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Abstract

:

Invasive pulmonary aspergillosis (IPA) is a serious condition resulting in significant mortality and morbidity among patients in intensive care units (ICUs). There is a growing number of at-risk patients for this condition with the increasing use of immunosuppressive therapies. The diagnosis of IPA can be difficult in ICUs, and relies on integration of clinical, radiological, and microbiological features. In this review, we discuss patient populations at risk for IPA, as well as the diagnostic criteria employed. We review the fungal biomarkers used, as well as the challenges in distinguishing colonization with Aspergillus from invasive disease. We also address the growing concern of multidrug-resistant Aspergillosis and review the new and novel therapeutics which are in development to combat this.
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1. Introduction


Aspergillus spp. are a family of ubiquitous fungi. However, they have the potential to cause a wide spectrum of diseases in susceptible hosts. This disease spectrum ranges from reactive allergic symptoms to invasive pulmonary disease. Host immunity typically prevents Aspergillus from causing disease. However, alterations in host immune interactions with Aspergillus leads to the development of pathologies. On one end of the spectrum, atopic patients can develop an allergic-type response with an over-exuberant immune response, leading to the development of conditions such as allergic bronchopulmonary aspergillosis. Patients with preexisting lung structural lung disease, in particular chronic obstructive pulmonary disease (COPD) and cystic fibrosis, can be colonized by Aspergillus and develop chronic bronchitis as a result. This is not a risk factor unique to aspergillosis, as patients with structural lung disease are at increased risk of infection from a variety of pathogens [1]. At the opposite end of the spectrum, immunocompromised hosts are at risk of developing invasive disease, with invasive pulmonary aspergillosis (IPA) being the commonest mold infection in immunocompromised hosts [2]. Invasive fungal infections, in particular IPA, are a significant contributor to morbidity and mortality among intensive care unit (ICU) patients [3], as well as a significant economic burden [4]. Given the difficulty in diagnosis of IPA, it is difficult to accurately assess the number of deaths attributed to it. However, the incidence of serious fungal infections in critically unwell patients has increased in recent years and carries a high mortality rates [5,6]. There are approximately 0.2 million cases of IPA each year, although this is likely an underestimate [3]. The 90-day mortality in patients with hematological malignancy who develop IPA reaches 80%, while IPA in non-immunosuppressed ICU patients has been reported to occur in up to 15% of cases. Despite the clinical impact of IPA, early diagnosis and prompt initiation of therapy is often delayed [7]. The identification of at-risk patients, use of appropriate diagnostics, and early initiation of treatment for IPA are essential in the care of ICU patients. Intensive care physicians should be aware of the risk factors for the development of IPA and the clinical features suggestive of the condition, as well as the diagnostic investigations and criteria and emergent therapies.




2. Risk Factors


Inhaled Aspergillus conidia are usually cleared by host innate immune defenses at the respiratory epithelium prior to hyphae formation, typically by resident alveolar macrophages, and do not cause disease [8]. However, significant invasive disease can occur in susceptible hosts, with conidia germinating and transforming into hyphae. Recognizing at-risk patients for IPA prior to the development of invasive disease is essential for early detection. Prolonged neutropenia and post-transplant immunosuppression are the most widely recognized risk factors for the development of IPA. Both the duration and severity of neutropenia are associated with increased risk of IPA [9]. Allogeneic hematopoietic stem cell transplant recipients have several risk factors for the development of IPA. They are profoundly neutropenic following their transplant conditioning regime, they may develop acute graft-versus-host disease post-transplant, and may also develop chronic graft-versus-host disease [10]. Recent evolution in methods used in hematopoietic stem cell transplantation, with less toxic chemotherapy and reduction in the duration of neutropenia, have been accompanied by a reduction in IPA mortality [11]. The epidemiology and disease pattern of IPA in the setting of hematologic and oncologic conditions have been described well previously [12,13,14,15].



However, there is growing recognition of other risk factors associated with IPA in critical care. Factors associated with IPA mortality include degree of neutropenia and concomitant end-organ failure, indicating that a more severely ill and morbid patient is at increased risk of death [16]. Preexisting end-organ diseases, in particular chronic obstructive pulmonary disease (COPD) and cirrhotic liver disease, are associated with increased IPA risk [17,18,19]. The use of high-dose corticosteroids is also associated with the development of IPA [20]. Importantly, use of corticosteroids prior to hospital admission has been demonstrated to increase IPA risk; IPA risk has also been increased among those who receive corticosteroids during their admission. This latter at-risk population is likely to grow, given the use of corticosteroids in patients with septic shock requiring vasopressor therapy in ICU settings [21,22]. Other iatrogenic risk factors include the use of T-lymphocyte immunosuppressants such as calcineurin inhibitors and TNFα inhibitors, as well as B-cell immunosuppressants such as ibrutinib. The combination of immunosuppression and altered respiratory anatomy is seen in lung transplant recipients, who as a result have a higher incidence of IPA than other solid-organ transplant patients [23]. This may in part be due to single-lung transplant recipients already being colonized by Aspergillus [24].



A small but important at-risk group are patients with inherited immunodeficiencies resulting in quantitative or qualitative lymphocyte deficits. IPA is a significant cause of death among patients with chronic granulomatous disease, whose phagocytic cells are unable to complete the oxidative burst due to NADPH oxidase dysfunction. This leads to an over-active inflammatory response and disruption of homeostatic and anti-inflammatory mechanisms, resulting in chronic wound formation and endothelial disruption. The mortality rate associated with IPA may reflect underlying disease severity in this cohort. Other less common primary immunodeficiencies that are associated with IPA include hyper IgE syndrome with recurrent infections, primary T-cell deficiencies, and mitochondrial disorders [25].




3. Pathogenesis


The presence of Aspergillus spp. in respiratory samples may represent colonization rather than IPA [26,27,28]. The host immune response is responsible for preventing clinical disease in this context. The innate immune response at the respiratory epithelium prevents the development of severe invasive disease. Aspergillus-specific Toll-like receptors coordinate the local immune response, ensuring homeostasis between pro- and anti-inflammatory activities and the continuity of the endothelium [29]. This immune homeostasis is further regulated by adaptive immune responses, with specific Th1 and Th2 cell responses to Aspergillus [30]. However, in a susceptible host with Aspergillus colonization, this may progress to invasive disease [31]. In addition to hosts with the chronic conditions and comorbidities already described, severe intercurrent illness is associated with the development of IPA. Indeed, admission to ICUs is an independent IPA risk factor [17], with patients admitted to ICUs with respiratory tract infections having a significantly increased risk [32].



The increased incidence of IPA in previously well, critically ill patients is most likely as a result of a combination of respiratory epithelium disruption and aberrant host immune responses [33]. The inflammatory homeostasis at the alveolus is disrupted during viral infection, with a large amount of proinflammatory cytokines produced, leading to local tissue disruption. This results in the development of acute respiratory distress syndrome (ARDS), with associated architectural disruption and immune disturbance at the alveolus. These changes are demonstrated in Figure 1.



The progression of Aspergillus from respiratory colonization to invasive infection is characterized by angioinvasion of the vascular endothelium [34]. This epithelial disruption allows for the translocation of Aspergillus into the surrounding tissues and bloodstream, resulting in local thrombosis and infarction [35]. This can cause sequestration of Aspergillus-infected tissue. These pockets of infected tissue have impaired vascular supply, and it is challenging to deliver adequate levels of antifungal therapy to them, often resulting in treatment failure [36]. Aspergillus propagates the effect of local ischemia and thrombosis by directly inhibiting angiogenesis [37]. Angioinvasion is most commonly seen in neutropenic patients, whereas it may develop later in non-neutropenic hosts, leading to delays in diagnoses. This diagnostic challenge is reflected by IPA being the most commonly missed diagnosis of infection among post-mortem findings for ICU patients [38].



Given that IPA occurs at higher frequencies in patients with structural lung disease, it is not surprising that it is well recognized as a complication of severe influenza A infection, resulting in influenza-associated pulmonary aspergillosis (IAPA) [39,40,41]. IAPA can be seen in patients who do not have traditional risk factors for IPA. It is thought that influenza has the ability to induce immune paralysis in these patients [42]. Influenza also disrupts alveolar epithelial cell junctions, impairing their structural integrity in a manner similar to that shown in Figure 1 [43]. The development of IAPA is associated with significantly higher mortality [44]. The SARS-CoV-2 pandemic raised concerns that similar rates of IPA would be seen in critical-care COVID-19 patients, with the development of so-called COVID-associated pulmonary aspergillosis (CAPA). These concerns were based on evidence that showed that SARS-CoV-2 is associated with endothelial dysfunction [45,46], while severe COVID-19 is associated with severe lymphopenia, potentially impairing the adaptive response to Aspergillus [47,48]. CAPA, similarly to IAPA, has been found among patients who do not have traditional risk factors for IPA [49]. However, there have been significant variations in the reported incidence of IPA in these patients, with levels not approaching those seen in influenza [49,50,51,52,53,54]. Nevertheless, the high mortality of CAPA has necessitated the development of specific criteria for its diagnosis.




4. Clinical Presentation


Invasive aspergillosis typically begins in the lungs and sinuses, given that acquisition occurs via inhalation. Aspergillus spp. within the bronchioles and alveoli has the ability to bind surfactant proteins and transit across the alveolar epithelium and into the bloodstream, resulting in IPA. The clinical presentation of IPA is protean, and there is a wide spectrum of illnesses within it [55]. The development of pulmonary infarction is associated with a classic triad of pleuritic chest pain, fever, and hemoptysis, but this is nonspecific and is not seen in all cases. Invasive rhinosinusitis is associated with facial/ocular pain and nasal congestion, while disseminated disease can present with features of meningism, endophthalmitis, or endocarditis [56]. Involvement of the large airways can result in tracheobronchitis. These patients typically have profound shortness of breath and productive cough. They may expectorate mucus plugs. There is a spectrum of Aspergillus tracheobronchitis, from including ulcerative, obstructive, and pseudomembranous. Sinus involvement can mimic disease caused by mucormycosis, with facial and peri-ocular pain as well as fever and nasal congestion. Severe invasive sinus disease can result in CNS involvement, with venous sinus thrombosis. The lack of specificity of these symptoms is compounded in the ICU setting, where patients may be intubated and are often unable to describe their symptoms, as well as limiting the scope for physical examination. The clinical presentation can be further distorted in patients who have a preexisting respiratory infection, as is the case with CAPA and IAPA. This places a large emphasis on radiological and mycological findings in the diagnosis of IPA. This is exacerbated by the low rate of Aspergillus-positive blood cultures, even in the context of angioinvasion.




5. Diagnosis


The diagnosis of IPA can be challenging. Tissue diagnosis remains the gold standard, with culture (either of tissue sampling or blood) or polymerase chain reaction (PCR) of molds from tissue samples. Histological features are nonspecific, with PCR having increased sensitivity in comparison with histology or fungal culture [57]. There is often pyogranulomatous inflammation and inflammatory necrosis with histology, while neutropenic hosts may develop angioinvasion with hemorrhagic necrosis [58]. These findings are not specific to IPA, and require the identification of fungal hyphae to confirm the diagnosis. PCR techniques are becoming more widely available with improved reproducibility [59]. However, the European Aspergillus PCR Initiative recommends two positive specimens to conclusively make a diagnosis [60].



Measurement of galactomannan, an Aspergillus-specific antigen, can be used to support a diagnosis of IPA [61]. Galactomannan (GM), a β-D glucan, is a major component of the Aspergillus cell wall. It is preferred to measuring total β-D glucan for IPA, given its increased specificity. Angioinvasion by Aspergillus leads to galactomannan release into the circulation. It can be measured in serum, plasma, BAL samples, or CSF. Respiratory samples are considered superior to blood tests, particularly in non-neutropenic patients [62]. Galactomannan results are reported as optical densities, providing a galactomannan index (GMI). Assessment of galactomannan can support or rule out IPA, with a GMI > 0.8 associated with invasive disease and a GMI < 0.5 being associated with a very low likelihood of IPA in neutropenic patients [63,64]. A serum GMI between 0.5 and 0.8 is equivocal and must be interpreted in the context of other clinical and radiological features. GMI value cutoffs from other sites remain controversial and must be interpreted within the clinical context, with a higher GMI required for patients known to be colonized with Aspergillus, such as those with COPD [65]. The performance and reliability of galactomannan assays can vary based on clinical situations [66]. GM is cleared by neutrophils; therefore, its utility in IPA diagnoses among non-neutropenic patients is limited [67]. BAL GM levels and sequential serum GM levels can increase the sensitivity and specificity of testing among non-neutropenic patients [62,65,68] and are also superior to serum levels in patients admitted with concomitant respiratory tract infections [69]. False-positive results have been well-described when patients are receiving concurrent beta-lactam antibiotics such as piperacillin-tazobactam, and are seen in both serum and BAL measurements of galactomannan [70,71,72]. False-positive GM may also be seen in infection with other fungi with cell walls similar to Aspergillus galactomannan, such as Histoplasma capsulatum [73]. This is mainly of clinical relevance in areas in which Histoplasma is endemic. Interestingly, GMI can be prognostic as well as diagnostic, with a GMI >2 associated with poor prognosis [74].



The radiological features seen in IPA are varied and nonspecific. The plain film of the chest lacks the sensitivity to detect IPA, and as such all patients with suspected IPA should undergo computed tomography (CT) imaging [75]. The characteristic CT features of IPA include peri-bronchial consolidation, ground-glass opacities, and the halo sign, which is a nodule with surrounding ground-glass opacities, representing local hemorrhage at the site of fungal infection [76,77]. Other angio-invasive pathogens such as Pseudomonas are also capable of producing halo signs. An air-crescent sign may be seen and is a consequence of pulmonary necrosis [78]. The frequency of these findings varies depending on the underlying condition of the patient, with neutropenic patients more likely to show halo signs [79], while patients with solid-organ transplants are more likely to have consolidation or solid masses visible on CT [80].



Due to the complexity of recognizing and diagnosing IPA, several diagnostic algorithms for have been developed based on expert-consensus-based discussions. These include the European Organization for Research and Treatment of Cancer and the Mycoses Study Group (EORTC/MSG) [81], and the biomarkers for Aspergillus in the ICU (BM-AspICU) [82], with additional modifications for the diagnosis of IAPA and CAPA [83]. These algorithms describe the criteria needed for proven IPA, as well as allowing for probable and possible cases. Proven IPA requires the presence of positive culture or PCR of Aspergillus. Probable IPA requires a susceptible host with characteristic radiological features in addition to supporting mycological evidence. As previously described, susceptible hosts include patients with neutropenia, hematologic or oncologic malignancies, and those receiving high-dose corticosteroids. The mycological evidence is provided by the isolation of Aspergillus species and the measurement of galactomannan. These criteria are summarized in Table 1.



The emergence of IAPA and CAPA lead to concerns that not all cases of IPA were being captured using the EORTC/MSG definition [81]. In particular, CAPA patients may not have any traditional host risk factors. They also may not develop characteristic CT changes, and any CT changes that do occur may overlap with those seen in severe SARS-CoV-2 infection. In order to address this, separate criteria have been developed for the diagnosis of CAPA. The European Confederation of Medical Mycology (ECMM) and the International Society for Human and Animal Mycology (ISHAM) have developed CAPA diagnostic criteria. They suggest that CAPA should be considered in any patient who has recrudescence of fever after being fever-free for more than 72 h, or any patient with worsening respiratory status or new respiratory symptoms. Investigations are similar to those used in non-COVID-19 IPA, with CT imaging and respiratory tract sampling for fungal culture, PCR, and galactomannan assay. CT imaging in severe COVID-19 may be difficult to distinguish from IPA. However, patients with cavitating lung lesions or multiple pulmonary nodules should undergo extensive IPA investigation, as these are atypical for COVID-19 pneumonitis [49]. A single positive BAL sample in the context of characteristic imaging is highly suggestive of IPA. Performing BAL in patients with COVID-19 pneumonitis is not routinely recommended due to risks to the healthcare worker performing the procedure [84]. Therefore, circulating biomarkers are often used to aid diagnosis. Serum galactomannan assay is highly specific in patients with CAPA, as these are non-neutropenic, although the sensitivity is low. As such, serum galactomannan has limited utility in excluding CAPA. ECMM/ISHAM recommend that screening with serum galactomannan should be performed three times per week in all patients that have a positive SARS-CoV-2 PCR [85]. Proven CAPA is considered if there is definitive histological or microscopic evidence of Aspergillus invasion of tissue, or positive Aspergillus PCR from a sterile site. A diagnosis of probable CAPA is made if characteristic CT finding are present in addition to mycological evidence, with either positive PCR from BAL aspirate or positive galactomannan. Possible CAPA is diagnosed based on characteristic CT findings as well as supporting mycological evidence from a site other than BAL.




6. Treatment


While an exhaustive description of treatment options for IPA is beyond the scope of this review, it is important to address emerging treatment options, particularly in light of growing antifungal resistance. Host-directed therapies, such as those targeting the pulmonary endothelial disruption associated with IPA, have yet to demonstrate clinical utility. Nevertheless, as stem cell therapies are developed, their application in the restoration of endothelial dysfunction and homeostasis may become important additions to antifungal therapies [86,87]. Antifungal therapies have generally been drawn from four classes of drugs (azoles, echinocandins, polyenes, and 5-flucytosine). First-line empiric therapy for IPA is with azoles, with voriconazole the preferred agent [88]. Voriconazole therapy can be challenging, as it requires therapeutic drug monitoring. Isuvaconazole has become an attractive alternative to voriconazole. Its performance is noninferior in clinical trials, and it has a favorable side-effect profile [89]. Resistance to all antifungal classes has been identified [90], and there is growing levels of Aspergillus resistance to voriconazole [91]. Fungi demonstrate an ability to develop resistance via multiple mechanisms, including drug efflux pumps and genetic alteration of drug targets [92]. Furthermore, fungal infections have been shown to persist even in the presence of antifungal agents that are shown to be sensitive in culture. This is due to selective survival pressure driving fungal resistance in vivo, a concept known as drug tolerance [93]. The widespread use of antifungal therapies in agriculture and industry has been directly linked with human infection of drug-resistant Aspergillus [94]. Triazole-resistant Aspergillus infection has been seen with increasing frequency in patients without prior antifungal therapy, as a result of azole use outside the clinical setting [95,96]. The emergence of resistance, coupled with the inability of infected hosts to clear Aspergillus infection due to underlying immune defects or comorbidities, is a significant clinical problem [97]. The utility of PCR as a diagnostic tool, in preference to biomarkers or direct tissue microscopy, allows the identification of specific Aspergillus species, as well as potentially identifying genes associated with resistance [98]. In order to prevent the onward propagation of antifungal resistance, the antimicrobial stewardship principles of short-duration, high-concentration therapies at need to be applied. Alternative methods of drug delivery such as nebulization have been trialed, as well as the use of therapeutic drug monitoring [99]. Antifungal susceptibility testing is often not routinely performed. Susceptibility testing should be carried out if the patient has received extensive antifungal treatments in the past, is in an area with known high levels of azole resistance, or is failing to respond to appropriate empiric therapy. It is recommended that a minimum of five colonies should be tested for resistance, given that azole-sensitive and azole-resistant species may occur simultaneously [100].



Novel drug classes have been developed: fosmanogepix, a Gwt1 inhibitor; ibrexafungerp, a triterpenoid; and olorofim, a dihydroorotate dehydrogenase inhibitor. There are also innovations in the delivery of preexisting drug classes, with the emergence of the nebulized triazole opelconazole. These new agents are summarized in Table 2.



Fosmanogepix is a pro-drug of manogepix and acts by preventing the maturation of mannoproteins [101]. These mannoproteins are essential components of the cell wall. Interfering with their function has multiple downstream effects, with reduction in biofilm formation, endoplasmic reticulum stress, and impaired cell wall integrity [102]. Fosmanogepix has activity against a broad array of resistant fungi due to its novel mechanism of action, and it has been shown to be effective in vitro against triazole-resistant Aspergillus, with clinical trials in process [103,104]. It has high oral bioavailability, making it an attractive option for IPA cases where intravenous liposomal amphotericin B is the only therapeutic option [105]. It has also been shown to have a favorable safety profile, with no evidence of nephrotoxicity [106]. Fosmanogepix is already under consideration by the United States Food and Drug Administration.



Ibrexafungerp inhibits 1, 3-beta-D-glucan in fungal cell walls of Aspergillus and other fungi, preventing its synthesis in a manner similar to echinocandins. However, the site of action is distinct to echinocandins, resulting in minimal cross-resistance [107]. Similar to fosmanogepix, ibrexafungerp is also available as an oral formulation, and shows in vitro ability to inhibit the growth of Aspergillus. It is metabolized via the cytochrome P450 pathway, but modulators of this pathway have a less marked effect on ibrexafungerp levels than on preexisting azoles. As such, it has been shown to be tolerated well with minimal side effects [108]. It has already been approved for treatment of Candidiasis, and is undergoing review for Aspergillosis [109]. The final novel drug in development, olorofim, inhibits pyrimidine synthesis by fungi, inhibiting their growth. It shows activity against triazole-resistant Aspergillus [110]. A potential pitfall to its use is that it is metabolized via the cytochrome p450 system, and as such has several clinically significant drug–drug interactions [111]. Olorofim remains under clinical investigation and has not yet been licensed for use, although there are several Phase IIb clinical trials underway.



Perhaps the most exciting of the new therapeutic agents in development comes from a preexisting drug class. Opelconazole is a novel triazole, acting in a similar manner to preexisting triazoles. It inhibits lanosterol 14α-demethylase, leading to fungal membrane dysfunction [112]. Importantly, it has been developed with nebulization as the preferred route of administration. Early pharmacokinetic data show that it reaches excellent concentrations within the lungs, and has minimal systemic absorption which reduces toxicity [113]. It has been shown to be highly effective against multiple fungal species, including Aspergillus, and shows superior activity to other azoles [112]. Opelconazole is an attractive option in patients who are at risk of IPA, including the growing cohort of patients being treated with immunosuppressive agents, as well as those with pulmonary disease, and patients with COPD, post-lobectomy, and post-transplant conditions [114]. Furthermore, its reassuring safety profile with low systemic absorption makes it a good candidate for combination therapy with the other novel agents being developed [115].




7. Conclusions


Aspergillosis and IPA remain significant clinical challenges. There is a growing cohort of patients with risk factors for IPA development, including non-neutropenic patients. Furthermore, advances in critical care mean that patients may develop IPA in the absence of traditional risk factors, as a consequence of their acute severe illness. The diagnosis of IPA requires the treating clinician to evaluate host factors, clinical features, radiological characteristics, and appropriate biomarkers from relevant clinical sites. They also must be conscious of the diagnostic criteria, and the variations that exist between criteria across different underlying conditions. IPA treatment can be challenging, exacerbated by the development of antifungal resistance. The advent of new therapeutic agents, coupled with increased awareness of IPA risks and improved access to diagnostics, should allow intensivists to promptly recognize, diagnose, and treat this condition.







Author Contributions


Conceptualization, L.T. and I.M.-L. resources, I.M.-L.; writing—original draft preparation, L.T.; writing—review and editing, L.T. and I.M.-L.; visualization, L.T.; supervision, I.M.-L.; project administration, I.M.-L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lange, P. Chronic obstructive pulmonary disease and risk of infection. Adv. Respir. Med. 2009, 77, 284–288. [Google Scholar] [CrossRef]

	



Vos, T.; Flaxman, A.D.; Naghavi, M.; Lozano, R.; Michaud, C.; Ezzati, M.; Shibuya, K.; Salomon, J.A.; Abdalla, S.; Aboyans, V. Years lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries 1990–2010: A systematic analysis for the Global Burden of Disease Study 2010. Lancet 2012, 380, 2163–2196. [Google Scholar] [CrossRef]

	



Bongomin, F.; Gago, S.; Oladele, R.O.; Denning, D.W. Global and multi-national prevalence of fungal diseases—Estimate precision. J. Fungi 2017, 3, 57. [Google Scholar] [CrossRef] [PubMed]

	



Zilberberg, M.D.; Nathanson, B.H.; Harrington, R.; Spalding, J.R.; Shorr, A.F. Epidemiology and outcomes of hospitalizations with invasive aspergillosis in the United States, 2009–2013. Clin. Infect. Dis. 2018, 67, 727–735. [Google Scholar] [CrossRef]

	



Pardo, E.; Lemiale, V.; Mokart, D.; Stoclin, A.; Moreau, A.-S.; Kerhuel, L.; Calvet, L.; Valade, S.; De Jong, A.; Darmon, M. Invasive pulmonary aspergillosis in critically ill patients with hematological malignancies. Intensive Care Med. 2019, 45, 1732–1741. [Google Scholar] [CrossRef]

	



Tudesq, J.-J.; Peyrony, O.; Lemiale, V.; Azoulay, E. Invasive pulmonary aspergillosis in nonimmunocompromised hosts. In Seminars in Respiratory and Critical Care Medicine; Thieme Medical Publishers: New York, NY, USA, 2019; pp. 540–547. [Google Scholar]

	



Tejerina, E.E.; Abril, E.; Padilla, R.; Rodríguez Ruíz, C.; Ballen, A.; Frutos-Vivar, F.; Lorente, J.Á.; Esteban, A. Invasive aspergillosis in critically ill patients: An autopsy study. Mycoses 2019, 62, 673–679. [Google Scholar] [CrossRef]

	



Schaffner, A.; Douglas, H.; Braude, A. Selective protection against conidia by mononuclear and against mycelia by polymorphonuclear phagocytes in resistance to Aspergillus: Observations on these two lines of defense in vivo and in vitro with human and mouse phagocytes. J. Clin. Investig. 1982, 69, 617–631. [Google Scholar] [CrossRef]

	



Nucci, M.; Anaissie, E. Fungal infections in hematopoietic stem cell transplantation and solid-organ transplantation—Focus on aspergillosis. Clin. Chest Med. 2009, 30, 295–306. [Google Scholar] [CrossRef]

	



Marty, F.M.; Rubin, R.H. The prevention of infection post-transplant: The role of prophylaxis, preemptive and empiric therapy. Transpl. Int. 2006, 19, 2–11. [Google Scholar] [CrossRef]

	



Upton, A.; Kirby, K.A.; Carpenter, P.; Boeckh, M.; Marr, K.A. Invasive aspergillosis following hematopoietic cell transplantation: Outcomes and prognostic factors associated with mortality. Clin. Infect. Dis. 2007, 44, 531–540. [Google Scholar] [CrossRef]

	



Lewis, R.E.; Cahyame-Zuniga, L.; Leventakos, K.; Chamilos, G.; Ben-Ami, R.; Tamboli, P.; Tarrand, J.; Bodey, G.P.; Luna, M.; Kontoyiannis, D.P. Epidemiology and sites of involvement of invasive fungal infections in patients with haematological malignancies: A 20-year autopsy study. Mycoses 2013, 56, 638–645. [Google Scholar] [CrossRef] [PubMed]

	



Lestrade, P.; van der Velden, W.; Bouwman, F.; Stoop, F.; Blijlevens, N.; Melchers, W.; Verweij, P.; Donnelly, J. Epidemiology of invasive aspergillosis and triazole-resistant Aspergillus fumigatus in patients with haematological malignancies: A single-centre retrospective cohort study. J. Antimicrob. Chemother. 2018, 73, 1389–1394. [Google Scholar] [CrossRef] [PubMed]

	



Resendiz-Sharpe, A.; Mercier, T.; Lestrade, P.P.; van der Beek, M.T.; Borne, P.A.v.; Cornelissen, J.J.; de Kort, E.; Rijnders, B.J.; Schauwvlieghe, A.F.; Verweij, P.E. Prevalence of voriconazole-resistant invasive aspergillosis and its impact on mortality in haematology patients. J. Antimicrob. Chemother. 2019, 74, 2759–2766. [Google Scholar] [CrossRef]

	



Neofytos, D.; Horn, D.; Anaissie, E.; Steinbach, W.; Olyaei, A.; Fishman, J.; Pfaller, M.; Chang, C.; Webster, K.; Marr, K. Epidemiology and outcome of invasive fungal infection in adult hematopoietic stem cell transplant recipients: Analysis of Multicenter Prospective Antifungal Therapy (PATH) Alliance registry. Clin. Infect. Dis. 2009, 48, 265–273. [Google Scholar] [CrossRef] [PubMed]

	



Baddley, J.W.; Andes, D.R.; Marr, K.A.; Kontoyiannis, D.P.; Alexander, B.D.; Kauffman, C.A.; Oster, R.A.; Anaissie, E.J.; Walsh, T.J.; Schuster, M.G. Factors associated with mortality in transplant patients with invasive aspergillosis. Clin. Infect. Dis. 2010, 50, 1559–1567. [Google Scholar] [CrossRef] [PubMed]

	



Meersseman, W.; Lagrou, K.; Maertens, J.; Wijngaerden, E.V. Invasive aspergillosis in the intensive care unit. Clin. Infect. Dis. 2007, 45, 205–216. [Google Scholar] [CrossRef] [PubMed]

	



Bouza, E.; Guinea, J.; Pelaez, T.; Perez-Molina, J.; Alcala, L.; Munoz, P. Workload due to Aspergillus fumigatus and significance of the organism in the microbiology laboratory of a general hospital. J. Clin. Microbiol. 2005, 43, 2075–2079. [Google Scholar] [CrossRef]

	



Ascah, K.; Hyland, R.; Hutcheon, M.; Urbanski, S.; Pruzanski, W.; St Louis, E.; Jones, D.; Keystone, E. Invasive aspergillosis in a “healthy” patient. Can. Med. Assoc. J. 1984, 131, 332. [Google Scholar]

	



Lionakis, M.S.; Kontoyiannis, D.P. Glucocorticoids and invasive fungal infections. Lancet 2003, 362, 1828–1838. [Google Scholar] [CrossRef]

	



Annane, D.; Renault, A.; Brun-Buisson, C.; Megarbane, B.; Quenot, J.-P.; Siami, S.; Cariou, A.; Forceville, X.; Schwebel, C.; Martin, C. Hydrocortisone plus fludrocortisone for adults with septic shock. N. Engl. J. Med. 2018, 378, 809–818. [Google Scholar] [CrossRef]

	



Pirracchio, R.; Hubbard, A.; Sprung, C.L.; Chevret, S.; Annane, D. Assessment of machine learning to estimate the individual treatment effect of corticosteroids in septic shock. JAMA Netw. Open 2020, 3, e2029050. [Google Scholar] [CrossRef] [PubMed]

	



Pappas, P.G.; Alexander, B.D.; Andes, D.R.; Hadley, S.; Kauffman, C.A.; Freifeld, A.; Anaissie, E.J.; Brumble, L.M.; Herwaldt, L.; Ito, J. Invasive fungal infections among organ transplant recipients: Results of the Transplant-Associated Infection Surveillance Network (TRANSNET). Clin. Infect. Dis. 2010, 50, 1101–1111. [Google Scholar] [CrossRef] [PubMed]

	



Hadjiliadis, D.; Sporn, T.A.; Perfect, J.R.; Tapson, V.F.; Davis, R.D.; Palmer, S.M. Outcome of lung transplantation in patients with mycetomas. Chest 2002, 121, 128–134. [Google Scholar] [CrossRef] [PubMed]

	



Almyroudis, N.; Holland, S.; Segal, B. Invasive aspergillosis in primary immunodeficiencies. Med. Mycol. 2005, 43 (Suppl. 1), S247–S259. [Google Scholar] [CrossRef] [PubMed]

	



Cahill, B.C.; Hibbs, J.R.; Savik, K.; Juni, B.A.; Dosland, B.M.; Edin-Stibbe, C.; Hertz, M.I. Aspergillus airway colonization and invasive disease after lung transplantation. Chest 1997, 112, 1160–1164. [Google Scholar] [CrossRef] [PubMed]

	



Martino, P.; Raccah, R.; Gentile, G.; Venditti, M.; Girmenia, C.; Mandelli, F. Aspergillus colonization of the nose and pulmonary aspergillosis in neutropenic patients: A retrospective study. Haematologica 1989, 74, 263–265. [Google Scholar]

	



Vandewoude, K.H.; Blot, S.I.; Depuydt, P.; Benoit, D.; Temmerman, W.; Colardyn, F.; Vogelaers, D. Clinical relevance of Aspergillus isolation from respiratory tract samples in critically ill patients. Crit. Care 2006, 10, R31. [Google Scholar] [CrossRef]

	



Gersuk, G.M.; Underhill, D.M.; Zhu, L.; Marr, K.A. Dectin-1 and TLRs permit macrophages to distinguish between different Aspergillus fumigatus cellular states. J. Immunol. 2006, 176, 3717–3724. [Google Scholar] [CrossRef]

	



Hebart, H.; Bollinger, C.; Fisch, P.; Sarfati, J.; Meisner, C.; Baur, M.; Loeffler, J.R.; Monod, M.; Latgé, J.-P.; Einsele, H. Analysis of T-cell responses to Aspergillus fumigatus antigens in healthy individuals and patients with hematologic malignancies. Blood J. Am. Soc. Hematol. 2002, 100, 4521–4528. [Google Scholar] [CrossRef]

	



Lass-Flörl, C.; Salzer, G.M.; Schmid, T.; Rabl, W.; Ulmer, H.; Dierichi, M.P. Pulmonary Aspergillus colonization in humans and its impact on management of critically ill patients. Br. J. Haematol. 1999, 104, 745–747. [Google Scholar] [CrossRef]

	



Torres, A.; Martin-Loeches, I. Invasive pulmonary aspergillosis in ventilator-associated pneumonia: The hidden enemy? Am. Thorac. Soc. 2020, 202, 1071–1073. [Google Scholar] [CrossRef] [PubMed]

	



Bermejo-Martin, J.F.; Martin-Loeches, I.; Rello, J.; Antón, A.; Almansa, R.; Xu, L.; Lopez-Campos, G.; Pumarola, T.; Ran, L.; Ramirez, P. Host adaptive immunity deficiency in severe pandemic influenza. Crit. Care 2010, 14, R167. [Google Scholar] [CrossRef] [PubMed]

	



Sheppard, D.C.; Rieg, G.; Chiang, L.Y.; Filler, S.G.; Edwards Jr, J.E.; Ibrahim, A.S. Novel inhalational murine model of invasive pulmonary aspergillosis. Antimicrob. Agents Chemother. 2004, 48 (Suppl. 1), 1908–1911. [Google Scholar] [CrossRef] [PubMed]

	



Kamai, Y.; Chiang, L.; Lopes Bezerra, L.; Doedt, T.; Lossinsky, A.; Sheppard, D.; Filler, S. Interactions of Aspergillus fumigatus with vascular endothelial cells. Med. Mycol. 2006, 44, S115–S117. [Google Scholar] [CrossRef]

	



Paterson, P.; Seaton, S.; Prentice, H.; Kibbler, C. Treatment failure in invasive aspergillosis: Susceptibility of deep tissue isolates following treatment with amphotericin B. J. Antimicrob. Chemother. 2003, 52, 873–876. [Google Scholar] [CrossRef]

	



Ben-Ami, R.; Lewis, R.E.; Leventakos, K.; Kontoyiannis, D.P. Aspergillus fumigatus inhibits angiogenesis through the production of gliotoxin and other secondary metabolites. Blood J. Am. Soc. Hematol. 2009, 114, 5393–5399. [Google Scholar] [CrossRef]

	



Winters, B.; Custer, J.; Galvagno, S.M.; Colantuoni, E.; Kapoor, S.G.; Lee, H.; Goode, V.; Robinson, K.; Nakhasi, A.; Pronovost, P. Diagnostic errors in the intensive care unit: A systematic review of autopsy studies. BMJ Qual. Saf. 2012, 21, 894–902. [Google Scholar] [CrossRef]

	



Schauwvlieghe, A.F.; Rijnders, B.J.; Philips, N.; Verwijs, R.; Vanderbeke, L.; Van Tienen, C.; Lagrou, K.; Verweij, P.E.; Van de Veerdonk, F.L.; Gommers, D. Invasive aspergillosis in patients admitted to the intensive care unit with severe influenza: A retrospective cohort study. Lancet Respir. Med. 2018, 6, 782–792. [Google Scholar] [CrossRef]

	



Crum-Cianflone, N.F. Invasive aspergillosis associated with severe influenza infections. In Open Forum Infectious Diseases; Oxford University Press: New York, NY, USA, 2016. [Google Scholar]

	



Wauters, J.; Baar, I.; Meersseman, P.; Meersseman, W.; Dams, K.; De Paep, R.; Lagrou, K.; Wilmer, A.; Jorens, P.; Hermans, G. Invasive pulmonary aspergillosis is a frequent complication of critically ill H1N1 patients: A retrospective study. Intensive Care Med. 2012, 38, 1761–1768. [Google Scholar] [CrossRef]

	



Jamieson, A.M.; Yu, S.; Annicelli, C.H.; Medzhitov, R. Influenza virus-induced glucocorticoids compromise innate host defense against a secondary bacterial infection. Cell Host Microbe 2010, 7, 103–114. [Google Scholar] [CrossRef]

	



Short, K.R.; Kasper, J.; Van Der Aa, S.; Andeweg, A.C.; Zaaraoui-Boutahar, F.; Goeijenbier, M.; Richard, M.; Herold, S.; Becker, C.; Scott, D.P. Influenza virus damages the alveolar barrier by disrupting epithelial cell tight junctions. Eur. Respir. J. 2016, 47, 954–966. [Google Scholar] [CrossRef] [PubMed]

	



Nyga, R.; Maizel, J.; Nseir, S.; Chouaki, T.; Milic, I.; Roger, P.-A.; Van Grunderbeeck, N.; Lemyze, M.; Totet, A.; Castelain, S. Invasive tracheobronchial aspergillosis in critically ill patients with severe influenza. A clinical trial. Am. J. Respir. Crit. Care Med. 2020, 202, 708–716. [Google Scholar] [CrossRef] [PubMed]

	



Fogarty, H.; Townsend, L.; Ni Cheallaigh, C.; Bergin, C.; Martin-Loeches, I.; Browne, P.; Bacon, C.L.; Gaule, R.; Gillett, A.; Byrne, M. COVID19 coagulopathy in Caucasian patients. Br. J. Haematol. 2020, 189, 1044–1049. [Google Scholar] [CrossRef] [PubMed]

	



O’Sullivan, J.M.; Mc Gonagle, D.; Ward, S.E.; Preston, R.J.; O’Donnell, J.S. Endothelial cells orchestrate COVID-19 coagulopathy. Lancet Haematol. 2020, 7, e553–e555. [Google Scholar] [CrossRef]

	



Giamarellos-Bourboulis, E.J.; Netea, M.G.; Rovina, N.; Akinosoglou, K.; Antoniadou, A.; Antonakos, N.; Damoraki, G.; Gkavogianni, T.; Adami, M.-E.; Katsaounou, P. Complex immune dysregulation in COVID-19 patients with severe respiratory failure. Cell Host Microbe 2020, 27, 992–1000.e3. [Google Scholar] [CrossRef]

	



Townsend, L.; Dyer, A.H.; Naughton, A.; Imangaliyev, S.; Dunne, J.; Kiersey, R.; Holden, D.; Mooney, A.; Leavy, D.; Ridge, K. Severe COVID-19 is characterised by inflammation and immature myeloid cells early in disease progression. Heliyon 2022, 8, e09230. [Google Scholar] [CrossRef]

	



White, P.L.; Dhillon, R.; Cordey, A.; Hughes, H.; Faggian, F.; Soni, S.; Pandey, M.; Whitaker, H.; May, A.; Morgan, M. A national strategy to diagnose coronavirus disease 2019–associated invasive fungal disease in the intensive care unit. Clin. Infect. Dis. 2021, 73, e1634–e1644. [Google Scholar] [CrossRef]

	



Bartoletti, M.; Pascale, R.; Cricca, M.; Rinaldi, M.; Maccaro, A.; Bussini, L.; Fornaro, G.; Tonetti, T.; Pizzilli, G.; Francalanci, E. Epidemiology of invasive pulmonary aspergillosis among intubated patients with COVID-19: A prospective study. Clin. Infect. Dis. 2021, 73, e3606–e3614. [Google Scholar] [CrossRef]

	



Boyd, S.; Martin-Loeches, I. Rates of Aspergillus Co-infection in COVID patients in ICU not as high as previously reported. Clin. Infect. Dis. 2021, 73, e1236–e1238. [Google Scholar] [CrossRef]

	



Gangneux, J.-P.; Dannaoui, E.; Fekkar, A.; Luyt, C.-E.; Botterel, F.; De Prost, N.; Tadié, J.-M.; Reizine, F.; Houzé, S.; Timsit, J.-F. Fungal infections in mechanically ventilated patients with COVID-19 during the first wave: The French multicentre MYCOVID study. Lancet Respir. Med. 2022, 10, 180–190. [Google Scholar] [CrossRef]

	



Rouzé, A.; Lemaitre, E.; Martin-Loeches, I.; Povoa, P.; Diaz, E.; Nyga, R.; Torres, A.; Metzelard, M.; Du Cheyron, D.; Lambiotte, F. Invasive pulmonary aspergillosis among intubated patients with SARS-CoV-2 or influenza pneumonia: A European multicenter comparative cohort study. Crit. Care 2022, 26, 11. [Google Scholar] [CrossRef] [PubMed]

	



Rouzé, A.; Martin-Loeches, I.; Nseir, S. COVID-19-associated pulmonary aspergillosis: An underdiagnosed or overtreated infection? Curr. Opin. Crit. Care 2022, 28, 470–479. [Google Scholar] [CrossRef] [PubMed]

	



Munoz, P.; Guinea, J.; Bouza, E. Update on invasive aspergillosis: Clinical and diagnostic aspects. Clin. Microbiol. Infect. 2006, 12, 24–39. [Google Scholar] [CrossRef]

	



Schwartz, S.; Thiel, E. Clinical presentation of invasive aspergillosis. Mycoses 1997, 40, 21–24. [Google Scholar] [CrossRef]

	



Luong, M.-L.; Clancy, C.J.; Vadnerkar, A.; Kwak, E.J.; Silveira, F.P.; Wissel, M.C.; Grantham, K.J.; Shields, R.K.; Crespo, M.; Pilewski, J. Comparison of an Aspergillus real-time polymerase chain reaction assay with galactomannan testing of bronchoalvelolar lavage fluid for the diagnosis of invasive pulmonary aspergillosis in lung transplant recipients. Clin. Infect. Dis. 2011, 52, 1218–1226. [Google Scholar] [CrossRef]

	



Kosmidis, C.; Denning, D.W. The clinical spectrum of pulmonary aspergillosis. Thorax 2015, 70, 270–277. [Google Scholar] [CrossRef]

	



White, P.L.; Bretagne, S.; Klingspor, L.; Melchers, W.J.; McCulloch, E.; Schulz, B.; Finnstrom, N.; Mengoli, C.; Barnes, R.A.; Donnelly, J.P. Aspergillus PCR: One step closer to standardization. J. Clin. Microbiol. 2010, 48, 1231–1240. [Google Scholar] [CrossRef]

	



Arvanitis, M.; Ziakas, P.D.; Zacharioudakis, I.M.; Zervou, F.N.; Caliendo, A.M.; Mylonakis, E. PCR in diagnosis of invasive aspergillosis: A meta-analysis of diagnostic performance. J. Clin. Microbiol. 2014, 52, 3731–3742. [Google Scholar] [CrossRef]

	



Cuenca-Estrella, M.; Bassetti, M.; Lass-Flörl, C.; Ráčil, Z.; Richardson, M.; Rogers, T.R. Detection and investigation of invasive mould disease. J. Antimicrob. Chemother. 2011, 66, i15–i24. [Google Scholar] [CrossRef]

	



Meersseman, W.; Lagrou, K.; Maertens, J.; Wilmer, A.; Hermans, G.; Vanderschueren, S.; Spriet, I.; Verbeken, E.; Van Wijngaerden, E. Galactomannan in bronchoalveolar lavage fluid: A tool for diagnosing aspergillosis in intensive care unit patients. Am. J. Respir. Crit. Care Med. 2008, 177, 27–34. [Google Scholar] [CrossRef]

	



D’Haese, J.; Theunissen, K.; Vermeulen, E.; Schoemans, H.; De Vlieger, G.; Lammertijn, L.; Meersseman, P.; Meersseman, W.; Lagrou, K.; Maertens, J. Detection of galactomannan in bronchoalveolar lavage fluid samples of patients at risk for invasive pulmonary aspergillosis: Analytical and clinical validity. J. Clin. Microbiol. 2012, 50, 1258–1263. [Google Scholar] [CrossRef] [PubMed]

	



Leeflang, M.M.; Debets-Ossenkopp, Y.J.; Visser, C.E.; Scholten, R.J.; Hooft, L.; Bijlmer, H.A.; Reitsma, J.B.; Bossuyt, P.M.; Vandenbroucke-Grauls, C.M. Galactomannan detection for invasive aspergillosis in immunocompromized patients. Cochrane Database Syst. Rev. 2008. [Google Scholar] [CrossRef]

	



He, H.; Ding, L.; Chang, S.; Li, F.; Zhan, Q. Value of consecutive galactomannan determinations for the diagnosis and prognosis of invasive pulmonary aspergillosis in critically ill chronic obstructive pulmonary disease. Med. Mycol. 2011, 49, 345–351. [Google Scholar] [CrossRef] [PubMed]

	



Mennink-Kersten, M.A.; Donnelly, J.P.; Verweij, P.E. Detection of circulating galactomannan for the diagnosis and management of invasive aspergillosis. Lancet Infect. Dis. 2004, 4, 349–357. [Google Scholar] [CrossRef]

	



Meersseman, W.; Vandecasteele, S.J.; Wilmer, A.; Verbeken, E.; Peetermans, W.E.; Van Wijngaerden, E. Invasive aspergillosis in critically ill patients without malignancy. Am. J. Respir. Crit. Care Med. 2004, 170, 621–625. [Google Scholar] [CrossRef]

	



de Heer, K.; Gerritsen, M.G.; Visser, C.E.; Leeflang, M.M. Galactomannan detection in broncho-alveolar lavage fluid for invasive aspergillosis in immunocompromised patients. Cochrane Database Syst. Rev. 2019. [Google Scholar] [CrossRef]

	



van de Groep, K.; Verboom, D.M.; van de Veerdonk, F.L.; Haas, P.-J.A.; van der Poll, T.; Schultz, M.J.; Bonten, M.J.; Cremer, O.L. Detection of invasive aspergillosis in critically ill patients with influenza: The role of plasma galactomannan. Am. J. Respir. Crit. Care Med. 2019, 200, 636–638. [Google Scholar] [CrossRef]

	



Aubry, A.; Porcher, R.; Bottero, J.; Touratier, S.; Leblanc, T.; Brethon, B.; Rousselot, P.; Raffoux, E.; Menotti, J.; Derouin, F. Occurrence and kinetics of false-positive Aspergillus galactomannan test results following treatment with β-lactam antibiotics in patients with hematological disorders. J. Clin. Microbiol. 2006, 44, 389–394. [Google Scholar] [CrossRef]

	



Demiraslan, H.; Atalay, M.A.; Eren, E.; Demir, K.; Kaynar, L.; Koc, A.N.; Doganay, M. Assessing the risk of false positive serum galactomannan among patients receiving piperacillin/tazobactam for febrile neutropenia. Med. Mycol. 2017, 55, 535–540. [Google Scholar] [CrossRef]

	



Boonsarngsuk, V.; Niyompattama, A.; Teosirimongkol, C.; Sriwanichrak, K. False-positive serum and bronchoalveolar lavage Aspergillus galactomannan assays caused by different antibiotics. Scand. J. Infect. Dis. 2010, 42, 461–468. [Google Scholar] [CrossRef]

	



Wheat, L.J.; Walsh, T.J. Diagnosis of invasive aspergillosis by galactomannan antigenemia detection using an enzyme immunoassay. Eur. J. Clin. Microbiol. Infect. Dis. 2008, 27, 245–251. [Google Scholar] [CrossRef] [PubMed]

	



Russo, A.; Giuliano, S.; Vena, A.; Lucidi, C.; Falcone, M.; Raponi, G.; Merli, M.; Venditti, M. Predictors of mortality in non-neutropenic patients with invasive pulmonary aspergillosis: Does galactomannan have a role? Diagn. Microbiol. Infect. Dis. 2014, 80, 83–86. [Google Scholar] [CrossRef] [PubMed]

	



Pasmans, H.L.; Loosveld, O.J.; Schouten, H.C.; Thunnissen, F.; van Engelshoven, J.M. Invasive aspergillosis in immunocompromised patients: Findings on plain film and (HR) CT. Eur. J. Radiol. 1992, 14, 37–40. [Google Scholar] [CrossRef]

	



Horger, M.; Hebart, H.; Einsele, H.; Lengerke, C.; Claussen, C.; Vonthein, R.; Pfannenberg, C. Initial CT manifestations of invasive pulmonary aspergillosis in 45 non-HIV immunocompromised patients: Association with patient outcome? Eur. J. Radiol. 2005, 55, 437–444. [Google Scholar] [CrossRef] [PubMed]

	



Qin, J.; Fang, Y.; Dong, Y.; Zhu, K.; Wu, B.; An, Y.; Shan, H. Radiological and clinical findings of 25 patients with invasive pulmonary aspergillosis: Retrospective analysis of 2150 liver transplantation cases. Br. J. Radiol. 2012, 85, e429–e435. [Google Scholar] [CrossRef]

	



Abramson, S. The air crescent sign. Radiology 2001, 218, 230–232. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.; Kim, S.H.; Choi, S.H.; Sung, H.; Kim, M.N.; Woo, J.; Kim, Y.; Park, S.K.; Lee, J.H.; Lee, K.H. Clinical and radiological features of invasive pulmonary aspergillosis in transplant recipients and neutropenic patients. Transpl. Infect. Dis. 2010, 12, 309–315. [Google Scholar] [CrossRef]

	



Lim, C.; Seo, J.; Park, S.-Y.; Hwang, H.-J.; Lee, H.; Lee, S.-O.; Chae, E.; Do, K.-H.; Song, J.-W.; Kim, M. Analysis of initial and follow-up CT findings in patients with invasive pulmonary aspergillosis after solid organ transplantation. Clin. Radiol. 2012, 67, 1179–1186. [Google Scholar] [CrossRef]

	



Donnelly, J.P.; Chen, S.C.; Kauffman, C.A.; Steinbach, W.J.; Baddley, J.W.; Verweij, P.E.; Clancy, C.J.; Wingard, J.R.; Lockhart, S.R.; Groll, A.H. Revision and update of the consensus definitions of invasive fungal disease from the European Organization for Research and Treatment of Cancer and the Mycoses Study Group Education and Research Consortium. Clin. Infect. Dis. 2020, 71, 1367–1376. [Google Scholar] [CrossRef]

	



Hamam, J.; Navellou, J.-C.; Bellanger, A.-P.; Bretagne, S.; Winiszewski, H.; Scherer, E.; Piton, G.; Millon, L. New clinical algorithm including fungal biomarkers to better diagnose probable invasive pulmonary aspergillosis in ICU. Ann. Intensive Care 2021, 11, 41. [Google Scholar] [CrossRef]

	



Kariyawasam, R.M.; Dingle, T.C.; Kula, B.E.; Vandermeer, B.; Sligl, W.I.; Schwartz, I.S. Defining COVID-19 associated pulmonary aspergillosis: Systematic review and meta-analysis. Clin. Microbiol. Infect. 2022, 28, 920–927. [Google Scholar] [CrossRef] [PubMed]

	



Houlihan, C.F.; Vora, N.; Byrne, T.; Lewer, D.; Kelly, G.; Heaney, J.; Gandhi, S.; Spyer, M.J.; Beale, R.; Cherepanov, P. Pandemic peak SARS-CoV-2 infection and seroconversion rates in London frontline health-care workers. Lancet 2020, 396, e6–e7. [Google Scholar] [CrossRef]

	



Koehler, P.; Bassetti, M.; Chakrabarti, A.; Chen, S.C.A.; Colombo, A.L.; Hoenigl, M.; Klimko, N.; Lass-Flörl, C.; Oladele, R.O.; Vinh, D.C.; et al. Defining and managing COVID-19-associated pulmonary aspergillosis: The 2020 ECMM/ISHAM consensus criteria for research and clinical guidance. Lancet Infect. Dis. 2021, 21, e149–e162. [Google Scholar] [CrossRef]

	



Crosby, L.M.; Waters, C.M. Epithelial repair mechanisms in the lung. Am. J. Physiol.-Lung Cell. Mol. Physiol. 2010, 298, L715–L731. [Google Scholar] [CrossRef] [PubMed]

	



Gachanja, N.; Rossi, A.; Dorward, D.; Lucas, C. Epithelial Cells and Inflammation in Pulmonary Wound Repair. Cells 2021, 10, 339. [Google Scholar]

	



Walsh, T.J.; Anaissie, E.J.; Denning, D.W.; Herbrecht, R.; Kontoyiannis, D.P.; Marr, K.A.; Morrison, V.A.; Segal, B.H.; Steinbach, W.J.; Stevens, D.A. Treatment of aspergillosis: Clinical practice guidelines of the Infectious Diseases Society of America. Clin. Infect. Dis. 2008, 46, 327–360. [Google Scholar] [CrossRef] [PubMed]

	



Maertens, J.A.; Raad, I.I.; Marr, K.A.; Patterson, T.F.; Kontoyiannis, D.P.; Cornely, O.A.; Bow, E.J.; Rahav, G.; Neofytos, D.; Aoun, M. Isavuconazole versus voriconazole for primary treatment of invasive mould disease caused by Aspergillus and other filamentous fungi (SECURE): A phase 3, randomised-controlled, non-inferiority trial. Lancet 2016, 387, 760–769. [Google Scholar] [CrossRef]

	



Fisher, M.C.; Hawkins, N.J.; Sanglard, D.; Gurr, S.J. Worldwide emergence of resistance to antifungal drugs challenges human health and food security. Science 2018, 360, 739–742. [Google Scholar] [CrossRef]

	



Lestrade, P.P.; Bentvelsen, R.G.; Schauwvlieghe, A.F.; Schalekamp, S.; van der Velden, W.J.; Kuiper, E.J.; van Paassen, J.; van der Hoven, B.; van der Lee, H.A.; Melchers, W.J. Voriconazole resistance and mortality in invasive aspergillosis: A multicenter retrospective cohort study. Clin. Infect. Dis. 2019, 68, 1463–1471. [Google Scholar] [CrossRef]

	



Robbins, N.; Caplan, T.; Cowen, L.E. Molecular evolution of antifungal drug resistance. Annu. Rev. Microbiol. 2017, 71, 753–775. [Google Scholar] [CrossRef]

	



Berman, J.; Krysan, D.J. Drug resistance and tolerance in fungi. Nat. Rev. Microbiol. 2020, 18, 319–331. [Google Scholar] [CrossRef] [PubMed]

	



Rhodes, J.; Abdolrasouli, A.; Dunne, K.; Sewell, T.R.; Zhang, Y.; Ballard, E.; Brackin, A.P.; van Rhijn, N.; Chown, H.; Tsitsopoulou, A. Population genomics confirms acquisition of drug-resistant Aspergillus fumigatus infection by humans from the environment. Nat. Microbiol. 2022, 7, 663–674. [Google Scholar] [CrossRef] [PubMed]

	



Verweij, P.E.; Lucas, J.A.; Arendrup, M.C.; Bowyer, P.; Brinkmann, A.J.; Denning, D.W.; Dyer, P.S.; Fisher, M.C.; Geenen, P.L.; Gisi, U. The one health problem of azole resistance in Aspergillus fumigatus: Current insights and future research agenda. Fungal Biol. Rev. 2020, 34, 202–214. [Google Scholar] [CrossRef]

	



Burks, C.; Darby, A.; Gómez Londoño, L.; Momany, M.; Brewer, M.T. Azole-resistant Aspergillus fumigatus in the environment: Identifying key reservoirs and hotspots of antifungal resistance. PLoS Pathog. 2021, 17, e1009711. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



Chong, G.; Vonk, A.G.; Meis, J.F.; Dingemans, G.J.; Houbraken, J.; Hagen, F.; Gaajetaan, G.R.; Van Tegelen, D.W.; Simons, G.F.; Rijnders, B.J. Interspecies discrimination of A. fumigatus and siblings A. lentulus and A. felis of the Aspergillus section Fumigati using the AsperGenius® assay. Diagn. Microbiol. Infect. Dis. 2017, 87, 247–252. [Google Scholar] [CrossRef] [PubMed]

	



Fisher, M.C.; Alastruey-Izquierdo, A.; Berman, J.; Bicanic, T.; Bignell, E.M.; Bowyer, P.; Bromley, M.; Brüggemann, R.; Garber, G.; Cornely, O.A. Tackling the emerging threat of antifungal resistance to human health. Nat. Rev. Microbiol. 2022, 20, 557–571. [Google Scholar] [CrossRef] [PubMed]

	



Ullmann, A.; Aguado, J.; Arikan, S.; Denning, D.; Groll, A.; Lagrou, K. Executive summary of the 2017 ESCMID-ECMM guideline for the diagnosis and management of Aspergillus disease. Clin. Microbiol. Infect. 2018, 24, e1–e38. [Google Scholar] [CrossRef]

	



Shaw, K.J.; Ibrahim, A.S. Fosmanogepix: A review of the first-in-class broad spectrum agent for the treatment of invasive fungal infections. J. Fungi 2020, 6, 239. [Google Scholar] [CrossRef]

	



McLellan, C.A.; Whitesell, L.; King, O.D.; Lancaster, A.K.; Mazitschek, R.; Lindquist, S. Inhibiting GPI anchor biosynthesis in fungi stresses the endoplasmic reticulum and enhances immunogenicity. ACS Chem. Biol. 2012, 7, 1520–1528. [Google Scholar] [CrossRef]

	



Pfaller, M.A.; Duncanson, F.; Messer, S.A.; Moet, G.J.; Jones, R.N.; Castanheira, M. In vitro activity of a novel broad-spectrum antifungal, E1210, tested against Aspergillus spp. determined by CLSI and EUCAST broth microdilution methods. Antimicrob. Agents Chemother. 2011, 55, 5155–5158. [Google Scholar] [CrossRef] [PubMed]

	



Miyazaki, M.; Horii, T.; Hata, K.; Watanabe, N.-A.; Nakamoto, K.; Tanaka, K.; Shirotori, S.; Murai, N.; Inoue, S.; Matsukura, M. In vitro activity of E1210, a novel antifungal, against clinically important yeasts and molds. Antimicrob. Agents Chemother. 2011, 55, 4652–4658. [Google Scholar] [CrossRef] [PubMed]

	



Hodges, M.; Ople, E.; Shaw, K.; Mansbach, R.; Van Marle, S.; Van Hoogdalem, E.; Kramer, W.; Wedel, P. Phase 1 study to assess safety, tolerability and pharmacokinetics of single and multiple oral doses of APX001 and to investigate the effect of food on APX001 bioavailability. Open Forum Infect. Dis. 2017, 4, S534. [Google Scholar] [CrossRef]

	



Bulpa, P.; Rahav, G.; Oren, I.; Aoun, M.; Thompson, G.R., III; Pappas, P.; Kullberg, B.J.; Vazquez, J.A.; Barbat, S.; Wedel, P. 1157. Clinical Safety, Efficacy, and Pharmacokinetics of Fosmanogepix, a Novel First-in-class Antifungal, in Patients with Renal Insufficiency: Subset Analysis from a Phase 2 Candidemia Trial. In Open Forum Infectious Diseases; Oxford University Press: New York, NY, USA, 2020; p. S605. [Google Scholar]

	



Jiménez-Ortigosa, C.; Perez, W.B.; Angulo, D.; Borroto-Esoda, K.; Perlin, D.S. De novo acquisition of resistance to SCY-078 in Candida glabrata involves FKS mutations that both overlap and are distinct from those conferring echinocandin resistance. Antimicrob. Agents Chemother. 2017, 61, e00833-17. [Google Scholar] [CrossRef]

	



Sobel, R.; Nyirjesy, P.; Ghannoum, M.; Delchev, D.; Azie, N.; Angulo, D.; Harriott, I.; Borroto-Esoda, K.; Sobel, J. Efficacy and safety of oral ibrexafungerp for the treatment of acute vulvovaginal candidiasis: A global phase 3, randomised, placebo-controlled superiority study (VANISH 306). BJOG Int. J. Obstet. Gynaecol. 2022, 129, 412–420. [Google Scholar] [CrossRef]

	



Lee, A. Ibrexafungerp: First approval. Drugs 2021, 81, 1445–1450. [Google Scholar] [CrossRef]

	



Kirchhoff, L.; Dittmer, S.; Buer, J.; Rath, P.-M.; Steinmann, J. In vitro activity of olorofim (F901318) against fungi of the genus, Scedosporium and Rasamsonia as well as against Lomentospora prolificans, Exophiala dermatitidis and azole-resistant Aspergillus fumigatus. Int. J. Antimicrob. Agents 2020, 56, 106105. [Google Scholar] [CrossRef]

	



Rauseo, A.M.; Coler-Reilly, A.; Larson, L.; Spec, A. Hope on the horizon: Novel fungal treatments in development. In Open Forum Infectious Diseases; Oxford University Press: New York, NY, USA, 2020; p. ofaa016. [Google Scholar]

	



Colley, T.; Alanio, A.; Kelly, S.L.; Sehra, G.; Kizawa, Y.; Warrilow, A.G.; Parker, J.E.; Kelly, D.E.; Kimura, G.; Anderson-Dring, L. In vitro and in vivo antifungal profile of a novel and long-acting inhaled azole, PC945, on Aspergillus fumigatus infection. Antimicrob. Agents Chemother. 2017, 61, e02280-16. [Google Scholar] [CrossRef]

	



Cass, L.; Murray, A.; Davis, A.; Woodward, K.; Albayaty, M.; Ito, K.; Strong, P.; Ayrton, J.; Brindley, C.; Prosser, J. Safety and nonclinical and clinical pharmacokinetics of PC945, a novel inhaled triazole antifungal agent. Pharmacol. Res. Perspect. 2021, 9, e00690. [Google Scholar] [CrossRef]

	



Brunet, K.; Martellosio, J.-P.; Tewes, F.; Marchand, S.; Rammaert, B. Inhaled Antifungal Agents for Treatment and Prophylaxis of Bronchopulmonary Invasive Mold Infections. Pharmaceutics 2022, 14, 641. [Google Scholar] [CrossRef]

	



Ito, K. Inhaled antifungal therapy: Benefits, challenges, and clinical applications. Expert Opin. Drug Deliv. 2022, 19, 755–769. [Google Scholar] [CrossRef] [PubMed]








[image: Diagnostics 12 02712 g001 550] 





Figure 1. Healthy alveolus and injured alveolus in acute respiratory distress syndrome. Healthy alveolus with resident immune cells on the left, with injured alveolus in ARDS on the right, showing alterations in immune cell populations and endothelial dysfunction. Image created at Biorender.com (accessed on 1 October 2022). 
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Table 1. European Organization for Research and Treatment of Cancer and the Mycoses Study Group Diagnostic Criteria for IPA.
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	○

	
Proven invasive pulmonary aspergillosis









	
	
Histopathological evidence of Aspergillus hyphae with tissue damage;



	
Blood culture positive for Aspergillus.








	
	○

	
Probable invasive pulmonary aspergillosis (at least one from each category is needed)









	
	1.

	
Host factors









	
	
Prolonged neutropenia; stem cell transplant recipient; T-cell immunosuppressant; inherited immunodeficiency.








	
	2.

	
Clinical features on imaging









	
	
Well-circumscribed dense lesion; cavity; air-crescent sign.








	
	3.

	
Mycological criteria









	
	
Cytology, microscopy, or culture on sputum, BAL, or bronchial brushing indicating Aspergillus elements or positive Aspergillus culture; positive galactomannan in blood or BAL samples.








	
	○

	
Possible invasive pulmonary aspergillosis









	
	
Presence of both host factors and clinical features of probable invasive pulmonary aspergillosis, but not meeting mycological criteria.
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Table 2. Novel antifungal therapies for invasive pulmonary aspergillosis.
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	Drug
	Class
	Mechanism of Action
	Route of Administration





	Foxmanogepix
	Gwt1 inhibitor
	Inhibit mannoprotein maturation and impair fungal cell wall integrity
	Oral



	Ibrexafungerp
	Triterpenoid
	Inhibit β-D glucan synthesis and impair fungal cell wall integrity
	Oral



	Olorofim
	Dihydroorotate dehydrogenase inhibitor
	Inhibit pyrimidine synthesis
	Oral



	Opelconazole
	Triazole
	Lanosterol 14α-demethylase inhibition
	Nebulized
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