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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
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lymphocytes, following SARS-CoV-2 infection [10]. Diabetes is the most common comorbidity in
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 (× 109/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 (CT 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 × 109/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).
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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 × 109/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 × 109/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 carbapenems).

On day 35, the patient again became febrile (38.2 ◦C) but CRP decreased (177.2 mg/L) and leukocytes
remained unchanged (9.3× 109/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 µg/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 × 109/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).J. Fungi 2019, 5, x FOR PEER REVIEW 6 of 11 
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similarity and 1000 means complete dissimilarity. An arbitrary distance level of 500 was chosen to
assess clustering among isolates.
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Table 1. Antifungal susceptibility testing and FKS2 gene sequencing results of two sequential candidemia isolates.

Species Isolate

MIC (mg/L)
for Polyene
Antifungal

Class

MIC (mg/L) for Echinocandin
Antifungal Class MIC (mg/L) for Azole Antifungal Class FKS2 Gene Hot Spots 1 and 2

AMB AFG CAS MFG FLZ ITC POS VRC Nucleotide
Change Amino acid Change

C. glabrata Isolate 1 0.5 0.03 0.06 0.03 8 0.5 1 0.25 Wild type Wild type
C. glabrata Isolate 2 0.5 2 8 8 8 0.5 1 0.25 T1976A F659Y

A3997T I1333F
C4002T A1334A (wild type)

Abbreviations: MIC, minimum inhibitory concentration; AMB, amphotericin B; AFG, anidulafungin; CAS, caspofungin; MFG, micafungin; FLZ, fluconazole; ITC, itraconazole; POS,
posaconazole; VRC, voriconazole. Antifungal-resistant breakpoint values established by the CLSI for C. glabrata are ≥0.5 mg/L for anidulafungin and caspofungin, ≥0.25 mg/L for
micafungin, and ≥64 mg/L for fluconazole. Because no resistance breakpoints were available for other listed antifungal agents, we used epidemiological cutoff values (ECVs) established by
the CLSI for C. glabrata, according to which the non-wild-type MIC values (>ECVs) of amphotericin B, itraconazole, posaconazole and voriconazole are >2 mg/L, >4 mg/L, >1 mg/L and
>0.25 mg/L, respectively.
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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 an in 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 FKS1 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 S663 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.

Author Contributions: Conceptualization, B.P., R.T., A.V., and M.F.; formal analysis, M.S.; investigation, R.T.,
A.V., and P.M.L.; resources, M.S.; data curation, G.D.A., E.D.C., and G.V.; writing—original draft preparation, B.P.
and M.F.; writing—review and editing, R.T., A.V., G.D.A., and E.D.C.; supervision, M.S. and M.F. All authors have
read and agreed to the published version of the manuscript.

Funding: This study received no external funding.

Acknowledgments: We wish to thank Franziska Lohmeyer for her English language assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A novel
coronavirus from patients with pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [CrossRef]

2. World Health Organization. Coronavirus Disease (COVID-19). Situation Report—183. 21 July 2020.
Available online: https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
(accessed on 26 July 2020).

3. Ren, D.; Ren, C.; Yao, R.Q.; Feng, Y.W.; Yao, Y.M. Clinical features and development of sepsis in patients
infected with SARS-CoV-2: A retrospective analysis of 150 cases outside Wuhan, China. Intensiv. Care Med.
2020, 46, 1630–1633. [CrossRef] [PubMed]

4. Rawson, T.M.; Moore, L.S.P.; Zhu, N.; Ranganathan, N.; Skolimowska, K.; Gilchrist, M.; Satta, G.; Cooke, G.;
Holmes, A. Bacterial and Fungal Coinfection in Individuals with Coronavirus: A Rapid Review to Support
COVID-19 Antimicrobial Prescribing. Clin. Infect. Dis. 2020. [CrossRef] [PubMed]

5. Clancy, C.J.; Nguyen, M.H. COVID-19, superinfections and antimicrobial development: What can we expect?
Clin. Infect. Dis. 2020. [CrossRef]

6. Zhou, F.; Yu, T.; Du, R.; Fan, G.; Liu, Y.; Liu, Z.; Xiang, J.; Wang, Y.; Song, B.; Gu, X.; et al. Clinical course and
risk factors for mortality of adult inpatients with COVID-19 in Wuhan, China: A retrospective cohort study.
Lancet 2020, 395, 1054–1062. [CrossRef]

7. Ruan, Q.; Yang, K.; Wang, W.; Jiang, L.; Song, J. Clinical predictors of mortality due to COVID-19 based on
an analysis of data of 150 patients from Wuhan, China. Intensiv. Care Med. 2020, 46, 846–848. [CrossRef]
[PubMed]

8. Li, H.; Liu, L.; Zhang, D.; Xu, J.; Dai, H.; Tang, N.; Su, X.; Cao, B. SARS-CoV-2 and viral sepsis: Observations and
hypotheses. Lancet 2020, 395, 1517–1520. [CrossRef]

9. Kox, M.; Frenzel, T.; Schouten, J.; van de Veerdonk, F.L.; Koenen, H.J.P.M.; Pickkers, P.; on behalf of the
RCI-COVID-19 study group. COVID-19 patients exhibit less pronounced immune suppression compared
with bacterial septic shock patients. Crit. Care 2020, 24, 263. [CrossRef]

http://dx.doi.org/10.1056/NEJMoa2001017
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
http://dx.doi.org/10.1007/s00134-020-06084-5
http://www.ncbi.nlm.nih.gov/pubmed/32415313
http://dx.doi.org/10.1093/cid/ciaa530
http://www.ncbi.nlm.nih.gov/pubmed/32358954
http://dx.doi.org/10.1093/cid/ciaa524
http://dx.doi.org/10.1016/S0140-6736(20)30566-3
http://dx.doi.org/10.1007/s00134-020-05991-x
http://www.ncbi.nlm.nih.gov/pubmed/32125452
http://dx.doi.org/10.1016/S0140-6736(20)30920-X
http://dx.doi.org/10.1186/s13054-020-02896-5


J. Fungi 2020, 6, 163 9 of 11

10. Rodriguez-Morales, A.J.; Cardona-Ospina, J.A.; Gutiérrez-Ocampo, E.; Villamizar-Peña, R.;
Holguin-Rivera, Y.; Escalera-Antezana, J.P.; Alvarado-Arnez, L.E.; Bonilla-Aldana, D.K.; Franco-Paredes, C.;
Henao-Martinez, A.F.; et al. Clinical, laboratory and imaging features of COVID-19: A systematic review
and meta-analysis. Travel Med. Infect. Dis. 2020, 34, 101623. [CrossRef]

11. Erener, S. Diabetes, infection risk and COVID-19. Mol. Metab. 2020, 39, 101044. [CrossRef]
12. Rao Kondapally Seshasai, S.; Kaptoge, S.; Thompson, A.; Di Angelantonio, E.; Gao, P.; Sarwar, N.;

Whincup, P.H.; Mukamal, K.J.; Gillum, R.F.; Holme, I.; et al. Diabetes mellitus, fasting glucose, and risk of
cause-specific death. N. Engl. J. Med. 2011, 364, 829–841. [PubMed]

13. Thaiss, C.A.; Levy, M.; Grosheva, I.; Zheng, D.; Soffer, E.; Blacher, E.; Braverman, S.; Tengeler, A.C.; Barak, O.;
Elazar, M.; et al. Hyperglycemia drives intestinal barrier dysfunction and risk for enteric infection. Science
2018, 359, 1376–1383. [CrossRef] [PubMed]

14. Arastehfar, A.; Carvalho, A.; van de Veerdonk, F.L.; Jenks, J.D.; Koehler, P.; Krause, R.; Cornely, O.A.;
Perlin, D.S.; Lass-Flörl, C.; Hoenigl, M. COVID-19 associated pulmonary aspergillosis (CAPA)—From
immunology to treatment. J. Fungi 2020, 6, 91. [CrossRef] [PubMed]

15. Arastehfar, A.; Lass-Flörl, C.; Garcia-Rubio, R.; Daneshnia, F.; Ilkit, M.; Boekhout, T.; Gabaldon, T.; Perlin, D.S.
The quiet and underappreciated rise of drug-resistant invasive fungal pathogens. J. Fungi 2020, 6, E138.
[CrossRef]

16. Pfaller, M.A.; Diekema, D.J.; Turnidge, J.D.; Castanheira, M.; Jones, R.N. Twenty years of the SENTRY
antifungal surveillance program: Results for Candida species from 1997–2016. Open Forum Infect. Dis. 2019, 6,
S79–S94. [CrossRef]

17. Arastehfar, A.; Yazdanpanah, S.; Bakhtiari, M.; Fang, W.; Pan, W.; Mahmoudi, S.; Pakshir, K.; Daneshnia, F.;
Boekhout, T.; Ilkit, M.; et al. Epidemiology of candidemia in Shiraz, southern Iran: A prospective multicenter
study (2016–2018). Med. Mycol. 2020, myaa059. [CrossRef]

18. Corman, V.M.; Landt, O.; Kaiser, M.; Molenkamp, R.; Meijer, A.; Chu, D.K.; Bleicker, T.; Brünink, S.;
Schneider, J.; Schmidt, M.L.; et al. Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR.
Euro Surveill. 2020, 25, 2000045. [CrossRef]

19. World Health Organization. Laboratory Testing for Coronavirus Disease (COVID-19) in Suspected Human
Cases: Interim Guidance. 2020. Available online: https://apps.who.int/iris/bitstream/handle/10665/331501/

WHO-COVID-19-laboratory-2020.5-eng.pdf?sequence=1&isAllowed=y (accessed on 26 July 2020).
20. De Carolis, E.; Vella, A.; Vaccaro, L.; Torelli, R.; Posteraro, P.; Ricciardi, W.; Sanguinetti, M.; Posteraro, B.

Development and validation of an in-house database for matrix-assisted laser desorption ionization-time of
flight mass spectrometry-based yeast identification using a fast protein extraction procedure. J. Clin. Microbiol.
2014, 52, 1453–1458. [CrossRef]

21. Clinical and Laboratory Standards Institute. Reference Method for Broth Dilution Antifungal Susceptibility
Testing of Yeasts; Approved Standard CLSI Document M27-A3; Clinical and Laboratory Standards Institute:
Wayne, PA, USA, 2008.

22. Clinical and Laboratory Standards Institute. Performance Standards for Antifungal susceptibility Testing of Yeasts;
Approved standard M60; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2017.

23. Clinical and Laboratory Standards Institute. Epidemiological Cutoff Values for Antifungal Susceptibility Testing;
CLSI supplement M59; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2018.

24. Castanheira, M.; Woosley, L.N.; Diekema, D.J.; Messer, S.A.; Jones, R.N.; Pfaller, M.A. Low prevalence of fks1
hot spot 1 mutations in a worldwide collection of Candida strains. Antimicrob. Agents Chemother. 2010, 54,
2655–2659. [CrossRef]

25. Alexander, B.D.; Johnson, M.D.; Pfeiffer, C.D.; Jiménez-Ortigosa, C.; Catania, J.; Booker, R.; Castanheira, M.;
Messer, S.A.; Perlin, D.S.; Pfaller, M.A. Increasing echinocandin resistance in Candida glabrata: Clinical failure
correlates with presence of FKS mutations and elevated minimum inhibitory concentrations. Clin. Infect. Dis.
2013, 56, 1724–1732. [CrossRef]

26. Wright, W.F.; Bejou, N.; Shields, R.K.; Marr, K.; McCarty, T.P.; Pappas, P.G. Amphotericin B induction
with voriconazole consolidation as salvage therapy for FKS-associated echinocandin resistance in Candida
glabrata septic arthritis and osteomyelitis. Antimicrob. Agents Chemother. 2019, 63, e00512–e00519. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.tmaid.2020.101623
http://dx.doi.org/10.1016/j.molmet.2020.101044
http://www.ncbi.nlm.nih.gov/pubmed/21366474
http://dx.doi.org/10.1126/science.aar3318
http://www.ncbi.nlm.nih.gov/pubmed/29519916
http://dx.doi.org/10.3390/jof6020091
http://www.ncbi.nlm.nih.gov/pubmed/32599813
http://dx.doi.org/10.3390/jof6030138
http://dx.doi.org/10.1093/ofid/ofy358
http://dx.doi.org/10.1093/mmy/myaa059
http://dx.doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://apps.who.int/iris/bitstream/handle/10665/331501/WHO-COVID-19-laboratory-2020.5-eng.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/331501/WHO-COVID-19-laboratory-2020.5-eng.pdf?sequence=1&isAllowed=y
http://dx.doi.org/10.1128/JCM.03355-13
http://dx.doi.org/10.1128/AAC.01711-09
http://dx.doi.org/10.1093/cid/cit136
http://dx.doi.org/10.1128/AAC.00512-19
http://www.ncbi.nlm.nih.gov/pubmed/31345844


J. Fungi 2020, 6, 163 10 of 11

27. Yang, J.; Zheng, Y.; Gou, X.; Pu, K.; Chen, Z.; Guo, Q.; Ji, R.; Wang, H.; Wang, Y.; Zhou, Y. Prevalence of
comorbidities and its effects in patients infected with SARS-CoV-2: A systematic review and meta-analysis.
Int. J. Infect. Dis. 2020, 94, 91–95. [CrossRef] [PubMed]

28. Zhu, L.; She, Z.G.; Cheng, X.; Qin, J.J.; Zhang, X.J.; Cai, J.; Lei, F.; Wang, H.; Xie, J.; Wang, W.; et al.
Association of blood glucose control and outcomes in patients with covid-19 and pre-existing type 2 diabetes.
Cell Metab. 2020, 31, 1068–1077. [CrossRef] [PubMed]

29. Gangneux, J.P.; Bougnoux, M.E.; Dannaoui, E.; Cornet, M.; Zahar, J.R. Invasive fungal diseases during
COVID-19: We should be prepared. J. Mycol. Med. 2020, 30, 100971. [CrossRef]

30. Tay, M.Z.; Poh, C.M.; Rénia, L.; MacAry, P.A.; Ng, L.F.P. The trinity of COVID-19: Immunity, inflammation and
intervention. Nat. Rev. Immunol. 2020, 20, 363–374. [CrossRef]

31. Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F.; Han, Y.; Qiu, Y.; Wang, J.; Liu, Y.; Wei, Y.; et al.
Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan,
China: A descriptive study. Lancet 2020, 395, 507–513. [CrossRef]

32. Iacob, S.; Iacob, D.G. Infectious threats, the intestinal barrier, and its Trojan horse: Dysbiosis. Front. Microbiol.
2019, 10, 1676. [CrossRef]

33. Zhai, B.; Ola, M.; Rolling, T.; Tosini, N.L.; Joshowitz, S.; Littmann, E.R.; Amoretti, L.A.; Fontana, E.; Wright, R.J.;
Miranda, E.; et al. High-resolution mycobiota analysis reveals dynamic intestinal translocation preceding
invasive candidiasis. Nat. Med. 2020, 26, 59–64. [CrossRef]

34. Rodrigues, C.F.; Silva, S.; Henriques, M. Candida glabrata: A review of its features and resistance. Eur. J. Clin.
Microbiol. Infect. Dis. 2014, 33, 673–688. [CrossRef]

35. McCarty, T.P.; Lockhart, S.R.; Moser, S.A.; Whiddon, J.; Zurko, J.; Pham, C.D.; Pappas, P.G.
Echinocandin resistance among Candida isolates at an academic medical centre 2005-15: Analysis of
trends and outcomes. J. Antimicrob. Chemother. 2018, 73, 1677–1680. [CrossRef]

36. Perlin, D.S.; Rautemaa-Richardson, R.; Alastruey-Izquierdo, A. The global problem of antifungal resistance:
Prevalence, mechanisms, and management. Lancet Infect. Dis. 2017, 17, e383–e392. [CrossRef]

37. Pappas, P.G.; Kauffman, C.A.; Andes, D.R.; Clancy, C.J.; Marr, K.A.; Ostrosky-Zeichner, L.; Reboli, A.C.;
Schuster, M.G.; Vazquez, J.A.; Walsh, T.J.; et al. Clinical practice guideline for the management of candidiasis:
2016 update by the Infectious Diseases Society of America. Clin. Infect. Dis. 2016, 62, e1–e50. [CrossRef]
[PubMed]

38. Ostrosky-Zeichner, L.; Al-Obaidi, M. Invasive fungal infections in the intensive care unit. Infect. Dis. Clin.
N. Am. 2017, 31, 475–487. [CrossRef]

39. Agnelli, C.; Guinea, J.; Valerio, M.; Escribano, P.; Bouza, E.; Muñoz, P. Infectious endocarditis caused by
Candida glabrata: Evidence of in vivo development of echinocandin resistance. Rev. Esp. Quimioter. 2019, 32,
395–397. [PubMed]

40. Lewis, J.S., II; Wiederhold, N.P.; Wickes, B.L.; Patterson, T.F.; Jorgensen, J.H. Rapid emergence of echinocandin
resistance in Candida glabrata resulting in clinical and microbiologic failure. Antimicrob. Agents Chemother.
2013, 57, 4559–4561. [CrossRef]

41. Shields, R.K.; Nguyen, M.H.; Press, E.G.; Updike, C.L.; Clancy, C.J. Caspofungin MICs correlate with
treatment outcomes among patients with Candida glabrata invasive candidiasis and prior echinocandin
exposure. Antimicrob. Agents Chemother. 2013, 57, 3528–3535. [CrossRef] [PubMed]

42. Shields, R.K.; Nguyen, M.H.; Press, E.G.; Clancy, C.J. Abdominal candidiasis is a hidden reservoir of
echinocandin resistance. Antimicrob. Agents Chemother. 2014, 58, 7601–7605. [CrossRef]

43. Healey, K.R.; Nagasaki, Y.; Zimmerman, M.; Kordalewska, M.; Park, S.; Zhao, Y.; Perlin, D.S.
The gastrointestinal tract is a major source of echinocandin drug resistance in a murine model of Candida
glabrata colonization and systemic dissemination. Antimicrob. Agents Chemother. 2017, 61, e01412–e01417.
[CrossRef]

44. Bordallo-Cardona, M.Á.; Escribano, P.; de la Pedrosa, E.G.; Marcos-Zambrano, L.J.; Cantón, R.; Bouza, E.;
Guinea, J. In vitro exposure to increasing micafungin concentrations easily promotes echinocandin resistance
in Candida glabrata isolates. Antimicrob. Agents Chemother. 2017, 61, e01542-16. [CrossRef]

45. Shields, R.K.; Kline, E.G.; Healey, K.R.; Kordalewska, M.; Perlin, D.S.; Nguyen, M.H.; Clancy, C.J.
Spontaneous mutational frequency and FKS mutation rates vary by echinocandin agent against Candida
glabrata. Antimicrob. Agents Chemother. 2018, 63, e01692-18. [CrossRef]

http://dx.doi.org/10.1016/j.ijid.2020.03.017
http://www.ncbi.nlm.nih.gov/pubmed/32173574
http://dx.doi.org/10.1016/j.cmet.2020.04.021
http://www.ncbi.nlm.nih.gov/pubmed/32369736
http://dx.doi.org/10.1016/j.mycmed.2020.100971
http://dx.doi.org/10.1038/s41577-020-0311-8
http://dx.doi.org/10.1016/S0140-6736(20)30211-7
http://dx.doi.org/10.3389/fmicb.2019.01676
http://dx.doi.org/10.1038/s41591-019-0709-7
http://dx.doi.org/10.1007/s10096-013-2009-3
http://dx.doi.org/10.1093/jac/dky059
http://dx.doi.org/10.1016/S1473-3099(17)30316-X
http://dx.doi.org/10.1093/cid/civ1194
http://www.ncbi.nlm.nih.gov/pubmed/26810419
http://dx.doi.org/10.1016/j.idc.2017.05.005
http://www.ncbi.nlm.nih.gov/pubmed/31327188
http://dx.doi.org/10.1128/AAC.01144-13
http://dx.doi.org/10.1128/AAC.00136-13
http://www.ncbi.nlm.nih.gov/pubmed/23669387
http://dx.doi.org/10.1128/AAC.04134-14
http://dx.doi.org/10.1128/AAC.01412-17
http://dx.doi.org/10.1128/AAC.01542-16
http://dx.doi.org/10.1128/AAC.01692-18


J. Fungi 2020, 6, 163 11 of 11

46. Healey, K.R.; Katiyar, S.K.; Castanheira, M.; Pfaller, M.A.; Edlind, T.D. Candida glabrata mutants
demonstrating paradoxical reduced caspofungin susceptibility but increased micafungin susceptibility.
Antimicrob. Agents Chemother. 2011, 55, 3947–3949. [CrossRef] [PubMed]

47. Lee, K.K.; Maccallum, D.M.; Jacobsen, M.D.; Walker, L.A.; Odds, F.C.; Gow, N.A.; Munro, C.A. Elevated cell
wall chitin in Candida albicans confers echinocandin resistance in vivo. Antimicrob. Agents Chemother. 2012,
56, 208–217. [CrossRef] [PubMed]

48. Katiyar, S.K.; Alastruey-Izquierdo, A.; Healey, K.R.; Johnson, M.E.; Perlin, D.S.; Edlind, T.D. Fks1 and Fks2
are functionally redundant but differentially regulated in Candida glabrata: Implications for echinocandin
resistance. Antimicrob. Agents Chemother. 2012, 56, 6304–6309. [CrossRef] [PubMed]

49. Arendrup, M.C.; Perlin, D.S. Echinocandin resistance: An emerging clinical problem? Curr. Opin. Infect. Dis.
2014, 27, 484–492. [CrossRef]

50. Bordallo-Cardona, M.Á.; Sánchez-Carrillo, C.; Bouza, E.; Muñoz, P.; Escribano, P.; Guinea, J. Detection of
echinocandin-resistant Candida glabrata in blood cultures spiked with different percentages of FKS2 mutants.
Antimicrob. Agents Chemother. 2019, 63, e02004–e02018.

51. De Angelis, G.; Menchinelli, G.; Torelli, R.; De Carolis, E.; Posteraro, P.; Sanguinetti, M.; Posteraro, B.
Different detection capabilities by mycological media for Candida isolates from mono- or dual-species cultures.
PLoS ONE 2020, 15, e0226467. [CrossRef]

52. Garcia-Effron, G.; Lee, S.; Park, S.; Cleary, J.D.; Perlin, D.S. Effect of Candida glabrata FKS1 and FKS2
mutations on echinocandin sensitivity and kinetics of 1,3-beta-D-glucan synthase: Implication for the existing
susceptibility breakpoint. Antimicrob. Agents Chemother. 2009, 53, 3690–3699. [CrossRef]

53. Shields, R.K.; Nguyen, M.H.; Press, E.G.; Kwa, A.L.; Cheng, S.; Du, C.; Clancy, C.J. The presence of an
FKS mutation rather than MIC is an independent risk factor for failure of echinocandin therapy among
patients with invasive candidiasis due to Candida glabrata. Antimicrob. Agents Chemother. 2012, 56, 4862–4869.
[CrossRef]

54. Hou, X.; Healey, K.R.; Shor, E.; Kordalewska, M.; Ortigosa, C.J.; Paderu, P.; Xiao, M.; Wang, H.; Zhao, Y.;
Lin, L.Y.; et al. Novel FKS1 and FKS2 modifications in a high-level echinocandin resistant clinical isolate of
Candida glabrata. Emerg. Microbes Infect. 2019, 8, 1619–1625. [CrossRef]

55. Arastehfar, A.; Daneshnia, F.; Salehi, M.; Yaşar, M.; Hoşbul, T.; Ilkit, M.; Pan, W.; Hagen, F.; Arslan, N.;
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