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Abstract

Background: Antifungal stewardship (AFS) has emerged as an important component
of quality in managing invasive fungal infections (IFls), and cost-benefit calculations
suggest regular training in AFS is well worth the effort.

Methods: This review will discuss the most common IFls in solid organ transplantation
(SOT)-recipients, how to diagnose them, and current recommendations for antifungal
treatment and prophylaxis before demonstrating key takeaway points of AFS in this
high-risk population.

Results: Effective AFS starts before a patient is admitted for SOT, through educa-
tion and regular interactions of the interdisciplinary clinical team involved in patient
management, considering local factors such as epidemiological data and knowledge of
diagnostic options including local turnaround times. Understanding the spectrum of
antifungal agents, their efficacy and safety profiles, and pharmacokinetics, as well as
duration of therapy is hereby essential.

The most frequent IFls in SOT recipients are caused by Candida species, followed
by Aspergillus species, both with increasing resistance rates. Diagnosis of IFI can
be challenging due to unspecific clinical presentation and difficult interpretation of
microbiological findings and biomarkers. Prophylactic strategies, such as those for
invasive aspergillosis in lung transplantation or invasive candidiasis (IC) in certain liver
transplant settings, as well as the selection of the appropriate therapeutic agents
require detailed knowledge on the pharmacokinetics and drug-drug interactions of
antifungals.

Conclusions: Here in this review, we address what constitutes good AFS in this

heterogeneous field of solid organ transplant recipients.
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1 | INTRODUCTION

Successful management of infectious complications remains key for
outcomes in solid organ transplant (SOT) recipients. Invasive fungal
infections (IFls) remain important complications after SOT, but the
risk varies depending on epidemiologic exposures, type of transplant,
and the generated state of the recipient’s immune system.! While
antifungal prophylaxis and empirical therapy are now widely used in
SOT recipients, overuse may also have detrimental effects, including
adverse events, drug-drug interactions, and increased costs and last
but not least may also contribute to antifungal resistance.2>

With a loaded antifungal pipeline and several new drug classes of
antifungals now in clinical development, antifungal stewardship (AFS)
in the SOT setting will become even more important in the years to
come.®

In this review, we will shortly discuss the most common IFls in
SOT-recipients, how to diagnose them, and current recommendations
for antifungal treatment and prophylaxis before demonstrating key

takeaway points of AFS in this high-risk population.

2 | CHARACTERISTICS OF INVASIVE FUNGAL
INFECTIONS AMONG SOLID ORGAN TRANSPLANT
RECIPIENTS

2.1 | Epidemiology

The overall incidence of IFl is about 4.6%-7.5% in SOT-recipients,’” 10
with the highest rate in small bowel transplantation and the lowest
in kidney transplantation. Table 1 shows an overview of causative
pathogens of IFl depending on the transplantation type and prevalence
is displayed in Figure 1. IFl incidence varies widely between studies,
which may be explained by local epidemiology, different diagnostic
strategies, as well as differences in antifungal prophylaxis.

Invasive candidiasis (IC) is the most common IFl in SOT-recipients,
accounting for more than half of the identified IFls and predominantly
affecting patients receiving intra-abdominal transplantation.” 10
While SOT itself is an independent risk factor for IC, patients

often present additional risk factors for IC including central venous

catheters, intra-abdominal surgery, admission to intensive care units,
and broad-spectrum antibiotic therapy.!! While Candida albicans is
the most frequently identified cause of IC, an epidemiological trend
toward non-albicans Candida species has been recognized in the last
years.”10.12-14 Eyrthermore, Candida auris has emerged as a human
pathogen that increasingly causes intensive care unit (ICU) outbreaks,
which may also affect SOT recipients.1>-18

Aspergillus spp. are the most common invasive mold infections
in SOT recipients, and invasive pulmonary aspergillosis is the pre-
dominant fungal infection in lung transplant patients as shown in
Table 1.8 Recently, increasing azole resistance in Aspergillus spp. has
been observed in hematologic patients in Europe, which is a cause for
concern and emphasizes the need for cultivation and antifungal sus-
ceptibility testing.2? Other molds like Mucorales or Fusarium spp. may
also cause fungal infections in SOT recipients.2°

Additionally, Pneumocystis jirovecii, Cryptococcus species, and rare

yeasts must be considered as well as endemic fungal pathogens.

2.2 | Diagnosis of IFls

Diagnosis of IFl is difficult to establish. It requires an individual at risk,
clinical suspicion, and microbiological evidence. Additionally, radiologi-
cally imaging is usually required, especially in lung involvement or deep
foci. Despite all difficulties, all efforts should be made to diagnose IFls
early, as time to initiation of therapy affects survival.2*

The clinical presentation is often unspecific and varies widely from
asymptomatic infections to septic shock. While direct detection of fun-
gal pathogens via histology from infected tissue or culture from a nor-
mally sterile site (e.g., blood culture for candidemia) remains the gold
standard in diagnosis of IFls, it is often not available or lacks sensitivity.
Cultural growth of fungal pathogens from nonsterile sites is sometimes
difficult to interpret, as no reliable distinction can be made between
colonization and invasive infection. For pulmonary IFls, it is always rec-
ommended to obtain specimens from the lower respiratory tract, that
is, bronchioalveolar lavage, as specificity is more limited in respiratory
specimens from the upper respiratory tract. Noncultural tests of fun-
gal antigens (e.g. 1,3-beta-D-glucan from serum, galactomannan from

BAL or serum, or more recently also antigen detection via Aspergillus

TABLE 1 Proportions of fungal pathogens causing invasive fungal infection in solid organ transplant recipients categorized by transplantation

type
Candida spp. Aspergillus spp. Cryptococcus spp. Pneumocystis Other

SOT-recipients overall’-*° 39%-59% 19%-34% 1%-8% 7%-11% 9%-15%
Kidney” 8106364 24%-61% 12%-36% 3%-19% 0%-16% 4%-31%
Liver”810.6566 20%-80% 6%-67% 0%-7% 0%-3% 0%-15%
Lung?81067:68 23%-62% 27%-67% 0%-2% 0%-2% 12%-29%
Heart”8:10.11.69 27%-65% 22%-50% 0%-10% 0%-5% 8%-30%
Pancreas; pancreas-kidney” #1070 67%-81% 0%-11% 0%-33% 0%-9% 0%-12%
Small bowel® 85% 0% 5% 0% 10%

Abbreviation: SOT, solid organ transplantation.
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FIGURE 1 Summary of IFl prevalence and timing when those fungal infections normally occur as well as prophylaxis recommendations for

selected organ transplantations and fungal pathogens.

The most common timeframe of IFl occurrence and recommended duration of prophylaxis are displayed in months. Vertical bars indicate the mean
onset of invasive aspergillosis. Detailed information on prophylactic management is represented in Table 2. General prophylaxis is not
recommended. x Targeted prophylaxis 2-4 weeks. Cl, cumulative incidence; HTX,%?77 heart transplantation; IFl, invasive fungal infection; LTX,%7?
liver transplantation; LuTX,28757¢ Jung transplantation; NTX,878 kidney transplantation; SOT, solid organ transplantation; TOM, time of

manifestation.

specific lateral flow device assays from BAL?223) are now widely used
and may provide additional evidence of an IFl. However, mycological
tests must always be interpreted in conjunction with other clinical and
radiological evidence of IFI. It has to be emphasized though, that, for
example, radiological evidence of invasive pulmonary aspergillosis may

solely consist of unspecific infiltrates or consolidations.242>

2.3 | Antifungal therapy
If IFI is suspected, prompt initiation of empiric or early pre-emptive
therapy should be considered, since a delay may result in worse clini-

cal outcomes. For IC, most guidelines favor an echinocandine as initial

therapy.2¢27 For invasive aspergillosis, voriconazole is the antifungal
of choice, always necessitating therapeutic drug monitoring (TDM)
due to its small therapeutic spectrum, while isavuconazole and liposo-
mal Amphotericin B are considered alternatives.282? In a recent trial
posaconazole showed noninferiority to voriconazole while being bet-
ter tolerated and showing fewer drug-drug interactions.3° However, in
general drug-drug interactions with commonly used immunosuppres-
sants represent a major problem of all mold active azoles, requiring
not only TDM of the azoles (with the exception of isavuconazole)
but often also a priori dose adjustments of immunosuppressants like
cyclosporin A, sirolimus, and tacrolimus, with subsequent monitoring
of drug levels.3! If fungal culture is available, treatment should be

adapted according to susceptibility testing.282?
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2.4 | Antifungal prophylaxis

Antifungal prophylaxis has been shown to reduce the prevalence
of invasive fungal diseases, while also reducing empiric antifungal
treatment and potentially obstructive bronchiolitis following lung
transplant.28:3233 While generally effective, antifungal prophylaxis
may also reduce the diversity of the human mycobiome. Where break-
through infections occur, they are often caused by resistant and
difficult to treat fungal pathogens, like Mucorales, non-albicans Candida,
or rare molds or rare yeasts.>*3° Furthermore, diagnostic tests for IFls
are generally less sensitive in the presence of antifungal prophylaxis.3¢

In the absence of worldwide accepted consensus recommenda-
tions, transplant centers have often established their own individual
prophylactic strategies.3233:37-37

Recommendations for antifungal prophylaxis by transplant type
are outlined in Tables 2 and 3 as well as Figure 1. Candida infections
are predominant in liver and pancreas transplant recipients, and anti-
fungal prophylaxis is recommended for those with certain risk factors
(Table 2).3233:37-39 Recommended antifungal agents in these settings
are usually fluconazole or echinocandins; particularly Micafungin 100
mg/day has been reported to be very effective and safe compared
to azoles.*? For lung transplant recipients, mold active prophylaxis is
generally recommended (Table 3).2832 To date, there are no consensus
recommendations for prophylaxis in heart transplant recipients.
However, taking into account local epidemiology, it is now common
practice to use antifungal prophylaxis heart transplant recipients in
the majority of centers.*!

Pneumonia caused by the ubiquitous fungus Pneumocystis jirovecii
often occurs early after transplantation and may occur in all transplant
recipients. Here, prophylaxis with trimethoprim-sulfamethoxazole is a
well-established standard,*2 although sometimes associated with poor
tolerability.*® Importantly, echinocandins may also show some activity
against Pneumocystis.**

An attractive option in prophylaxis for the future, for example, after
liver transplantation, may be rezafungin, a new echinocandin that due
to its pharmacological properties can be administered once weekly
during clinic visits and covers Candida spp., Aspergillus spp. as well
as Pneumocystis jirovecii, thus avoiding multidrug regimens and sig-
nificantly reducing the risk of drug-drug interactions that are rarely
a problem with echinocandins but may occur with azoles.” Inhaled
antifungals, like opelconazole, which is currently evaluated in a phase
Il trial, may be future options for prophylaxis in lung transplant

recipients.

3 | ANTIFUNGAL STEWARDSHIP IN THE SOLID
ORGAN TRANSPLANT SETTING

AFS differs from antimicrobial stewardship, which conceptually
encompasses fungi but primarily addresses bacteria, although
research in this field indicates that structured AFS programs are highly
needed and show improvement of antifungal therapy.*>#¢ There is
a particular need for AFS in the SOT setting, where surveys across

treating centers in Europe have highlighted potential knowledge
gaps and have revealed opportunities for improvement in terms of
adequate therapy selection, dosing, duration, and potential drug-drug
interactions.*>%” Some recent studies have shown the potential
benefits of AFS in this setting.*8->0

At first AFS must be implemented into hospital policies to ensure
enough resources needed for high quality AFS that ultimately results
in improvements in IFl management and outcomes (Figure 2). Also,
clear goals should be defined and routinely evaluated (e.g., initial diag-
nostic approach, choice of antifungal, duration of antifungal therapy)
to implement adequate use of antifungals.”! Additionally, with better
management, AFS will hopefully improve outcomes and eventually pro-
mote itself, further increasing its acceptance among the departments
involved. As secondary goal, AFS programs usually result in cost savings
by reducing unnecessary or prolonged use of antifungal agents, posing
as an additional stimulus for hospital managers to support establishing
alocal AFS program.46->1-53

Required human resources for AFS have been defined before
and should include infectious specialists, clinical microbiologists,
pharmacists, and specialists in involved departments and do not differ
in the addressed patient population.”>*2 Optimally, each specialized
SOT division should have at least one responsible physician with
experience in managing IFl, who is integrated in the AFS program.>1>2
In the pretransplant phase and the early stages, after transplant, the
AFS team would need to involve ICU physicians and the transplant
surgeons, in the follow-up period also infectious diseases physicians,
pulmonologists, nephrologists, cardiologists, and hepatologists.*> For
a structural approach also clearly defined dashboards at given times
are needed (e.g., once a week) to identify patients at high risk and elab-
orate strategies to minimize those risks.’! Clinical recommendations
should be based as much as possible on published evidence and follow
international guidelines. As such the One World One Guideline initia-
tive gives detailed guidance on management of mucormycosis,>* rare
molds, rare yeasts,”® and endemic mycoses,”” which can be adapted
to local availability of antifungals. Further, detailed guidance for the
SOT setting is also available from the American Society of Transplan-
tation Infectious Diseases Community of Practice.’42858 EQUAL
scores are now available for management of the most important fungal
infections that implements a variety of guidelines and current best
practises into simple score cards, which have been translated into
multiple languages.’?-¢1 In addition, these international guidelines
could be translated into local guidelines that can be implemented for
a standardized approach when IFl is suspected and should always take
into account the organ transplanted.>257

As mentioned above IFls are complex infections, which require a
lot of expertise on different aspects such as interpretation of diagnos-
tic tests and selection of appropriate antifungal agents.28:°2 Therefore,
after standardized work up of a suspected fungal infection, the AFS
members need to evaluate the initial testing, interpret results, and
may adapt therapy according to the specific requirements of the
individual situation.*¢°162 |t should be noted that AFS members as
supervisors provide their expertise as recommendations to improve

the acceptance of the program, leading to better cooperation between
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TABLE 3 Targeted antifungal prophylaxis for SOT-recipients of liver, lung, and heart transplants. Recommendations of the American Society of
Transplantation Infectious Diseases Community of Practice (28:58): 1 - strong recommendation, 2 - weak recommendation; A - high quality of

evidence, B - moderate quality of evidence, C - low quality of evidence

Liver transplant®

Inhaled Ampb -

Lip AmpB 2B
Posaconazole/Isavuconazole -
Voriconazole 2CP/1AC
Fluconazole 1B
Itraconazole -
Echinocandine 2CP/1AC

Lung transplant Heart transplant

2C -
2C -
1C 1C
ilc 1C

- 1C

2Recommendations for following high-risk factors: re-transplant, renal replacement therapy, reoperation.

bRecommendation for invasive candidiasis.
¢Recommendation for invasive aspergillosis.

EXPERTISE

ACCOUNTABILITY
AND
RESPONSIBILITIES

FIGURE 2 Key elements in antifungal stewardship (AFS) as recently defined by the Infectious Diseases Society of America (IDSA|

the specialized departments and the AFS experts. In SOT-recipients,
important considerations lie in the drug-drug interactions of antifungal
agents, especially azoles and the required immunosuppressive therapy
needed in this population as well as the safety in the presence of organ
dysfunction.>262 Furthermore, patients often have a history of multi-
ple antifungal therapies, particularly after lung transplantation, which
increases the risk of different, more resistant fungi species.

Since both the initial approach and therapy surveillance are crucial
in suspected IFI, targeted educational programs play an important role
in AFS programs. In addition to filling knowledge gaps in terms of IFI,
again better understanding in this matter could also lead to a better
exchange. #6513

Finally, criteria must be defined measuring the effectiveness of
AFS before the program starts. Surrogate parameters for different
interventions need to be clearly defined at the beginning to minimize
the risk of bias. These may include incidence of IFI for prevention
strategies (e.g., targeted prophylaxis, hygienic procedures), measures
of overall antifungal drug use for appropriate prescription, or, most
importantly, mortality and length of ICU-stay for patient outcome for
SOT-recipients with diagnosed IF1 (59, 61).

EDUCATION

PRACTICAL
TRAINING

REPORTING
AND FEEDBACK

OTHER ACTIONS

MONITORING
AND
SURVEILLANCE

).51

Assessed data will provide the basis for evolution of IFI- manage-
ment. It is crucial to evaluate obtained data to reveal shortcomings,
design strategies going forward, and enable a successful feedback-
loop including antifungal specialists as well as physicians at the main
describing departments. Set measures need to be revised periodically
to assure continuous improvement of the AFS (59,61,62).

4 | SUMMARY AND CONCLUSIONS

SOT-recipients are at risk for developing IFls, which are associated
with high morbidity and mortality. IFls are heterogenous and unspecific
in early clinical presentation, therefore awareness of the physician is
needed to initiate adequate diagnostic steps, and optimally early treat-
ment, which is essential for survival. Treating physicians need to be
aware of local epidemiology, risk profiles of their patients, and ade-
quate time points for initiation of antifungals, as well as standardized
diagnostics and prophylaxis/treatment algorithms. Knowledge of anti-
fungal agents including efficacy profiles and duration of therapy is vital,

for which regular training is essential.
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To achieve these goals, AFS can contribute the expertise of its
members in a structured manner. Additionally, periodical educational
programs and the constant discourse with the AFS team will lead to
increased awareness among members throughout the departments
involved. Established feedback mechanisms will monitor outcomes and
interventions, to identify potential shortcomings and secure constant
adaption. Hopefully, this ultimately will result in improved manage-
ment of IFls in SOT-recipients, which again is crucial for outcome in this
high- risk population.

ACKNOWLEDGMENT

All figures were “Created with BioRender.com.”

CONFLICT OF INTEREST
Martin Hoenigl received research funding from Gilead, MSD, Scynexis,
Astellas, Euroimmun, and Pfizer. All other authors have no conflict of

interest to declare.

AUTHOR CONTRIBUTIONS

Lisa Kriegl and Johannes Boyer designed the structure of the
review, performed literature search, and wrote the first draft of the
manuscript. Matthias Egger participated in the designing the review,
created figures, critically reviewed, and revised the manuscript. Mar-
tin Hoenigl co-designed the review structure, oversaw writing of the
review and the drafting of the Figures, critically reviewed, and revised

the manuscript.

ORCID

Martin Hoenigl """ https://orcid.org/0000-0002-1653-2824

REFERENCES

1. Fishman JA, Rubin RH. Infection in organ-transplant recipients.
N Engl J Med. 1998;338(24):1741-1751. https://doi.org/10.1056/
NEJM199806113382407

2. Schwartz IS, Patterson TF. The emerging threat of antifungal
resistance in transplant infectious diseases. Curr Infect Dis Rep.
2018;20(3):2. https://doi.org/10.1007/s11908-018-0608-y

3. Miller R, Assi M, AST Infectious Diseases Community of Prac-
tice. Endemic fungal infections in solid organ transplant recipients-
guidelines from the American Society of Transplantation Infectious
Diseases Community of Practice. Clin Transplant. 2019;33(9):e13553.
https://doi.org/10.1111/ctr.13553

4. Shoham S, Dominguez EA, AST Infectious Diseases Community of
Practice. Emerging fungal infections in solid organ transplant recipi-
ents: guidelines of the American Society of Transplantation Infectious
Diseases Community of Practice. Clin Transplant. 2019;33(9):e13525.
https://doi.org/10.1111/ctr.13525

5. Perlin DS, Rautemaa-Richardson R, Alastruey-lzquierdo A. The global
problem of antifungal resistance: prevalence, mechanisms, and man-
agement. Lancet Infect Dis. 2017;17(12):e383-€392. https://doi.org/10.
1016/51473-3099(17)30316-X

6. Hoenigl M, Sprute R, Egger M, et al. The antifungal pipeline:
fosmanogepix, ibrexafungerp, olorofim, opelconazole, and rezafun-
gin. Drugs. 2021;81(15):1703-1729. https://doi.org/10.1007/s40265-
021-01611-0

7. Neofytos D, Fishman JA, Horn D, et al. Epidemiology and outcome of
invasive fungal infections in solid organ transplant recipients. Transpl

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Infect Dis. 2010;12(3):220-229. https://doi.org/10.1111/j.1399-3062.
2010.00492.x

. Pappas PG, Alexander BD, Andes DR, et al. Invasive fungal infec-

tions among organ transplant recipients: results of the Transplant-
Associated Infection Surveillance Network (TRANSNET). Clin Infect
Dis. 2010;50(8):1101-1111. https://doi.org/10.1086/651262

. Hosseini-Moghaddam SM, Ouedraogo A, Naylor KL, et al. Incidence

and outcomes of invasive fungal infection among solid organ trans-
plant recipients: a population-based cohort study. Transpl Infect Dis.
2020;22(2):€13250. https://doi.org/10.1111/tid. 13250

van Delden C, Stampf S, Hirsch HH, et al. Burden and timeline of infec-
tious diseases in the first year after solid organ transplantation in the
Swiss transplant cohort study. Clin Infect Dis. 2020;71(7):e159-e169.
https://doi.org/10.1093/cid/ciz1113

Rabin AS, Givertz MM, Couper GS, et al. Risk factors for invasive
fungal disease in heart transplant recipients. J Heart Lung Transplant.
2015;34(2):227-232. https://doi.org/10.1016/j.healun.2014.09.036
Koehler P, Stecher M, Cornely OA, et al. Morbidity and mortal-
ity of candidaemia in Europe: an epidemiologic meta-analysis. Clin
Microbiol Infect. 2019;25(10):1200-1212. https://doi.org/10.1016/].
cmi.2019.04.024

Pfaller MA, Diekema DJ, Rinaldi MG, et al. Results from the ARTEMIS
DISK Global Antifungal Surveillance Study: a 6.5-year analysis of
susceptibilities of Candida and other yeast species to flucona-
zole and voriconazole by standardized disk diffusion testing. J Clin
Microbiol. 2005;43(12):5848-5859. https://doi.org/10.1128/JCM.43.
12.5848-5859.2005

Pfaller MA, Diekema DJ, Turnidge JD, Castanheira M, Jones RN.
Twenty years of the SENTRY antifungal surveillance program:
results for Candida species from 1997-2016. Open Forum Infect Dis.
2019;6(Suppl 1):579-S94. https://doi.org/10.1093/ofid/ofy358

Satoh K, Makimura K, Hasumi Y, Nishiyama Y, Uchida K, Yamaguchi
H. Candida auris sp. nov., a novel ascomycetous yeast isolated from
the external ear canal of an inpatient in a Japanese hospital. Micro-
biol Immunol. 2009;53(1):41-4. https://doi.org/10.1111/].1348-0421.
2008.00083.x

Lee WG, Shin JH, Uh Y, et al. First three reported cases of nosocomial
fungemia caused by Candida auris. J Clin Microbiol. 2011;49(9):3139-
3142. https://doi.org/10.1128/JCM.00319-11

Eyre DW, Sheppard AE, Madder H, et al. A Candida auris out-
break and its control in an intensive care setting. N Engl J Med.
2018;379(14):1322-1331. https://doi.org/10.1056/NEJMo0al714373
Schelenz S, Hagen F, Rhodes JL, et al. First hospital outbreak of the
globally emerging Candida auris in a European hospital. Antimicrob
Resist Infect Control. 2016;5:35. https://doi.org/10.1186/s13756-016-
0132-5

Schauwvlieghe A, de Jonge N, van Dijk K, et al. The diagnosis and
treatment of invasive aspergillosis in Dutch haematology units fac-
ing a rapidly increasing prevalence of azole-resistance. A nationwide
survey and rationale for the DB-MSG 002 study protocol. Mycoses.
2018;61(9):656-664. https://doi.org/10.1111/myc.12788

Hoenigl M, Salmanton-Garcia J, Walsh TJ, et al. Global guideline for the
diagnosis and management of rare mould infections: an initiative of the
European Confederation of Medical Mycology in cooperation with the
International Society for Human and Animal Mycology and the Ameri-
can Society for Microbiology. Lancet Infect Dis. 2021;21(8):e246-e257.
https://doi.org/10.1016/s1473-3099(20)30784-2

Garey KW, Rege M, Pai MP, et al. Time to initiation of flucona-
zole therapy impacts mortality in patients with candidemia: a multi-
institutional study. Clin Infect Dis. 2006;43(1):25-31. https://doi.org/
10.1086/504810

Jenks JD, Prattes J, Frank J, et al. Performance of the bronchoalveo-
lar lavage fluid Aspergillus galactomannan lateral flow assay with cube
reader for diagnosis of invasive pulmonary aspergillosis: a multicenter


https://orcid.org/0000-0002-1653-2824
https://orcid.org/0000-0002-1653-2824
https://doi.org/10.1056/NEJM199806113382407
https://doi.org/10.1056/NEJM199806113382407
https://doi.org/10.1007/s11908-018-0608-y
https://doi.org/10.1111/ctr.13553
https://doi.org/10.1111/ctr.13525
https://doi.org/10.1016/S1473-3099(17)30316-X
https://doi.org/10.1016/S1473-3099(17)30316-X
https://doi.org/10.1007/s40265-021-01611-0
https://doi.org/10.1007/s40265-021-01611-0
https://doi.org/10.1111/j.1399-3062.2010.00492.x
https://doi.org/10.1111/j.1399-3062.2010.00492.x
https://doi.org/10.1086/651262
https://doi.org/10.1111/tid.13250
https://doi.org/10.1093/cid/ciz1113
https://doi.org/10.1016/j.healun.2014.09.036
https://doi.org/10.1016/j.cmi.2019.04.024
https://doi.org/10.1016/j.cmi.2019.04.024
https://doi.org/10.1128/JCM.43.12.5848-5859.2005
https://doi.org/10.1128/JCM.43.12.5848-5859.2005
https://doi.org/10.1093/ofid/ofy358
https://doi.org/10.1111/j.1348-0421.2008.00083.x
https://doi.org/10.1111/j.1348-0421.2008.00083.x
https://doi.org/10.1128/JCM.00319-11
https://doi.org/10.1056/NEJMoa1714373
https://doi.org/10.1186/s13756-016-0132-5
https://doi.org/10.1186/s13756-016-0132-5
https://doi.org/10.1111/myc.12788
https://doi.org/10.1016/s1473-3099(20)30784-2
https://doi.org/10.1086/504810
https://doi.org/10.1086/504810

KRIEGLET AL.

y

TRANSPLANT
[NFECTIOUS @ 90f10
DISEASE

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

cohort study. Clin Infect Dis. 2020;73(7):e1737-e1744. https://doi.org/
10.1093/cid/ciaa1281

Willinger B, Lackner M, Lass-Florl C, et al. Bronchoalveolar lavage
lateral-flow device test for invasive pulmonary aspergillosis in solid
organ transplant patients: a semi-prospective multicenter study. Trans-
plantation. 2014;98(8):898-902.

Jenks JD, Nam HH, Hoenigl M. Invasive aspergillosis in critically ill
patients: review of definitions and diagnostic approaches. Mycoses.
2021;64(9):1002-1014. https://doi.org/10.1111/myc.13274

Blot SI, Taccone FS, Van den Abeele AM, et al. A clinical algorithm
to diagnose invasive pulmonary aspergillosis in critically ill patients.
Am J Respir Crit Care Med. 2012;186(1):56-64. https://doi.org/10.1164/
rccm.201111-19780C [doi]

Diez A, Carrano G, Bregon-Villahoz M, et al. Biomarkers for the
diagnosis of invasive candidiasis in immunocompetent and immuno-
compromised patients. Diagn Microbiol Infect Dis. 2021;101(3):115509.
https://doi.org/10.1016/j.diagmicrobio.2021.115509

Pappas PG, Kauffman CA, Andes DR, et al. Clinical practice guideline
for the management of candidiasis: 2016 update by the Infectious Dis-
eases Society of America. Clin Infect Dis. 2016;62(4):e1-50. https://doi.
org/10.1093/cid/civ933

Husain S, Camargo JF. Invasive aspergillosis in solid-organ trans-
plant recipients: guidelines from the American Society of Transplan-
tation Infectious Diseases Community of Practice. Clin Transplant.
2019;33(9):€13544. https://doi.org/10.1111/ctr.13544

Singh N, Husain S. Aspergillus infections after lung transplantation:
clinical differences in type of transplant and implications for manage-
ment. J Heart Lung Transplant. 2003;22(3):258-66. https://doi.org/10.
1016/s1053-2498(02)00477-1

Maertens JA,Rahav G, Lee DG, et al. Posaconazole versus voriconazole
for primary treatment of invasive aspergillosis: a phase 3, randomised,
controlled, non-inferiority trial. Lancet. 2021;397(10273):499-509.
https://doi.org/10.1016/50140-6736(21)00219-1

Jenks JD, Mehta SR, Hoenigl M. Broad spectrum triazoles for
invasive mould infections in adults: which drug and when? Med
Mycol. 2019;57(Supplement_2):5168-s178. https://doi.org/10.1093/
mmy/myy052

Hadley S, Huckabee C, Pappas PG, et al. Outcomes of antifun-
gal prophylaxis in high-risk liver transplant recipients. Transpl
Infect  Dis. 2009;11(1):40-48.  https://doi.org/10.1111/j.1399-
3062.2008.00361.x

Playford EG, Webster AC, Sorell TC, Craig JC. Antifungal agents
for preventing fungal infections in solid organ transplant recipi-
ents. Cochrane Database Syst Rev. 2004;CD004291. https://doi.org/10.
1002/14651858.CD004291.pub2

Tiew PY, Mac Aogain M, Ali N, et al. The mycobiome in health and
disease: emerging concepts, methodologies and challenges. Myco-
pathologia. 2020;185(2):207-231. https://doi.org/10.1007/s11046-
019-00413-z

Cornely OA, Hoenigl M, Lass-Florl C, et al. Defining breakthrough
invasive fungal infection-position paper of the mycoses study group
education and research consortium and the European Confederation
of Medical Mycology. Mycoses. 2019;62(9):716-729. https://doi.org/
10.1111/myc.12960

Eigl S, Prattes J, Reinwald M, et al. Influence of mould-active antifun-
gal treatment on the performance of the Aspergillus-specific bron-
choalveolar lavage fluid lateral-flow device test. Int J Antimicrob Agents.
2015;46(4):401-405. https://doi.org/S0924-8579(15)00223-X [pii]
Eschenauer GA, Kwak EJ, Hu A, et al. Targeted versus universal anti-
fungal prophylaxis among liver transplant recipients. Am J Transplant.
2015;15(1):180-189. https://doi.org/10.1111/ajt. 12993

San-Juan R, Aguado JM, Lumbreras C, et al. Universal prophylaxis with
fluconazole for the prevention of early invasive fungal infection in low-
risk liver transplant recipients. Transplantation. 2011;92(3):346-150.
https://doi.org/10.1097/TP.0b013e3182247bb4

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

id

Shah T, Lai WK, Gow P, Leeming J, Mutimer D. Low-dose amphotericin
for prevention of serious fungal infection following liver transplanta-
tion. Transpl Infect Dis. 2005;7(3-4):126-132. https://doi.org/10.1111/
j.1399-3062.2005.00108.x

Saliba F, Pascher A, Cointault O, et al. Randomized trial of micafungin
for the prevention of invasive fungal infection in high-risk liver trans-
plant recipients. Clin Infect Dis. 2015;60(7):997-1006. https://doi.org/
10.1093/cid/ciu1128

Uribe LG, Cortes JA, Granados CE, Montoya JG. Antifungal pro-
phylaxis following heart transplantation: systematic review. Mycoses.
2014;57(7):429-436. https://doi.org/10.1111/myc.12179

Fishman JA. Pneumocystis jiroveci. Semin Respir Crit Care Med.
2020;41(1):141-157. https://doi.org/10.1055/s-0039-3399559

Hida S, Yoshida M, Nakabayashi I, Miura NN, Adachi Y, Ohno N. Anti-
fungal activity of sulfamethoxazole toward Aspergillus species. Biol
Pharm Bull. 2005;28(5):773-778. https://doi.org/10.1248/bpb.28.773
Giannella M, Husain S, Saliba F, Viale P. Use of echinocandin
prophylaxis in solid organ transplantation. J Antimicrob Chemother.
2018;73(suppl_1):i51-i59. https://doi.org/10.1093/jac/dkx449
Mularoni A, Adamoli L, Polidori P, et al. How can we optimise anti-
fungal use in a solid organ transplant centre? Local epidemiology
and antifungal stewardship implementation: a single-centre study.
Mycoses. 2020;63(7):746-754. https://doi.org/10.1111/myc.13098
Munoz P, Valerio M, Vena A, Bouza E. Antifungal stewardship in daily
practice and health economic implications. Mycoses. 2015;58(Suppl
2):14-25. https://doi.org/10.1111/myc.12329

Valerio M, Vena A, Bouza E, et al. How much European prescribing
physicians know about invasive fungal infections management? BMC
Infect Dis. 2015;15:80. https://doi.org/10.1186/s12879-015-0809-z
Lachenmayr SJ, Strobach D, Berking S, Horns H, Berger K, Ostermann
H. Improving quality of antifungal use through antifungal steward-
ship interventions. Infection. 2019;47(4):603-610. https://doi.org/10.
1007/s15010-019-01288-4

Valerio M, Munoz P, Rodriguez CG, et al. Antifungal stewardship in a
tertiary-care institution: a bedside intervention. Clin Microbiol Infect.
2015;21(5):492.e1-€9. https://doi.org/10.1016/j.cmi.2015.01.013
Urbancic KF, Thursky K, Kong DCM, Johnson PDR, Slavin MA.
Antifungal stewardship: developments in the field. Curr Opin
Infect Dis. 2018;31(6):490-498. https://doi.org/10.1097/QCO.
0000000000000497

Johnson MD, Lewis RE, Dodds Ashley ES, et al. Core recommendations
for antifungal stewardship: a statement of the Mycoses Study Group
Education and Research Consortium. J Infect Dis. 2020;222(Suppl
3):5175-5198. https://doi.org/10.1093/infdis/jiaa394

So M, Hand J, Forrest G, et al. White paper on antimicrobial
stewardship in solid organ transplant recipients. Am J Transplant.
2022;22(1):96-112. https://doi.org/10.1111/ajt.16743

Hamdy RF, Zaoutis TE, Seo SK. Antifungal stewardship considera-
tions for adults and pediatrics. Virulence. 2017;8(6):658-672. https://
doi.org/10.1080/21505594.2016.1226721

Cornely OA, Alastruey-lzquierdo A, Arenz D, et al. Global guideline
for the diagnosis and management of mucormycosis: an initiative of
the European Confederation of Medical Mycology in cooperation with
the Mycoses Study Group Education and Research Consortium. Lancet
Infect Dis. 2019;19(12):e405-e421. https://doi.org/10.1016/51473-
3099(19)30312-3

Hoenigl M, Salmanton-Garcia J, Walsh TJ, et al. Global guideline for the
diagnosis and management of rare mould infections: an initiative of the
European Confederation of Medical Mycology in cooperation with the
International Society for Human and Animal Mycology and the Ameri-
can Society for Microbiology. Lancet Infect Dis. 2021;21(8):e246-e257.
https://doi.org/10.1016/S1473-3099(20)30784-2

Chen SC, Perfect J, Colombo AL, et al. Global guideline for the
diagnosis and management of rare yeast infections: an initia-
tive of the ECMM in cooperation with ISHAM and ASM. Lancet


https://doi.org/10.1093/cid/ciaa1281
https://doi.org/10.1093/cid/ciaa1281
https://doi.org/10.1111/myc.13274
https://doi.org/10.1164/rccm.201111-1978OC
https://doi.org/10.1164/rccm.201111-1978OC
https://doi.org/10.1016/j.diagmicrobio.2021.115509
https://doi.org/10.1093/cid/civ933
https://doi.org/10.1093/cid/civ933
https://doi.org/10.1111/ctr.13544
https://doi.org/10.1016/s1053-2498(02)00477-1
https://doi.org/10.1016/s1053-2498(02)00477-1
https://doi.org/10.1016/S0140-6736(21)00219-1
https://doi.org/10.1093/mmy/myy052
https://doi.org/10.1093/mmy/myy052
https://doi.org/10.1111/j.1399-3062.2008.00361.x
https://doi.org/10.1111/j.1399-3062.2008.00361.x
https://doi.org/10.1002/14651858.CD004291.pub2
https://doi.org/10.1002/14651858.CD004291.pub2
https://doi.org/10.1007/s11046-019-00413-z
https://doi.org/10.1007/s11046-019-00413-z
https://doi.org/10.1111/myc.12960
https://doi.org/10.1111/myc.12960
https://doi.org/10.1111/S0924-8579(15)00223-X
https://doi.org/10.1111/ajt.12993
https://doi.org/10.1097/TP.0b013e3182247bb4
https://doi.org/10.1111/j.1399-3062.2005.00108.x
https://doi.org/10.1111/j.1399-3062.2005.00108.x
https://doi.org/10.1093/cid/ciu1128
https://doi.org/10.1093/cid/ciu1128
https://doi.org/10.1111/myc.12179
https://doi.org/10.1055/s-0039-3399559
https://doi.org/10.1248/bpb.28.773
https://doi.org/10.1093/jac/dkx449
https://doi.org/10.1111/myc.13098
https://doi.org/10.1111/myc.12329
https://doi.org/10.1186/s12879-015-0809-z
https://doi.org/10.1007/s15010-019-01288-4
https://doi.org/10.1007/s15010-019-01288-4
https://doi.org/10.1016/j.cmi.2015.01.013
https://doi.org/10.1097/QCO.0000000000000497
https://doi.org/10.1097/QCO.0000000000000497
https://doi.org/10.1093/infdis/jiaa394
https://doi.org/10.1111/ajt.16743
https://doi.org/10.1080/21505594.2016.1226721
https://doi.org/10.1080/21505594.2016.1226721
https://doi.org/10.1016/S1473-3099(19)30312-3
https://doi.org/10.1016/S1473-3099(19)30312-3
https://doi.org/10.1016/S1473-3099(20)30784-2

TRANSPLANT
100f 10 INFECTIOUS
DISEASE

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

y

KRIEGL ET AL.

id

Infect Dis. 2021;21(12):e375-e386. https://doi.org/10.1016/51473-
3099(21)00203-6

Thompson GR 3rd, Le T, Chindamporn A, et al. Global guideline for
the diagnosis and management of the endemic mycoses: an initiative
of the European Confederation of Medical Mycology in cooperation
with the International Society for Human and Animal Mycology. Lancet
Infect Dis. 2021;21(12):e364-e374. https://doi.org/10.1016/51473-
3099(21)00191-2

Aslam S, Rotstein C, AST Infectious Disease Community of Prac-
tice. Candida infections in solid organ transplantation: guidelines from
the American Society of Transplantation Infectious Diseases Commu-
nity of Practice. Clin Transplant. 2019;33(9):e13623. https://doi.org/
10.1111/ctr.13623

Stemler J, Lackner M, Chen SC, Hoenigl M, Cornely OA. EQUAL Score
Scedosporiosis/Lomentosporiosis 2021: a European Confederation of
Medical Mycology (ECMM) tool to quantify guideline adherence. J
Antimicrob Chemother. 2021;77(1):253-258. https://doi.org/10.1093/
jac/dkab355

Mellinghoff SC, Hoenigl M, Koehler P, et al. EQUAL Candida Score:
an ECMM score derived from current guidelines to measure QUAIity
of Clinical Candidaemia Management. Mycoses. 2018;61(5):326-330.
https://doi.org/10.1111/myc.12746 [doi]

Mycology EECoM. EQUAL Scores. https://www.ecmm.info/equal-
scores/ Assessed on April 20th 2022.

Alegria W, Patel PK. The current state of antifungal stewardship
in immunocompromised populations. J Fungi (Basel). 2021;7(5):352.
https://doi.org/10.3390/jof7050352

Seok H, Huh K, Cho SY, et al. Invasive fungal diseases in kidney trans-
plant recipients: risk factors for mortality. J Clin Med. 2020;9(6):1824.
https://doi.org/10.3390/jcm?906 1824

Santos T, Aguiar B, Santos L, et al. Invasive fungal infections after
kidney transplantation: a single-center experience. Transplant Proc.
2015;47(4):971-975.  https://doi.org/10.1016/j.transproceed.2015.
03.040

Nagao M, Fujimoto Y, Yamamoto M, et al. Epidemiology of invasive
fungal infections after liver transplantation and the risk factors of
late-onset invasive aspergillosis. J Infect Chemother. 2016;22(2):84-89.
https://doi.org/10.1016/j.jiac.2015.11.005

Pacholczyk M, Lagiewska B, Lisik W, Wasiak D, Chmura A. Invasive
fungal infections following liver transplantation - risk factors, inci-
dence and outcome. Ann Transplant. 2011;16(3):14-16. doi:10.12659/
aot.881989

Chong PP, Kennedy CC, Hathcock MA, Kremers WK, Razonable
RR. Epidemiology of invasive fungal infections in lung transplant
recipients on long-term azole antifungal prophylaxis. Clin Transplant.
2015;29(4):311-318. https://doi.org/10.1111/ctr.12516

Baker AW, Maziarz EK, Arnold CJ, et al. Invasive fungal infection after
lung transplantation: epidemiology in the setting of antifungal prophy-
laxis. Clin Infect Dis. 2020;70(1):30-39. https://doi.org/10.1093/cid/
ciz156

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Yet ZA, Lahr B, Brumble L, et al. Epidemiology, risk factors, and associa-
tion of antifungal prophylaxis on early invasive fungal infection in heart
transplant recipients. Transpl Infect Dis. 2021;23(5):e13714. https://
doi.org/10.1111/tid.13714

Shaikh SA, Zimmerman A, Nolan A, Cooper M, Abrams PL. The
incidence of fungal infections in pancreas transplant recipients
in the absence of systemic antifungal prophylaxis. Clin Transplant.
2019;33(10):e13691. https://doi.org/10.1111/ctr.13691

Neofytos D, Garcia-Vidal C, Lamoth F, Lichtenstern C, Perrella A,
Vehreschild JJ. Invasive aspergillosis in solid organ transplant patients:
diagnosis, prophylaxis, treatment, and assessment of response. BMC
Infect Dis. 2021;21(1):296. https://doi.org/10.1186/s12879-021-
05958-3

Fishman JA, Gans H, AST Infectious Diseases Community of Practice.
Pneumocystis jiroveci in solid organ transplantation: guidelines from
the American Society of Transplantation Infectious Diseases Commu-
nity of Practice. Clin Transplant. 2019;33(9):e13587. https://doi.org/
10.1111/ctr.13587

Zaragoza R, Aguado JM, Ferrer R, et al. EPICO 3.0. Antifungal
prophylaxis in solid organ transplant recipients. Rev Iberoam Micol.
2016;33(4):187-195. https://doi.org/10.1016/j.riam.2016.02.001
Gavalda J, Meije Y, Fortun J, et al. Invasive fungal infections in solid
organ transplant recipients. Clin Microbiol Infect. 2014;20(Suppl 7):27-
48. https://doi.org/10.1111/1469-0691.12660

Aguilar CA, Hamandi B, Fegbeutel C, et al. Clinical risk factors for inva-
sive aspergillosis in lung transplant recipients: results of an interna-
tional cohort study. J Heart Lung Transplant. 2018;37(10):1226-1234.
https://doi.org/10.1016/j.healun.2018.06.008

Kennedy CC, Razonable RR. Fungal infections after lung transplan-
tation. Clin Chest Med. 2017;38(3):511-520. https://doi.org/10.1016/
j.ccm.2017.04.011

Munoz P, Ceron |, Valerio M, et al. Invasive aspergillosis among heart
transplant recipients: a 24-year perspective. J Heart Lung Transplant.
2014;33(3):278-88. https://doi.org/10.1016/j.healun.2013.11.003
Perez-Jacoiste Asin MA, Lopez-Medrano F, Fernandez-Ruiz M, et al.
Risk factors for the development of invasive aspergillosis after kidney
transplantation: systematic review and meta-analysis. Am J Transplant.
2021;21(2):703-716. https://doi.org/10.1111/ajt. 16248

Singh N, Avery RK, Munoz P, et al. Trends in risk profiles for and
mortality associated with invasive aspergillosis among liver transplant
recipients. Clin Infect Dis. 2003;36(1):46-52. https://doi.org/10.1086/
345441

How to cite this article: Kriegl L, Boyer J, Egger M, Hoenigl M.
Antifungal stewardship in solid organ transplantation. Transpl
Infect Dis. 2022;24:e13855. https://doi.org/10.1111/tid.13855


https://doi.org/10.1016/S1473-3099(21)00203-6
https://doi.org/10.1016/S1473-3099(21)00203-6
https://doi.org/10.1016/S1473-3099(21)00191-2
https://doi.org/10.1016/S1473-3099(21)00191-2
https://doi.org/10.1111/ctr.13623
https://doi.org/10.1111/ctr.13623
https://doi.org/10.1093/jac/dkab355
https://doi.org/10.1093/jac/dkab355
https://doi.org/10.1111/myc.12746
https://www.ecmm.info/equal-scores/
https://www.ecmm.info/equal-scores/
https://doi.org/10.3390/jof7050352
https://doi.org/10.3390/jcm9061824
https://doi.org/10.1016/j.transproceed.2015.03.040
https://doi.org/10.1016/j.transproceed.2015.03.040
https://doi.org/10.1016/j.jiac.2015.11.005
https://doi.org/10.12659/aot.881989
https://doi.org/10.12659/aot.881989
https://doi.org/10.1111/ctr.12516
https://doi.org/10.1093/cid/ciz156
https://doi.org/10.1093/cid/ciz156
https://doi.org/10.1111/tid.13714
https://doi.org/10.1111/tid.13714
https://doi.org/10.1111/ctr.13691
https://doi.org/10.1186/s12879-021-05958-3
https://doi.org/10.1186/s12879-021-05958-3
https://doi.org/10.1111/ctr.13587
https://doi.org/10.1111/ctr.13587
https://doi.org/10.1016/j.riam.2016.02.001
https://doi.org/10.1111/1469-0691.12660
https://doi.org/10.1016/j.healun.2018.06.008
https://doi.org/10.1016/j.ccm.2017.04.011
https://doi.org/10.1016/j.ccm.2017.04.011
https://doi.org/10.1016/j.healun.2013.11.003
https://doi.org/10.1111/ajt.16248
https://doi.org/10.1086/345441
https://doi.org/10.1086/345441
https://doi.org/10.1111/tid.13855

	Antifungal stewardship in solid organ transplantation
	Abstract
	1 | INTRODUCTION
	2 | CHARACTERISTICS OF INVASIVE FUNGAL INFECTIONS AMONG SOLID ORGAN TRANSPLANT RECIPIENTS
	2.1 | Epidemiology
	2.2 | Diagnosis of IFIs
	2.3 | Antifungal therapy
	2.4 | Antifungal prophylaxis

	3 | ANTIFUNGAL STEWARDSHIP IN THE SOLID ORGAN TRANSPLANT SETTING
	4 | SUMMARY AND CONCLUSIONS
	ACKNOWLEDGMENT
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	ORCID
	REFERENCES


