline Tigecycline
Moxifloxacin Colistin Daptomycin i .
(7 days) Linezolid
(10 days) (21 days) (7 days) (8 days)
Patient 2 Azithromycin 4
(3 days)
T:39.0°C T:38.3°C T:37.0°C
WBC: 8900/mL WBC: 17500/mL WBC: 7600/mL
Neut.: 93% Neut.: 82% Neut.: 72%
CRP: 26.54 CRP: 13.15 CRP: 6.0
PCT: 0.9 PCT:1.15 PCT: 0.9
SOFA: 6 SOFA: 9 SOFA: 9 SOFA: 4

Temperature (T), white blood cell count (WBC), neutrophils (Neut.), C-reactive protein (CRP, 0-0.5 mg/dL),
procalcitonin (PCT, 0-0.5 ng/mL), Sepsis-Related Organ Failure Assessment score (SOFA score).

After the incubation of the blood cultures, positive direct microscopy and inoculation on Sabouraud
dextrose agar with chloramphenicol 0.05% (Conda Pronadisa, Madrid, Spain) and malt extract agar
(Sigma-Aldrich Co., St. Louis, MO, USA) at 30 °C and 35 °C, the use of germ tube testing and
CHROMagar Candida (Paris, France) and biochemical testing by API ID 32C (bioMérieux SA, Marcy I’
Etoile, France), the two strains were phenotypically identified as Saccharomyces cerevisiae.

Further on, both identifications were molecularly confirmed by the amplification and sequencing
of the internal transcribed spacer 1 (ITS1) region of the fungal ribosomal DNA (Gen Bank Accession
Numbers: MT527544 and MT522376). Both sequences presented a 100% alignment between each
other, as well as with the sequence of the strain used in the specific preparation of Ultra-Levure,
providing arguments for the genetic relatedness and similarity of all three of them.

A sensitivity testing was attempted by ATB™ Fungus 3 (bioMérieux SA, Marcy I’ Etoile, France)
for amphotericin B, flucytosine, fluconazole, itraconazole and voriconazole and MIC (minimum
inhibitory concentration) Test Strips (Liofilchem srl, Roseto degli Abruzzi, Italy) for posaconazole and
anidulafungin, although there are possible difficulties concerning the growth of Saccahromyces and,
mainly, boulardii on RPMI agar [9]. The growth on RPMI agar was slightly delayed, but after two days
of incubation there was a slight, yet adequate, growth that permitted the read.

The MICs for the first isolate were 4 pg/mL for flucytosine, 1.0 ug/mL for amphotericin-B, 0.5 pg/mL
for itraconazole, 4.0 pg/mL for fluconazole, 0.125 pg/mL for voriconazole, 0.032 pg/mL for posaconazole
and 0.047 pg/mL for anidulafungin, while, for the second one, they were 4 pug/mL for flucytosine,

83



J. Fungi 2020, 6, 98

0.5 pug/mL for amphotericin-B, 0.5 ug/mL for itraconazole, 4.0 ug/mL for fluconazole, 0.125 ug/mL
for voriconazole, 0.064 pg/mL for posaconazole and 0.002 pg/mL for anidulafungin. Although there
are not defined clinical breakpoints for Saccharomyces, the above results indicate a probable in vitro
sensitivity to flucytosine, amphotericin-B, fluconazole, voriconazole, posaconazole and anidulafungin.

In both patients, no fungal presence was found in any of the bronchial cultures.

Gradually, both patients showed clinical improvement and were transferred again to the
department of internal medicine of the hospital. The first patient, after almost eighty days of
hospitalisation, was discharged from the hospital, while the second had to be transferred to a regional
teaching hospital due to complications with his tracheostomy.

3. The ICU

Both described patients were hospitalised in a small and relatively new intensive care unit with
four beds. Due to the outbreak of COVID-19, two more beds, exclusively for these patients, were added.
These beds were separated from the rest of the ICU and from one another, while separate nursing staff
were provided for each COVID-19 patient. Moreover, all necessary, very strict measures were taken in
order to maintain “sterile” conditions between the patients.

According to the experience of the medical staff of the unit and the well-recorded data, no case of
fungaemia due to Saccharomyces had occurred for at least the last four years in this ICU, despite the fact
that it was a long lasting and common practice to use preparations of the fungus for the prophylaxis
of patients under antibiotics and concomitant diarrhea. During the last four years, almost eighty
patients per year (320 patients in total) were to in this specific ICU and at least half of them were under
prophylactic preparations of Saccharomyces. This was the first time that such a fungaemia occurred and
only during the hospitalisation of these first two COVID patients.

4. Discussion

Apart from the devastating consequences of SARS-CoV-2 on the respiratory function, there are
also pronounced effects on the absolute numbers of lymphocytes, leading to lymphopenia and an
increase in several cytokines and inflammatory markers [13-15]. Lymphopenia could be attributed
to the virus directly or the white blood cell redistribution, as the Tcpg cells have a major role in the
clearing of the virus from the pulmonary tissue. However, these cells can be relatively dysfunctional
due to the highly produced epithelial cytokines and the impairment of their function could affect the
function of dendritic cells and macrophages [16-18]. All of the above suggest immune dysfunction
and, at least, a host immune imbalance to several extents [19].

The administration of probiotic preparations containing live yeasts, like Saccharonyces, may pose
a high risk to patients suffering from immune deficiencies due to malignancies or immunosuppressive
treatment. Moreover, oral mucositis or ulcers may lead to yeast translocation into the bloodstream
of such patients [20,21]. Central venous catheters in critically ill patients could serve as the site of
entry due to hand transmission [22,23], although the main portal of entry for invasive infections by
Saccharomyces cerevisiae is supposed to be digestive [9]. Further on, nosocomial acquisition may occur
from patients hospitalised in the same unit [24]. Yeasts persist on room surfaces and at distances of
1 m after the opening of the capsule for administration through the nasogastric tube, while they can
also be detected on the hands of healthcare workers [25].

Saccharomyces boulardii, which is used in commercial probiotic preparations is considered to be an
invalid taxon and either a subtype or a variety of Saccharomyces cerevisiae [9,26,27], in fact identical
to a particular strain of the latter [28]. Fungaemia by S. boulardii, after probiotic use, is more often
seen in critically ill patients in the ICU rather than in typical immunodeficient patients [9,20,28].
However, this could be attributed to the prophylactic use of antifungals as routine treatment in
immunocompromised, such as oncohaematological, patients [20].

In the described cases, it is interesting that, although the probiotic preparations of Saccharomyces
cerevisiae/boulardii were used for many years as protective agents in this specific ICU and even during the
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same period of hospitalisation of other patients, only the two specific patients with COVID-19 presented
a bloodstream infection. The fact that they were completely separated from one another and the other
patients of the ICU and were treated by separate nursing staff, with all the recommended precautions
for the avoidance of SARS-CoV-2 transmission, extremely reduces the chances of being contaminated
by manipulations or acquisition from other patients or personnel and makes a connection to the
probiotic preparations more possible.

In addition, the fact that both fungaemias occurred four to six days after the initiation of
Ultra-Levure makes even more possible the connection of the infection to the use of the specific
preparation and the concomitant fungal translocation from the gastrointestinal tract to the bloodstream.

Yeast overgrowth and gastrointestinal (GI) leakage, caused by either direct or indirect
gastrointestinal injury, could be important pathogenic factors for invasive mycoses. Among other
factors, intestinal surgery, haemodialysis, intensive chemotherapy and sepsis could play important
roles in the aforementioned GI leakage. Moreover, there are indications that the occurrence of fungal
translocation through mucosal barrier damage, as indirectly calculated by the measurement of serum
(1-3) B-p-glucan, is correlated to Sepsis-Related Organ Failure Assessment score (SOFA score) and
the gravity of the disease in terms of septic shock [29,30].

It is reported that the sequencing of the ITS region of the fungal ribosomal DNA cannot possibly
discriminate S. boulardii from some S. cerevisiae strains [9,31]. However, herein, the results of a 100%
alignment between the ITS1 sequences of the patients’ strains and the strain used in the specific
preparation of Ultra-Levure, combined with the clinical data, show a good similarity and provide
arguments for the genetic relatedness of all three of them.

Although further data and observations are needed, the occurrence of the described cases of
two patients suffering from severe COVID-19, with long periods of hospitalisation in the ICU and
concomitant bloodstream infection by Saccharomyces cerevisae, indicates the need for cautious use of the
relevant probiotic preparations in COVID-19 patients.
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