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Abstract: Fungal infections are common complications of respiratory viral infections and are associ-
ated with the increased need for intensive care and elevated mortality. Data regarding microbiological
and molecular characteristics of such infections in COVID-19 patients are scarce. Here, we performed
a comprehensive analysis, including species identification, antifungal susceptibility testing, molecular
resistance determinants analysis, typing, and retrospective clinical data review, of fungal isolates
recovered from 19 COVID-19 patients, who were hospitalized at the Hackensack University Med-
ical Center (HUMC) in Hackensack, New Jersey, USA, in the initial phase of the pandemic from
April–May 2020. In total, 17 Candida albicans, two C. parapsilosis, and two Aspergillus fumigatus were
analyzed. All Candida spp. isolates were susceptible to micafungin and azole drugs (fluconazole,
voriconazole, posaconazole, itraconazole, isavuconazole). A. fumigatus isolates were susceptible
to micafungin and all triazole drugs except fluconazole (intrinsic resistance). Multilocus sequence
typing (MLST) of C. albicans isolates revealed 15 different sequence types (STs), which clustered below
the clade-defining limit of p-distance < 0.04. Pulsed-field gel electrophoresis (PFGE) karyotyping
revealed no chromosomal rearrangements in these isolates. A. fumigatus isolates were of different,
non-related genotypes. We speculate that virus- and drug-induced immunosuppression (94.7% of
the patients received corticosteroids), together with prolonged hospital stay (median duration of
29 days) and mechanical ventilation (median duration of 24 days) likely increased the susceptibility
to secondary respiratory and bloodstream infections in the studied patient population. The presence
of fungi in blood or respiratory tract fluid was a prognosticator for poor clinical outcome, which
presented as an 89.5% 30-day mortality in our patient cohort.

Keywords: Candida albicans; Candida parapsilosis; Aspergillus fumigatus; antifungal susceptibility; sec-
ondary infections; Candida pneumonia; candidiasis; aspergillosis; COVID-19-associated candidemia;
COVID-19

1. Introduction

The emergence and subsequent pandemic of coronavirus disease 2019 (COVID-19),
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has led to a
global public health crisis with 154.6M+ confirmed cases and 3.2M+ deaths worldwide
(as of 6 May 2021) [1]. The relatively high incidence of severe disease and mortality in
COVID-19 patients is expected to be enhanced by secondary infections, alongside a lack
of natural immunity and viral replication in the lower respiratory tract leading to severe
lung injury and acute respiratory distress syndrome (ARDS). Bacterial and fungal infec-
tions are common complications of viral pneumonia which lead to an increased need for
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intensive care and higher mortality rates. Superinfections with Streptococcus pneumoniae,
Staphylococcus aureus, and Haemophilus influenzae are well-known complications of severe
seasonal and pandemic influenza [2]. More recently, invasive pulmonary aspergillosis
(IPA) has been described as a confounder in critically ill patients admitted to the intensive
care unit (ICU) with influenza pneumonia [3]. According to the cohort study report by
Zheng et al., 20 out of 90 patients with the severe acute respiratory syndrome (SARS)
had secondary lower respiratory tract infections in 2003, which accounted for 70.6% of
critical SARS patients who underwent an invasive operation. There was a large diversity of
pathogens causing secondary infections in SARS patients, with Gram-negative bacteria and
Candida spp. being the most common ones [4]. Some cases were complicated by invasive
fungal disease—aspergillosis [5]—especially in patients receiving corticosteroids [6].

In Wuhan, China, secondary infections have been identified in 14 to 38% of hospi-
talized patients with COVID-19, of whom, 50% did not survive [7]. In New York City,
bacteremia developed in 5.6% of all patients and 11.9% of patients requiring invasive
mechanical ventilation [8]. Importantly, researchers also identified a number of secondary
fungal co-infections in hospitalized COVID-19 patients [9–13]. A French study found
putative IPA in almost one-third of mechanically ventilated patients with COVID-19—a
similar prevalence to that observed in patients with influenza [14].

In this context, some authors have speculated that there might exist two non-mutually
exclusive explanations for the presence of superinfections in COVID-19 patients [15]. Firstly,
severe SARS-CoV-2 infection results in immune system dysregulation [16,17]. Cytokine
release syndrome, immune exhaustion, and/or lung damage may leave patients vulnerable
to bacterial and/or fungal superinfections [15]. Secondly, critically ill patients, especially
those in ICUs and/or receiving mechanical ventilation, are at markedly increased risk for
bacterial and fungal infections, independent of COVID-19 [15]. Among COVID-19 ICU
patients, mechanical ventilation was reported in 21%–88% of cases [8,18–22].

Given its very recent emergence, data regarding secondary fungal infections in COVID-
19 patients are scarce. Thus, it is crucial to understand the clinical and microbiological
characteristics of such infections, especially the causal species distribution, the source of in-
fection (nosocomial vs. community-acquired), as well as the antifungal drug susceptibility,
to implement appropriate infection prevention measures and/or treatment regimens. Here,
we performed a comprehensive analysis (species identification, antifungal susceptibility
testing with molecular resistance determinants analysis, and typing) of fungal isolates
recovered from COVID-19 patients, who were hospitalized at the Hackensack University
Medical Center (HUMC) in Hackensack, NJ, USA.

2. Materials and Methods
2.1. Fungal Isolates and Culture Conditions

We used a total of 21 clinical isolates of fungi (yeasts, n = 19; molds, n = 2), which were
recovered from specimens (blood, n = 11; sputum, n = 10) of 19 COVID-19 patients at the
Department of Pathology at Hackensack University Medical Center (HUMC) in Hacken-
sack, NJ, USA, in April and May 2020 (Table 1). Yeast and mold isolates were cultured on
yeast extract (1%) peptone (2%) dextrose (1%) agar (YPDA), and potato dextrose agar (PDA)
plates, respectively, at 37 ◦C prior to testing. Species identification of all yeast isolates
was performed by sequencing the rDNA region (Table 2) and further Nucleotide BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi; accessed on 9 June 2020) analysis. Confirma-
tion of Aspergillus fumigatus species identification was performed by PCR amplification
and sequencing of a portion of the β-tubulin gene (Table 2) followed by Nucleotide
BLAST analysis.

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Table 1. Results of identification, antifungal susceptibility testing, and antifungal drug target sequencing for fungal isolates
recovered from COVID-19 patients.

Isolate Specimen

Identification MIC [mg/L] *

FKS1 Erg11/Cyp51AOriginal
(at HUMC)

Species
Confirmation
(rDNA seq)

MCF FLC VRC ITR POS ISA

MB 004 Blood C. albicans C. albicans <0.03 <0.25 0.03 <0.03 <0.03 <0.03 WT E266D
MB 013 Blood C. albicans C. albicans <0.03 0.25 0.03 0.03 0.03 0.03 WT V437I

MB 026 Blood C. albicans C. albicans <0.03 0.25 0.03 <0.03 <0.03 <0.03 WT
E266D,

H283H/L,
K342K/R

MB 030 Blood C. albicans C. albicans <0.03 0.25 0.03 0.03 <0.03 <0.03 WT V437V/I
MB 044 Sputum yeast C. albicans <0.03 0.25 0.03 0.03 <0.03 <0.03 WT K128K/T
MB 047 Sputum yeast C. albicans <0.03 0.25 0.03 0.03 <0.03 <0.03 WT K128K/T
MB 056 Sputum yeast C. albicans <0.03 0.25 0.03 0.03 <0.03 <0.03 WT V437V/I

MB 059 Sputum yeast (not
Cryptococcus) C. albicans <0.03 0.25 0.03 0.03 <0.03 <0.03 WT K128K/T

MB 060 Sputum yeast C. albicans <0.03 0.25 0.03 0.03 <0.03 <0.03 WT K128K/T

MB 064 Sputum yeast (not
Cryptococcus) C. albicans <0.03 0.25 0.03 0.03 <0.03 <0.03 WT D116D/E,

E266E/D
MB 092 Blood C. albicans C. albicans <0.03 <0.25 0.03 0.03 <0.03 <0.03 WT V437V/I

MB 096 Blood C. albicans C. albicans <0.03 0.25 0.03 0.03 <0.03 <0.03 WT D116E,
K128K/T

MB 114 Blood C. albicans C. albicans <0.03 0.25 0.03 0.03 <0.03 <0.03 WT E266E/D,
V437V/I

MB 167 Blood C. albicans C. albicans <0.03 0.25 0.03 0.03 <0.03 <0.03 WT D116E, K128T
MB 168 Blood C. albicans C. albicans <0.03 0.25 0.03 0.03 <0.03 <0.03 WT V437V/I

MB 179 Sputum yeast (not
Cryptococcus) C. albicans <0.03 0.25 0.03 0.03 <0.03 <0.03 WT

D116D/E,
K128K/T,
V159V/I

MB 180 Sputum yeast (not
Cryptococcus) C. albicans <0.03 <0.25 0.06 <0.03 <0.03 <0.03 WT D116D/E,

K128K/T

MB 025 Blood C. parapsilosis C. parapsilosis 2 0.5 0.125 <0.03 <0.03 <0.03 WT ** F215S
MB 099 Blood C. parapsilosis C. parapsilosis 2 0.5 0.125 <0.03 <0.03 <0.03 WT ** F215S

MB 097 Sputum A. fumigatus A. fumigatus 0.06 >64 0.25 0.5 0.03 0.125 N/A WT
MB 098 Sputum A. fumigatus A. fumigatus 0.06 >64 0.25 0.5 0.03 0.125 N/A WT

* MEC in case of MCF and A. fumigatus clinical isolates. ** C. parapsilosis WT contains a naturally occurring polymorphism in the last amino
acid of the hot spot 1.

2.2. DNA Extraction

DNA from fungal isolates was prepared by a 10-min incubation of a single colony in
100 µL of extraction buffer (60 mM sodium bicarbonate [NaHCO3], 250 mM potassium
chloride [KCl], and 50 mM Tris, pH 9.5) at 95 ◦C and subsequent addition of 100 µL anti-
inhibition buffer (2% bovine serum albumin). After vortex mixing, this DNA-containing
solution was used for PCR [23].

2.3. Antifungal Susceptibility Testing

Antifungal susceptibility testing for yeast isolates was performed in accordance with
the guidelines described in CLSI documents M27 and M60 [24,25]. C. parapsilosis ATCC
22019 and C. krusei ATCC 6258 were used as quality control strains.

Antifungal susceptibility testing for mold isolates was performed in accordance with
the guidelines described in CLSI documents M38 and M61 [26,27]. A. terreus ATCC MYA-
3633 and A. flavus ATCC 204304 were used as quality control strains.

Micafungin (MCF), isavuconazole (ISA) (Astellas Pharma US, Inc., Northbrook, IL,
USA), fluconazole (FLC) (LKT Laboratories, Inc., St. Paul, MN, USA), itraconazole (ITR),
posaconazole (POS), and voriconazole (VRC) (MilliporeSigma, St. Louis, MO, USA) were
obtained as standard powders from their manufacturers, and stock solutions were prepared
by dissolving the compounds in 100% dimethyl sulfoxide (DMSO). Minimal inhibitory
concentration (MIC) end-points were defined as the lowest drug concentration that caused
a prominent decrease (≥50%) in visual growth in relation to the controls. Micafungin
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minimum effective concentration (MEC) values for molds were read as the lowest drug
concentration at which small, rounded, and compact hyphal forms (rosettes) were observed.

2.4. Sequencing of FKS1 and ERG11

FKS1 gene, encoding the echinocandin drug target, and ERG11 gene, encoding the
azole drug target, of all yeast isolates were amplified and sequenced (Table 2). The full
coding sequence of the cyp51A gene, including its promoter sequence, was amplified and se-
quenced (Table 2) using the PCR conditions described before [28]. DNA cyp51A sequences
were compared to the cyp51A sequence of the A. fumigatus reference strain CBS 144.89
(GenBank accession number AF338659) by using SeqMan Pro 17 (DNASTAR Lasergene).

2.5. Karyotyping of C. albicans Isolates

Intact yeast chromosomal DNA was prepared as described by Bai et al. [29]. For
karyotyping purposes, the chromosomal DNA bands were separated on 0.8% agarose gels
in 1X TAE buffer in a contour-clamped homogeneous electric field (CHEF) electrophoresis
system (Bio-Rad, Hercules, CA, USA). Electrophoresis was performed at 2 V/cm for 72 h
with initial and final switch times of 2 and 30 min, respectively. The temperature of the
running buffer was maintained at 14 ◦C. After electrophoresis, the gel was stained in
ethidium bromide solution (0.5 µg/mL) for 30 min and photographed under UV illumi-
nation. C. albicans SC5314 and ATCC90028 were used as reference strains, and Hansenula
wingei (YB-4662-VIA) chromosomal DNA (Bio-Rad, Hercules, CA, USA) was used as a
chromosome size marker.

2.6. Multilocus Sequence Typing (MLST) of C. albicans Isolates

MLST was performed following a protocol optimized by Bougnoux et al. which
comprises an analysis of a set of seven gene fragments: AAT1a, ACC1, ADP1, MPI, SYA1,
VPS13, and ZWF1b [30]. The allelic status (homozygote or heterozygote) of each nucleotide
was analyzed using SeqMan Pro 17 (DNASTAR Lasergene). Moreover, the DNA sequences
of the seven housekeeping genes got concatenated for each isolate and a dendrogram
was constructed based on Clustal Omega alignment using MegAlign Pro 17 (DNASTAR
Lasergene). A cutoff P distance of 0.04 was chosen to delimit clusters of closely related
strain types [31].

2.7. Typing of A. fumigatus Isolates

The A. fumigatus isolates included in this study were genotyped following the pre-
viously described TRESPERG genotyping assay, which involves sequence analysis of
4 genetic markers: MP-2 antigenic galactomannan protein (MP2; Afu2g05150), a hypo-
thetical protein with a CFEM domain (CFEM; Afu6g14090), cell surface protein A (CSP;
Afu3g08990), and putative C-24 sterol reductase (ERG4B; Afu1g07140) (Table 2) [32].

2.8. Clinical Data Review

All fungal isolates were de-identified (patient information removed) and given unique
HMH BioRepository numbers which enabled to link them to the clinical information.
Clinical data, including patient demographics, comorbidities, laboratory tests results,
treatment, and outcomes were retrieved from the HMH electronic health record system
and reviewed retrospectively. As suggested by Garcia-Vidal et al., infections were defined
as community-acquired co-infections if a diagnosis was made at the time of or within the
first 24 h of COVID-19 hospital admission. If a diagnosis occurred ≥48 h after admission
for COVID-19, these infections were defined as hospital-acquired superinfections [9].

The study received Hackensack University Medical Center Institutional Review Board
approval (Study ID: Pro2018-1022 approved on 19 February 2019).
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Table 2. Primers used in the study.

Gene Organism Primer Name Sequence Use Reference

rDNA Candida spp.
Fun-rDNAF GGTCATTTAGAGGAAGTAAAAGTCG PCR + seq S. Katiyar, personal

communicationFun-rDNAR YGATATGCTTAAGTTCAGCGGGTA PCR + seq

β-tubulin Aspergillus spp.
btub2F TTCACCTTCAGACCGGT PCR + seq

[33]
btub4R AGTTGTCGGGACGGAATAG PCR + seq

FKS1

C. albicans

F2426 CATTGCTGTGGCCACTTTAG PCR + seq

[34]

R2919 GATTTCCATTTCCGTGGTAGC PCR

F4590 TACTATGGTCATCCAGGTTTCC PCR + seq

R4954 GGTCAAATCAGTGAAAACCG PCR

C. parapsilosis

CparF CTCCAAGTCCTCATATGCAC PCR + seq

CparR AGATGTTTCTCCATGGTGTC PCR

F4500 AAGATTGGTGCTGGTATGGG PCR + seq
[35]

R5112 TAATGGTGCTTGCCAATGAG PCR

ERG11

C. albicans

Ca_ERG11_F ATG GCT ATT GTT GAA ACT GTC ATT G PCR

This study *

Ca_ERG11_R TTA AAA CAT ACA AGT TTC TCT TTT TTC CC PCR

Ca_ERG11_731-750_F GGA GAC GTG ATG CTG CTC AA seq

Ca_ERG11_918-938_R GCA GAA GTA TGT TGA CCA CCC seq

C. parapsilosis

Cpara_erg11_F1 TCCCTACCTTCGTTCATC PCR + seq

Cpara_erg11_R1 CGAGGTGAGTCAACAAAG PCR + seq

Cpara_erg11_F2 AGAGACGGGTGACATTG seq

Cpara_erg11_R2 TGGCACTAGTATGCTGTC seq

CYP51A
promoter A. fumigatus

A5 CTT TTT CGA CTG CCG CGC PCR + seq

[28]

A7 TCA TAT GTT GCT CAG CGG PCR + seq

CYP51A A. fumigatus

P450.1 ATG GTG CCG ATG CTA TGG PCR

P450.2 CTG TCT CAC TTG GAT GTG PCR

CypA1 CTT ACG GCC TAC ATG GCC seq

CypA2 TTC GAC CGC TTC TCC CAG seq

A3 TAG TCC ATT GAC GAC CCC seq

TRESPERG
genotyping A. fumigatus

CSP1F TTGGGTGGCATTGTGCCAA PCR + seq

[32]

CSP2R GAGCATGACAACCCAGATACCA PCR + seq

MP2A ATGCGGTTCTCTGCGTTA PCR

MP2B CAGCAACAGTGCAAATGC PCR

MP2_P1 CTCGAACTTGGCTACGAC seq

MP2_P2 AGGTAGTGGAGGTCACTG seq

CFEMA ATGAAGGCCTCTGTGTC PCR + seq

CFEMB AGGATAATCAAGGCAGCG PCR + seq

ERG4B_P1 ATGACTGTCACACGCTCC PCR + seq

ERG4B_P2 TAGACGGCACCAATCCAC PCR + seq

* Primers were designed on the basis of reference ERG11 sequences: C. albicans—C5_00660C_A; C. parapsilosis—CPAR2_303740.

3. Results
3.1. Species Distribution of Fungal Isolates Recovered from COVID-19 Patients

Twenty-one fungal isolates were cultured from specimens of COVID-19 patients
and archived at The Department of Pathology (HUMC) in April and May 2020. Among
19 yeast isolates, 11 isolates recovered from blood were identified to the species level (9/11
C. albicans; 2/11 C. parapsilosis). Their species were also confirmed by sequencing of rDNA
fragments. The remaining 8 isolates, recovered from sputum, were not identified to the
species level at the Department of Pathology (HUMC) and labeled as “yeast” or “yeast, not
Cryptococcus”. These isolates were further identified as C. albicans by sequencing of rDNA
fragments (Table 1). The two mold isolates recovered from sputum were species-identified
as A. fumigatus.
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3.2. Antifungal Susceptibility Testing and Molecular Resistance Determinants Analysis

AFST with echinocandin and azole drugs was performed for all clinical isolates. The
MIC results for each isolate are shown in Table 1. All 17 C. albicans isolates presented low
MIC values (MIC90: MCF < 0.03 mg/L; FLC 0.25 mg/L; VRC 0.03 mg/L; ITR 0.03 mg/L;
POS < 0.03 mg/L; ISA < 0.03 mg/L). Moreover, sequencing of the gene encoding the
echinocandin drug target, FKS1, indicated a wild-type genotype of all isolates. Sequencing
of the gene encoding the azole drug target, ERG11, revealed the presence of several
hetero- and homozygous mutations (Table 1). The two C. parapsilosis isolates had an
MCF MIC value of 2 mg/L and WT FKS1 genotype, low azole MIC values (same values
for both isolates; FLC 0.5 mg/L; VRC 0.125 mg/L; ITR < 0.03 mg/L; POS < 0.03 mg/L;
ISA < 0.03 mg/L) and the F215S amino acid change was found in the Erg11. The two
A. fumigatus isolates were susceptible to MCF (MEC = 0.06 mg/L). These isolates showed
high fluconazole MIC value (>64 mg/L), and low MIC values for VRC (0.25 mg/L), ITR
(0.5 mg/L), POS (0.03 mg/L), and ISA (0.125 mg/L). Both A. fumigatus isolates presented a
WT cyp51A genotype, including its promoter.

3.3. Relatedness of the Clinical Isolates

Multilocus sequence typing (MLST), which defines strains as sequence types (STs)
based on comparing the sequences at seven house-keeping loci and is the method of
choice for molecular typing of many microorganisms, was used for the analysis of the
population structure of 17 clinical isolates of C. albicans. We determined the presence
of 15 different STs. Only two pairs of isolates—MB047 and M096, MB044 and MB059—
showed the same STs (Table 3). The relatedness of the C. albicans isolates is shown in the
dendrogram (Figure 1). All 17 isolates clustered below the clade-defining limit of p-distance
< 0.04. Pulsed-field gel electrophoresis (PFGE)-based karyotyping, which separates whole
chromosomes, revealed that C. albicans genome organization did not vary significantly
among the different isolates recovered from the COVID-19 patients as compared to the
reference strain SC5314 (Figure 2). TRESPERG typing performed for the A. fumigatus
isolates showed different genotypes for the four genetic markers tested—isolate MB097
(t04A, m1.1, c13, e07), isolate MB098 (t04A, m3.5, c13, e07).

Table 3. Results of multilocus sequence typing (MLST) of Candida albicans isolates.

Isolate Specimen AAT1a ACC1 ADP1 MPI SYA1 VPS13 ZWF1b ST

MB004 Blood 43 14 8 4 7 10 8 927
MB013 Blood 117 7 21 34 * 238 24 6 New ST, A
MB026 Blood 25 7 6 3 6 27 37 90
MB030 Blood 20 3 6 2 51 132 5 New ST, B
MB044 Sputum 2 5 5 2 2 6 20 485
MB047 Sputum 8 5 * 6 2 2 6 5 New ST, C
MB056 Sputum 33 14 38 2 * 136 122 15 New ST, D
MB059 Sputum 2 5 5 2 2 6 20 485
MB060 Sputum 8 3 6 2 2 6 49 New ST, E
MB064 Sputum 13 7 15 6 7 55 15 1830
MB092 Blood 33 7 6 2 78 122 15 New ST, F
MB096 Blood 8 5 * 6 2 2 6 5 New ST, C
MB114 Blood 13 10 15 6 7 15 15 New ST, G
MB167 Blood 2 2 5 2 2 68 5 New ST, H
MB168 Blood 33 3 38 2 78 122 22 New ST, I
MB179 Sputum 8 2 5 9 2 6 5 285
MB180 Sputum 2 3 5 2 2 6 5 66

ST, sequence type. * Closest match.
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3.4. Clinical Data Review

The results of the clinical data review are presented in Table 4 (Summary of patient
characteristics) and Table S1 (Clinical data for each patient). The two pairs of C. albicans
isolates with the same STs (MB044 and MB059; MB047 and MB096) were recovered from
the same patient. The median age of the patients was 60 years, and most of them (68.4%)
were of the male sex. The most common comorbidities were hypertension (63.2%) and dia-
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betes (36.8%). All patients (no information for one patient) were ventilated with a median
duration of ventilation of 24 days. All patients received antibiotics, 63.2% received antifun-
gals, 94.7% received corticosteroids, and 73.7% received hydroxychloroquine. Antifungal
treatment was administered to 6/8 patients with fungal-positive blood culture (MB004;
MB030, MB092; MB114; MB167; MB168), 3/3 patients with fungal-positive blood and
sputum culture (MB026; MB047 & MB096; MB099), and 3/8 patients with fungal-positive
sputum culture (MB056; MB064; MB097). The median day from hospital admission to
fungal culture was 14 and 12 for blood and sputum, respectively. The 30-day mortality
in this population was 89.5%. The only two of 19 patients that survived had C. albicans
recovered from sputum and did not receive any antifungal drugs. According to the Garcia-
Vidal criteria [9], only one patient’s infection (MB098—A. fumigatus) would have been
categorized as community-acquired.

Table 4. The main characteristics of patients whose fungal isolates were recovered from data and are
shown as median (IQR) [range] or n (%).

Characteristic Values

Age 60 (55–69) (49–84)
BMI 29.3 (24.96–37.34) (22.91–58.5)
≥30 8 (42.1%)
Sex

Male 13 (68.4%)
Female 6 (31.6%)

Comorbidities
Diabetes 7 (36.8%)
Asthma 3 (15.8%)
COPD 1 (5.3%)

Hypertension 12 (63.2%)
Cancer 0

Hypercholesterolemia 5 (26.3%)
Hyperlipidemia 2 (10.5%)

Arthritis 4 (21.1%)
Treatment
Antibiotics 19 (100%)
Antifungals 12 (63.2%)

Corticosteroids 18 (94.7%)
Hydroxychloroquine 14 (73.7%)

Remdesivir 3 (15.8%)
Lopinavir-ritonavir 1 (5.3%)

Sarilumab 1 (5.3%)
Fungal culture

Day of the first blood culture 14 (11–19) (8–28)
Day of the first sputum culture 12 (6–18) (1–40)

Fungal culture only 6 (31.6%)
Fungal and bacterial culture 13 (68.4%)

Hospitalization
Days of hospital stay 29 (15–33) (9–81)

ICU admission 6 (31.6%)
Days in ICU 24 (8.25–41.25) (0–54)
Ventilation 18 (94.7%) *

Days on ventilator 24 (11–31.25) (7–81)
Death 17 (89.5%)

Respiratory failure 14/17 (82.3%)
Cardiac failure 2/17 (11.8%)

No data 1/17 (5.9%)
* no data available for one patient.
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4. Discussion

A scatter of preliminary studies indicates that secondary bacterial and fungal infections
are present in up to 58% of hospitalized patients with severe COVID-19 [7,9,36]. COVID-19-
associated pulmonary aspergillosis (CAPA) and COVID-19-associated candidiasis (CAC)
were recorded in many countries with reported incidence from 4–35% and 0.7–12.6%,
respectively [9,37–40]. However, in most healthcare settings a somewhat unique diagnostic
challenge arose in assessing and managing secondary infections in this population relative
to other respiratory viral illnesses. In order to minimize aerosol-generating procedures
and healthcare workers’ exposure, most healthcare facilities avoided invasive diagnostic
procedures such as bronchoscopy, bronchoalveolar lavage or bronchial wash, and radiologic
imaging such as computed tomography (CT) [41]. With such limited diagnostic options,
prohibited autopsies, and a lack of definitions for COVID-19-associated secondary diseases
in the early days of the pandemic, the true prevalence of secondary fungal infections in the
COVID-19 patient population remains unclear.

Here, we based our study on available microbiological material—21 fungal isolates
that were recovered from cultures of sputum and blood of 19 severely ill COVID-19 patients
at the Department of Pathology at Hackensack University Medical Center (HUMC) in
Hackensack, New Jersey, USA. Eleven yeast isolates recovered from blood were identified
to the species level as C. albicans (9 isolates) and C. parapsilosis (2 isolates). Among 10 fungal
isolates recovered from sputum, mold isolates were identified as A. fumigatus. The remain-
ing 8 yeast isolates were only labeled as “yeast”, or “yeast, not Cryptococcus”. It is common
that laboratories in the United States do not perform species identification of yeast isolates,
especially the non-invasive ones [42]. Ultimately, all these isolates were identified as C.
albicans by molecular methods. It is noteworthy that C. auris was not identified in any of
our patients, despite its outbreak status in the State.

Candida spp. are isolated from respiratory tract specimens relatively often, especially
those obtained from patients on mechanical ventilation. However, the differentiation
between colonization and infection is very complicated given no specific diagnostic criteria
for ventilator-associated pneumonia exist [43]. It is recommended that Candida pneumonia
is diagnosed by histopathology [43], which due to the primary disease (COVID-19), was
not performed in any of the patients included in the study.

It has been recently speculated that microbiology and antifungal drug resistance
patterns will likely be consistent with institutional ecology [15]. Several studies assessed
the susceptibility of fungal isolates recovered from COVID-19 patients. Not surprisingly,
all C. auris isolates were found to be resistant to at least one drug [40,44], whereas no
antifungal drug resistance was observed in the majority of isolates from other Candida
species (C. albicans, C. glabrata, C. tropicalis) [40,45,46] and Saccharomyces cerevisiae [47].
Single cases of fatal infections caused by drug-resistant C. glabrata and A. fumigatus were
reported in Italy [13] and in the Netherlands [48], respectively.

Hospitals throughout the US have long been struggling to control the use of antibiotics
and the many unknowns of COVID-19 have created additional challenges for antimicrobial
stewardship programs [49]. Guidelines recommend empirical antibiotics for all patients
who are severely ill with suspected COVID-19, and that cessation of therapy is left to
the clinicians’ discretion [50]. Not surprisingly, reports to date indicate that antibiotic
use is very high (75–100%) among severely ill COVID-19 patients [51–54]. Moreover,
one study from China reported that 7.5% of patients with severe COVID-19 were treated
with antifungals [52], while in one hospital in Valencia (Spain), antifungal consumption
increased by 15% and 75% in the entire hospital and ICU, respectively [44].

All tested yeast isolates (C. albicans and C. parapsilosis) presented low echinocandin
(MCF) MIC values (categorized as susceptible according to the CLSI breakpoints) and
a WT FKS1 genotype. They also had low azole MIC values (categorized as susceptible
according to the CLSI breakpoints for FLC and VRC). Among 10 different ERG11 geno-
types found in C. albicans, none of the resulting Erg11 amino acid changes is associated
with azole resistance [55–58]. The amino acid change F215S in Erg11 of C. parapsilosis
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has not been described before but given the low azole MIC values of these isolates, most
likely it has no impact on azole susceptibility. The two A. fumigatus isolates had MCF
MEC of 0.06 mg/L. Given that neither CLSI nor the European Committee on Antimi-
crobial Susceptibility Testing (EUCAST) provides any recommendation of interpretation
for A. fumigatus susceptibility testing results with echinocandins (no breakpoints due to
the lack of correlation between MEC and outcomes), the available epidemiological cutoff
value (ECV ≤ 0.06 mg/L) [59,60] was applied and isolates were categorized as susceptible.
A. fumigatus isolates had a high fluconazole MIC value (>64 mg/L) since this species is
intrinsically resistant to this compound [61], and low MIC values for VRC (0.25 mg/L), ITR
(0.5 mg/L), POS (0.03 mg/L), and ISA (0.125 mg/L). All A. fumigatus isolates presented a
WT CYP51A genotype and promoter which agrees with the susceptibility results obtained.

In summary, all 21 fungal isolates were fully susceptible to echinocandin and azole
drugs. However, we were not able to assess whether any of the isolates developed antifun-
gal drug resistance during the antifungal treatment (63.2% of patients received antifungals)
since no sequential isolates were collected. Moreover, it is unknown if such a susceptibility
pattern is characteristic for this health center since no susceptibility data were available for
isolates collected in years preceding the pandemic.

Molecular typing can help understand multiple aspects of infectious disease, includ-
ing pathogen dynamics in a given population, the source/origin of infection, and the
relatedness of isolates of the same species [62]. Here, we applied a highly discriminatory
and standardized MLST approach for analysis of the population structure of C. albicans
isolates. We discovered the presence of 15 sequence types (STs), of which 9 were not
identified before. Only 3 STs—66, 90, and 485 were previously detected in the US (ac-
cording to the PubMLST.org database). Identical STs were only obtained when isolates
were recovered from different specimens of the same patient. Subsequent concatenation of
generated MLST sequences revealed that all 17 C. albicans isolates belonged to one cluster
(clustered below the clade-defining limit of p-distance < 0.04). Further studies are needed
to determine the prevalence of detected STs among C. albicans strains infecting HUMC
patients and in the general New Jersey population. The karyotypes (the number and
size of chromosomes) of the 17 C. albicans isolates recovered from the COVID-19 patients
revealed no chromosomal rearrangements (copy number variation, loss of heterozygosity,
translocations, chromosome truncations) that may occur in response to stresses such as
heat shock, host-pathogen interactions including host immunologic responses, and the
presence of antifungal drugs [63–65]. Since no sequential isolates were collected from the
patients, it was not possible to determine if the antifungal therapy provoked changes in
the genetic diversity. Collectively, performed typing (MLST and karyotyping) revealed
that C. albicans isolates recovered from COVID-19 patients were closely related but no
clonal spread occurred at HUMC. Analysis of TRESPERG typing results revealed that both
A. fumigatus isolates were different and non-related based on the genotyping methodology
used which was expected as they were isolated from different patients. Since A. fumigatus
TRESPERG typing is relatively new and has not been broadly implemented in the clini-
cal setting, the determined TRESPERG profiles have never been described before [32,66].
Performed analysis of Candida and Aspergillus isolates recovered from COVID-19 patients
provides new and useful information in the clinical context since it confirms that there was
no outbreak of infection or colonization observed in the studied patient population.

Hospitalized patients, critically ill with COVID-19 are at high risk for the development
of secondary infections due to the systemic nature, mechanical ventilation, and prolonged
hospital and ICU stays associated with severe primary disease. We speculate that these
factors played a role in our patient population since the median duration of hospital stay
was 29 days (range: 9–81 days) and all patients (no information for one patient) were
ventilated with a median duration of ventilation of 24 days (range: 7–81 days). Moreover,
COVID-19 patients experience major lung damage (due to viral replication) and immune
dysregulation, which is modulated by the use of corticosteroids, anti–IL-6 monoclonal anti-
bodies (tocilizumab, sarilumab), or other immunomodulatory agents [15]. Here, 94.7% of
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the patients received corticosteroids. Additionally, one patient received sarilumab. A com-
bination of virus- and drug-induced immunosuppression likely increased the susceptibility
to secondary infections. The 30-day mortality in this population was 89.5%, which is higher
than the overall reported mortality of 68.5% (217/317) from ventilated patients at HUMC
in the comparable time period [67]. The elevated mortality rate in COVID-19 patients with
fungal superinfections, irrespective of the drug resistance profile of the infecting organism,
is in agreement with other reports on COVID-19-associated candidemia [11,12,68].

We recognize several limitations of our study, in which we analyzed only a small
number of fungal isolates (n = 21) due to the research restrictions implemented at HUMC
in the initial phase of the COVID-19 pandemic (April–May 2020). Given the diagnostic
restrictions, we cannot exclude that one of the recovered Aspergillus isolates (MB098) repre-
sented environmental contamination rather than a causative agent of infection. Similarly,
despite the assumption that all the sputum samples represent lower respiratory tract flora
rather than flora in the mouth (all patients were ventilated, and sputum samples were col-
lected through suction) but lacking histopathology data, we do not have a definite clinical
implication for C. albicans presence in the sputum samples. However, the presence of fungi
in blood or respiratory tract fluid was an indicator of the patient’s severe condition and a
prognosticator for poor clinical outcome, which presented as an 89.5% 30-day mortality in
our patient cohort. Such observation is consistent with the results of a study performed in
Brazil, where mechanically-ventilated patients with positive cultures were 3.8 times more
likely to die than those without superinfections [69]. Lastly, we were not able to assess
whether any of the isolates developed antifungal drug resistance during the antifungal
treatment and whether the susceptibility pattern is characteristic for this health center.
Given the existing data on the high mortality of COVID-19-associated secondary infections,
preparing for the prevention, diagnosis, and treatment of these infections is an important
adjunct to addressing COVID-19 and related respiratory viral diseases such as influenza.
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