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Abstract

Global epidemiological data show that the incidence of invasive fungal disease (IFD) has increased in recent decades, with the rising frequency of
infections caused by Aspergillus and Mucorales order species. The number and variety of patients at risk of IFD has also expanded, owing in part
to advances in the treatment of hematologic malignancies and other serious diseases, including hematopoietic stem cell transplantation (HCT)
and other therapies causing immune suppression. Isavuconazonium sulfate (active moiety: isavuconazole) is an advanced-generation triazole
antifungal approved for the treatment of invasive aspergillosis and mucormycosis that has demonstrated activity against a variety of yeasts,
moulds, and dimorphic fungi. While real-world clinical experience with isavuconazole is sparse in some geographic regions, it has been shown
to be effective and well tolerated in diverse patient populations, including those with multiple comorbidities who may have failed to respond
to prior triazole antifungal therapy. Isavuconazole may be suitable for patients with IFD receiving concurrent QTc-prolonging therapy, as well as
those on venetoclax or ruxolitinib. Data from clinical trials are not available to support the use of isavuconazole prophylactically for the prevention
of IFD or for the treatment of endemic IFD, such as those caused by Histoplasma spp., but real-world evidence from case studies suggests that
it has clinical utility in these settings. Isavuconazole is an option for patients at risk of IFD, particularly when the use of alternative antifungal
therapies is not possible because of toxicities, pharmacokinetics, or drug interactions.

Lay summary

This article summarizes the epidemiology and risk factors for IFD, before focusing on the effectiveness and safety of the antifungal agent
isavuconazole for treatment of invasive aspergillosis and mucormycosis, and its potential to prevent IFD in specific patient populations.

Key words: Fungal epidemiology, healthcare resource utilization, invasive fungal disease, isavuconazonium sulfate, antifungal therapy, real-world.

Introduction there is an underestimation of the global burden of these
infections.?

Advances in medicine have led to increased survival among
patients with serious illnesses, but consequently, there has
been a rise in the number of individuals with impaired im-
mune function or those with invasive medical interventions at
risk from opportunistic pathogenic fungi.>* In patients with
hematological malignancies, especially those undergoing allo-
geneic hematopoietic stem cell transplantation (HCT), IFD is
a common cause of morbidity and mortality.’

Isavuconazole is a US food and drug administration (FDA)-
approved advanced-generation triazole antifungal indicated

The incidence and epidemiology of invasive fungal diseases
(IFDs) are continuing to evolve. A worldwide problem, IFDs
caused by many pathogens can be difficult to treat and cure
because of reduced susceptibility or resistance to current
antifungal agents and are associated with high mortality
rates: An estimated 6.5 million patients are affected by IFDs
each year,' leading to approximately 2.5 million deaths
annually.! However, accurate figures for IFD are difficult
to obtain owing in part to the complexities of diagnosis,
leading the World Health Organization (WHO) to conclude
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in adult patients for the management of invasive aspergillo-
sis (IA) and invasive mucormycosis (IM) since 2015.® Most
recently, isavuconazole became the first azole antifungal ther-
apy approved by the FDA for pediatric patients in 2023, and
it remains the only therapy available in children affected by
potentially life-threatening IA and IM.® It has also been ap-
proved by the european medicines agency (EMA) for use in
patients over 1 year of age in 2024.”

As the epidemiology of IFDs is evolving and with newer
patient risk groups identified,>” this article reviews the ex-
isting evidence on the epidemiology and risk factors for IFD,
discusses the effectiveness and safety of isavuconazole for the
treatment of IA and IM, and examines its potential to prevent
IFD in specific patient populations based on clinical data from
real-world studies.

Incidence and epidemiology of invasive fungal
infections

The incidence of IFD in adults varies by geographical region
and may reflect differences in clinical practices and patient
populations (Table 1, Fig. 1). For Europe as a whole, recent
incidence data are scarce; in 2014, a European-wide period
prevalence study reported varying incidence of IA among pa-
tients with acute myeloid leukemia (AML) or myelodysplastic
syndrome (MDS) according to the timing of therapy: 9% with
induction therapy, 4% with consolidation therapy, and 4.7%
in recipients of HCT.® Incidence and prevalence data available
for individual countries and regions are illustrated in Figure 2;
these data include European countries, where a rise in inci-
dence of IFD and of IA and mucormycosis in particular has
been reported.’14

In Middle Eastern and North African countries, invasive
candidiasis, IA, chronic pulmonary aspergillosis (CPA), and
mucormycosis feature among the IFDs reported in epidemi-
ological studies, with TA and mucormycosis ranging in inci-
dence from 0.6-16.7 to 0.034-9.2 per 100,000 inhabitants
per year, respectively.'>"'° However, figures are likely to be in-
accurate as registries of IFD are not available in these coun-
tries.

Data on IFD in the United States show varying incidence
among HCT recipients depending on the source of the donor
cells, ranging from 5.8 to 8.1 per 100 allogeneic HCT per-
formed, while the incidence of IFD has been estimated to in-
crease year-on-year by 0.24 cases per 100,000 patients.?%%!
In Brazil, the global incidence of IFD among patients with
hematologic malignancies, including those undergoing HCT,
has been reported as 9.6%-13.0%, with aspergillosis being
the most common infection.?>>3 While there is a lack of accu-
rate published data on IFD incidence in Japan, a substantial
temporal increase in the frequency of visceral mycoses was re-
ported in autopsy cases over a 24-year period, from 4.5% in
1989 to 5.1% in 2013,>* and the incidence of IFD among pa-
tients with chronic lymphocytic leukemia (CLL) in the country
has been reported as 3.9%.'27 In another study from Japan,
55% of patients with clinical isolates of Aspergillus spp. col-
lected from respiratory samples between 1998 and 2009 had
a form of pulmonary aspergillosis, including 26.6% with
chronic necrotizing pulmonary aspergillosis and 7.2% with
invasive pulmonary aspergillosis.?> In other Asian countries,
invasive mould infection incidence ranged from 0.0242 per
1000 patient days in China to 0.2621 per 1000 patient days
in Thailand, with Aspergillus spp. as the most commonly cul-
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tured mould (71.6% of positive cultures).?® In a single center
in India, 43.5% of patients with AML developed IFD while re-
ceiving induction chemotherapy, despite the use of prophylac-
tic antifungal therapies.?” Few epidemiologic data have been
published for Australia, but a study of hospitalized patients
from 2005 to 2016 gave an incidence of IFD at 2.04% in
patients with hematologic malignancies and 6.29% in those
undergoing HCT, with mould diseases accounting for 61% of
IFDs. 2

Pathogenic species

Since the focus of this review is isavuconazole, emphasis here
is given to IFD involving Aspergillus spp. and the Mucorales,
although it is important to acknowledge that the drug is active
against other fungi, most notably, Candida spp. as well. As-
pergillus spp., particularly those belonging to the Aspergillus
fumigatus species complex, are the chief cause of invasive
mould disease in most geographical areas.??2%-30 In Germany,
these fungi are the most common mould infections, responsi-
ble for 1000-5000 IFDs annually and commonly occurring in
patients with cell-mediated immune defects.>! In a 2-year ret-
rospective survey of aspergillosis cases in Kuwait, Aspergillus
niger complex was the most common isolate, involving 45 %
of cases, followed by A. fumigatus, A. flavus, A. terreus, and A.
nidulans complex.’? Data from the TRANSNET surveillance
study in the United States show that the cumulative incidence
of Candida spp. infections among allogeneic HCT recipients
was stable from 2001 to 2006, while during the same period
there was a rise in the cumulative incidence of IA, from 0.6%
in January-April 2003 to 2.8% in May—August 2004, with
A. fumigatus dominating among the aspergillosis infections
and Nakaseomyces glabratus (previously Candida glabrata)
dominating among the invasive candidiasis infections.?’ From
2004 to 2007, data from the Prospective Antifungal Therapy
(PATH) Alliance registry revealed that among 234 adult HCT
recipients, IA was the most common IFD (59.2%), followed
by invasive candidiasis (24.8%), mucormycosis (7.2%), and
other moulds (6.8%), with stable, temporal incidence of TA
and IFDs caused by mucormycetes and other moulds contrast-
ing with a decrease in the incidence of invasive candidiasis
over the observation period.>

According to an epidemiological study of visceral mycoses
from 1989 to 2015 in a national autopsy database of patients
with hematologic malignancies and those undergoing HCT
in Japan, Aspergillus spp. were the predominant causative
agents, with decreasing prevalence of Candida spp. and
increasing proportion of severe infections caused by Mu-
corales.’® The prevalence of Aspergillus spp. appeared to
peak in 2005 but remained high thereafter. The incidence of
mucormycosis is increasing, although its precise incidence is
unknown because only a few population-based studies have
been conducted and these studies differ in the populations en-
rolled and diagnostic procedures used.>* However, Mucorales
are the next most common mould pathogen after Aspergillus
spp. and have been known to be present as co-infections with
Aspergillus spp. in up to 25% of published cases.3*37 In
fact, one study using a Mucorales-specific polymerase chain
reaction (PCR) assay in serum samples from patients with
hematologic disorders (including those receiving intensive
chemotherapy for acute leukemia or high-risk MDS and
HCT recipients) at risk of IA, found that co-infection with
Aspergillus was more common than mono-infection.>® While
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Figure 1. Regional mortality rates? attributed to invasive fungal disease at 3 months (unless otherwise specified) 9 12:14:15.20-22.26 aThg definition of
mortality varied across the studies; please refer to Table 1 for details. IA, invasive aspergillosis; IC, invasive candidiasis; IFD, invasive fungal infections;

IMD, invasive mould disease; IMI, invasive mould infection.

the exact burden of mucormycosis is not known, approxi-
mately 27 different species within the Mucorales order are
known to cause infections, of which Rhizopus arrhizus is
the most common agent, but other species within the Rbi-
zopus, Lichtheimia, and Mucor genera are also implicated in
disease.>® Emerging species implicated in mucormycoses are
Rhizopus homothallicus, Thamnostylum lucknowense, and
Mucor irregularis, among others.>3

Risk factors for fungal infections

The number and variety of patients at risk of IFD have ex-
panded in recent years, owing in part to medical treatment
advances. For instance, the number of HCTs performed in
Europe almost doubled between 2000 and 2016, coincid-
ing with the emergence of new at-risk populations, includ-
ing hospitalized patients with severe influenza, a broader
spectrum of hematological malignancies, chronic obstructive
pulmonary disease (COPD),313° and severe acute respira-
tory syndrome-coronavirus-2 (SARS-CoV-2 [COVID-19]) in-
fection.*® As alternative donor sources (umbilical cord blood,

matched unrelated, or mismatched unrelated donors) have
increased availability of HCT, so has the risk of developing
IFDs.*

In addition to the above, other key risk factors for IFD
include congenital immunodeficiencies such as chronic gran-
ulomatous disease and MonoMAC (monocytopenia and
mycobacterial infection) syndrome, as well as immuno-
suppressant medications, including corticosteroids, used to
prevent and treat transplant rejection following solid organ
transplantation (SOT) and HCT.*3! SOT recipients are at risk
of IFD because of organ damage, neutropenia, and surgical
factors, such as prolonged operation time and bleeding com-
plications.*! In liver transplant recipients, independent risk
factors for IA have been identified as previous fungal colo-
nization, reoperation and previous bacterial infections, while
after transplantation, renal replacement therapy, reoperation,
and cytomegalovirus infections are known risk factors.*?
Furthermore, tumor necrosis factor (TNF)-a inhibitors used
for the treatment of autoimmune conditions (such as rheuma-
toid arthritis and inflammatory bowel disease) also modulate
the immune response to fungal pathogens and increase the
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risk of IFD.*! To date, there are also numerous monoclonal
antibodies (mAB) therapies (e.g., golimumab [anti-TNF-a],
ofatumumab [anti-cluster of differentiation 20 (CD20)],
infliximab [anti-TNF-a], and tocilizumab [anti-interleukin-6
(IL-6)]) that have been approved for the treatment of autoim-
mune diseases; these result in immunomodulatory effects that
increase the susceptibility of the host to IFDs.*3

Underlying lymphoproliferative disorders, such as CLL and
non-Hodgkin’s lymphoma, also pose a higher risk of IFD.*
Previously, these patients have been reported to be at lower
risk of infection with and mortality from, invasive mould in-
fections than patients with blood disorders, such as AML,
high-risk MDS, and acute lymphoblastic leukemia (ALL).*>:46
However, the trend for increasing incidence of IFD in the
former is thought to be linked to the use of more intensive
treatment in these patients, which includes newer treatments
(e.g., ibrutinib and venetoclax).*® Investigations of IFD in pa-
tients with hematologic malignancies, such as relapsed or re-
fractory B-cell malignancies and multiple myeloma receiving
chimeric antigen receptor (CAR)-T-cell therapy, suggest no
increased risk of IFD owing to the relatively short duration
of neutropenia (<500 cells/ul for <7 days).*”:*% Yet, recent
epidemiological studies have shown that IFDs still occur in
approximately 2%-13% of patients who receive CAR T-cell
therapy.*

Viral infections, such as COVID-19, also increase the risk
of IFD.?? In a recent systematic review and meta-analysis from
five medical databases, 3561 articles were identified follow-
ing data searches; of these, 27 unique articles were included
in the review (published between December 1,2019, and July
27,2023) following screening, with a total sample size of 6848
patients. Overall, 19.3% of patients with COVID-19 were also
diagnosed with COVID-19-associated pulmonary aspergillo-
sis (CAPA), and diagnosis rates of CAPA ranged from 2.5% to
47.2%.5° Eight risk factors for CAPA were identified, includ-
ing pre-existing comorbidities of chronic liver disease, hema-
tological malignancies, COPD, and cerebrovascular disease.>”
Additionally, use of invasive mechanical ventilation, use of
renal replacement therapy, treatment of COVID-19 with an
interleukin-6 inhibitor, and treatment of COVID-19 with cor-
ticosteroids were shown to be associated with CAPA.’° No-
tably, in contrast to patients without CAPA, those with CAPA
were also typically older (mean age: 66.6 years vs. 63.5 years),
had a longer duration of mechanical ventilation (mean dura-
tion: 19.3 days vs. 13.5 days), and had higher all-cause mor-
tality (odds ratio [OR]: 2.65).°° Subsequently, an increase in
cases of COVID-19-associated mucormycosis associated with
high mortality and morbidity was reported predominantly in
India,*! with an incidence of 0.14 per 1000 people.’? In con-
trast, lower occurrences of mucormycosis were observed in
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Europe.®® In a study of 1035 high-risk critically ill COVID-
19 patients in the Netherlands, all cultures were negative for
Mucorales, whereas 42 (11%) cultures were positive for As-
pergillus.>3

Less well-defined subgroups of patients, such as those
requiring admittance to an intensive care unit (ICU), may
also be at increased risk of IFD.3! Risk factors for IA in non-
neutropenic patients in the ICU include prolonged corticos-
teroid treatment prior to ICU admittance and prolonged (>7-
day) ICU stay.’* Patients in the ICU undergo a variety of ther-
apies and procedures, such as broad-spectrum antibiotics, me-
chanical ventilation, and insertion of a central venous catheter,
which may impact the immune defense system and, alongside
contributing factors linked to critical illness, could result in in-
vasive IFD.>* Liver cirrhosis has also been linked to increased
incidence of IFD, with invasive candidiasis and IA being the
two most common.**> There is increasing recognition that
IFDs are underdiagnosed and associated with high morbidity
and mortality in individuals with acute or chronic liver im-
pairment, with invasive pulmonary aspergillosis in particular
causing high mortality rates in patients with severe alcoholic
hepatitis.’® COPD, particularly for more advanced stages of
the disease (GOLD stage III-1V), is associated with increased
incidence of IA, likely because of corticosteroid prescribing
practices, impaired immunologic response alongside reduced
mucociliary clearance, and exposure to Aspergillus spp.>*>7

Lastly, mucormycosis is increasingly reported in patients
with uncontrolled diabetes mellitus (particularly in Asia),
those undergoing corticosteroid therapy, and those with
hematologic malignancy and solid organ transplantation, par-
ticularly in Europe and the United States.?®

Diagnosis of invasive fungal infections

Generally, diagnosis of IFD is based on clinical examination,
imaging, and confirmation of the presence of the causative
agent,>»*! and it is increasingly recognized that risk stratifica-
tion of patients based on underlying conditions, procedures,
and treatments may aid in the prompt diagnosis and treatment
of IFD.’8 Subsequently, sufficient access to suitable diagnostic
tools is also a crucial factor in achieving an early diagnosis of
IFDs 360

Culture-based diagnostic techniques are considered the
gold standard for identification of pathogenic fungi®!-3! and,
together with antifungal susceptibility testing, they are en-
hanced by non-culture-based assays.®> However, culture is
hampered by long turn-around time and low sensitivity.®3-4
In addition, culture may also have differing yields for fun-
gal pathogens depending on specimen type. For instance, the
moulds are rarely isolated from cerebrospinal fluid or blood
cultures, whereas Aspergillus spp. are readily cultured from
bronchoalveolar lavage specimens.

Direct microscopic imaging examining the morphologi-
cal features of a fungal pathogen in biopsy tissue or fluid
does not rely on fungal culture and enables differentiation
based on histopathology, but it is not sufficient alone to iden-
tify a pathogen to the species level.®3 Direct histopathologi-
cal examination of tissue, such as skin biopsy for Fusarium
spp., could give rise to rapid results before culture findings
are available.®! Furthermore, direct microscopic imaging and
histopathologic analysis may be useful to avoid false nega-
tive results from fungal culture.®> Non-culture based assays
include mannan/anti-mannan immunoassay, 1,3-8-D-glucan

(BDG) testing, T2 magnetic resonance (T2MR) and PCR as-
say for candidiasis, and galactomannan immunoassay (includ-
ing lateral flow assays), BDG testing, and PCR assay for as-
pergillosis; of which, PCR and T2MR (candida only) offer
the fastest results with good sensitivity and specificity at the
species level o4

While a variety of diagnostic techniques are available for
IFD, their geographic accessibility differs widely. In European
countries, for instance, quantitative Aspergillus spp. PCR and
BDG testing are not widely available, while access to galac-
tomannan antigen testing varies according to the type of spec-
imen (serum/blood or bronchoalveolar lavage).t®

Access to culture media and microscopy was available
in >97% of sites in 45 European countries surveyed by the
European Confederation of Medical Mycology, but there was
wide variation in the availability of molecular-based tests,
such as PCR.?% In a survey of centers in 40 countries or terri-
tories in the Asia/Pacific region, including India, China, Thai-
land, Indonesia, Iran, Australia, and Japan, antigen detection
testing was available in 79% of sites, access to PCR and other
molecular tests was reported at 66% of sites, and antibody
detection tests were available in only 63% of sites.?® In the
United States and Canada, suboptimal diagnostic approaches
for the detection of yeast and mould from blood cultures de-
rived from patients suspected of having IFD and a lack of a
molecular detection assay for mucormycosis were two gaps
identified in the laboratory diagnosis of fungal diseases in the
region.®” While identified as being useful for polymicrobial
fungal infections, next-generation sequencing is a newer tech-
nology that has been explored to identify fungi in formalin-
fixed paraffin-embedded tissue, although the technique is cur-
rently costly, time-consuming, and requires highly skilled and
trained technologists.®” Diagnosis of mucormycosis is depen-
dent on the availability of appropriate imaging techniques
and mycological and histological investigations, which may
include immunohistochemistry with commercially available
mAB or PCR techniques,®® the availability of which may be
dependent on the gross domestic product of a country.®%-6¢

Matrix-assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-ToF MS) is another tool used for
fungal identification and has been successfully employed to
identify Candida spp., Aspergillus spp., and other moulds.®’
The availability of MALDI-ToF MS has been continually in-
creasing worldwide,”® and is now commonplace in most clin-
ical microbiology laboratories, offering rapid, accurate, and
highly reproducible results.®® Furthermore, MALDI-ToF MS
has been extended to develop antifungal susceptibility tests for
fungi such as Candida spp. and Aspergillus spp., providing a
rapid method for determining the susceptibility of pathogens
to antifungal drugs.®”

Whether antifungal susceptibility testing is performed rou-
tinely varies from region to region. Currently, the European
Society of Clinical Microbiology and Infectious Diseases (ES-
CMID) recommends that resistance testing of Aspergillus spp.
isolates responsible for causing IFD is conducted in regions
where azole resistance appears in contemporary surveillance
programs.’!

In relation to the diagnosis of aspergillosis and mucormy-
cosis, PCR is not readily available in the United States or
Latin America, BDG testing and the mannan/anti-mannan im-
munoassay are not widely available in Latin America;’! and
BDG testing is not available in Australia.”?> In Kuwait, both
culture/non-culture-based assays and an in-house PCR assay
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are used for the detection of Aspergillus spp. infections; all
clinically significant isolates undergo antifungal susceptibility
testing and resistance gene sequencing.'® In general, Candida
spp. are routinely tested for antifungal susceptibility, while
susceptibility testing in other mycoses is less commonly per-
formed. When an Aspergillus isolate is obtained, it is typi-
cally recommended that susceptibility testing be performed,
although a majority of patients are still diagnosed by non-
invasive methods, decreasing the availability of isolates for
testing. Among the rare moulds, susceptibility testing is also
commonly performed in an attempt to optimize antifungal
therapy, but clinical outcomes have not been clearly linked to
in vitro susceptibility;’3 although treatment decisions in high-
risk patients are often required before such data are available.
This is evidenced by a retrospective study in patients with in-
vasive fusariosis who demonstrated a lack of any correlation
between mortality rates and minimum inhibitory concentra-
tion by 6 weeks after the diagnosis.”

A non-invasive liquid biopsy (Karius Test®, Redwood City,
CA, USA) is used in the United States to detect cell-free DNA
of pathogens, such as Aspergillus spp. In Japan, antifungal
susceptibility testing of aspergillosis isolates is generally only
performed by reference laboratories, and whole-genome se-
quencing (WGS) is conducted for research rather than clinical
purposes. In contrast, in the United States, WGS is used only
for investigation of outbreaks, and in Kuwait, it is used for
cases of difficult-to-treat, pan-drug-resistant isolates.

In Australia, access to laboratory tests is generally good;
each jurisdiction (state or territory) has its own reference lab-
oratory, but in two of the largest states, New South Wales and
Victoria, testing is decentralized. Most hospitals have ready
access to culture-based methods and basic molecular meth-
ods, e.g., Aspergillus PCR and pan-fungal PCR; WGS is gen-
erally undertaken for research purposes. Antifungal suscepti-
bility testing for yeasts is available widely and for moulds at
most reference labs.

Clinical use of isavuconazole

Isavuconazonium sulfate (active moiety: isavuconazole) is an
advanced generation triazole antifungal and has demonstrated
activity against a variety of yeasts, moulds, and dimorphic
fungi, both in vitro and in animal models.”> It can be ad-
ministered orally or intravenously, and is approved for the
treatment of IA and mucormycosis based on pivotal phase 3
clinical trials.® The SECURE double-blind, randomized, com-
parative (vs voriconazole) study and VITAL single-arm, open-
label study were phase 3, multicenter clinical trials demon-
strating the efficacy and safety of isavuconazole for the treat-
ment of adults with IFD caused by Aspergillus spp. or other
filamentous fungi, including mucormycosis. Furthermore, in
the SECURE study, isavuconazole was shown to be non-
inferior to voriconazole in terms of all-cause mortality while
being associated with significantly fewer drug-related adverse
events.”®77

Real-world effectiveness and safety of
isavuconazole

While treatment decisions in clinical practice are based on
guideline recommendations, real-world evidence can provide
a broader perspective based on the often complex scenarios of
IFD seen in practice, where the presence of drug-drug inter-

Thompson et al.

actions and severe drug-related adverse events, for instance,
preclude the use of a guideline-recommended antifungal.”®
Real-life patient populations that receive treatment may also
be substantially different from patients selected for random-
ized clinical trials (RCTs), as RCTs only include patients who
meet specific eligibility criteria; subsequently, patients who are
severely ill or with refractory underlying conditions or organ
failures are unlikely to be enrolled in RCTs.

In a small study of patients with leukemia (7 = 23) and evi-
dence of azole-induced hepatotoxicity or grade 3—4 QTc pro-
longation while on posaconazole, a switch to isavuconazole
was well tolerated with no discontinuations due to toxicity,
with reduced liver function test values and resolution of QTc
abnormalities.”” In solid organ transplant recipients, interac-
tions with calcineurin and mTOR inhibitors and adverse drug
reactions may limit the use of triazole antifungals other than
isavuconazole. Additionally, in a non-comparative, observa-
tional study of 53 patients with severe comorbid conditions
and IFD (mainly due to Aspergillus spp.), isavuconazole was
well tolerated and effective (clinical cure at end of treatment
50.9%).80

In an observational, retrospective study of 122 patients
with hematologic malignancies, isavuconazole, used as first-
line therapy (35 %) or subsequent-line therapy (65%), resulted
in a radiologic response rate of 67.2% (with respective com-
plete and partial radiologic response rates of 51% and 47%)
and a high radiologic response rate of 81.6% in those with
IFD refractory to prior antifungal treatment.3! Evidence from
a retrospective, multicenter, international real-world study of
isavuconazole, voriconazole, and amphotericin B in 112 pa-
tients at high risk of IFD revealed no difference between the
treatments in terms of response to primary therapy or mortal-
ity.32 In this study, the majority (79%) of identified organisms
were Aspergillus spp., followed by Fusarium spp. (8%), Mu-
cor spp. (6%), Trichosporon spp. (3%), and others (4%);3% a
favorable response to isavuconazole therapy was recorded in
90% of patients.’?

In an observational, multicenter case series study from
China, 40 patients with a range of comorbidities (including
hematologic malignancies, sepsis, pulmonary mycosis, graft-
versus-host disease [GVHD], and allogeneic HCT) received
isavuconazole for the treatment of IFD (primarily IA and
IM).%3 Clinical response was achieved in 75% (30/40) of these
patients; response rates were 66.7% (8/12) for those with IA,
83.3% (10/12) for those with IM, and 0% (0/2) for those with
invasive candidiasis, with 10% (4/40) of patients reporting
isavuconazole-related adverse events and no discontinuations
due to adverse events.?

A study of 82 patients with coccidioidomycosis, includ-
ing some with pulmonary (38%), bone/joint (13%), and
central nervous system (41%) involvement, and prior an-
tifungal treatment (including amphotericin B, fluconazole,
itraconazole, voriconazole, and posaconazole) found that
isavuconazole was associated with improved outcomes (re-
flecting changes in clinical findings and Mycosis Study Group
[MSG] score) in 70% of patients, no change in 21% of pa-
tients, and worsening condition in 10% of patients.®* Three
patients discontinued due to possible adverse events (palpita-
tions, transaminitis, and hot flashes), although none had any
worsening in MSG score.$* In a smaller study of patients with
coccidioidal meningitis (7 = 9) who received initial treatment
with fluconazole and second-line treatment with posacona-
zole or voriconazole before transitioning to isavuconazole,
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assessment at a mean isavuconazole treatment duration of
504 days revealed treatment success (by MSG scoring criteria
in three patients and stable disease in six patients, with
clinician-assessed treatment success in five patients and stable
disease in four patients) and no treatment failures.> During
the observation period, no treatment failures related to isavu-
conazole were identified, although one patient discontinued
treatment due to worsening of pre-existing dyspepsia.’’

In a meta-analysis of isavuconazole studies for the treat-
ment of IFD, mortality as evaluated in six studies (870 pa-
tients) was not significantly inferior to that with other anti-
fungals (OR 1.11, 95% confidence interval [CI] 0.82-1.51;
I? = 0), with numerically lower mortality with isavucona-
zole than control antifungal therapy (28.3% vs 33.6%, re-
spectively). The discontinuation rate with isavuconazole was
significantly lower than that for control antifungal (9.8% vs
16.9%, respectively);3 the incidence of hepatic function ab-
normalities was also significantly lower with isavuconazole
than for control antifungal (8.0% vs 16.3%; OR 2.31).8¢

In clinical trials, isavuconazole was shown to be well tol-
erated with a favorable safety profile compared to other
azole antifungals;®” the most common adverse events re-
ported in trials were nausea, vomiting, and diarrhea, with
very few patients requiring treatment discontinuation.’” In
the SECURE phase 3 comparative trial, permanent drug
discontinuations due to treatment-emergent adverse events
(14% vs 23%, respectively) and drug-related adverse events
(8% vs 14%, respectively) were less common with isavu-
conazole than with voriconazole.”® However, because of
the potential for liver toxicity, liver function monitoring is
advised.®

In a retrospective, multicenter, international real-world
study of IFD treatments, isavuconazole was associated with
significantly fewer adverse events than voriconazole and am-
photericin B.82 In particular, isavuconazole was superior in
terms of liver toxicity compared to voriconazole, with lower
rates of renal failure compared to amphotericin B-based reg-
imens.%? Furthermore, in a retrospective real-world study in
adults with hematologic malignancies, use of isavuconazole
still demonstrated a promising clinical response and a fa-
vorable safety profile, including patients that had previously
failed to respond to other azole therapies (i.e., voriconazole,
posaconazole).®® Additionally, a single-center, retrospective
study in lung transplant recipients showed similar efficacy for
both isavuconazole and voriconazole as antifungal prophy-
laxis, with fewer adverse events linked to early discontinua-
tion occurred for isavuconazole (11% vs 36%).”°

A particular concern in relation to the use of triazole anti-
fungals is the interaction with targeted chemotherapies used in
the hematologic malignancy setting, such as ruxolitinib, and
venetoclax, which undergo extensive hepatic metabolism.3?
However, isavuconazole has a lower propensity for interac-
tion with these therapies than voriconazole and amphotericin
B.%2 Notably, patients with hematologic malignancies receiv-
ing isavuconazole in the real-world setting have demonstrated
similar outcomes for both monotherapy and combination
therapy (i.e., polyene, echinocandins, or terbinafine).

Unlike other triazole antifungals, isavuconazole does not
prolong the QTc interval and in fact shortens the QTc inter-
val by 5 msec, which appears to be an advantage when treat-
ing IFD in patients who often require concurrent treatment
with therapies that prolong the QTc interval or have comor-
bidities that have this effect. However, isavuconazole is con-

1

traindicated in patients with familial QT syndrome.® There is
currently a lack of data on the combination of isavuconazole
and amiodarone, and therefore uncertainty about a potential
drug—drug interaction.”®

Isavuconazole showed good in vitro activity against 208
clinical and environmental Aspergillus flavus isolates from In-
dia and The Netherlands, with minimum inhibitory concen-
trations of <2 ug/ml in 98.9% of isolates.?’

Prophylactic use of isavuconazole

According to guidelines, mould-active prophylaxis is recom-
mended in those with prolonged neutropenia resulting from
chemotherapy for AML or MDS and in recipients of HCT
requiring augmented immunosuppression for GVHD.875-%0
Recent recommendations of the AGIHO/DGHO state that
isavuconazole might be considered as primary or secondary
antifungal prophylaxis in long-term neutropenic hematology
patients.” However, other countries lack specific guidelines
for prophylactic use of isavuconazole.

While isavuconazole is not licensed as a prophylactic treat-
ment in patients at high risk of IFD, there is nonetheless grow-
ing evidence for its use as a mould-active prophylaxis owing
to its favorable tolerability and pharmacokinetic profiles, low
propensity for drug—drug interactions, and lack of QTc inter-
val prolongation.”® Indeed, published data, including a phase
IT open-label prospective study in patients with AML or MDS,
were reviewed extensively in Lewis et al., and while a head-to-
head comparison of isavuconazole and other triazole antifun-
gals in a prospective, randomized setting has not been done,
the authors concluded that evidence to date suggest largely
comparable efficacy.”

More recently, patients who received primary prophylaxis
with isavuconazole during AML induction therapy or post-
HCT experienced a similar incidence of IFD compared with
those administered posaconazole, according to two single-
center retrospective studies from the United States’"*? with
the authors suggesting that the choice of prophylactic anti-
fungal should be guided by patient factors such as concomi-
tant medications and baseline QTc interval.”! A recent ret-
rospective, matched cohort study conducted in patients with
AML, high-risk MDS, and those who had undergone HCT at
a single center in the United States found a numerically higher
incidence of breakthrough IFD in the isavuconazole group
(16.7%) than in the posaconazole and voriconazole groups
(10.7%), although differences were not statistically signifi-
cant (P = .67), and hepatotoxicity was more common among
posaconazole recipients (17.3%) than in isavuconazole recip-
ients (4.8%).%% In a further retrospective, single-center cohort
study from the United States in which 106 patients with a
history of hematologic cancer or cellular therapies (allogeneic
or autologous HCT, or chimeric antigen receptor T-cell ther-
apy [CAR-T]) received isavuconazole for >7 days as primary
or secondary prophylaxis, there was a cumulative incidence
of 17.9% breakthrough IFD (12.3% were proven or prob-
able), with these occurring in patients with a relatively long
median duration of isavuconazole (78 days).”® A large sub-
group analysis of antifungal prophylaxis in high-risk patients
(n = 1177) included in a multicenter, observational, prospec-
tive registry in the United States found that breakthrough IFD
in those with assessment results were similar with isavucona-
zole (5.0%), posaconazole (5.3%), and voriconazole (4.0%),
and that the proportion of discontinuations due to adverse
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drug reactions was numerically lower among isavuconazole
recipients (2.0%) than posaconazole (8.2%) and voriconazole
(10.1%) recipients.”*

The review by Lewis et al.”* also included a retrospective
study of isavuconazole and voriconazole prophylaxis in pa-
tients who had undergone lung transplantation, with a simi-
lar incidence of breakthrough IFD in both groups (3.5% and
3.2%, respectively), although isavuconazole had superior tol-
erability to voriconazole, with a significantly lower incidence
of premature discontinuation due to adverse events (11% vs
36%, respectively; P = .0001).%%

A recent pooled analysis of isavuconazole for prophylaxis
against IFD revealed no significant difference in the incidence
of IFD with isavuconazole and control antifungals (OR 1.02,
95% CI 0.49-2.12; I = 0%) in 577 patients analyzed, with
significantly lower incidence of hepatic function abnormalities
(3.6% vs 11.9%, respectively; OR 3.63).3¢

Isavuconazole in specific populations

There are many challenges in the management of IFD in
the setting of underlying malignancies and transplant pop-
ulations, including liver toxicity, drug interactions, renal
dysfunction, diabetes mellitus, older age, persistent neutrope-
nia or lymphopenia, and prolonged QTc interval.’? Patients
with rare IFDs may also be candidates for isavuconazole
treatment. A wide range of pediatric patients are at risk of
IFD and could potentially be treated with isavuconazole.

Histoplasma capsulatum causes high mortality in individu-
als with advanced HIV infection. Liposomal amphotericin B
and itraconazole are the preferred treatments, but due to con-
cerns with organ failures, toxicity, drug interaction, and thera-
peutic plasma levels, they may be difficult to use. In a reported
case of disseminated histoplasmosis, treatment with itracona-
zole and posaconazole failed to attain therapeutic levels.”®-%”
Following a switch to long-term isavuconazole, the patient ex-
perienced resolution of symptoms and complete clinical recov-
ery at 1-year follow-up.”® Isavuconazole was also used to suc-
cessfully treat disseminated histoplasmosis in a patient with
rheumatoid arthritis receiving methotrexate and infliximab,
and who was unable to be treated using itraconazole or am-
photericin B.*? A case of upper extremity H. capsulatum in-
fection was also successfully treated with 3 months of isavu-
conazole therapy.'%

In patients with and without hematologic malignancies,
Trichosporon spp. are a common cause of breakthrough
fungemia, particularly following exposure to echinocandins,
given their inherent resistance, that pose a substantial mortal-
ity risk.!01

Recent in vitro data suggest that isavuconazole may play a
role in this patient setting, as variable i vitro activity has been
reported against clinically relevant Trichosporon spp. isolates
from Brazil, although there was evidence of potential tria-
zole cross-resistance in some Trichosporon asahii non-wild-
type isolates.'9? Furthermore, in two patients with hemato-
logic malignancies and T. asabii infections, isavuconazole pro-
vided clinical success in both patients by the end of treatment,
despite one having an infection refractory to prior antifun-
gal treatment.'®3 Similarly, a patient with ALL and T. asabii
fungemia who ceased voriconazole treatment because of neu-
rological toxicity was subsequently successfully treated with
isavuconazole.!%
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Isavuconazole has also been suggested as an alternative an-
tifungal option for patients with AML on IDH1/2 inhibitors,
such as ivosidenib, as the other azole antifungals and IDH1/2
inhibitors prolong the QTc interval, while isavuconazole has
no QTc prolongation effects.!?

Currently, the intravenous use of voriconazole, itra-
conazole, and posaconazole requires coadministration with
sulphobutylether-B8-cyclodextrin, which may accumulate in
those with impaired renal function and is associated with
renal dysfunction when administered with other drugs such
as penicillins, fluoroquinolones, and immunosuppressants.!%®
Patients with renal impairment may be offered intravenous
isavuconazole rather than other azole antifungals owing to
the lack of cyclodextrin as an excipient.’° In other indications,
isavuconazole’s similar spectrum of antifungal activity makes
it a valid alternative to posaconazole for primary prophy-
laxis against invasive mould infections in HCT and GVHD,
but data on whether isavuconazole and posaconazole have
equivalent effectiveness in the setting of HCT recipients with
acute GVHD is limited.” In a retrospective, single-institution
study of adult patients with hematologic malignancies who
were HCT recipients and received >7 days of isavuconazole
primary prophylaxis, an increased rate of breakthrough IFDs,
in particular invasive pulmonary aspergillosis (6.8 %), was re-
ported with isavuconazole compared with both posocanazole
(1.3%) and voriconazole (0%), although this comparison did
not reach statistical significance.'%”

Additionally, although supporting data are limited, the con-
sidered opinion from this author group was that the avail-
ability isavuconazole as of both oral and intravenous formu-
lations provides an advantage for the treatment of IFDs over
antifungals with only a single route of administration.

However, isavuconazole should be avoided in patients tak-
ing potent CYP3A4 inducers, such as rifampicin, pheny-
toin, carbamazepine, phenobarbital and ritonavir, owing to
reduced isavuconazole exposure.'%® Similarly, isavuconazole
should be avoided in patients taking strong CYP3A4/5 induc-
ers such as aprepitant, prednisone, and pioglitazone.® Caution
is also advised when administered with strong CYP3A4/S in-
hibitors such as lopinavir/ritonavir, while co-administration
with ketoconazole is contraindicated.® Furthermore, caution
is advised when administering isavuconazole with agents af-
fected by P-gp efflux.® Isavuconazole should also be avoided in
patients with severe hepatic impairment, as isavuconazole has
not been studied in these populations.® Treatment with isavu-
conazole is generally not recommended during pregnancy due
to potential risks to the unborn baby, except in patients with
severe potentially life-threatening fungal infections where the
anticipated benefit would outweigh the risks.® In a case report
involving treatment of Aspergillus lung infection in late preg-
nancy with multiple anti-fungal drugs, treatment with isavu-
conazole resulted in the resolution of infection, ultimately
leading to the delivery of a healthy newborn at term.!%

Isavuconazole has only recently been approved by both the
FDA and EMA for the treatment of IA and IM in pediatric
patients.®” However, isavuconazole use in pediatric clinical
practice has been documented prior to receiving regulatory
approval. Although real-world use of isavuconazole in chil-
dren with IFD (including immunocompromised patients) is
limited to small retrospective studies and case reports, find-
ings suggest isavuconazole was effective and well tolerated at
similar doses to those used in the adult regimen.!'0-114
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Therapeutic drug monitoring in a real-world setting

Evidence suggests that therapeutic drug monitoring (TDM) of
isavuconazole may be warranted in patients who are obese,
<18 years of age, or who have moderate hepatic failure.?”
There was also a suggestion that subtherapeutic levels of
isavuconazole could lead to higher rates of clinical failure
in obese patients than in non-obese patients in a clinical
trial of invasive candidiasis.!®®-1'5 A further real-world ret-
rospective observational study conducted on isavuconazole
use (5.4 mg/kg up to 200 mg) in children from 2018 to 2021
demonstrated that a high proportion of patients, particularly
those with <35 kg body weight, had trough concentrations
outside of the therapeutic range; as such, pediatric patients
could benefit from early and systematic TDM.!!®

As isavuconazole is a moderate inhibitor of CYP3A4/5, it is
advised that TDM is conducted during co-administration with
medicines metabolized by CYP3A4, including the immuno-
suppressants tacrolimus, sirolimus, mycophenolic acid, and
cyclosporine.®19 However, current guidelines do not defini-
tively recommend the need for routine TDM, but instead state
that it could be useful for the clinical assessment or monitor-
ing of patients receiving isavuconazole who do not respond
to treatment, develop unexpected toxicity or drug—drug inter-
actions, or if isavuconazole is used to treat pathogens with
elevated minimum inhibitory concentrations or infections at
sites such as the central nervous system.”®

With few published data on TDM of isavuconazole serum
levels in clinical practice, Kosmidis et al. studied its role dur-
ing long-term oral isavuconazole treatment (range 18-1473
days) in 45 patients with CPA.'!"” The authors found that ad-
verse events were more likely in patients with an isavucona-
zole threshold above 4.6 mg/liter, but that the administered
daily dose, rather than drug level, was predictive of serious
adverse events.''” In line with this, the authors observed ev-
idence of toxicity at widely varying drug blood levels, both
above and below this threshold. Limited data are available
for patients receiving renal replacement therapy or extracor-
poreal membrane oxygenation. %8

In general, studies are still conflicted regarding the neces-
sity of TDM for isavuconazole and its impact on clinical out-
comes and reduction of toxicity in a real-world setting;”-8”
however, several key data have been reported. Serum concen-
trations were shown to have a lower degree of variability in
patients receiving isavuconazole versus voriconazole in a Dan-
ish institute (Statens Serum Institute).!'® Additionally, in a ret-
rospective study of Indian patients, 10% had subtherapeutic
serum levels of isavuconazole (using a cutoff of 2 mg/l) serum
exposure following oral administration.'!” Lastly, subthera-
peutic levels of isavuconazole have also been reported when
administered in combination with flucloxacillin despite stan-
dard dosing, potentially necessitating the use of TDM to en-
sure an adequate exposure.'20-12!

Resistance to isavuconazole

Resistance to isavuconazole varies widely between regions but
has not generally been encountered in clinical practice. How-
ever, there have been reports of triazole treatment failure in
many countries, including India, China, Iran, Tanzania, Aus-
tralia, the United States, and European countries, because of
triazole-resistant A. fumigatus induced by CYP5S1A gene mu-
tations, such as TR34, L98H, and TR46 Y121FT289A, which
may be linked to the agricultural use of triazole antifungals.!??
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The in vitro minimum inhibitory concentration of isavucona-
zole was reported to be very high (>16 pg/ml) against iso-
lates harboring these mutations.'?? Data on the antifungal sus-
ceptibility of Aspergillus spp. isolates from the Arab League
countries are scarce, although it is thought that voriconazole
resistance in A. fumigatus and other Aspergillus spp. is not
increasing in the region to the same extent as in other geo-
graphical regions.!’ This is noteworthy since other studies of
isolates from various geographical regions suggest that isavu-
conazole in vitro potency is similar to that of voriconazole.”®
However, data on isavuconazole resistance among pathogenic
Aspergillus spp. isolates from Japan are not yet available.

Candida albicans and N. glabratus (previously C. glabrata)
have different azole susceptibility profiles and known azole
resistance mechanisms. Susceptibility testing of their clini-
cal isolates revealed that resistance mechanisms involving
ATP-binding cassette (ABC) transporters and lanosterol 14-
a-sterol-demethylase (ERG11) decreased the activity of isavu-
conazole, while mechanisms involving mutations in the major
facilitator (MDR1) allele had little effect.'?3

Isavuconazole demonstrates good in vitro activity against
some isolates of the order Mucorales responsible for mu-
cormycosis, including Lichtheimia, Rhizopus, and Rhizomu-
cor spp. Including R. arrhizus (oryzae), the most commonly
cultured Mucorales member in patients with mucormycosis.
Reduced isavuconazole in vitro susceptibility has been re-
ported for Mucor spp.”> Both isavuconazole and posacona-
zole are believed to have species-specific activity within the
Mucorales, which stresses the importance of accurate species
identification.”’

Reduced susceptibility to isavuconazole, itraconazole,
voriconazole, fluconazole, and anidulafungin has also been
reported for a clinical Sporothrix schenckii isolate causing
sporotrichosis in one patient, with the strain speculated as
having acquired a resistance mechanism rather than being in-
nately non-susceptible.!?*

Future perspectives

Treatments for acute leukemia and MDS, especially HCT, are
associated with aggressive suppression of the immune system
and the subsequent widespread use of antifungal prophylaxis,
resulting in changes to the epidemiology of disease-causing
fungi, with an increasing incidence of breakthrough infec-
tions and drug-resistant pathogens, such as non-C. albicans
spp., azole-resistant Aspergillus spp., or Mucorales.'?-33
Consequently, it is imperative for clinicians to focus on these
infections in at-risk patients. Isavuconazole is an important
option in the management of patients at risk of IFD, particu-
larly when toxicities, pharmacokinetics, or drug interactions
preclude the use of voriconazole or posaconazole.”> However,
there is a need for novel agents with different modes of ac-
tion, including the use of older agents with alternative routes
of administration, with universal access in all geographic
regions. The use of combination antifungal therapies may
also be of interest for critically ill patients with IFD, owing
to the potential for a reduced mortality rate.!> Alongside
this, stewardship programs for specific scenarios are needed
to direct appropriate use of antifungals to achieve the best
clinical outcomes and minimize resistance development.
Currently, there is regional and global disparity in terms of
access to essential fungal diagnostic testing, despite the critical
need for rapid identification of IFD to ensure early treatment
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and prevent severe disease and death.'?® Enhanced capacity
of laboratories around the world is crucial to prevent dis-
ease and deaths caused by IFD, including the development of
rapid and reliable diagnostic tools and expansion of training
programs to develop expertise in fungal diagnostics.'>® The
incorporation of fungal pathogens into existing surveillance
programs would be beneficial for tracking infections and the
spread of resistant pathogens to guide public health activities,
while establishing fungal registries in all countries would also
be of benefit. These arguments are also supported by the re-
cent fungal pathogen priority list published by the WHO,? in
an attempt to drive further research and strengthen the global
response to fungal infections and antifungal resistance. How-
ever, although some global and regional guidelines exist for as-
pergillosis, mucormycosis, endemic mycoses, and rare mould
infections, more country-specific guidelines are required to in-
centivize public and private health systems to fund necessary
diagnostic tests and the antifungal treatments needed.
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