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Aspergillus conidia (spores) are ubiquitous in the environment 
and thus unavoidable. In soil and on other vegetative or moist material, 
aspergillus species exist as saprobes, digesting dead or dying organic mate-

rial. This highly competitive environment requires aspergillus species to survive 
under variable temperature, pH, water, and nutrient conditions. Oxidative damage 
and environmental antifungal exposure also drive fungal adaptation, and these 
factors together account for numerous aspects of aspergillus virulence.1,2 The vast 
majority of human encounters with inhaled conidia do not result in measurable 
colonization. For persons who do acquire and retain conidia, a spectrum of clini-
cally significant outcomes can occur, from asymptomatic colonization to invasive 
infection (i.e., disease).3

Spores from this genus of mold have the appropriate surface charge, hydropho-
bicity, and size (2 to 5 μm) to propagate by transfer in air, colonizing airways in 
the pulmonary tree and sinuses or leading to cutaneous or ocular infection. After 
inhalation of airborne fungal conidia, clinical manifestations of disease are 
largely dependent on the host immune response. A wide range of clinical syn-
dromes can be observed (Table 1). Hypersensitivity to inhaled airborne conidia 
causes allergic bronchopulmonary aspergillosis or asthma with fungal sensitiza-
tion, whereas an aspergillus fungus ball (aspergilloma) or chronic pulmonary 
aspergillosis develops more frequently in persons with structural lung disease. 
Invasive infection is the most devastating form of disease and is primarily ob-
served in persons with clinically significant immunosuppression.1,4 Small foci of 
growth are unchecked, and vegetative hyphae penetrate tissue planes and blood 
vessels, with the opportunity for hematogenous spread and dissemination to mul-
tiple organ systems. New risk factors, such as a stay in the intensive care unit 
(ICU), influenza or severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
infection,5-7 and chimeric antigen receptor T-cell (CAR-T) therapy, have recently 
been observed.

Despite advances in antifungal prophylactic strategies, diagnostic tests, and 
treatments, morbidity and mortality related to invasive aspergillosis remain high. 
With this review, we report progress in the understanding of this infection, 
building on the 2009 review in the Journal.8

M ycol o gic Fe at ur es

Invasive infection of humans is most frequently caused by members of the As-
pergillus fumigatus complex, followed by A. f lavus, A. niger, and A. terreus. A. fumiga-
tus is most common in the lung, whereas A. f lavus more commonly causes infec-
tion of the larger passageways and sinuses. In contrast, burn wounds are 
commonly colonized by A. niger and A. f lavus.9 These organisms were previ-
ously identified solely by phenotypic methods; however, molecular methods10 
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have revealed a substantial number of new 
species. Phenotypically similar to more well-
known pathogens, these organisms are termed 
“cryptic” species. In multicenter surveillance 
investigations of fungal disease in populations 
in the United States11 and Spain,12 11 to 15% of 
all aspergillus isolates were identified as cryp-
tic species. These species are frequently resis-

tant to antifungal agents, underscoring the 
importance of accurate identification.

Immune R esponse

The pulmonary system is exposed to aspergillus 
conidia daily, and a highly coordinated immune 
response has evolved for rapid pathogen elimi-

Table 1. Risk Factors for and Clinical Manifestations of Aspergillus Infections.*

Clinical Syndrome Risk Factors Clinical Elements of Infection

Allergic bronchopul-
monary aspergil-
losis

Reactive airway conditions, cystic 
fibrosis

Hypersensitivity to inhaled airborne conidia causes allergic bronchopulmo-
nary aspergillosis or asthma exacerbations with fungal sensitization

Aspergilloma Structural lung disease Fungus balls develop inside lung cavities (e.g., from tuberculosis)

Colonization of the 
pulmonary tree

Inhaled glucocorticoids, bronchiectasis, 
cystic fibrosis

Recurrent recovery in culture without compatible symptoms or radiographic 
findings

Cutaneous disease Tissue damage, traumatic inoculation, 
burn wounds

Primary site or secondary dissemination; iatrogenic infection of wounds 
(e.g., through contamination in an operating room or contaminated 
medical products)

Eye disease Tissue damage, surgery, foreign body Topical keratitis, endophthalmitis, or extension of sinus disease

Tracheobronchitis Develops most commonly in lung-
transplant recipients but may be 
seen in other patient groups as well

Cough, hemoptysis, wheezing, and dyspnea are observed clinically, al-
though radiographic imaging may be normal or show only airway 
thickening; various patterns have been described: obstructive tracheo-
bronchitis with prominent mucous plugs and hyphae in the airways, 
ulcerative tracheobronchitis with focal invasion of the mucosa, and a 
pseudomembranous form with extensive inflammation and necrosis 
of the tracheobronchial tree; in lung-transplant recipients, invasion by 
hyphae may develop at the site of anastomosis and suturing

Chronic pulmonary 
aspergillosis

Structural lung disease, underlying 
cancer, receipt of glucocorticoids, 
malnutrition, impaired mucociliary 
clearance after recent pulmonary 
infection, ICU stay

Fever, cough, and shortness of breath, with or without chest pain and 
hemoptysis (signs of angioinvasion)

Sinus disease Neutropenia, diabetes, excessive alcohol 
use, tropical residence, prolonged 
immunocompromised state

Sinus disease may be difficult to differentiate from other infections, in-
cluding mucormycosis; clinical findings may be subtle in patients who 
have neutropenia, with nasal congestion, fever, and facial pain most 
commonly encountered; cacosmia is a concerning signal, suggesting 
necrosis of the nasal or sinus tissue and requiring urgent evaluation; 
extension from the sinus into the surrounding bony or soft tissues may 
develop, requiring surgical débridement; patients with the orbital apex 
syndrome, characterized by impairment of extraocular muscles, present 
with ophthalmoplegia and visual loss

Disease of the central 
nervous system

Develops with hematogenous dissemina-
tion from a primary site (pulmonary 
or cutaneous inoculation) or contig-
uous extension from a sinus source; 
common with ibrutinib therapy

Neurologic deficits consistent with the region of involvement are seen on 
examination, and imaging studies show mass lesions or nodules

Invasive infection Exogenous immunosuppression, often 
related to chemotherapy, transplan-
tation, or small-molecule kinase 
inhibitors

Severe respiratory viral infection (SARS-
CoV-2 infection or influenza)

Small foci of growth are unchecked, and vegetative hyphae invade through 
tissue planes into blood vessels (i.e., angioinvasion), with the oppor-
tunity for contiguous or hematogenous spread and fatal infection of 
multiple organ systems, including endocarditis

*	�ICU denotes intensive care unit, and SARS-CoV-2 severe acute respiratory syndrome coronavirus 2.
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nation. The proximal airways remove conidia 
through mucociliary clearance, and if this pro-
cess is impaired (e.g., in cystic fibrosis and 
bronchiectasis), colonization or infection may 
develop. Airway epithelial cells and alveolar 
macrophages are the first line of defense against 
potential aspergillus infection. They must kill 
phagocytosed conidia while minimizing the sur-
rounding inflammatory reaction and maintain-
ing immune homeostasis. The bronchial epithe-
lium can internalize conidia; however, hyphae 
are able to pass through the epithelium without 
disturbing its integrity.13 Dectin-1, DC-SIGN 
(dendritic-cell–specific ICAM 3 [intercellular 
adhesion molecule 3]–grabbing nonintegrin), 
and pentraxin 3 have been identified as key mac-
rophage receptors assisting in the recognition 
and phagocytosis of these conidia.14,15 Polymor-
phisms in the host genome in these sites and 
others have been found to predispose patients to 
invasive aspergillosis.16

After phagocytosis, killing occurs through 
generation of NADPH-dependent reactive oxi-
dant species (ROS). Patients with defects in this 
pathway (e.g., those with chronic granulomatous 
disease) have invasive infection with aspergillus 
and other pathogens. Additional signaling path-
ways regulating aspergillus immunity have also 
been identified recently, although they are in-
completely characterized. These include the cal-
cium–calcineurin–NFAT (nuclear factor of acti-
vated T cells) pathway, which is disrupted by 
calcineurin inhibitors commonly used during 
the care of patients who have received stem-cell 
or solid-organ transplants, and Bruton’s tyrosine 
kinase inhibitors such as ibrutinib, which is in-
creasingly used in patients with lymphoprolifer-
ative cancer.1,17

Neutrophils have long been recognized as 
the most important immune cell with activity 
against aspergillus. Neutrophil recruitment de-
pends on chemokine release from lung epithe-
lial cells18 and CARD9 (caspase recruitment 
domain–containing protein 9) signaling, and 
defects in this latter pathway lead to extrapul-
monary aspergillosis. The process of recognition 
is similar to that for alveolar macrophages and 
downstream NADPH oxidase–induced ROS pro-
duction, causing fungal cell death. Host neutro-
phils release antimicrobial peptides (e.g., defen-

sins) and proteases and attempt to sequester 
iron availability in response to fungal invasion.19

T cells are also essential in the host defense, 
with both CD4 and CD8 cells providing protec-
tive immunity.20 Chronic noninvasive forms of 
aspergillosis, such as asthmatic exacerbations, 
allergic bronchopulmonary aspergillosis, and 
chronic pulmonary aspergillosis, are also de-
fined by aberrant T-cell responses. A dominant 
type 2 helper T-cell response is observed in al-
lergic diseases, whereas a proinflammatory phe-
notype has been described in chronic forms of 
pulmonary aspergillosis.

Epidemiol o gic Fe at ur es  
a nd R isk Fac t or s

The number of aspergillosis cases continues to 
increase yearly.21 The growing immunosup-
pressed population is largely the result of im-
provements in cancer therapy that prolong the 
duration of risk, the development of new immu-
notherapeutic agents that increase susceptibility 
to infection, and improved diagnostics. An in-
creased risk of aspergillosis has been recognized 
for decades among patients who have undergone 
hematopoietic-cell transplantation (HCT), par-
ticularly in the early period of neutropenia and 
during treatment of graft-versus-host disease 
(GVHD), and among solid-organ transplant re-
cipients treated with systemic glucocorticoids or 
other immunosuppressive agents.22,23

More recently, nontraditional risk factors for 
invasive aspergillosis have been identified (Ta-
ble  1). Patients in the ICU frequently have a 
multitude of overlapping risk factors conferring 
a predisposition to invasive aspergillosis, includ-
ing structural lung disease, underlying cancer, 
receipt of glucocorticoids for the treatment of 
chronic obstructive pulmonary disease or acute 
respiratory distress syndrome, and impaired 
mucociliary clearance after a recent pulmonary 
infection. The incidence of aspergillosis in the 
ICU varies substantially according to the geo-
graphic region,24 and ongoing prospective stud-
ies are further delineating the risk.

Patients with severe respiratory viral infec-
tions are also at increased risk for the develop-
ment of invasive aspergillosis. Severe infection 
with influenza virus, respiratory syncytial vi-
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rus, or SARS-CoV-2 damages the pulmonary 
epithelium, providing a potential portal of en-
try for colonizing aspergillus species.6,7 In ad-
dition, the use of glucocorticoids and other 
immunomodulating medications during treat-
ment of severe SARS-CoV-2 infection may con-
fer a predisposition to pulmonary mold infec-
tions.25,26

The diagnosis may be difficult to establish 
in patients who have tracheobronchitis in the 
absence of radiographic manifestations. Pa-
tients with parenchymal involvement may have 
consolidation or other nonspecific signs of in-
fection.

As noted above, Bruton’s tyrosine kinase in-
hibitors, such as ibrutinib, have emerged as risk 
factors, not only for invasive aspergillosis but 
also for the development of disseminated or 
central nervous system disease,17 and antifungal 
prophylaxis during ibrutinib therapy is provided 
at some centers. Fludarabine, a purine analogue 
that causes quantitative and qualitative T-cell 
defects that persist for 1 to 2 years, has been 
associated with aspergillosis. Treatment with 
venetoclax, a B-cell lymphoma 2 (BCL2) inhibi-
tor that is prescribed for some hematologic 
cancers, may also be a risk factor for invasive 
aspergillosis and other opportunistic infections. 
However, venetoclax is often used in combina-
tion with other chemotherapeutic agents, mak-
ing the specific risk attributable to this agent 
difficult to define; additional data are needed to 
make this determination definitively.27

CAR-T therapy, which is used to reprogram 
autologous or allogeneic T cells to express chi-
meric antigen receptors, directing them at spe-
cific tumor antigens, has also emerged as a risk 
factor for invasive aspergillosis. After infusion, 
this T-cell population expands and remains via-
ble for months to years, providing a useful treat-
ment option for some refractory or relapsed 
leukemias and lymphomas. Cytokine release 
syndrome may develop as a complication of 
CAR-T therapy, and most infectious complica-
tions develop shortly after therapy, during the 
early period of neutropenia or soon after the 
development of cytokine release syndrome. 
(When infection develops shortly after the devel-
opment of cytokine release syndrome, the infec-
tion is probably secondary to the initiation of 

immunosuppressive therapy with tocilizumab 
plus a glucocorticoid for the treatment of the 
cytokine release syndrome.)

The role of the lung microbiome in the patho-
genesis of invasive aspergillosis remains unclear 
but is the subject of ongoing work. Microbiome-
mediated mechanisms of resistance and altera-
tion of the host immune response may increase 
fungal colonization rates and cause infection 
during periods of immunosuppression.28 The ef-
fects of mycoviruses or other viruses on asper-
gillus infections also have yet to be determined.

A large number of new agents that affect 
numerous immunologic pathways have become 
available over the past decade and pose theoreti-
cal risks of invasive fungal diseases, as recently 
reviewed.29 Agents involving monocyte–macro-
phage function appear to pose the highest risk 
of invasive aspergillosis, and agents that impair 
type 1 helper T-cell immunity also confer a pre-
disposition to infection, according to sporadic 
reports.

 Clinic a l M a nifes tations

Table 1 shows the spectrum of clinical presenta-
tions of aspergillosis, defined by the site of in-
volvement. The severity of invasive infection 
correlates inversely with the immune status of 
the host. A high index of suspicion is required 
for the diagnosis of invasive disease, since an 
immunocompromised patient may be relatively 
asymptomatic, precluding early diagnosis. Imag-
ing is a critical component in the diagnostic 

Figure 1. Halo Sign Suggestive of Invasive Fungal 
 Infection.

The halo sign (arrow) is a focal nodule or consolidation 
with surrounding attenuation.
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evaluation of pulmonary and sinus infections 
in particular. Radiographically, computed to-
mographic imaging of the chest shows focal 
consolidations, and in the case of invasive pul-
monary infection, consolidation may be charac-
terized by nodules with surrounding ground-
glass infiltrates (halo sign) (Fig. 1) or cavitating 
lesions. Patients with tracheobronchial infection 
may have no parenchymal lung changes, but 
debris may be visible in large airways. Noninva-
sive disease, such as allergic bronchopulmonary 
aspergillosis, is suggested by central bronchiec-
tasis or parenchymal opacities and prompts test-
ing such as measurement of IgE levels and ex-
amination of the peripheral-blood eosinophil 
count. Central nervous system lesions30 are more 
common in patients with an underlying genetic 
immunodeficiency (e.g., CARD9)31 and are seen 
with immunosuppressive therapy that targets the 
pathways involved.

Di agnosis

Allergic bronchopulmonary aspergillosis is diag-
nosed when testing establishes sensitization to 
aspergillus antigens, with compatible clinical 
and radiographic findings.1 Blood test results 
that are compatible but nonspecific include a 
total eosinophil count of more than 500 cells per 
microliter in patients not receiving glucocorti-
coids and a total serum IgE level of more than 
1000 IU per milliliter. Specific tests include se-
rum aspergillus-specific IgE or IgG levels, serum 
precipitating antibodies, and skin testing for 
aspergillus sensitivity.

The difficulty in obtaining samples for cul-
ture or histopathological assessment32 for the 
diagnosis of local or systemic invasive infection 
has spurred interest in noninvasive diagnostic 
testing (Table 2). Components of the fungal cell 
wall, including galactomannan and 1,3-β-d-
glucan, can be detected in some patients with 
invasive aspergillosis (Fig. 2).34,35 A polymerase-
chain-reaction (PCR) assay has more recently 
become available, although primarily at refer-
ence laboratories.33 The sensitivity of these tests 
is variable and depends on the immune status of 
the host, the site of involvement, status with 
respect to prior antifungal prophylaxis or treat-
ment, the sample type, and the laboratory per-

forming the testing. The sensitivity of serum 
galactomannan testing increases with lower 
neutrophil counts, whereas galactomannan test-
ing in bronchoalveolar lavage (BAL) fluid is less 
dependent on host factors. Galactomannan from 
serum and galactomannan from BAL are used 
as biomarkers during the conduct of clinical 
trials.36

The serum galactomannan optical density 
index at baseline (i.e., at the time of diagnosis) 
and galactomannan kinetics have both been 
found to be prognostic.34 A serum galactoman-
nan index that is higher than the baseline level37 
and an index that remains elevated over time 
have been associated with increased mortality. 
Increases in the galactomannan optical density 
index of more than 0.25 from baseline have also 
been suggestive of poor outcomes.35 False posi-
tive galactomannan results have been previously 
attributed to concurrent piperacillin–tazobactam 
administration, although serial changes in 
product development suggest that this cross-
reactivity is now uncommon.38 Cross-reactivity 
with other fungi (e.g., fusarium or penicillium) 
may also occur. A direct comparison of 1,3-β-d-
glucan testing with galactomannan testing has 
suggested a higher sensitivity for 1,3-β-d-glucan 
testing and a higher specificity for galacto-
mannan.39

Combining diagnostic assays may help over-
come the limitations of any individual test. A 
meta-analysis showed that when weekly serum 
galactomannan testing or a serum or whole-
blood PCR assay was used in high-risk patients, 
a single positive result had modest sensitivity 
(serum galactomannan testing, 92%; PCR assay, 
84%), although when the two tests were used 
concurrently and either one was positive, the 
sensitivity increased to 99%.40 When both tests 
were positive in the same patient, the specificity 
increased to 98%.

A n tifung a l R esis ta nce

When cultures are positive for aspergillus spe-
cies, antifungal susceptibility testing could be 
considered for patients in certain geographic 
locations where the increase in antifungal resis-
tance in these genera is known to be problem-
atic. Resistance may occur de novo or may de-
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velop during therapy. New A. fumigatus resistance 
can result from the use of agricultural antifun-
gal agents that are structurally similar to mold-
active triazoles.41 A tandem repeat in the gene 
promoter with a substitution of leucine for his-
tidine at codon 98 (TR34/L98H) causes pan-
triazole resistance,42 and other mechanisms may 
also contribute to resistance.43 Some species are 
known to have variable susceptibility to anti-
fungal agents. A. terreus is infrequently suscepti-
ble to amphotericin B, whereas A. calidoustus and 
A. lentulus are resistant to multiple antifungal 
agents, including amphotericin B and voricon-
azole. Since clinical outcomes depend largely 
on recovery from defects in host immunologic 
factors, the results of susceptibility testing are 
used to optimize antifungal therapy so that 
host-specific variables can be addressed in an 
infected patient.44

Tr e atmen t

Management of aspergillosis requires early rec-
ognition of infection so that attention can be 
focused on the question of whether to provide 
antifungal therapy. In addition to antifungal 
agents, allergic forms of infection may require 
glucocorticoids, anti-IgE therapy (omalizumab), 
or potentially, anti–interleukin-5 monoclonal 
antibodies. Fungus balls and wound or topical 
infections may require surgical débridement in 
addition to systemic antifungal therapy. Initia-
tion of antifungal therapy requires medication 
that has a mechanistic application to the iden-
tified species of aspergillus that is causing in-
fection (Fig. 2). Clinicians should decrease the 
dose or stop immunosuppressive therapy when 
feasible.

A number of professional societies have pub-
lished guidelines for treatment, with voricon-
azole or isavuconazole recommended as first-
line therapy (Table 3). A trial reported in 2021 
supports the use of posaconazole as first-line 
therapy.45 Amphotericin B was previously the 
mainstay of treatment but was supplanted by 
voriconazole on the basis of a randomized study, 
reported in 2002, comparing voriconazole with 
amphotericin B deoxycholate as primary ther
apy.46 Voriconazole, which undergoes extensive 
hepatic metabolism by cytochrome P-450 (CYP) 

enzymes CYP2C19, CYP2C9, and CYP3A4, inter-
acts with a number of other medications that 
share these metabolic pathways. Genetic poly-
morphisms in CYP2C19 also contribute to the 
observed variations in serum drug levels among 
patients treated with voriconazole. Adverse events 
during voriconazole treatment include photopsia 
(flashing lights), central nervous system distur-
bance (associated with serum drug levels >5.5 μg 
per milliliter), photosensitivity, periostitis, pro-
longation of the corrected QT interval, and hair 
and nail changes.47

Isavuconazole is an alternative primary ther-
apeutic option for invasive aspergillosis. This 
agent was evaluated in a phase 3, double-blind, 
noninferiority trial reported in 2016.48 All-cause 
mortality at day 42 was similar for isavuconazole 
and voriconazole (19% and 20%, respectively), 
although drug-related adverse events were less 
common in the isavuconazole group (42%, vs. 
60% in the voriconazole group; P<0.001). Isavu-
conazole is a moderate inhibitor of CYP3A4, and 
drug–drug interactions may occur. Therapeutic 
drug monitoring is not necessary with isavucon-
azole treatment in most cases49; however, addi-
tional data are needed for definitive recommen-
dations to be made. In contrast to other triazoles, 
isavuconazole causes a shortening of the QT 
interval, although this is of unclear clinical sig-
nificance.47

Posaconazole was compared with voricona
zole for the primary treatment of aspergillosis in 
a phase 3, prospective, double-blind study re-
ported in 2021.45 Mortality among patients with 
proven or probable aspergillosis at day 42 was 
the same in the two treatment groups (19%). 
Posaconazole is also an inhibitor of CYP3A4, 
and combined use with medications metabo-
lized by this same pathway may result in drug–
drug interactions. Therapeutic drug monitoring 
is recommended for posaconazole. Serum drug 
levels above 1 μg per milliliter are recommended 
during treatment; with long-term use, levels ex-
ceeding 4 μg per milliliter may be associated 
with toxic effects.47,50

Combination therapy with voriconazole and 
an echinocandin may provide a benefit over 
monotherapy in some patient groups.51 A benefit 
of combination therapy has been seen in animal 
models of infection and retrospective studies. 
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However, a large, randomized trial comparing 
voriconazole alone with voriconazole plus anidu-
lafungin, reported in 2015, showed no signifi-
cant difference in mortality at 6 weeks between 
patients receiving monotherapy and those re-
ceiving combination therapy.52 A post hoc analy-
sis of the study data showed a significant reduc-
tion in 6-week mortality with combination 
therapy in the subgroup of patients with a diag-
nosis of probable aspergillosis (defined by posi-
tive galactomannan testing and radiographic 
abnormalities). This group may represent a more 
homogeneous patient population than prior, 
smaller reported groups of patients, although 
additional studies are needed to further explore 
the benefit of combination therapy. For now, 
combination therapy is recommended only in 
selected patient groups.

Lipid formulations of amphotericin B (lipo
somal amphotericin B or amphotericin B lipid 
complex) can be used in patients in whom first-
line therapy is associated with an unacceptable 
adverse-event profile or who have refractory 
disease.51 However, in centers with a substantial 
number of de novo triazole-resistant aspergillus 
infections, lipid formulations of amphotericin B 
may be used as first-line therapy. Dose escala-
tion results in increased toxic effects.53 Because 
of the low response rates and the nephrotoxic 
effects associated with intravenous treatment, 
nonlipid amphotericin (i.e., amphotericin B de-
oxycholate) is used as intrathecal therapy or as 
a component of surgical irrigant solutions more 
often than as intravenous treatment of invasive 
infection, unless other agents are not available 
(e.g., in developing countries).

Itraconazole should not be used as first-line 
therapy for invasive aspergillosis, although it is 
a potential treatment option in patients with 
other forms of disease. In a study evaluating 
itraconazole therapy for chronic cavitary pulmo-
nary aspergillosis, improvement or stabilization 
of disease was seen in 71% of the study partici-
pants.54 Patients with allergic bronchopulmo-
nary aspergillosis in whom oral glucocorticoids 
cannot be tapered also benefit from itraconazole 
therapy, and although other mold-active azoles 
are probably similar in efficacy for these nonin-
vasive forms of disease, data from prospective 
studies are lacking. A new itraconazole formula-
tion (SUBA-itraconazole [SUBA is a proprietary 
technology denoting superbioavailability]), which D
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offers improved pharmacokinetics as compared 
with conventional itraconazole, is also a treat-
ment option.55 Therapeutic drug monitoring dur-
ing itraconazole therapy is recommended.56

Other treatment options include the echino-
candins. Echinocandins should not be used as 
monotherapy except in the case of patients in 
whom alternative antifungal therapy is associ-
ated with an unacceptable adverse-event profile 
or who have disease that is refractory to it.51

In addition to a reduction in exogenous im-
munosuppressive medications, adjunctive ther-
apy such as granulocyte or granulocyte–macro-
phage colony-stimulating factor can be used on 
a case-by-case basis. Granulocyte transfusions 
are sometimes recommended, primarily if there 
are no other reasonable options; however, no 
benefit of this approach has been shown.57

Pr e v en tion

Hospitalized patients who are undergoing or 
have undergone HCT should ideally be placed 
in protective environment rooms that have high-
efficiency particulate air (HEPA) filters with 
99.97% efficiency for removing particles that are 
0.3 μm or more in diameter.58 Allocation of 
these rooms should be prioritized for patients 
who are at highest risk for invasive mold infec-
tions (e.g., patients in whom neutropenia is ex-
pected to be prolonged and those receiving 
treatment for GVHD). Plants and dried or fresh 
flowers should not be allowed in hospital rooms 
during conditioning or after HCT, because 
aspergillus species and other molds have been 
isolated from these items. Education regarding 
additional exposures is also of paramount impor-
tance, and extensive guidance has been pub-
lished.59 More recently, cannabis use has been 
identified as a potential source of infection. 
Cannabis contains fungal and bacterial patho-
gens, even when sourced from dispensaries, and 
is directly inhaled in nonfiltered form; it there-
fore poses a serious risk for immunocompro-
mised patients.60,61

Despite rigorous attempts to mitigate envi-
ronmental factors, patients at highest risk for 
invasive mold infections benefit from pharmaco-
logic antifungal prophylaxis. Posaconazole is 
effective in the prevention of aspergillosis in 
patients undergoing chemotherapy for acute my-
eloid leukemia and is associated with improved 
survival.62 Similarly, posaconazole is effective in 
patients with severe GVHD after HCT.63 Voricon-
azole has been evaluated as long-term prophy-
laxis (for 100 to 180 days) but was not associated 
with a survival benefit, as compared with fluco-
nazole, during this extended period.64 Because of 
the interactions between triazoles and newer 
oncologic agents (e.g., venetoclax), short-term 
prophylactic regimens increasingly use echino-
candins, although breakthrough infections 
during prophylaxis with echinocandins may 
occur, given their relatively limited spectrum of 
activity.65,66

Antifungal prophylaxis has also proved to be 
beneficial in patients with chronic granuloma-
tous disease67 and is recommended as lifelong 
therapy unless curative treatment (e.g., trans-
plantation) is undertaken. The need for prophy-
laxis in nontraditional hosts (i.e., patients with-
out a compromised immune system) in the ICU 
has not been defined, and trials assessing the 
potential benefit of targeted prophylaxis in this 
patient population are ongoing.

Fu t ur e Dir ec tions

Despite the extensive work done in this field 
and advances in antifungal therapy, outcomes 
for patients with invasive infections must be 
improved, since mortality rates at 6 weeks re-
main close to 20%.45,48,52 Drug–drug interactions 
during clinical care are a serious problem, and 
adverse events limit current therapeutic regi-
mens. The search for alternative agents has 
prompted interest in agents with improved phar-
macokinetic characteristics (SUBA-itraconazole, 
with its superbioavailable drug-delivery system, 
and the long-acting echinocandin rezafungin)68,69 
and novel mechanisms of action (fosmanogepix, 
a glycosylphosphatidylinositol-anchor biosynthe-
sis inhibitor; ibrexafungerp, a glucan synthesis 
inhibitor [triterpenoid]55; and olorofim, a dihydro
orotate dehydrogenase inhibitor),70,71 and phase 2 
and 3 trials are ongoing.55

As with the development of CAR-T therapy for 

Figure 2 (facing page). Invasive Aspergillosis,  
from Inhalation to Diagnosis and Treatment.

GAG denotes galactopyranose, N-acetylgalactosamine, 
and galactosamine; and PCR polymerase chain reaction.
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oncologic conditions, T cells genetically modi-
fied to render cytotoxic T cells specific for fungi 
have been developed and are being explored as 
treatment options.72 The pattern-recognition re-
ceptor dectin-1 is adapted to activate T cells 
through chimeric CD28 and CD3-ζ on binding 
with carbohydrate in the cell wall of aspergillus. 
These cells have specificity for β-glucan, which 
can lead to damage and inhibition of hyphal 
growth of aspergillus in vitro and in vivo. Pre-
clinical development is ongoing.72

Novel diagnostics, including point-of-care as-
says with rapid turnaround times73 and analysis 
of fungal metabolites in patient breath,74 are also 
in development. Improvements in radiographic 
technology may help shorten the time to diagno-
sis. Imaging studies performed before chemo-
therapy may also be of use to identify infection 
acquired even before diagnosis of the underlying 
disease (e.g., neutropenia from previously undi-
agnosed myelodysplastic syndrome).75

Summ a r y

Aspergillus infections affect persons with vari-
ous levels of immune system competence or 
compromise. Since 2009, molecular studies have 
identified new polymorphisms that predispose 
some persons to disease. New risk factors for 
aspergillosis include ICU stays and respiratory 
viral infections. Clinicians are linking new di-
agnoses of invasive aspergillosis to evolving 
therapies for various medical conditions. For 
example, monoclonal antibodies and tyrosine 
kinase inhibitors have been developed to treat 
underlying disease and avoid glucocorticoid-
induced immunosuppression. If invasive infec-
tion is suspected, clinicians can perform non-
invasive diagnostic testing to supplement 
radiographic imaging, so that treatment can be 
initiated as early as possible in the course of 
infection. Clinicians can add prophylaxis against 
a new aspergillus infection in high-risk situa-
tions. With multiple classes of antifungal 
agents available for treatment, clinicians have 
options to assist infected patients with recovery. 
Good outcomes depend largely on reversal of 
immunosuppression, early administration of anti-
fungal therapy, and surgical drainage in selected 
cases.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.A

nt
ifu

ng
al

 A
ge

nt
A

dv
an

ta
ge

s
D

is
ad

va
nt

ag
es

C
om

m
en

ts

A
m

ph
ot

er
ic

in
 B

 d
eo

xy
ch

ol
at

e
IV

 a
dm

in
is

tr
at

io
n 

is
 li

m
ite

d 
to

 s
itu

at
io

ns
 in

 
w

hi
ch

 li
pi

d 
fo

rm
ul

at
io

ns
 o

f a
m

ph
ot

er
ic

in
 

B
 o

r 
m

ol
d-

ac
tiv

e 
az

ol
e 

an
tif

un
ga

ls
 

ar
e 

un
av

ai
la

bl
e;

 in
ha

le
d 

or
 n

eb
ul

iz
ed

 
an

tif
un

ga
l t

he
ra

py
 m

ay
 b

e 
an

 o
pt

io
n 

in
 p

at
ie

nt
s 

w
ith

 n
eu

tr
op

en
ia

 a
nd

 lu
ng

-
tr

an
sp

la
nt

 r
ec

ip
ie

nt
s;

 a
ge

nt
 o

f c
ho

ic
e 

fo
r 

in
tr

at
he

ca
l o

r 
ir

ri
ga

nt
 u

se

C
lin

ic
al

 o
ut

co
m

es
 s

ev
er

el
y 

lim
ite

d 
by

 to
xi

c 
ef

fe
ct

s 
th

at
 p

re
cl

ud
e 

ro
bu

st
 IV

 d
os

e 
es

ca
la

tio
n

D
os

e-
re

la
te

d 
re

ac
tio

ns
: n

ep
hr

ot
ox

ic
ity

 a
nd

 e
le

ct
ro

ly
te

 
di

st
ur

ba
nc

es
In

fu
si

on
-r

el
at

ed
 r

ea
ct

io
ns

: f
ev

er
, r

ig
or

s,
 a

nd
 n

au
se

a
B

ot
h 

do
se

-r
el

at
ed

 a
nd

 in
fu

si
on

-r
el

at
ed

 r
ea

ct
io

ns
 a

re
 

m
uc

h 
le

ss
 fr

eq
ue

nt
 w

ith
 li

pi
d 

fo
rm

ul
at

io
ns

 th
an

 w
ith

 
am

ph
ot

er
ic

in
 B

 d
eo

xy
ch

ol
at

e

Ec
hi

no
ca

nd
in

 (
an

id
ul

af
un

gi
n,

 
ca

sp
of

un
gi

n,
 m

ic
af

un
gi

n)
D

ai
ly

 IV
 in

fu
si

on
 h

as
 a

n 
ac

ce
pt

ab
le

 s
id

e-
ef

fe
ct

 p
ro

fil
e

Sp
or

ad
ic

 c
as

es
 o

f a
m

in
ot

ra
ns

fe
ra

se
 

el
ev

at
io

ns
Sp

or
ad

ic
 c

as
es

 o
f i

nf
us

io
n 

or
 

hy
pe

rs
en

si
tiv

ity
 r

ea
ct

io
ns

Sh
ou

ld
 n

ot
 b

e 
us

ed
 a

s 
in

iti
al

 m
on

ot
he

ra
py

*	�
A

PB
A

 d
en

ot
es

 a
lle

rg
ic

 b
ro

nc
ho

pu
lm

on
ar

y 
as

pe
rg

ill
os

is
, C

YP
 c

yt
oc

hr
om

e 
P-

45
0,

 I
V

 in
tr

av
en

ou
s,

 a
nd

 Q
Tc

 c
or

re
ct

ed
 Q

T 
in

te
rv

al
.

†
	�In

 a
 2

00
2 

ra
nd

om
iz

ed
 t

ri
al

, p
ri

m
ar

ily
 in

vo
lv

in
g 

pa
tie

nt
s 

tr
ea

te
d 

w
ith

 a
llo

ge
ne

ic
 H

C
T 

an
d 

th
os

e 
w

ith
 h

em
at

ol
og

ic
 d

is
ea

se
s,

46
 s

uc
ce

ss
fu

l o
ut

co
m

es
 a

t 
12

 w
k 

w
er

e 
m

or
e 

co
m

m
on

 in
 t

he
 

vo
ri

co
na

zo
le

 g
ro

up
 t

ha
n 

in
 t

he
 a

m
ph

ot
er

ic
in

 B
 g

ro
up

 (
53

%
 v

s.
 3

2%
),

 w
ith

 a
 s

ur
vi

va
l b

en
ef

it 
in

 t
he

 v
or

ic
on

az
ol

e 
gr

ou
p 

(7
1%

 v
s.

 5
8%

);
 v

or
ic

on
az

ol
e-

tr
ea

te
d 

pa
tie

nt
s 

al
so

 h
ad

 fe
w

er
 

se
ve

re
 d

ru
g-

re
la

te
d 

ad
ve

rs
e 

ev
en

ts
.

The New England Journal of Medicine 
Downloaded from nejm.org at UNIVERSITA DEGLI STUDI DI PADOVA on October 23, 2023. For personal use only. No other uses without permission. 

 Copyright © 2021 Massachusetts Medical Society. All rights reserved. 



n engl j med 385;16  nejm.org  October 14, 20211508

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

References
1.	 Latgé JP, Chamilos G. Aspergillus fu-
migatus and Aspergillosis in 2019. Clin 
Microbiol Rev 2019;​33:​33.
2.	 Aimanianda V, Bayry J, Bozza S, et al. 
Surface hydrophobin prevents immune 
recognition of airborne fungal spores. 
Nature 2009;​460:​1117-21.
3.	 Casadevall A, Pirofski LA. The damage-
response framework of microbial patho-
genesis. Nat Rev Microbiol 2003;​1:​17-24.
4.	 van Burik JA, Colven R, Spach DH. Cu-
taneous aspergillosis. J Clin Microbiol 
1998;​36:​3115-21.
5.	 Koehler P, Bassetti M, Chakrabarti A, 
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(6):​e149-e162.
6.	 Schauwvlieghe AFAD, Rijnders BJA, 
Philips N, et al. Invasive aspergillosis in 
patients admitted to the intensive care 
unit with severe influenza: a retrospective 
cohort study. Lancet Respir Med 2018;​6:​
782-92.
7.	 Vanderbeke L, Spriet I, Breynaert C, 
Rijnders BJA, Verweij PE, Wauters J. Inva-
sive pulmonary aspergillosis complicat-
ing severe influenza: epidemiology, diag-
nosis and treatment. Curr Opin Infect Dis 
2018;​31:​471-80.
8.	 Segal BH. Aspergillosis. N Engl J Med 
2009;​360:​1870-84.
9.	 Montazeri A, Zandi H, Teymouri F, 
Soltanianzadeh Z, Jambarsang S, Mokh-
tari M. Microbiological analysis of bacte-
rial and fungal bioaerosols from burn 
hospital of Yazd (Iran) in 2019. J Environ 
Health Sci Eng 2020;​18:​1121-30.
10.	 Balajee SA, Houbraken J, Verweij PE, 
et al. Aspergillus species identification in 
the clinical setting. Stud Mycol 2007;​59:​
39-46.
11.	 Balajee SA, Kano R, Baddley JW, et al. 
Molecular identification of Aspergillus 
species collected for the Transplant-Asso-
ciated Infection Surveillance Network.  
J Clin Microbiol 2009;​47:​3138-41.
12.	Alastruey-Izquierdo A, Mellado E, Pe-
láez T, et al. Population-based survey of 
filamentous fungi and antifungal resis-
tance in Spain (FILPOP study). Antimi-
crob Agents Chemother 2013;​57:​3380-7.
13.	 Fernandes J, Hamidi F, Leborgne R,  
et al. Penetration of the human pulmo-
nary epithelium by aspergillus fumigatus 
hyphae. J Infect Dis 2018;​218:​1306-13.
14.	 Cunha C, Aversa F, Lacerda JF, et al. 
Genetic PTX3 deficiency and aspergillosis 
in stem-cell transplantation. N Engl J Med 
2014;​370:​421-32.
15.	 Fisher CE, Hohl TM, Fan W, et al. 
Validation of single nucleotide polymor-
phisms in invasive aspergillosis following 
hematopoietic cell transplantation. Blood 
2017;​129:​2693-701.
16.	 Vedula RS, Cheng MP, Ronayne CE,  

et al. Somatic GATA2 mutations define a 
subgroup of myeloid malignancy patients 
at high risk for invasive fungal disease. 
Blood Adv 2021;​5:​54-60.
17.	 Ghez D, Calleja A, Protin C, et al. 
Early-onset invasive aspergillosis and other 
fungal infections in patients treated with 
ibrutinib. Blood 2018;​131:​1955-9.
18.	 Feldman MB, Dutko RA, Wood MA,  
et al. Aspergillus fumigatus cell wall pro-
motes apical airway epithelial recruit-
ment of human neutrophils. Infect Im-
mun 2020;​88(2):​e00813-19.
19.	 Leal SM Jr, Roy S, Vareechon C, et al. 
Targeting iron acquisition blocks infec-
tion with the fungal pathogens Aspergil-
lus fumigatus and Fusarium oxysporum. 
PLoS Pathog 2013;​9(7):​e1003436.
20.	Hebart H, Bollinger C, Fisch P, et al. 
Analysis of T-cell responses to Aspergil-
lus fumigatus antigens in healthy indi-
viduals and patients with hematologic 
malignancies. Blood 2002;​100:​4521-8.
21.	 Zilberberg MD, Harrington R, Spald-
ing JR, Shorr AF. Burden of hospitaliza-
tions over time with invasive aspergillosis 
in the United States, 2004-2013. BMC 
Public Health 2019;​19:​591.
22.	 van Burik JA, Carter SL, Freifeld AG, 
et al. Higher risk of cytomegalovirus and 
aspergillus infections in recipients of T cell-
depleted unrelated bone marrow: analysis 
of infectious complications in patients 
treated with T cell depletion versus im-
munosuppressive therapy to prevent graft-
versus-host disease. Biol Blood Marrow 
Transplant 2007;​13:​1487-98.
23.	Wald A, Leisenring W, van Burik JA, 
Bowden RA. Epidemiology of Aspergillus 
infections in a large cohort of patients 
undergoing bone marrow transplanta-
tion. J Infect Dis 1997;​175:​1459-66.
24.	 Schwartz IS, Friedman DZP, Zaper-
nick L, et al. High rates of influenza-asso-
ciated invasive pulmonary aspergillosis 
may not be universal: a retrospective co-
hort study from Alberta, Canada. Clin 
Infect Dis 2020;​71:​1760-3.
25.	 van Arkel ALE, Rijpstra TA, Belderbos 
HNA, van Wijngaarden P, Verweij PE, 
Bentvelsen RG. COVID-19-associated pul-
monary aspergillosis. Am J Respir Crit 
Care Med 2020;​202:​132-5.
26.	White PL, Dhillon R, Cordey A, et al. 
A national strategy to diagnose COVID-19 
associated invasive fungal disease in the 
ICU. Clin Infect Dis 2020 August 29 (Epub 
ahead of print).
27.	 Seymour JF, Kipps TJ, Eichhorst B,  
et al. Venetoclax-rituximab in relapsed or 
refractory chronic lymphocytic leukemia. 
N Engl J Med 2018;​378:​1107-20.
28.	Kolwijck E, van de Veerdonk FL. The 
potential impact of the pulmonary micro-
biome on immunopathogenesis of asper-
gillus-related lung disease. Eur J Immunol 
2014;​44:​3156-65.

29.	 Davis MR, Thompson GR III, Patter-
son TF. Fungal infections potentiated by 
biologics. Infect Dis Clin North Am 2020;​
34:​389-411.
30.	 Schwartz S, Kontoyiannis DP, Harri-
son T, Ruhnke M. Advances in the diag-
nosis and treatment of fungal infections 
of the CNS. Lancet Neurol 2018;​17:​362-
72.
31.	 Drummond RA, Collar AL, Swamydas 
M, et al. CARD9-dependent neutrophil 
recruitment protects against fungal inva-
sion of the central nervous system. PLoS 
Pathog 2015;​11(12):​e1005293.
32.	 Fernández-Cruz A, Magira E, Heo ST, 
Evans S, Tarrand J, Kontoyiannis DP. 
Bronchoalveolar lavage fluid cytology in 
culture-documented invasive pulmonary 
aspergillosis in patients with hematologic 
diseases: analysis of 67 episodes. J Clin 
Microbiol 2018;​56(10):​e00962-18.
33.	 Arvanitis M, Ziakas PD, Zachariouda-
kis IM, Zervou FN, Caliendo AM, Mylona-
kis E. PCR in diagnosis of invasive asper-
gillosis: a meta-analysis of diagnostic 
performance. J Clin Microbiol 2014;​52:​
3731-42.
34.	Koo S, Bryar JM, Baden LR, Marty FM. 
Prognostic features of galactomannan 
antigenemia in galactomannan-positive 
invasive aspergillosis. J Clin Microbiol 
2010;​48:​1255-60.
35.	 Kovanda LL, Kolamunnage-Dona R, 
Neely M, Maertens J, Lee M, Hope WW. 
Pharmacodynamics of isavuconazole for 
invasive mold disease: role of galacto-
mannan for real-time monitoring of ther-
apeutic response. Clin Infect Dis 2017;​64:​
1557-63.
36.	Detection of galactomannan in bron-
cho-alveolar lavage f luids by Platelia As-
pergillus enzyme immunoassay. Silver 
Spring, MD: Food and Drug Administra-
tion, 2011 (https://www.fda.gov/media/ 
89991/download).
37.	 Mercier T, Guldentops E, Lagrou K, 
Maertens J. Galactomannan, a surrogate 
marker for outcome in invasive aspergil-
losis: finally coming of age. Front Micro-
biol 2018;​9:​661.
38.	 Vergidis P, Razonable RR, Wheat LJ, 
et al. Reduction in false-positive Aspergil-
lus serum galactomannan enzyme im-
munoassay results associated with use 
of piperacillin-tazobactam in the United 
States. J Clin Microbiol 2014;​52:​2199-
201.
39.	 Sulahian A, Porcher R, Bergeron A,  
et al. Use and limits of (1-3)-β-d-glucan 
assay (Fungitell), compared to galacto-
mannan determination (Platelia Aspergil-
lus), for diagnosis of invasive aspergillo-
sis. J Clin Microbiol 2014;​52:​2328-33.
40.	Arvanitis M, Anagnostou T, Mylona-
kis E. Galactomannan and polymerase 
chain reaction-based screening for inva-
sive aspergillosis among high-risk hema-

The New England Journal of Medicine 
Downloaded from nejm.org at UNIVERSITA DEGLI STUDI DI PADOVA on October 23, 2023. For personal use only. No other uses without permission. 

 Copyright © 2021 Massachusetts Medical Society. All rights reserved. 



n engl j med 385;16  nejm.org  October 14, 2021 1509

Aspergillus Infections

tology patients: a diagnostic meta-analy-
sis. Clin Infect Dis 2015;​61:​1263-72.
41.	 van der Linden JWM, Camps SMT, 
Kampinga GA, et al. Aspergillosis due to 
voriconazole highly resistant aspergillus 
fumigatus and recovery of genetically re-
lated resistant isolates from domiciles. 
Clin Infect Dis 2013;​57:​513-20.
42.	 Snelders E, van der Lee HAL, Kuijpers 
J, et al. Emergence of azole resistance in 
Aspergillus fumigatus and spread of a 
single resistance mechanism. PLoS Med 
2008;​5(11):​e219.
43.	 Perlin DS, Rautemaa-Richardson R, 
Alastruey-Izquierdo A. The global prob-
lem of antifungal resistance: prevalence, 
mechanisms, and management. Lancet 
Infect Dis 2017;​17(12):​e383-e392.
44.	Heo ST, Tatara AM, Jiménez-Ortigosa 
C, et al. Changes in in vitro susceptibility 
patterns of Aspergillus to triazoles and 
correlation with aspergillosis outcome in 
a tertiary care cancer center, 1999-2015. 
Clin Infect Dis 2017;​65:​216-25.
45.	Maertens JA, Rahav G, Lee DG, et al. 
Posaconazole versus voriconazole for pri-
mary treatment of invasive aspergillosis: 
a phase 3, randomised, controlled, non-
inferiority trial. Lancet 2021;​397:​499-509.
46.	Herbrecht R, Denning DW, Patterson 
TF, et al. Voriconazole versus amphoteri-
cin B for primary therapy of invasive as-
pergillosis. N Engl J Med 2002;​347:​408-15.
47.	 Thompson GR III. Antifungal drugs: 
azoles. In: Mandell, Douglas, and Ben-
nett’s principles and practice of infectious 
diseases, 9th ed. Philadelphia:​ Saunders. 
2020:​501-8
48.	Maertens JA, Raad II, Marr KA, et al. 
Isavuconazole versus voriconazole for pri-
mary treatment of invasive mould disease 
caused by Aspergillus and other filamen-
tous fungi (SECURE): a phase 3, ran-
domised-controlled, non-inferiority trial. 
Lancet 2016;​387:​760-9.
49.	 Andes D, Kovanda L, Desai A, Kitt T, 
Zhao M, Walsh TJ. Isavuconazole concen-
tration in real-world practice: consistency 
with results from clinical trials. Antimi-
crob Agents Chemother 2018;​62(7):​e00585-
18.
50.	Nguyen MH, Davis MR, Wittenberg R, 
et al. Posaconazole serum drug levels as-
sociated with pseudohyperaldosteronism. 
Clin Infect Dis 2020;​70:​2593-8.
51.	 Patterson TF, Thompson GR III, Den-
ning DW, et al. Practice guidelines for the 
diagnosis and management of aspergil-
losis: 2016 update by the Infectious Dis-
eases Society of America. Clin Infect Dis 
2016;​63(4):​e1-e60.
52.	Marr KA, Schlamm HT, Herbrecht R, 

et al. Combination antifungal therapy for 
invasive aspergillosis: a randomized trial. 
Ann Intern Med 2015;​162:​81-9.
53.	 Cornely OA, Maertens J, Bresnik M,  
et al. Liposomal amphotericin B as initial 
therapy for invasive mold infection: a ran-
domized trial comparing a high-loading 
dose regimen with standard dosing 
(AmBiLoad trial). Clin Infect Dis 2007;​44:​
1289-97.
54.	Denning DW, Riniotis K, Dobrashian 
R, Sambatakou H. Chronic cavitary and 
fibrosing pulmonary and pleural asper-
gillosis: case series, proposed nomencla-
ture change, and review. Clin Infect Dis 
2003;​37:​Suppl 3:​S265-S280.
55.	 Gintjee TJ, Donnelley MA, Thompson 
GR III. Aspiring antifungals: review of 
current antifungal pipeline developments. 
J Fungi (Basel) 2020;​6:​28.
56.	Wiederhold NP, Schwartz IS, Patter-
son TF, Thompson GR III. Variability of 
hydroxy-itraconazole in relation to itra-
conazole bloodstream concentrations. 
Antimicrob Agents Chemother 2021;​65(4):​
e02353-20.
57.	 Price TH, Boeckh M, Harrison RW,  
et al. Efficacy of transfusion with granu-
locytes from G-CSF/dexamethasone-treated 
donors in neutropenic patients with in-
fection. Blood 2015;​126:​2153-61.
58.	 Yokoe D, Casper C, Dubberke E, et al. 
Infection prevention and control in health-
care facilities in which hematopoietic cell 
transplant recipients are treated. Bone 
Marrow Transplant 2009;​44:​495-507.
59.	 Tomblyn M, Chiller T, Einsele H, et al. 
Guidelines for preventing infectious com-
plications among hematopoietic cell trans-
plantation recipients: a global perspec-
tive. Biol Blood Marrow Transplant 2009;​
15:​1143-238.
60.	Benedict K, Thompson GR III, Jack-
son BR. Cannabis use and fungal infec-
tions in a commercially insured popula-
tion, United States, 2016. Emerg Infect 
Dis 2020;​26:​1308-10.
61.	 Thompson GR III, Tuscano JM, Den-
nis M, et al. A microbiome assessment of 
medical marijuana. Clin Microbiol Infect 
2017;​23:​269-70.
62.	Cornely OA, Maertens J, Winston DJ, 
et al. Posaconazole vs. f luconazole or itra-
conazole prophylaxis in patients with neu-
tropenia. N Engl J Med 2007;​356:​348-59.
63.	 Ullmann AJ, Lipton JH, Vesole DH,  
et al. Posaconazole or f luconazole for 
prophylaxis in severe graft-versus-host 
disease. N Engl J Med 2007;​356:​335-47.
64.	Wingard JR, Carter SL, Walsh TJ, et al. 
Randomized, double-blind trial of fluco-
nazole versus voriconazole for prevention 

of invasive fungal infection after alloge-
neic hematopoietic cell transplantation. 
Blood 2010;​116:​5111-8.
65.	 Jenks JD, Cornely OA, Chen SC, 
Thompson GR III, Hoenigl M. Break-
through invasive fungal infections: who is 
at risk? Mycoses 2020;​63:​1021-32.
66.	 van Burik JA, Ratanatharathorn V, 
Stepan DE, et al. Micafungin versus f lu-
conazole for prophylaxis against invasive 
fungal infections during neutropenia in 
patients undergoing hematopoietic stem 
cell transplantation. Clin Infect Dis 2004;​
39:​1407-16.
67.	 Gallin JI, Alling DW, Malech HL, et al. 
Itraconazole to prevent fungal infections 
in chronic granulomatous disease. N Engl 
J Med 2003;​348:​2416-22.
68.	Ham YY, Lewis JS II, Thompson GR 
III. Rezafungin: a novel antifungal for the 
treatment of invasive candidiasis. Future 
Microbiol 2021;​16:​27-36.
69.	 Thompson GR III, Lewis P, Mudge S, 
Patterson TF, Burnett BP. Open-label cross-
over oral bioequivalence pharmacokinet-
ics comparison for a 3-day loading dose 
regimen and 15-day steady-state adminis-
tration of SUBA-itraconazole and conven-
tional itraconazole capsules in healthy 
adults. Antimicrob Agents Chemother 
2020;​64(8):​e00400-20.
70.	 Wiederhold NP. Review of the novel 
investigational antifungal olorofim. J Fungi 
(Basel) 2020;​6:​122.
71.	 Shaw KJ, Ibrahim AS. Fosmanogepix: 
a review of the first-in-class broad spec-
trum agent for the treatment of invasive 
fungal infections. J Fungi (Basel) 2020;​6:​
239.
72.	Kumaresan PR, Manuri PR, Albert 
ND, et al. Bioengineering T cells to target 
carbohydrate to treat opportunistic fun-
gal infection. Proc Natl Acad Sci U S A 
2014;​111:​10660-5.
73.	 Jenks JD, Prattes J, Frank J, et al. Per-
formance of the bronchoalveolar lavage 
fluid Aspergillus galactomannan lateral 
f low assay with cube reader for diagnosis 
of invasive pulmonary aspergillosis: a mul-
ticenter cohort study. Clin Infect Dis 2020 
August 31 (Epub ahead of print).
74.	 Koo S, Thomas HR, Daniels SD, et al. 
A breath fungal secondary metabolite sig-
nature to diagnose invasive aspergillosis. 
Clin Infect Dis 2014;​59:​1733-40.
75.	 El Boghdadly Z, Oran B, Jiang Y, Ron-
don G, Champlin R, Kontoyiannis DP. Pre-
transplant chest computed tomography 
screening in asymptomatic patients with 
leukemia and myelodysplastic syndrome. 
Bone Marrow Transplant 2017;​52:​476-9.
Copyright © 2021 Massachusetts Medical Society.

The New England Journal of Medicine 
Downloaded from nejm.org at UNIVERSITA DEGLI STUDI DI PADOVA on October 23, 2023. For personal use only. No other uses without permission. 

 Copyright © 2021 Massachusetts Medical Society. All rights reserved. 


