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Abstract
Purpose  Invasive mould infections, in particular invasive aspergillosis (IA), are comparatively frequent complications of 
immunosuppression in patients undergoing solid organ transplantation (SOT). Guidelines provide recommendations as to 
the procedures to be carried out to diagnose and treat IA, but only limited advice for SOT recipients.
Methods  Literature review and expert consensus summarising the existing evidence related to prophylaxis, diagnosis, treat-
ment and assessment of response to IA and infections by Mucorales in SOT patients
Results  Response to therapy should be assessed early and at regular intervals. No indications of improvement should lead 
to a prompt change of the antifungal treatment, to account for possible infections by Mucorales or other moulds such as 
Scedosporium. Imaging techniques, especially CT scan and possibly angiography carried out at regular intervals during early 
and long-term follow-up and coupled with a careful clinical diagnostic workout, should be evaluated as diagnostic tools and 
outcome predictors, and standardised to improve therapy monitoring. The role of biomarkers such as the galactomannan 
test and PCR, as well as selected inflammation parameters, has not yet been definitively assessed in the SOT population and 
needs to be studied further. The therapeutic workup should consider a reduction of immunosuppressive therapy.
Conclusions  The role of immunosuppression and immune tolerance mechanisms in the response to invasive fungal infection 
treatment is an important factor in the SOT population and should not be underestimated. The choice of the antifungal should 
consider not only their toxicity but also their effects on the immune system, two features that are intertwined.

Keywords  Aspergillus · Invasive pulmonary aspergillosis · Microbiome · Mucorales · Mucormycosis · Solid organ 
transplantation

Introduction

Invasive fungal infections (IFD) are comparatively frequent 
complications of immunosuppression in haemato-oncolog-
ical patients, and, albeit to a lesser extent, in solid organ 

transplant (SOT) recipients. Candida spp. are still the main 
aetiological agents (53% in some studies) [1], followed by 
Aspergillus spp., Mucorales, and Cryptococcus [2]. The 
incidence of Aspergillus spp. in transplant patients ranges 
from 0.1 to 3.5%, depending on the country and the type 
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of transplant [2], invasive aspergillosis (IA) being most 
frequent among lung transplant patients, in whom it may 
emerge as a complication not only immediately after trans-
plant but also at later stages [3]. Infection rates by Mucor-
ales have been reported to be as high as 3% [2–4], whereas 
Cryptococcus incidence can reach 1.5% [2]. IFDs in SOT 
patients should be promptly diagnosed and treated, because 
they often lead to graft loss and death [5]. Mortality rates 
are high for all IFD, but in particular for mould infections, 
reaching 67–82% in patients with invasive pulmonary asper-
gillosis and 73% in cerebral forms of mucormycosis [2].

Patients with early graft rejection or graft dysfunction, or 
active or latent infection in the donor or recipient at the time 
of transplantation, are at particularly high risk to develop 
opportunistic infections [6]. In these patients, the intensity 
of immunosuppression, as well as cytomegalovirus (CMV) 
co-infection are the main drivers of IA (Fig. 1) [7]. Corti-
costeroids and other immunosuppressive agents used in SOT 
not only reduce the risk of organ rejection, but also increase 
the susceptibility of transplanted patients to infections by 
several opportunistic and obligate pathogens (Nocardia, 
Pneumocystis, tuberculosis, and fungi) [8–12]. SOT recipi-
ents are also exposed to risk factors characteristic for each 
organ transplant population [13, 14]. Single lung trans-
plantation and colonisation with Aspergillus spp. prior to 
transplantation procedure in lung transplant recipients [15]; 
bloodstream infections, pre-transplant chronic pulmonary 
obstructive disease, impaired graft function, long-term dialy-
sis prior to transplantation, and serious post-transplant infec-
tions in kidney transplant patients [16, 17]; MELD score, 
choledochojejunostomy anastomosis, bacterial infections in 
the first month and absence of antifungal prophylaxis [18], 
CMV reactivation [17], renal failure, hemodialysis [3], and 
re-transplantation or transplantation for fulminant hepatic 
failure or reoperation [19, 20] in liver transplant recipients 
tend to increase the likelihood of IFD, in particular IA.

Animal studies have shown that the type of immuno-
suppressive regime strongly influences host responses and 
pathology to invasive pulmonary aspergillosis. In the set-
ting of chemotherapy-associated neutropenia, both pro- and 
anti-inflammatory cytokine responses are induced following 
challenge with Aspergillus spores with increased TNF-α and 
IL-10 production, whereas immunosuppression with corti-
costeroids diminishes pro-inflammatory cytokine and IL-10 
production following spore inhalation, with extensive poly-
morphonuclear neutrophil (PMN) recruitment in the tissue 
[21]. In neutropenic animals, tissue damage in the lung was 
driven primarily by fungal proliferation, which could be 
reduced with amphotericin B. In corticosteroid-immunosup-
pressed animals, however, extensive PMN infiltration con-
tributes to tissue damage and amphotericin B is ineffective 
at prolonging survival [21]. The host defence mechanisms 
against Aspergillus are influenced by innate and adaptive 
immune signalling [22], and a thorough understanding of 
the immunological processes underlying transplantation is 
likely to improve outcomes and reduce the burden of oppor-
tunistic infections, as well as to minimise long-term toxicity 
of immunosuppression [23].

Existing guidelines provide general recommendations as 
to the procedures to be carried out to diagnose and treat IA 
[7, 24, 25]. The ESCMID 2017 Executive Summary [25] 
provides general recommendations for the diagnosis of IA 
in neutropenic and non-neutropenic patients but gives only 
limited advice about SOT recipients. The International Soci-
ety for Heart and Lung Transplantation (ISHLT) Guidelines 
offers more specific information [26], but the overall evi-
dence available for IA diagnosis and therapy in SOT recipi-
ents is scant. Assessment of response to pharmacological IA 
treatment in SOT recipients is also not specifically discussed 
in current treatment guidelines.

This brief review aims at summarising the existing 
evidence related to prophylaxis, diagnosis, treatment and 

Fig. 1   Balance between immu-
nity and infection
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assessment of early response to invasive mould infections 
(IMI), in particular IA, in SOT recipients.

Epidemiology and diagnosis of IMI

Spores circulating in the air are the main infection source of 
IA, not only in lung but also in other transplant recipients; 
thus, the presence of Aspergillus spores in the air of ICU and 
transplant units should be closely monitored [27].

Pulmonary complications are common occurrences in 
SOT patients, regardless of their aetiology [28]. Pulmonary 
infiltrates, nodular lesions, and pleural effusion have been 
reported in heart transplant patients with IA [27], although 
widespread pulmonary infiltrates may also be caused by 
primary graft dysfunction (PGD) [8]. In lung transplant 
recipients, chronic lung allograft dysfunction (CLAD) may 
also increase the risk of IA [29]. Overall, IA should always 
be suspected when pulmonary lesions are present, the lung 
often being the primary site of disease [30].

Imaging plays a major role in the diagnostic workout of 
SOT patients suspected of IA infection. In patients with 
haematological malignancies, the presence of angioinva-
sive lesions detected by computed tomography (CT) such 
as halo sign, nodules without halo, or later signs including 
air-crescent signs, and new cavities, are suggestive but not 
specific for Aspergillus or other mould infections [31]. In 
non-neutropenic patients, on the other hand, airway-invasive 
forms (small airway lesions, peribronchial consolidation, 
large nodules, ground-glass opacities) are more common 
at the time of initial CT [32, 33]. Cavitated nodules and 
alveolar infiltrates, often with bilateral pulmonary involve-
ment, are frequent in early and late episodes of IA [30, 
34], and 37% of invasive pulmonary aspergillosis in heart 
transplant recipients present airway-invasive radiological 
pattern [30]. In patients with haematological malignancies, 
computed tomography pulmonary angiography (CTPA) has 
been shown to detect vessel occlusion sign (VOS) [35, 36], 
which provides direct evidence of an angioinvasive process. 
Recently, Henzler et al. [37] suggested that CTPA may also 
be a very sensitive and specific radiological test for SOT 
recipients, as VOS in non-neutropenic patients was the 
strongest radiological predictor of IA.

The ESCMID 2017 executive summary [25] recommends 
cultures and Aspergillus species identification for any patient 
population. In fact, cultures from sputum, BAS, BAL, CT-
guided transthoracic biopsies, video-assisted thoracoscopic 
surgery, open lung biopsies, transbronchial biopsies or con-
vex endobronchial ultrasound transbronchial needle aspira-
tion are often attempted, but their success is limited [38]. 
No specific data are available for SOT recipients, although 
some published work included also this patient population 
in the collectives studied [39]. Overall, however, sensitivity 

and specificity values of culture and microscopy work are 
rather modest also in SOT patients [25], improving only 
after resampling.

The beta-d-glucan (BDG) test is not specific for Aspergil-
lus and in addition, its specificity in BAL is poor [40]. BDG 
is often used as a first-stage screening test, being present 
in large amounts in the cell wall of several fungal species, 
including Candida and Pneumocystis [41, 42], exceptions 
being Cryptococcus and Mucorales [42]. According to Koo 
et al. [43], a positive BDG test increases the diagnostic 
probability of IFD to approximately 50% and indicates the 
need for more extensive and possibly invasive diagnostic 
procedures. No specific data are available, however, for SOT 
recipients.

The galactomannan (GM) test has been shown to be 
highly reliable to diagnose IA in haemato-oncological 
patients [44–46]. This is not the case for the SOT popula-
tion: in lung transplant patients, the GM test on bronchoal-
veolar lavage (BAL) samples, at a cut-off value of 0.5, pro-
vided a higher specificity than a pan-Aspergillus PCR (92% 
vs. 50%), with mould-active prophylaxis having only little 
impact on performance [47], but Miceli et al. [48] reported 
a large percentage (51%) of false-positive GM tests among 
lung and non-lung transplant recipients. The current IDSA 
guidelines do not recommend the use of the GM test for 
screening purposes in SOT patients [7]. The poorer sensitiv-
ity of serum GM in non-neutropenic patients likely reflects 
the lower frequency of angioinvasive disease in the lung 
at the time of testing, as well as host-mediated effects (i.e. 
PMN-mediated GM antigen clearance) [49]. The GM test of 
BAL samples, on the other hand, provides a more accurate 
and reliable picture of a potential IA in SOT recipients [19, 
50].

PCR has been shown to be useful to detect and iden-
tify Aspergillus and other moulds, including Mucorales, 
in plasma, serum and BAL of haematological patients [51, 
52], with higher sensitivity values obtained from BAL than 
from blood samples [52, 53]. Only scant data are available 
for SOT patients, but Luong et al. [47] described very good 
sensitivity (100%) and specificity (93%) values for a PCR 
carried out on BAL samples of lung transplant recipients. 
The usefulness of PCR to detect IA in patients with no hae-
matological cancer was also confirmed for a commercial 
PCR assay [54].

The combination of several biomarkers to improve diag-
nostic sensitivity and specificity has been advocated by 
several authors. Hasseine et al. [55] included 313 haemato-
oncological and SOT patients in a multicentre, prospective 
study aiming at evaluating the performance of different 
strategies to diagnose invasive fungal infections. They 
concluded that the combination of different biomarkers 
and test, combined with CT scan results, could be benefi-
cial to improve diagnostic specificity, sensitivity and, in 
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particular, negative predictive values. Other authors have 
recommended similar strategies, combining results from 
the lateral-flow device (LFD) test and PCR [56], LFD and 
GM tests [48], and PCR and GM test [44, 45, 57]. These 
studies included only few SOT patients, but the results 
suggest that the combined use of several biomarkers and 
clinical parameters could provide a better diagnostic power 
also in SOT patients with suspected IMI. Possibly, the 
use of inflammation parameters such as those discussed 
by Heinz et al. [58] could further refine the diagnostic 
performance in SOT patients.

Prophylaxis

Recommendations for primary antifungal prophylaxis in 
SOT recipients vary mainly across different transplant cen-
tres [29, 59, 60]. The ISHLT Guidelines for the manage-
ment of fungal infections in mechanical circulatory sup-
port and cardiothoracic organ transplant recipients include 
a summary of recommendations for prophylaxis in adults 
and provide some considerations on its use in paediatric 
transplant patients [13]. The ESCMID 2017 Executive 
Summary on the diagnosis and management of Aspergil-
lus diseases contains a description of the factors that place 
SOT recipients at high risk of infections and recommends 
considering universal prophylaxis for lung transplant 
patients and targeted prophylaxis in the remaining SOT 
groups [25], while the 2016 IDSA Guidelines advise the 
adoption of a scheme based on the institutional epidemi-
ology of infection and assessment of individual risk [7]. 
The different approach provided by both guidelines and the 
lack of binding recommendations for the antifungals to be 
used reflect not only the lack of evidence-based data but 
also the variability in policies at national and continental 
level [24].

For heart transplant recipients, Muñoz et al. [34] recom-
mend a targeted IA prophylaxis for patients with at least one 
risk factor for infection. To prevent invasive aspergillosis, 
the ESCMID-ECMM_ERS Guideline recommends inhaled 
AmB or voriconazole in lung recipients, itraconazole or 
inhaled AmB in heart recipients, and AmB and echinocan-
dins in liver recipients [25]. Nebulised amphotericin B has 
been successfully used to prevent Aspergillus spp. infections, 
particularly in patients with CLAD [29], as well as in liver 
transplant patients [59, 60]. Long-term prophylaxis, par-
ticularly in institutions with significant air contamination, 
can significantly reduce IA incidence and mortality [34]. 
Overall, however, evidence-based information on the phar-
macological prevention of IA in SOT patients is still lacking.

Treatment

In SOT patients, consideration of the extent of immuno-
suppression and of the transplanted organ, should guide 
prophylaxis and treatment of IMI. Azoles, amphotericin 
B, and echinocandins all have the potential to interact with 
immunomodulatory drugs [61], and a therapeutic drug 
monitoring (TDM) may be required for triazole antifun-
gals because of their variable pharmacokinetic properties 
and increased potential for pharmacokinetic drug–drug 
interactions [62].

Voriconazole is considered as the first-line therapy 
for the treatment of invasive aspergillosis [24, 63–65] 
and liposomal amphotericin B for mucormycosis in the 
Global guideline for the diagnosis and management of 
mucormycosis [66] presently under public consultation. 
Voriconazole is still considered as the first-line treatment 
for Scedosporium [67]. For infections by other hyalohy-
phomycoses, treatment has not yet been established [67]. 
Isavuconazole is apparently as effective as voriconazole 
in the treatment of IA and is characterised by a reduced 
liver toxicity, but the pivotal clinical trial included only 
haemato-oncological patients [68]. The ESCMID-ECMM-
ERS guidelines recommend the use of echinocandins only 
in a combination therapy of azole-resistant Aspergilli [25]. 
Recommendations for treatment of adult cardiothoracic 
transplant candidates and recipients are included in the 
ISHLT guidelines [13], which also discuss therapeutic 
strategies in the paediatric population, and in the AST 
Infectious Diseases Community of Practice [19]. Some 
information is also provided by the ESCMID 2017 execu-
tive summary [25]. Overall, however, most evidence for 
the treatment and prevention of IMI in SOT patients is still 
based on clinical experience [2]. Because of the apparently 
only mild drug–drug interactions [69], the new triazole 
isavuconazole has the potential to become an important 
addition to the antifungal armamentarium, but specific 
studies are still needed to validate its use in SOT patients 
[70].

As with patients with haematological malignancies, the 
role of combination antifungal therapy is still controver-
sial. Combination therapy is most frequently considered 
when no single drug provides sufficient protection, triazole 
drug exposures are unknown (i.e. while awaiting TDM 
results), or the patients present with breakthrough fungal 
infections [25, 71]. Nebulised amphotericin B therapy has 
been used as an adjunct to a primary voriconazole anti-
fungal therapy to treat a mixed infection by A. fumigatus, 
Scedosporium prolificans, and Candida glabrata [72]. The 
ISHLT guidelines, however, underline the lack of well-
designed, randomised trials evaluating combination thera-
pies in the treatment of IFD in SOT patients [26].
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Evaluation of treatment response

For neutropenic patients, the Mycoses Study Group (MSG) 
and European Organization for Research and Treatment of 
Cancer (EORTC) has established definitions of success as 
a partial or complete response to therapy, and of failure as 
a stable response, disease progression, or death [73]. These 
definitions apply also to the SOT population, which, how-
ever, is more heterogeneous. SOT patients receive different 
types of transplants, undergo different levels of immunosup-
pression depending on the time after SOT, and are exposed 
to significant drug–drug interactions and drug toxicities 
(Table 1). Diagnostic tests such as GM are less reliable [47, 
48, 74], and the CT criteria used in the neutropenic popula-
tion are less well defined. In fact, almost no information 
exists on the use of imaging and biomarkers as indicators 
of response success after treatment of IMI in SOT patients.

In neutropenic patients, CT scan results of improvement 
seem to be closely correlated with IA treatment success [75, 
76]. Studies analysing initial and follow-up CT findings in 
SOT recipients with invasive pulmonary aspergillosis have 
shown that the presence of small (< 3 cm2) nodules as well 
as the incidence of small cavities may be associated with 
better prognosis [32]. Lim et al. [32] also observed that, 
in SOT recipients, 83% of nodules remained unchanged 
or increased in size after 7 days and the mean mass reduc-
tion after 21 days was nearly 57%. In haemato-oncological 
patients, Vehreschild et al. [77] have observed that small 
cavities are usually associated with a favourable prognosis, 
even if CT signs may take weeks or months to completely 
normalise. CT volumetry, therefore, seems a promising 
approach to establish criteria defining therapy response 
in neutropenic patients and should be further explored in 
the SOT population. The ESCMID Study Group for Infec-
tions in Compromised Hosts recommends to monitor the 

therapeutic response in adult SOT patients by clinical fol-
low-up, with periodical high-resolution CT every 7–10 days 
during the first weeks of therapy in adults [2], a proposal that 
has also been put forward by Heinz et al. [58] for haemato-
oncological patients.

With regards to biomarkers, a decrease of BDG levels 
during antifungal therapy is indicative of treatment response 
in candidemia [78], but the BDG test is not specific for 
Aspergillus and, therefore, it is no satisfactory outcome 
predictor in IA [7]. The GM test, on the other hand, has 
been shown to be a good prognostic factor of successful IA 
therapy in haematological patients [79–84]. In SOT patients, 
high GM indices (cut-off ≥ 2) at diagnosis are indicative of 
a potentially poor outcome [85], but overall, the GM test 
is not as reliable as in neutropenic patients [47, 48, 86]. 
Increasing values are a concern for progressing infection 
and should prompt re-evaluation of antifungal therapy and/
or dosage escalation. Decreasing values are reassuring but 
should always be interpreted in the context of other radio-
logical, laboratory and clinical signs of response.

Cytokines (serum interleukin (IL)-6, IL-8, IL-10, 
interferon-γ) [87], CRP [88], as well as haptoglobin (Hp) and 
annexin A1 (ANXA1) [89], have been proposed as potential 
immunological biomarker for assessing treatment response 
in patients with haematological malignancies [58]. All stud-
ies carried out so far [87, 90, 91], however, included only 
haemato-oncological patients. Their value in SOT patients 
is not established and interpretation may be confounded by 
a wide variety of factors typical of SOT recipients.

Discussion

The optimal approach to antifungal prophylaxis and treat-
ment of IMI in SOT recipients is still unresolved. In this het-
erogeneous population, the individual immunological condi-
tions seem to affect profoundly not only the outcome but also 
the results of routine clinical tests [47, 48, 86]. CT imaging, 
on the other hand, while presenting patterns that are distinct 
from those observed in haematological patients [32], seems 
to offer a comparatively reliable means to assess treatment 
response. In SOT patients, however, clinical judgement is 
even more crucial to guide therapeutic decisions than in hae-
matological settings. Lack of improvement should prompt 
suspicion not only for a lack of response but also for infec-
tion by other mould species (Mucorales, Scedosporium) and 
lead to a quick change of therapeutic agent.

Voriconazole is still the first-line treatment of IA, with 
isavuconazole becoming a valuable alternative, but more 
options are needed. In this context, the use of liposomal 
antifungal formulations may prove to be a novel approach to 
fighting IMI. Empty liposomes have been shown in vivo to 
be anti-inflammatory immune modifiers [92, 93]. Therefore, 

Table 1   Diagnostic and therapeutic challenges in SOT recipients

Heterogeneous population
 Patients with different types of transplant
 Different levels of immunosuppression depending on timing after 

SOT
Diagnostic challenges
 Difficulty to distinguish colonization from infection
 Diagnostic tests less reliable (GM)
 CT criteria made for neutropenic patients, less well defined for SOT 

recipients
Drug interactions
 Voriconazole–sirolimus
 Azoles–tacrolimus

Drug toxicity
 Azoles: liver toxicity
 Amphotericin B: kidney toxicity
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the use of liposomal formulations of active antifungals 
could, at least theoretically, help to improve the immune 
system of immunosuppressed patients. In high-risk SOT 
patients, the number of IFDs and even bacterial infections 
appeared to be reduced [59, 60], possibly by modulating 
IL-10 production before a strong antigen stimulation occurs 
[59], and a recent translational study has shown that L-AmB 
apparently cross Candida and Cryptococcus fungal walls as 
intact liposome vesicles, the crossing being facilitated by 
AmB [94]. Unfortunately, data on filamentous fungi are still 
lacking. This may explain the low toxicity of L-AmB and 
suggests a role of liposomal compounds in the transport and 
delivery of membrane-bound molecules to the fungal extra-
cellular space [94]. In addition, Dectin-1 coating of L-AmB 
liposomes has shown enhanced efficacy in vitro, suggesting 
that coating of drug-containing liposomes with Dectin-1 
could improve antifungal therapeutics [95].

Little attention has so far been devoted to the use of a 
pharmacokinetic/pharmacodynamic (PK/PD) approach to 
assess treatment response. Pharmacometrics [96] are now 
being used to re-analyse older data and develop a better sci-
entific approach for future clinical trials with antibiotics. 
In antifungal therapy, biomarker-based PK/PD endpoints 
should also be explored and validated as a more targeted 
assessment of response to antifungal therapy in clinical 
settings.

Finally, the role of the patient microbiome in the develop-
ment of and protection against fungal infections needs to be 
taken into consideration. In the last few years, for instance, 
a link between the presence of Fusobacterium nucleatum 
in the gut and the resistance to chemotherapy in colorectal 
cancer has been observed [97]. With regards to fungi, an 
aryl hydrocarbon receptor (AhR) activation by a Lactoba-
cillus-derived AhR ligand has been shown to induce IL-22 
production, thus activating mucosal defence mechanisms 
required for protection from fungal infections [98]. Changes 
in the microbiota composition may lead to the onset of fun-
gal infections in different organs, caused by changes in the 
immune system of the host [99]. A better understanding of 
the host-microbiota system and its modifying agents may 
lead to improved therapeutic approaches and possibly dis-
covery of new biomarkers that will help in better defining 
the assessment of a therapeutic response to fungal infections.

Conclusions

In all patients with IMI, antifungal therapy is crucial to 
reduce the high mortality rates associated with the infec-
tious disease. Response to therapy should be assessed 
early and at regular intervals. No indications of improve-
ment (minor or no improvement, or progressive infection) 
according to selected criteria should lead to a prompt 

change of the antifungal treatment, to cater for possible 
infections by Mucorales or other moulds such as Sce-
dosporium. Imaging techniques such as CT scan and 
possibly angiography at regular intervals during early 
and long-term follow-up, coupled with a careful clini-
cal diagnostic workout, should be evaluated for their use 
in SOT recipients with suspected IA as well as outcome 
predictors and should be standardised to improve therapy 
monitoring. PCR, galactomannan and beta-d-glucan tests, 
and selected inflammation parameters such as cytokines, 
are useful to assess treatment response in haematological 
patients. Their use in the SOT population, however, has 
not yet been definitively assessed, but these markers may 
provide additional information to guide clinical decisions.

The therapeutic workup should consider also a reduction 
of immunosuppressive therapy. Decreasing immunosuppres-
sion is a cornerstone in the treatment of SOT recipients with 
suspected IMI [23]. IFD are mainly a consequence of immu-
nosuppression [5], particularly after the strong inflamma-
tory response elicited by corticosteroids [61]. Thus, the role 
of immunosuppression and immune tolerance mechanisms 
in the response to IMI treatment should not be underesti-
mated. For instance, the reduced infusion-related toxicity 
of liposomal amphotericin B (L-AmB) seems to be related 
to its effects on molecular immunological patterns [92], and 
the AmB deoxycholate toxicity linked to the production of 
pro-inflammatory cytokines [100]. Thus, the choice of the 
antifungal drug should be driven primarily by its antifungal 
activity, but its toxicity and its effects on the immune system, 
two features that are intertwined, should also be given the 
necessary attention [61].
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